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Abstract—This paper presents an enabling comprehensive vehi-
cle stability assessment system covering vehicle longitudinal, yaw
and roll stability. First, the longitudinal, lateral and vertical tire
forces are separately estimated using the strong tracking unscented
Kalman filter and the conventional Kalman filter based on low-cost
on-board sensors. Then, a comprehensive vehicle longitudinal, yaw
and roll stability space is established by utilizing the normalized
tire friction ellipse and the Load Transfer Ratio value. Finally,
the vehicle stability is determined and predicted based on current
driver’s inputs. The hardware-in-loop experimental results show
that the proposed vehicle stability assessment system can accurately
estimate the longitudinal, lateral and vertical tire forces with the
normalized root mean square errors of 1.87%, 1.07% and 1.43%,
and exhibits satisfying performance for vehicle longitudinal, yaw
and roll stability evaluation and prediction. This bears significance
for the efficient functioning of active control systems to improve
vehicle safety under critical driving conditions.

Index Terms—Active safety control, tire force estimation, vehicle
stability assessment, vehicle stability prediction, strong tracking
unscented Kalman filter.

I. INTRODUCTION

V EHICLE stability control systems (VSCs) are pivotal to
enhance vehicle dynamics stability especially under criti-

cal driving conditions [1]–[3]. These mainly include Accelera-
tion Slip Regulation (ASR) [4], Torque Vectoring and Anti-Roll
System (ARS) [5]. Comprehensive and accurate vehicle dynam-
ics stability assessment is a requisite for appropriately activating
these safety control systems. In real vehicular operations, vehicle
dynamics instability could originate from longitudinal, yaw and
roll motions and is subjective to their coupling effects. Sub-
stantial efforts have been directed to achieving real-time vehicle
stability assessment, which can be roughly categorized into three
categories, i.e., longitudinal, yaw and roll stability assessments.

Vehicle longitudinal stability assessment is fundamental for
the timely intervention of the Anti-lock Braking System (ABS)
and ASR for vehicle longitudinal stability control. The threshold
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method is widely adopted based on tire slip ratio [6] or wheel
angular acceleration [7] for activating vehicle longitudinal
control. This has been maturely implemented in commercialized
ABS and ASR. For yaw stability evaluation, the reported
methods can be generally assorted into two groups, i.e., model-
and phase plane-based methods. The model-based method
utilizes the deviation between the actual and the desired yaw
rate or other yaw-related states as the triggering condition of
yaw stability control [8]. But these methods need to set proper
thresholds in advance and exhibit poor adaptiveness to varying
driving conditions. For the phase plane-based method, vehicle
sideslip angle, yaw rate and lateral velocity are often used to
form a two-dimensional phase plane by employing any two of
the three entities, in which a certain region is appropriated as the
stability region [9]–[11]. But the boundaries of the designated
stability region are variable depending on vehicle speed,
front-wheel steering angle and road friction conditions [12].
This volatility may destabilize the underlying active safety
controller under complex driving scenarios [13]. To tackle this
issue, some studies have been carried out by incorporating the
vehicle dynamics constraint [14] or by introducing the impacts
of other vehicle motions [15].

For roll stability evaluation, several roll stability indexes have
been used. These indexes mainly include characteristic state-,
energy analysis- and force analysis-based methods [16], [17].
The characteristic state-based method employs roll motion-
related parameters such as lateral acceleration, roll rate and roll
angle for evaluating vehicle roll stability [18]. This method has
no use of accurate vehicle or suspension models and is straight-
forward and easy to implement [19], [20]. But it cannot depict
vehicle roll dynamics and its efficacy is highly reliant on the rule
of thumb and massive field tests. In contrast, the energy analysis-
based method employs vehicle kinetics, potential and dissipation
energies for roll stability assessment [21]. But challenges remain
in the accurate acquisition of key vehicle states and parameters
required for calculating the energy flow under varied driving
conditions. The force analysis-based method utilizes vehicle
dynamics characteristics to assess vehicle roll stability. The
Zero-Moment Point (ZMP) and the Lateral Load Transfer Ratio
(LTR) approach exemplify this kind of method. Lapapong et
al. [22] assessed vehicle roll stability by comparing the lateral
position of ZMP with the wheelbase. The LTR method employs
the difference between the left and the right vertical tire load
to quantitatively assess vehicle rollover propensity [16], [17].
Some studies have tried to combine the time-to-rollover scheme
with the LTR or ZMP for vehicle roll stability assessment [23].
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Previous studies have presented various methods for vehicle
stability assessment. The longitudinal stability assessment
compares the tire slip ratio with pre-set thresholds for
longitudinal stability evaluation. This method is straightforward
and easy to understand, but cannot demonstrate the coupling
relationship between the longitudinal and the lateral stability.
With the constraint of tire-road friction, the longitudinal
instability often leads to small margins of lateral stability. For
yaw stability assessment, the commonly-used phase plane-based
method requires a large number of field tests to obtain
respective stability regions under different vehicle velocities,
steering angles and road adhesion conditions. This significantly
increases the testing workload and cannot ensure the robustness
to varying driving conditions. The vehicle rollover stability
assessment method only evaluates a single roll state, and cannot
accurately describe the coupling relationship between vehicle
lateral and roll motions. In a nutshell, a comprehensive vehicle
stability assessment system that can simultaneously evaluate
vehicle longitudinal, yaw and roll stability is still absent in
the literature. However, efficient and comprehensive vehicle
stability assessment bears enormous significance for triggering
safety control systems and for synthesizing specific control
targets of chassis coordinated control.

Vehicle stability state is essentially a comprehensive reflec-
tion of four tires’ force states, and vehicle longitudinal, lateral
and roll dynamics are strongly coupled with the longitudinal,
lateral and vertical tire forces at each wheel [24]. Thus, accurate
acquisition of tire forces in real-time can be straightforwardly
utilized to evaluate overall vehicle stability. The reported tire
force estimation methods in the literature can be categorized
into the observer- and sensor-based methods [25]. The sensor-
based method utilizes the tire tread sensors [26] or load sensing
bearing [27] to directly measure the deflection of tread elements
or hub bearing strain for tire force estimation. However, these
tire force measurement sensors are expensive and commercially
prohibitive for being used in mass-production vehicles [28]. The
observer-based method usually integrates vehicle dynamics and
tire models with specialized state observers for tire force esti-
mation [29], [30]. Nevertheless, the tire model-based estimation
methods, like the Dugoff-based [31], LuGre-based [12], Magic
formula-based [32], etc., need to tune model parameters under
different tire loads, and the ubiquitous noises with tire sideslip
angle and slip ratio also seriously compromise the estimation
accuracy. Therefore, developing a model-free estimation scheme
is a viable way to improve the accuracy and robustness of
estimation.

To realize coordinated control of chassis subsystems, this
paper proposes an enabling vehicle stability assessment system
based on tire force estimation by utilizing low-cost on-board
sensors. First, the longitudinal, lateral and vertical tire forces
are estimated using the Strong Tracking Unscented Kalman filter
(STUKF) based on low-cost on-board sensors. Second, a spatial
vehicle stability assessment system is synthesized utilizing the
normalized tire friction ellipse and the LTR value. Finally, the
present and futuristic vehicle stability can be determined and
predicted based on current vehicle states and driver’s inputs.
The Hardware-in-Loop (HIL) test results show that the proposed
vehicle stability assessment system can accurately estimate the

Fig. 1. Vehicle roll dynamics models. (a) is a quarter suspension model, (b)
is the schematic of vehicle roll dynamics.

longitudinal, lateral and vertical tire forces, and exhibits excel-
lent performance for vehicle stability evaluation and prediction.
The major contributions of this study to the related literature can
be summarized in the following aspects.
� Aiming to improve the robustness and accuracy of tire

forces estimation, a longitudinal, lateral and vertical tire
force estimation scheme is developed based on low-cost
on-board sensors without using any tire model.

� Based on estimated tire forces, a spatial vehicle stability
assessment system is synthesized utilizing the normalized
tire friction ellipse and the LTR value.

� The proposed comprehensive vehicle stability assessment
system can simultaneously evaluate the vehicle longitudi-
nal, yaw and roll stability in real-time without requiring
labor-intensive field tests.

The remainder of this paper is arranged as follows: Section II
introduces the estimation-oriented system models. Section III
elaborates on the proposed vehicle stability assessment and
prediction system. Section IV provides the HIL experimental
verification, followed by the key conclusions summarized in
Section V.

II. ESTIMATION-ORIENTED SYSTEM MODELLING

For accurately assessing and predicting the tire and vehicle
motion states, the roll, lateral and longitudinal vehicle models
are established, respectively.

A. Roll Dynamics Model

A quarter active suspension system is illustrated in Fig. 1(a).
Ignoring the change of the effective tire rolling radius, the vehicle
roll dynamics model is given by

kis
(
zis−ziu−Δzi0

)
+ cis

(
żis− żiu

)
+ F i

a −mi
sz̈

i
s −mi

sg = 0
(1)

where zis and ziu represent the vertical displacements of the
sprung and the unsprung mass with the superscript i ∈ [L1,
R1, L2, R2] representing front-left, front-right, rear-left, and
rear-right, respectively;F i

a is the actuator force of active suspen-
sion; mi

s denotes the distributed sprung mass on each wheel; kis
and cis are the stiffness and damping of each suspension, which
can be obtained from the active suspension controller; g is the
gravity acceleration; Δzi0 is the height of suspension without
deformation.

For the active suspension, the combined vertical displacement
of the sprung and unsprung masses can be measured by a
suspension height sensor. Equation (1) can be further deduced
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as

kis
(
Δzi −Δzi0

)
+ cisΔżi + F i

a −mi
sz̈

i
s −mi

sg = 0 (2)

where Δzi is the combined vertical displacement of the sprung
and unsprung masses measured by the suspension height sensor.

Tire vertical forceF i
z consists of the static and dynamic loads.

The static tire force is caused by the weights of the unsprung
mass mi

u and the sprung mass mi
s distributed at each corner

while the dynamic load corresponds to the load transfer caused
by the lateral and longitudinal vehicle motions. Thus, the tire
vertical force F i

z(z
i
u, z

i
r) can be deduced by

F i
z

(
ziu, z

i
r

)− kis
(
Δzi −Δzi0

)− cisΔżi − F i
a −mi

ug

−mi
uz̈

i
u − F i

cam

(
Δzi,Δżi

)
= 0 (3)

where F i
cam(Δzi,Δżi) denotes the effects of the wheel align-

ment parameters on the vertical force; zir is the random road
excitation. To accurately predict the vertical tire force, a vehicle
roll dynamics model with an active suspension system is set up
as shown in Fig. 1(b). The vehicle coordinate system is defined
as follows: x-axis denotes the vehicle longitudinal axis and is
positive in the vehicle forward direction; y-axis represents the
vehicle lateral axis and is positive in the left-hand direction;
z-axis is perpendicular to the x-y plane and is positive in the
upward direction. To simplify the vehicle roll dynamics model,
the effects of the roll angle of the unsprung mass and of the side
wind are neglected, and thus the equations of roll motion can be
formulated as

cϕϕ̇+ kϕϕ = msayhrccosϕ+msghrcsinϕ− Ixϕ̈ (4)

where ϕ, ms and ay are the roll angle, sprung mass and lateral
acceleration; hrc is the vertical distance from the center of
gravity (CG) to the roll center; Ix represents the moment of
inertia of the sprung mass around the x-axis at the CG. The
rolling angular stiffness kϕ and the damping coefficient cϕ can
be calculated by [43]

kϕ =
l2

4

∑
kis, cϕ =

l2

4

∑
cis (5)

where l is the distance between the left and the right suspension
mounting position on the same axle, assuming that the mounting
positions of the front and rear suspensions are the same.

Due to the small roll angle with sinϕ ≈ ϕ and cosϕ ≈1,
Equation (5) can be simplified as

Ixϕ̈ = msayhrc +msghrcϕ− kϕϕ− cϕϕ̇ (6)

The compression of the suspension system on each wheel
leads to vehicle roll motion. Thus, the relationship between the
vehicle roll state and the kinematics of each suspension can be
expressed as

Δzis = Υi (ϕ) , Δżis = Υi (ϕ̇) (7)

where the kinematic function Υi can be fitted offline.

B. Lateral Vehicle Model

For accurately estimating the lateral tire force in the linear
and nonlinear regions, a simplified four-wheel lateral vehicle

Fig. 2. The 3-DOF vehicle model.

model is built as shown in Fig. 2. The dynamic relationship can
be given by

may=
(
FL1
x +FR1

x

)
sin δ+

(
FL1
y +FR1

y

)
cos δ+

(
FL2
y +FR2

y

)
Izω̇z=La

((
FL1
x +FR1

x

)
sin δ+

(
FL1
y +FR1

y

)
cos δ

)
− Lb

(
FL2
y +FR2

y

)
+
Bf

2

((
FL1
x −FR1

x

)
cos δ

+
(
FL1
y −FR1

y

)
sin δ

)
+
Br

2

(
FL2
x − FR2

x

)
(8)

where m is the vehicle mass; La and Lb are the horizontal
distances from the front and rear axles to the CG; F i

x and F i
y

represent the longitudinal and lateral tire forces; δ, ω̇z and Iz are
the front-wheel steering angle, yaw acceleration and moment of
inertia around the z-axis; Br and Bf are the front and rear tread
widths.

According to Ref. [33], each individual lateral tire force
complies to the vertical force distribution, which can be given
by

FL1,R1
y =

FL1,R1
z

g
(ay + ω̇zLa)

FL2,R2
y =

FL2,R2
z

g
(ay − ω̇zLb) (9)

where F i
z is the vertical tire force.

In order to describe the relationship between the vehicle lateral
dynamics and the front-wheel steering angle, a linearized lateral
tire model is established as

F j
y = Cj

αα
j (10)

where Cj
α and αj are the cornering stiffness and tire slip

angle of each axle. The superscript j ∈ [f , r] represents the
cornering stiffness of the front axle and of the rear axle. For
the front and rear wheels, the tire side slip angle can be
calculated by

αf = β + Laωz

vx
− δ, αr = β − Lbωz

vx
(11)

where β and vx are the vehicle sideslip angle and vehicle
longitudinal velocity.
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Ignoring the longitudinal tire force, Equation (8) can be
simplified as

may = Cf
α

(
β +

Laωz

vx
− δ

)
+ Cr

α

(
β − Lbωz

vx

)

Izω̇z = LaC
f
α

(
β +

Laωz

vx
− δ

)
− LbC

r
α

(
β − Lbωz

vx

)
(12)

C. Longitudinal Vehicle Model

A single-wheel model is used to describe the dynamics of
each wheel, and the equation of motion is given by

Jωω̇
i = Td

i − Tb
i − F i

xRe − F i
fRe (13)

where T i
d, T i

b , F i
f , ωi, Re and Jω represent the driving torque,

braking torque, rolling resistance, angular speed, effective radius
and moment of inertia of the wheel, respectively.

The tire slip ratio is defined as

λi =
ωiRe − vx

vx
(14)

To describe the longitudinal vehicle dynamics response, a
longitudinal vehicle model is given by

max =
∑

F i
x −

∑
F i
f − Fw − Fi∑

F i
x =

(
FL1
x + FR1

x

)
cos δ − (FL1

y + FR1
y

)
sin δ

+
(
FL2
x + FR2

x

)
(15)

where
∑

F i
x, Fw,

∑
F i
f , and Fi represent the total longitudinal

driving force, air resistance, rolling resistance and grade resis-
tance, which can be calculated by⎧⎨

⎩
∑

F i
f = mgf

Fw = 1
2ρCDAv2

x

Fi = mg sin θ
(16)

where CD is the aerodynamic resistance coefficient; A is the
windward area; ρ is the air density; f is the rolling resistance
coefficient and is treated as a constant here [35]; θ is the road
gradient. It is worth noted that the aerodynamic and rolling
resistances can be obtained through field vehicle tests, while
the grade resistance can be reliably estimated [34].

III. TIRE FORCE-BASED VEHICLE STABILITY ASSESSMENT

AND PREDICTION

The vehicle stability refers to that a vehicle can keep itself
stable or quickly restore to the stable driving state after disturbed
by external factors, such as dramatic driver’s inputs, sudden road
friction change, etc. Generally, it is the ability that can prevent
the vehicle from wheel slip, drifting or rollover under a diverse
range of driving conditions.

Vehicle stability usually focuses on three aspects, i.e., the
longitudinal, yaw and roll stability. The longitudinal stability
refers to the ability to prevent wheels from slipping or locking
during vehicle longitudinal motion. Emergency acceleration and
braking are two typical scenarios raising longitudinal stabil-
ity issues. In wheel slipping or locking, the longitudinal tire

force reaches saturation and shows a gradual decline with the
increasing slip ratio. The vehicle yaw stability is to ensure that
the vehicle yaw motion can accommodate the driver’s steering
intentions to avoid vehicle understeer or oversteer (spin) under
cornering conditions. When the vehicle becomes unstable in
yaw motion, the yaw rate and sideslip angle often exceed their
respective limits, and the lateral tire force exhibits a nonlinear
relationship with the steering angle. The vehicle roll stability
means the anti-roll ability to prevent the inner wheels from
lifting off the ground under sharp steering maneuvers. In general,
vehicle stability is essentially a comprehensive indication of four
tires’ force states.

The flowchart of the proposed tire force-based vehicle sta-
bility assessment and prediction system is given in Fig. 3. The
low-cost on-board sensors including the suspension ride height
sensor, IMU sensor, in-wheel motors, steering angle encoder and
pedal position sensors (acceleration and brake signal states, etc.)
are simultaneously used to obtain the suspension compression,
vehicle inertia states and front-wheel steering angle, respec-
tively. In addition to the motor output torques and rotational
speeds provided by each in-wheel motor, these signals are
used as the inputs to the tire force estimation and prediction
module. More details about the used low-cost sensors are given
in Table I. In the tire force estimation and prediction module,
three types of tire force estimators are developed to estimate
the longitudinal, lateral and vertical tire forces of each tire
using the STUKF estimator. Without using complex tire models
such as the Dugoff and the Magic formula tire model whose
parameters are difficult to obtain in real-time, the robust and
accuracy of tire force estimation can be improved. In order to
develop a comprehensive vehicle stability assessment system
for simultaneous longitudinal, yaw and roll stability evaluation,
the estimated longitudinal- and lateral tire forces of each tire are
normalized to form a tire friction ellipse, which can be divided
into four stability regions according to the planar motion state,
and the four vertical tire forces are used to calculate the LTR
value. Based on the tire friction ellipse and the LTR value,
a comprehensive vehicle stability space can be established to
evaluate vehicle longitudinal, lateral and roll stability.

A. Strong Tracking Unscented Kalman Filter

Compared with the traditional UKF, the STUKF has better
performance in tire dynamics tracking and convergence speed.
It is worth noted that the STUKF proposed by [37] is employed
to tackle the modelling uncertainty and external disturbances in
tire force estimation. Consider a discrete time-varying nonlinear
stochastic control system as

{
xk = f(xk−1,uk−1)+wk−1

zk = h(xk)+wk
(17)

where xk∈Rn is the state vector; uk∈Rp is the control input;
zk∈Rmi is the measurement; wk−1∈Rr and vk∈Rmi are as-
sumed to be white noises with respective covariance matrices of
Q∈Rp∗pand R∈Rm∗m; f( · ) and h( · ) are the state evolution
and measurement functions.
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Fig. 3. The flowchart of the proposed tire force-based vehicle stability assessment and prediction system.

TABLE I
SPECIFICATIONS OF THE USED LOW-COST SENSORS

(1) Initiation

x̂0 = E (x0)

P 0 = E
[
(x0 − x̂0) (x0 − x̂0)

T
]

(18)

(2) Unscented transformation
Calculate the sigma points by⎧⎪⎪⎨
⎪⎪⎩

χ0,k−1= x̂k−1, i = 0

χi,k−1= x̂k−1+
(√

(n+ν)P k−1

)
i
, i=1, 2, . . . , n

χi,k−1= x̂k−1−
(√

(n+ν)P k−1

)
i
, i=n+1, . . . , 2n

(19)

where ν = e2(
+ κ)− 
, 10−4 ≤ e ≤ 1, κ = 3 − 
, 
 is the
number of variables. The sigma matrix can be expressed as

χi,k−1=
[
x̂k−1, x̂k−1+

√
(n+ν)P k−1, x̂k−1−

√
(n+ν)P k−1

]
(20)

(3) Time update
The predicted state is given by

χ−
i,k|k−1 = f

(
χi,k−1,uk−1

)
+wk−1 (21)

The predicted mean and covariance are computed as

x̂k|k−1 =

2n∑
i=0

ωm
i χ−

i,k|k−1

P ′
k|k−1 =

2n∑
i=0

ωc
i

[
χ−

i,k|k−1−x̂k|k−1

][
χ−

i,k|k−1−x̂k|k−1

]T
+Qk−1 (22)

where the process noise Qk−1 is initially determined based on
the input signals and modelling accuracy, and can be adjusted
according to real-time estimation performance; ωm

i and ωc
i are
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the weighting factors, which can be calculated by

ωm
0 =

ν

n+ ν

ωc
0 =

ν

n+ ν
+
(
1 − e2 + β

)
ωm
i = ωc

i =
1

2 (n+ ν)
, i = 1, 2, . . . , 2n (23)

(4) Measurement update
The predicted observation can be deduced as

z−
i,k|k−1 = h

(
χ−

i,k|k−1

)
(24)

The predicted observation mean and covariance are calculated
by

ẑk|k−1 =
2n∑
i=0

ωm
i z−

k|k−1

P ′
zz,k =

2n∑
i=0

ωc
i

[
ẑk|k−1−z−

k|k−1

] [
ẑk|k−1−z−

k|k−1

]T
+Rk

P ′
xz,k =

2n∑
i=0

ωc
(i)

[
x̂k|k−1−χ−

k|k−1

] [
ẑk|k−1−z−

k|k−1

]T
(25)

where the measurement covariance matrix Rk is determined
based on sensor accuracy, and can be finally adjusted based on
real-time estimation performance.

(5) Fading factor calculation
The unscented Kalman filtering (UKF) has the same weights

for the system states at each instant k in the unscented transform.
The system states at each instant k have the same effect on the
predicted states, which leads to the prediction covariance matrix
P k|k−1 gradually losing its corrective function on the system
states. Once the system estimation error converges, the potential
model uncertainty or external disturbances would result in the
measurements failing to update the estimates and thus leading
to UKF instability. To address this issue, the combination of the
unscented Kalman filter and the strong tracking filter [36] forms
a STUKF [37]. The STUKF redefines the prediction covariance
matrix P k|k−1 by employing a suboptimal fading factor [38] Λ
= diag(ζ1,k, ζ2,k, . . .ζn,k). The suboptimal fading factor in the
time-varying filter gain matrix is deduced by

P k|k−1 = ΛkP
′
k|k−1

P zz,k = ΛkP
′
zz,k

P xz,k = ΛkP
′
xz,k (26)

where the fading factor ζk can be calculated by

ζi,k = tr[ηV k−εRk]
tr[P ′

zz,k]

ζi,k =

⎧⎨
⎩

1 ζi,k ≤ 1

ζi,k ζi,k > 1

V k =

{
vk−1v

T
k−1 k = 0

ρsV k−1+vk−1v
T
k−1

1+ρs
k ≥ 1

(27)

where 0 < ρs < 0 is the fading coefficient.

(6) Optimal estimation

x̂k = x̂k|k−1 +Kk(ẑk − ẑk|k−1)

Kk = P xz,k−1P
−1
zz,k−1

P k = P k|k−1 −KkP zz,k−1K
T
k (28)

B. Tire Force Estimation

1) Vertical Tire Force Estimation: Suspension is a typical
nonlinear system and here the STUKF is employed for vertical
tire force estimation. A nonlinear discrete-time state representa-
tion of the suspension system is expressed as Equation (17). For a
single suspension, it is assumed that the spring and damper have
the same compression and compression rate, which can be di-
rectly measured by the suspension height sensor (see Fig. 1(a)).
To reduce system dimensions and improve computing efficiency,
the vertical tire force is estimated separately for each corner. The
input vector uk is null. Take the compression, compression rate
and tire vertical force as the system states, and the state vector
at each time step k can be given by

xz
k =

[
Δz,Δż, F i

z

]T
=
[
xz

1,k, x
z
2,k, x

z
3,k

]T
(29)

Considering that the inertia force of the unsprung mass is
much smaller than that of the vertical tire force, its influence on
vertical tire force estimation can be ignored here. According to
Equation (3), the nonlinear function fz( · ) for vertical tire force
estimation can be deduced by

fz =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

fz
1 = xz

1,k−1

fz
2 = xz

2,k−1+xz
1,k−1 ·ΔT

fz
3 = kis · xz

2,k−1 + cis(
z
1,k−1) · xz

1,k−1

+F i
cam

(
xz

1,k−1, x
z
2,k−1

)
+mi

ug

(30)

The measurements zk∈R2 at time step k can be given by

zz
k= [Δz,Δż]T (31)

The observation functions hz( · ) is linear and can be given
by

hz =

{
hz

1 = xz
1,k−1

hz
2 = xz

2,k−1
(32)

2) Lateral Tire Force Estimation: Accurate lateral tire force
estimation is important for vehicle lateral stability assessment.
According to Equations (8), (9) and (17), a nonlinear discrete
state-space equation for lateral tire force estimation can be
established. Take the lateral acceleration and yaw acceleration
of the vehicle and the four lateral tire forces as the system states,
which can be given by

xy
k =

[
ay, ω̇z, F

L1
y , FR1

y , FL2
y , FR2

y

]
=
[
xy

1,k, x
y
2,k, x

y
3,k, x

y
4,k, x

y
5,k, x

y
6,k

]
(33)

The input vector uk consists of the front-wheel steering
angle, the longitudinal tire forces of the front wheels and the
vertical tire forces of the four wheels, which can be given
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by

uy
k =

[
δk, F

L1
x,k, F

R1
x,k, F

L1
z,k, F

R1
z,k, F

L2
z,k, F

R2
z,k

]
=
[
uy

1,k, u
y
2,k, u

y
3,k, u

y
4,k, u

y
5,k, u

y
6,k, u

y
7,k

]
(34)

The front-wheel steering angle is measured by the steering
angle encoder while the vertical tire forces are estimated as
presented in Section III B 1). The derivation of the longitudinal
tire forces are presented in Section III B 3).

The system measurements include the lateral and yaw accel-
erations, which are given by

zy
k =

[
zy

1,k, z
y
2,k

]T
= [ay, ω̇z]

T (35)

The nonlinear function based on the random-walk model for
lateral tire force estimation can be given by

fy =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

fy
1 = 1

m

(
(xy

3,k−1+xy
4,k−1) cos(u

y
1,k)+xy

5,k−1

+xy
6,k−1+(uy

2,k+uy
3,k) sin(u

y
1,k)

)

fy
2 = xy

2,k−1

fy
3 =

(xy
1,k−1+xy

2,k−1La)u
y
4,k

g

fy
4 =

(xy
1,k−1+xy

2,k−1La)u
y
5,k

g

fy
5 =

(xy
1,k−1−xy

2,k−1Lb)u
y
6,k

g

fy
6 =

(xy
1,k−1−xy

2,k−1Lb)u
y
7,k

g

(36)
According to Equation (35), the observation function hy( · )

can be given by

hy =

{
hy

1 = xy
1,k−1

hy
2 = xy

2,k−1

(37)

3) Longitudinal Tire Force Estimation: Considering that the
output torque and rotational speed of each wheel can be obtained
from the motor control unit, a widely used classic Kalman filter
is employed for linear longitudinal tire force estimation based
on the random-walk model (Equation (13)). Consider a discrete
time-varying linear control system as{

xx
k = Axx

k−1 +Bux
k +wx

k

zx
k = Hxx

k + vx
k

(38)

where xx
k∈Rn is the state vector; ux

k∈Rp is the control input;
zx
k∈Rm is the measurement; wx

k∈Rr and vx
k∈Rm are the white

noises; A and B are the state transition and input matrices,
respectively.

For a single wheel, taking the wheel torque as the input and
the wheel angular speed, angular acceleration and longitudinal
force as the states, the state vector can be given by

xx
k =

[
F i
x, ω

i, ω̇i
]T

=
[
xx

1,k, x
x
2,k, x

x
3,k

]T
(39)

A and B can be expressed by

A =

⎡
⎣ 0 0 −Re

Jω

0 1 ΔT
0 0 1

⎤
⎦ , B =

⎡
⎣− 1

Re

0
0

⎤
⎦ (40)

where ΔT is the sampling time.

Fig. 4. The schematic diagram of the proposed vehicle stability assessment
and prediction system.

The measurement zx
k is the wheel rotational speed, which is

equal to the rotational speed of in-wheel motor as

zx
k = ωi = zx

2,k (41)

and H=[0, 1, 0] is the observation matrix.

C. Vehicle Stability Assessment and Prediction System

1) Vehicle Stability Assessment System: Vehicle stability as-
sessment is essential for active safety control and is used to
trigger safety control actions and to synthesize specific control
targets for chassis coordinated control. Vehicle stability is es-
sentially a comprehensive indication of four tires’ force states.
The full X-by-wire chassis coordinated control for enhancing
vehicle safety and stability needs to be achieved through tire
forces. Therefore, it is necessary to establish a tire force based
comprehensive vehicle stability assessment system to evaluate
the vehicle longitudinal, yaw and roll stability for triggering
specific safety control actions. According to the effective work-
ing areas of different X-by-wire actuators, the vehicle stability
can be divided into five states. The schematic diagram of the
proposed vehicle stability assessment and prediction system
is shown in Fig. 4. The presented vehicle stability assessment
system first estimates the vertical and longitudinal tire forces,
which are further used for lateral tire force estimation. Based on
the driver’s inputs and sensor measurements, the tire force states
can be predicted for a short period. For vehicle roll stability,
four wheels’ vertical forces are used for LTR calculation, and
the reading of the LTR larger than a pre-set value is defined
as rollover instability. The estimated four wheels’ longitudinal
and lateral tire forces are normalized to form four tire friction
ellipses, each of which can be divided into four stability regions
according to the relationship between vehicle planar motion state



11578 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 71, NO. 11, NOVEMBER 2022

and tire dynamic characteristics. Based on the four tire friction
ellipses and the LTR value, a comprehensive vehicle stability
assessment and prediction system is established based on tire
force testing data.

The LTR index utilizes the ratio of the difference of the left
and right tire vertical loads over the overall vertical load to
quantitatively evaluate vehicle rollover propensity, which can
be given by

Ψz =
FR1
z + FR2

z − FL1
z − FL2

z

FL1
z + FL2

z + FR1
z + FR2

z

(42)

The LTR index ranges from -1 to 1, and -1 means the right
tires are lifted off the ground while 1 indicates the lift-off of the
left tires. An LTR value of 0 means both sides have the same
vertical load with no rollover tendency.

To evaluate vehicle longitudinal and yaw stability, the longi-
tudinal and lateral tire adhesion usage indexes are respectively
established, which are given by

Ψx =
F i
x

μF i
z

, Ψy =
F i
y

μF i
z

(43)

where μ is the tire-road friction coefficient. Readers can refer to
Ref. [28] for more details on tire-road friction estimation.

According to Equations (42) and (43), the vehicle longitudi-
nal, yaw and roll stability space can be defined as

Ω = Υ(Ψx,Ψy,Ψz) (44)

a) Longitudinal and yaw stability analysis: The tire’s longitu-
dinal and lateral combined slip characteristics can be obtained
as shown in Fig. 5(a) and (b). Fig. 5(a) shows the relationship
between longitudinal tire force and tire slip ratio under different
tire sideslip angles. The evolution of the longitudinal tire force
can be divided into two zones, i.e., the stable and saturation
zones. The stable zone is defined as the area from the zero to the
peak point of the longitudinal tire force. It is worth noted that
the nonlinear characteristic has no effect on vehicle ride comfort
and handling performance despite that the longitudinal tire force
in the stable zone exhibits initially linear and later nonlinear
characteristics. Thus, the linear and nonlinear regions are defined
as the stable zone. After the peak point, the longitudinal tire
force reaches saturation, and exhibits a decline trend with the
increasing tire slip ratio. In the saturation zone, the lateral tire
force is also reduced to a minimum within the tire-road friction
constraint. Even there is a slight steering, the vehicle may endure
severe side slip or spin. Under such circumstance, the vehicle
longitudinal active control systems such as ASR or ABS need
to be triggered.

Fig. 5(b) depicts the evolutions of the lateral tire force and
of the tire sideslip angle under different slip ratios. Considering
the effect of lateral tire force on the steering characteristics,
the lateral tire force can be separated into three zones, i.e.,
the linear, the transition and the saturation zone. In the linear
zone, the lateral tire force presents a linear relationship with
the tire sideslip angle (see Fig. 5(b)), and the steering system
also presents a linear response to the wheel steer angle input.
The AFS system can enhance the handling performance by
applying an extra front-wheel steer angle in the linear zone. In the
transition zone, the lateral tire force exhibits strong nonlinearity,
and the vehicle steering response gradually exhibits a nonlinear

relationship. In the zone, the AFS and the DYC system can
work cooperatively with their respective advantages for better
control effect. In the saturation zone, the lateral tire force reaches
the peak, and the vehicle steering response is insensitive to the
steering angle so that the DYC system works solely in this zone.

According to Equation (43), the longitudinal and lateral tire
forces can be normalized and form the friction ellipse as shown
in Fig. 5(c), and the five zones in Fig. 5(a) and Fig. 5(b) can also
be mapped into four stability states (Zone I - Zone IV).

Zone I represents the stable region, where the longitudinal
and lateral tire forces are small and the vehicle has a large
stability margin. Zone II is the transition zone, where the lateral
tire force is larger than that in Zone I and exhibits certain
nonlinear characteristics. Zone III is the yaw instability zone,
where the tire force exhibits strong nonlinearity and is prone to
saturation. Zone IV is the longitudinal instability zone, where
the longitudinal tire force reaches its limits.

Upon a close observation on Fig. 5(c), the stability state can
be divided by the elliptic and hyperbolic equations, which are
given by (

Ψx

Ψx
n

)2

+

(
Ψy −ΔΨy

n

Ψy
n

)2

= Ψc
n

(
Ψx

Ψx
4

)2

−
(
Ψy

Ψy
4

)2

= Ψc
4 (45)

where Ψx
n, Ψy

n and Ψc
n denote the parameters of the corre-

sponding elliptic equation; ΔΨy
n is the offset of the ellipse on

the Ψy axis; the subscript n ∈ {1, 2, 3} represent the stable,
transition and saturation elliptic equations; Ψx

4 , Ψy
4 and Ψc

4 are
the parameters of the hyperbolic equation. Thus, the vehicle
stability Zone I to IV can be expressed by Equations (46)-(49).

For Zone I, the numerical expression can be given by

−Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

≤ Ψx ≤ Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

−Ψy
1 ·
√
Ψc

1 −
(
Ψx

Ψx
1

)2

−ΔΨy
1

≤ Ψy ≤ Ψy
1 ·
√
Ψc

1 −
(
Ψx

Ψx
1

)2

+ΔΨy
1 (46)

Zone II can be expressed by

−Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

≤ Ψx ≤ Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

Ψy
1 ·
√
Ψc

1 −
(
Ψx

Ψx
1

)2

+ΔΨy
1 ≤ Ψy ≤ Ψy

2 ·
√
Ψc

2 −
(
Ψx

Ψx
2

)2

+ΔΨy
2

−Ψy
2 ·
√
Ψc

2 −
(
Ψx

Ψx
2

)2

−ΔΨy
2 ≤ Ψy ≤ −Ψy

1 ·
√
Ψc

1 −
(
Ψx

Ψx
1

)2

−ΔΨy
1 (47)
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Fig. 5. The development of the proposed vehicle stability space: (a) and (b) the tire longitudinal and lateral combined slip characteristics; (c) the adhesion ellipse;
(d) the LTR value during specific maneuvers; (e) the vehicle stability space; (f) a quarter of the vehicle stability space.

The numerical expression of Zone III can be given by

−Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

≤ Ψx ≤ Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

Ψy
2 ·
√
Ψc

2 −
(
Ψx

Ψx
2

)2

+ΔΨy
2 ≤ Ψy ≤ Ψy

3 ·
√
Ψc

3 −
(
Ψx

Ψx
3

)2

+ΔΨy
3

−Ψy
3 ·
√
Ψc

3 −
(
Ψx

Ψx
3

)2

−ΔΨy
3 ≤ Ψy ≤ −Ψy

2 ·

√
Ψc

2 −
(
Ψx

Ψx
2

)2

−ΔΨy
2 (48)

Zone IV can be expressed by

Ψx ≤ −Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

Ψx ≥ Ψx
4 ·
√
Ψc

4 +

(
Ψy

Ψy
4

)2

(49)

b) Roll stability analysis: Vehicle yaw and roll stabilities are
coupled with each other. There are two premises for vehicle
rollover occurrence. Ignoring the effect of the CG lateral offset,
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a static vehicle rollover stability index can be defined as

aThd
y =

Bg

2hg
(50)

where aThd
y is the static vehicle rollover index. It ignores the

elastic effect of the suspension and represents the maximum
lateral acceleration before rollover occurrence under steady
state conditions; hg is the vertical distance from the CG to the
ground;B denotes the track width. In normal driving conditions,
the maximum vehicle lateral acceleration is determined by the
peak road adhesion coefficient μmax. When aThd

y > μmaxg,
the vehicle wouldn’t roll over in any case under non-tripping
conditions. Thus, the lateral acceleration threshold index can
be employed to determine the vehicle rollover potential. Only
when aThd

y < μmaxg will the LTR value be used to evaluate the
rollover stability.

As shown in Fig. 5(d), the LTR index is utilized to evaluate
vehicle dynamic rollover stability with an LTR value greater
than the preset value meaning an imminent rollover. This preset
value can be obtained through tests for a specific vehicle model.
In fact, one wheel may lift off the road when the absolute value of
LTR is larger than 0.9 despite that the vehicle doesn’t completely
roll over. Thus, a lower value such as LTR=0.7 should be set as
the threshold to activate the rollover stability system [17]. So,
the vehicle stability zone can be extended from the 2-D plane to
a 3-D space as shown in Fig. 5(e). Considering the first quadrant
of the 3-D stability space as shown in Fig. 5(f), Zone V can be
deduced as follows.

According to Equation (4), the LTR can be deduced by

Ψz=
2

mgB
(kϕϕ+cϕϕ̇)=

2mshrc

mgB
(gϕ+ ay)− 2Ixϕ̈

mgB
(51)

Considering 2Ixϕ̈
mgB ≈ 0 during daily driving conditions [17]

and ϕ = ρϕ · ay · τ(s) [39], ρϕ denotes the proportionality co-
efficient, and τ(s) is the transfer function. Thus, the LTR can be
approximated as

Ψz =
2mshrc

mgB
(g · ρϕ · τ(s)+1) ay (52)

Based on Equations (9) and (43), the lateral acceleration can
be expressed by

ay = μmax · g ·Ψy (53)

The relationship between Ψz and Ψy can be given by

Ψz =
2mshrcμmax

mB
(g · ρϕ · τ(s) + 1) ·Ψy (54)

The stability Zone V can be expressed by Equation (55).
The stability Zone V can be expressed by

Ψy
0 ≤ Ψy ≤ Ψy

3 ·
√
Ψc

3 −
(
Ψx

Ψx
3

)2

+ΔΨy
3

−Ψy
3 ·
√
Ψc

3 −
(
Ψx

Ψx
3

)2

−ΔΨy
3 ≤ Ψy ≤ Ψy

0

Ψz ≥ 2mshrcμmax

mL
(g · ρϕ · τ(s) + 1) ·Ψy

0 , Ψz

≤ −2mshrcμmax

mL
(g · ρϕ · τ(s) + 1) ·Ψy

0 (55)

where Ψy
0 is the lateral tire adhesion usage index corresponding

to the preset LTR value.
2) Vehicle Stability Prediction System: Vehicle stability pre-

diction system aims to evaluate vehicle stability in a certain
timeline and to enable VSCs in time. The tire force estimation
and prediction employ the same dynamics model. The difference
in between lies in that the tire force estimator achieves state
estimation via measurement updates at each time step while
the tire force predictor utilizes current driver’s inputs including
acceleration/braking acceleration and steering angle rate and
vehicle roll state as the inputs to predict the tire force states
in a short period. Herein, the driver’s reaction time is selected as
the prediction horizon. For ordinary drivers, their action time is
usually less than 0.5 s so that this study set 0.5 s as the prediction
time.

Consider the discrete equation of the control system as{
xk = Āxk−1+B̄uk−1

yk = C̄xk
(56)

where Ā and B̄ are the system transition and input matrices;
uk−1 is the system input.

Define Np ≥ 1 as the predictive horizon at time step k, the
system state Xk and the control input Uk are given by

Xk =

⎡
⎢⎢⎢⎣

xk+1|k
xk+2|k

...
xk+Np|k

⎤
⎥⎥⎥⎦ , Uk =

⎡
⎢⎢⎢⎣

uk|k
uk+1|k

...
uk+Np−1|k

⎤
⎥⎥⎥⎦ (57)

where k +Np|k represents the prediction at time step k +Np

based on the information available at time step k.
At time step k, the system state xk can be updated using

Xk = Φxk +ΘUk (58)

where Φ and Θ can be calculated by

Φ=

⎡
⎢⎢⎢⎢⎣

Ā
1

Ā
2

...
Ā

Np

⎤
⎥⎥⎥⎥⎦ ,Θ=

⎡
⎢⎢⎢⎢⎣
Ā

1−1
B̄ · · · 0 0

Ā
2−1

B̄ Ā
2−2

B̄ · · · 0
...

...
. . .

...
Ā

Np−1
B̄ Ā

Np−2
B̄ · · · ĀNp−NpB̄

⎤
⎥⎥⎥⎥⎦ (59)

a) Longitudinal Tire Force Prediction
For longitudinal tire force prediction, it is necessary to in-

troduce the driver’s intention recognition model. This model
maps the relationship between accelerator/brake pedal position
and vehicle longitudinal acceleration. According to vehicle lon-
gitudinal dynamics model, the relationship between the accel-
erator/brake pedal and the total ouput torque can be obtained.
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Considering the ride comfort and braking torque response char-
acteristics, a torque ramp is given by

T i
d,k =

{
T i
d,k−1 +Δ if T i

d,k,demd − T i
d,k−1 > Δ

T i
d,k,demd else

(60)

where T i
d,k,demd denotes the driver’s torque demand (driver’s

intention) at time step k;Δ is the predefined torque ramp. During
hard accelerations, the input within a predictive horizon of Np

can be derived as

Ux
k =

⎡
⎢⎢⎢⎢⎣

ux
k|k

ux
k+1|k

...
ux
k+Np−1|k

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

T i
d,k

T i
d,k +Δ

...
T i
d,k + (Np − 1)Δ

⎤
⎥⎥⎥⎦ (61)

The longitudinal tire force can be predicted based on Equation
(40). It should be noted that the input is u1=u2=· · ·=uNp for
a uniform motion.

b) Lateral Tire Force Prediction According to Equations (8)
and (10), the lateral tire force predictor is given by

ay =
Cf

α

m

(
β +

Laωz

vx

)
+

Cr
α

m

(
β − Lbωz

vx

)
− Cf

α

m
δ

ω̇z =
LaC

f
α

Iz

(
β+

Laωz

vx

)
−LbC

r
α

Iz

(
β−Lbωz

vx

)
−LaC

f
α

Iz
δ

(62)

where the system input is the front-wheel steering angle. The
rotational angle of the steering wheel needs to be predicted based
on the lateral tire force estimator. The steering angle encoder
can measure the steering angle and the steering rate δ̇k at the
same time. The vehicle sideslip angle can be estimated based on
our previous work, and readers can refer to Ref. [40] for more
technical details. The input of the predictor can be expressed as

Uy
k =

⎡
⎢⎢⎢⎢⎣

uy
k|k

uy
k+1|k

...
uy
k+Np−1|k

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

δk
δk +ΔT δ̇k

...
δk + (Np − 1)ΔT δ̇k

⎤
⎥⎥⎥⎦ (63)

Xy
k =

⎡
⎢⎢⎢⎢⎣

xy
k+1|k

xy
k+2|k

...
xy
k+Np|k

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

ay,k+1|k
ay,k+2|k

...
ay,k+Np|k

⎤
⎥⎥⎥⎦ (64)

The prediction of the lateral tire forces can be achieved using
the lateral tire force estimator.

c) Vertical Tire Force Prediction: Vehicle roll state prediction
is key to vertical tire force estimation. The IMU can measure
the vehicle roll rate and roll acceleration, and the relationship
between vertical suspension displacement and vehicle roll angle
can be obtained based on Equation (7). The vehicle roll angle

Fig. 6. The Hardware-in-the-Loop platform.

and roll rate in a short period can be predicted by

yϕ
k=

⎡
⎢⎢⎢⎢⎣

yϕ
k|k

yϕ
k+1|k

...
yϕ
k+Np−1|k

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

[
ϕk

ϕ̇k

]
[
ϕk + ϕ̇kΔT
ϕ̇k + ϕ̈kΔT

]
...[

ϕk + (Np − 1)ΔT ϕ̇k

ϕ̇k + (Np − 1)ΔT ϕ̈k

]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(65)

yz
k = Υi (yϕ

k ) (66)

The vertical tire force prediction can be realized combining
Equation (57) with the vertical tire force estimator.

IV. EXPERIMENTS AND DISCUSSIONS

The performance of the proposed vehicle stability assessment
and prediction system is examined based on a Hardware-in-the-
Loop (HIL) platform as shown in Fig. 6. This platform consists
of two host computers, a real-time personal computer (RTPC),
a CANape, an Open ECU and a DC power source. The host
computer PC-1 is used to configure the vehicle dynamics model
and sensors and to generate the executable file by integrating
the vehicle dynamics model in Carsim with the LabCar project.
The host PC-2 is used to compile the proposed vehicle stability
assessment system in the Matlab/Simulink into the executable
code in the Open ECU. The RTPC runs the executable file
obtained from PC-1 and also serves as a high-fidelity vehi-
cle to provide vehicle dynamics response signals and sensor
measurements. The measurement accuracy, mounting error and
dynamic characteristics of the used sensors are set as shown in
Table II. The front/rear suspension damping coefficient is shown
in Fig. 7. The communication between the RTPC and the OPEN
ECU is realized through the CAN, and the CANape is employed
for application download, CAN bus data logging and parame-
ters calibration. The computational frequency of the proposed
system in the Open ECU is set as 100 Hz while the sampling
frequency of the vehicle sensors in the Carsim run in the RTPC is
set as 1000 Hz. The specifications of the Open ECU are shown
in Table III. The hybrid maneuver combining the slalom and
hard acceleration on low adhesion road with the double lane
change (DLC) maneuver and a fish hook procedure are used to
simulate critical driving conditions. Detailed specifications of
the test vehicle are listed in Table II.
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TABLE II
PARAMETERS OF THE VEHICLE MODEL

Fig. 7. The suspension damping coefficient.

TABLE III
SPECIFICATIONS OF THE OPEN ECU

A. Vehicle Stability Space

In order to establish an offline vehicle stability space, a tire
testing experiment was conducted to investigate the dynamic
characteristics of tire. As shown in Fig. 8(a), the used tire
is 215/45ZR18 93 W with a tire pressure of 220 kpa. Three
typical test conditions, i.e., pure longitudinal slip, pure side
slip and combined slip, were considered with three different
loads and tire camber angle settings. The test results under
the pure longitudinal slip condition is shown in Fig. 8(b). The
relationship between the longitudinal tire force and the tire slip
ratio was obtained by changing the tire camber angle (CA) and
vertical load (Fz). Fig. 8(c) shows the relationship between the
lateral tire force and the tire slideslip angle under the pure side
slip condition. In real driving conditions, the tire would endure

Fig. 8. The tire test results: (a) the tire test bench; (b) the tire test result under
the pure longitudinal slip; (c) the tire test result under the pure side slip and (d)
the tire adhesion ellipse under the combined slip.

combined slip conditions such as vehicle cornering together with
hard accelerating or decelerating. The combined slip test result
is shown in Fig. 8(d). It was developed by obtaining the longitu-
dinal and lateral tire forces under combined slip conditions and
by normalizing the tire forces based on Equation (45). Taking
vehicle roll motion into consideration, the LTR threshold is set
as ±0.7 [17], and the vehicle stability space can be developed
based on Fig. 8(d) and the set LTR thresholds.

B. The Hybrid Maneuver

The combined slalom and hard acceleration on low adhesion
road and DLC maneuver is used to examine the performance of
the presented scheme on vehicle longitudinal and yaw stability
evaluation. In the scenario, the test vehicle travels from a slalom
road onto a low adhesion road and then back to a DLC road.
As shown in Fig. 9(a)-(c), different background colors represent
different test scenarios. For brevity, only the left wheel of the
front axle (L1) is selected to show the tire force estimation
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Fig. 9. The experimental results of the proposed comprehensive vehicle sta-
bility assessment system under hybrid maneuver: (a) the estimated longitudinal
tire force; (b) the estimated lateral tire force; (c) the estimated vertical tire force;
(d) the longitudinal and lateral adhesion usage; (e) the estimated LTR value;
(f) the comprehensive vehicle stability state; (g) the predicted vehicle stability
state.

performance. The proposed longitudinal, lateral and vertical
tire force estimators can accurately track their respective true
values throughout the test with the normalized root mean square
errors of 1.62%, 1.04% and 1.43%. The distribution of the
longitudinal and lateral tire adhesion usage in the friction ellipse
is illustrated in Fig. 9(d). It can be seen that the vehicle motion
covers all four stability regions during the entire test. The LTR
evolution is depicted in Fig. 9(e), where the LTR exceeds the
pre-set value of 0.7 only during the DLC stage. The vehicle
stability can be evaluated in real-time with the comprehensive
vehicle stability state delineated in Fig. 9(f). Seen from Fig. 9(f),
when operating on the Slalom road, the test vehicle’s stability
jumps back and forth between State I and II. This means the
AFS and the DYC system can work together to improve yaw
stability and handling performance. Then, the test vehicle drives
onto the low adhesion road, resulting in obvious wheel slip
and thus the stability switching to State IV. In this state, the

vehicle longitudinal active control such as ASR needs to be
triggered. Finally, the vehicle runs back onto the DLC road,
and experiences rollover and yaw instability with the vehicle
stability state enering State V due to the high vehicle velocity
and sharp steering maneuver. Anti-rollover control action is re-
quired to prevent potential vehicle rollover. The vehicle stability
prediction with a prediction horizon of 50 time steps is shown
in Fig. 9(g), which represents a prediction time of 0.5 s. It is
worth noted that this prediction is based on the current driver’s
inputs. Under extreme driving conditions, it bears enormous
significance for improving vehicle safety if the vehicle stability
assessment system can predict vehicle stability states in 0.2-0.5 s
in advance.

C. The Fish Hook Procedure

The fish hook procedure is used to simulate the driver’s
response under the panic state to further examine the effective-
ness of the proposed vehicle stability assessment system under
extreme conditions. The whole test procedure can be divided into
three stages. First, the test vehicle accelerates to a constant speed
of 80 km/h. Then a slow steering maneuver is executed until
the vehicle lateral acceleration reaches 0.3 g and the reference
steering wheel angle is recorded. Finally, a rapid (720 deg/sec)
steering input is applied to the reference steering wheel angle.
The test results are depicted in Fig 10. From Fig. 10(a)-(c), it
is evident that the estimated longitudinal, lateral and vertical
tire forces can also follow their true values with the normalized
root mean square errors of 1.87%, 1.07% and 1.14%. Seen from
Fig. 10(d), as opposed to the results under the hybrid maneuver,
the longitudinal and lateral tire adhesion usage is mainly in
Zones III and IV. The LTR evolution during the maneuver is
depicted in Fig. 10(e) and the comprehensive vehicle stability
state can be derived as shown in Fig. 10(f). Because of the
emergency acceleration in the first stage, significant wheel slip
occurs and the stability jumps from State I to State IV. During
the second stage, the test vehicle experiences a low stability risk,
and the lateral acceleration is less than 0.3 g so that the vehicle
stability state remains in State I. In this state, the AFS system
can work on its own to enhance vehicle handling performance.
In the third stage, the test vehicle exhibits great yaw and rollover
instability propensity due to the increased steering angle rate and
high vehicle velocity. Tire slip also occurs in the third stage. It
can be ascribed to the lateral load transfer, which results in a
reduction of the inner-wheel vertical force. The vehicle stability
prediction results with a prediction horizon of 50 time steps are
delineated in Fig. 10(g). It can be seen that the comprehensive
vehicle stability system can also efficiently predict the imminent
vehicle instability risks in advance.

D. Comparison Analysis With State-of-The-Art Method

Ref. [31] presented a new delayed interconnected cascade-
observer structure to reconstruct the forces acting on each tire
in all directions. A 3-D vehicle model with four independent
suspensions without considering the unsprung mass is developed
to estimate the vertical tire force. As a tradeoff between accuracy
and simplicity, the 2-D vehicle dynamics model and the Dugoff
tire model are employed to describe longitudinal and lateral



11584 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 71, NO. 11, NOVEMBER 2022

Fig. 10. The experimental results of the proposed comprehensive vehicle stability assessment system under the fish hook procedure: (a) is the estimated longitudinal
tire force; (b) is the estimated lateral tire force; (c) is the estimated vertical tire force; (d) is the longitudinal and lateral adhesion usage; (e) is estimated LTR value;
(f) is comprehensive vehicle stability state; (g) is the predicted vehicle stability state.
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Fig. 11. The comparative HIL verification results of the proposed- and state-
of-the-art tire force estimator under the hybrid maneuvers: (a) is the estimated
longitudinal tire force; (b) is the estimated lateral tire force; (c) is the estimated
vertical tire force.

tire dynamics, where the tire sideslip angle and slip ratio are
taken as the inputs. Since both the longitudinal and lateral tire
forces exhibit strong nonlinearities, a UKF observer is utilized
to estimate tire forces. To make the comparison more convinc-
ing, artificial noises have also been added into the longitudinal
velocity and vehicle sideslip angle based on Ref. [31], which
further compromises the tire slip ratio and tire sideslip angle
measurements. It is worth noted that the magnitudes of noise
are set the same for the Oxford RT3100, which is a typical
experimental device for vehicle state measurement. The HIL
test results under the hybrid maneuver and fish hook procedure
are shown in Fig. 11 and Fig. 12, respectively.

The subscript ref.1 represents the tire force estimation method
proposed in Ref. [31], and subscript ref.2 is imposed by an

Fig. 12. The comparative HIL verification results of the proposed- and state-
of-the-art tire force estimator under the fish hook procedure: (a) is the estimated
longitudinal tire force; (b) is the estimated lateral tire force; (c) is the estimated
vertical tire force.

appropriate noise based on ref.1. From Fig. 11(a), it can be
seen that the proposed force estimator can accurately track
the true value, while Fx L1 ref.1 exhibits drastic fluctuation
under the slalom maneuver. This can be ascribed to the tire slip
ratio fluctuation, which is calculated based on the longitudinal
velocity at the CG. In fact, the longitudinal velocity for tire
slip ratio calculation needs to utilize a projection at the wheel
corner instead of at the CG. Compared to Fx L1 ref.1, there
are some burrs on Fx L1 ref.2 because of the existence of slip
ratio noise. In the DLC maneuver, Fx L1 ref.1 deviates from
the true value due to the sharply increased slip ratio and the
saturated longitudinal tire force. Fig. 11(b) shows the results of
the lateral tire force estimation. Throughout the entire maneuver,
Fy L1 ref.1 can track the true value, but there is still a deviation
at the peak point. The true lateral tire force does not increase
with the increasing tire sideslip angle when the tire force is



11586 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 71, NO. 11, NOVEMBER 2022

Fig. 13. The variation of yaw stability region along with different steering angle, speed and road adhesion.

saturated; but it is difficult for the Dugoff model to accurately
capture the tire dynamics. From Fig. 11(c), it can be discerned
that the vertical tire forces under the proposed estimator, ref.1
and ref.2 can follow the true vertical tire force. This is because
they are all based on the independent suspension model. The
minute deviation at the peak value for ref.1 can be ascribed to
the neglect of the unsprung mass. Without using any tire model,
the proposed tire force estimator is superior in both accuracy
and robustness.

Fig. 12 shows the comparison results of tire force estima-
tion during the fish hook procedure. Seen from Fig. 12(a), the
proposed longitudinal tire force estimator can accurately track
the true value while ref.1 and ref.2 see large deviations in the
nonlinear region. Similarly, Fig. 12(b) shows that the lateral tire
forces under ref.1 and ref.2 still exhibit large deviations in the
nonlinear region. The vertical force estimation results are shown
in Fig. 12(c). There are still small deviations between the true
values and the ref.1 and ref.2 estimates due to the influence of
the unsprung mass and the wheel alignment parameters.

A comprehensive vehicle stability assessment system that
can simultaneously evaluate vehicle longitudinal, yaw and roll
stability is still absent in the literature. In order to highlight
the advantages of the proposed comprehensive stability assess-
ment system, three vehicle stability assessment methods in the
existing literature are selected for comparison. The tire slip
ratio is selected for vehicle longitudinal stability evaluation;
the vy − ωz phrase plane is established for vehicle yaw sta-
bility assessment; and the LTR value is employed for vehicle
roll stability assessment. The longitudinal and rollover stability

indicators are simple to understand. That is, a tire slip ratio
greater than 0.2 is considered as longitudinal instability, while
the absolute value of LTR greater than 0.7 is reckoned as rollover
instability. For yaw stability, we select the state-of-the-art phrase
plane method [12] for comparison, and obtain the yaw stability
region under different steering angles, vehicle velocities and
road adhesion coefficients through a large number of simulation
tests. Fig. 13 depicts the variation of the yaw stability region
along with different steering angles, vehicle velocities and road
adhesion coefficients. We can evaluate the vehicle yaw stability
by determining whether the lateral velocity and yaw rate are
located within the stability region.

The vehicle stability assessment results of the proposed
longitudinal-based, yaw-based and roll-based methods are
shown in Fig. 14. For simplicity, we define the instability states
of the yaw-based, longitudinal-based and roll-based methods as
State III, IV and V, respectively. Seen from Fig. 14(a), the pro-
posed comprehensive vehicle stability assessment system can
match well with the longitudinal-based and the rollover-based
stability evaluation method in terms of longitudinal and roll
stability. For yaw stability, the proposed method can determine
whether the vehicle is in the transition (13 s to 21 s) or the
saturation zone, while the vy − ωz phase plane method can only
evaluate vehicle yaw stability.

Fig. 14(b) shows the comparison results of vehicle stability
evaluation in the fish hook procedure. It can be seen that the
proposed scheme can also closely track the longitudinal-based
and rollover-based methods throughout the test, and the yaw-
based method can only determine the yaw instability. In contrast,
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Fig. 14. The comparative HIL verification results of the proposed- and state-
of-the-art vehicle stability assessment system: (a) is the results under under
hybrid maneuvers; (b) is the results under under the fish hook procedure.

the proposed vehicle stability assessment system can not only
judge vehicle yaw stability, but also classify stability levels for
chassis coordinated control.

V. CONCLUSION

In this paper, an enabling vehicle stability assessment system
is proposed based on tire forces estimation. First, the longitu-
dinal, lateral and vertical tire forces are respectively estimated
using the strong tracking unscented Kalman filter and the con-
ventional Kalman filter based on low-cost on-board sensors.
Then, a comprehensive vehicle longitudinal, yaw and roll stabil-
ity space is established by utilizing the normalized tire friction
ellipse and the Load Transfer Ratio value. Finally, the vehicle
stability is determined and predicted based on the current driver’s
inputs. The hardware-in-loop experimental results show that
the proposed vehicle stability assessment system can accurately
estimate the longitudinal, lateral and vertical tire forces with the
normalized root mean square errors of 1.87%, 1.07% and 1.43%,
respectively, and exhibits satisfying performance for vehicle
longitudinal, yaw and roll stability evaluation and prediction.
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