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Abstract: To improve the handling stability of automobiles and reduce the odds of rollover, active
or semi-active suspension systems are usually used to control the roll of a vehicle. However, these
kinds of control systems often take a zero-roll-angle as the control target and have a limited effect
on improving the performance of the vehicle when turning. Tilt control, which actively controls the
vehicle to tilt inward during a curve, greatly benefits the comprehensive performance of a vehicle
when it is cornering. After analyzing the advantages and disadvantages of the tilt control strategies
for narrow commuter vehicles by combining the structure and dynamic characteristics of automobiles,
a direct tilt control (DTC) strategy was determined to be more suitable for automobiles. A model
predictive controller for the DTC strategy was designed based on an active suspension. This allowed
the reverse tilt to cause the moment generated by gravity to offset that generated by the centrifugal
force, thereby significantly improving the handling stability, ride comfort, vehicle speed, and rollover
prevention. The model predictive controller simultaneously tracked the desired tilt angle and yaw
rate, achieving path tracking while improving the anti-rollover capability of the vehicle. Simulations
of step-steering input and double-lane change maneuvers were performed. The results showed
that, compared with traditional zero-roll-angle control, the proposed tilt control greatly reduced the
occupant’s perceived lateral acceleration and the lateral load transfer ratio when the vehicle turned
and exhibited a good path-tracking performance.

Keywords: tilt control; model predictive control; handing stability; active suspension

1. Introduction

Vehicle roll dynamics affects the handling stability and ride comfort. When cornering
at high speeds, a vehicle is prone to excessive rolling, which can cause the vehicle to
become unstable or to rollover. The traditional passive suspension has difficulty meeting
the performance requirements of vehicles with suspension systems. Suspension control
technologies, such as active and semi-active suspensions, active lateral stabilizer bars, and
hydraulic interconnected suspensions, are often used to prevent automobile rolling [1–4].
However, the current roll control methods usually aim at passively reducing the roll angle
and have limited effects on improving the vehicle’s performance during cornering.

Drawing on the tilting technology used on rail trains [5], if the automobile body is
tilted in the turning direction, this reverse tilt can cause the moment generated by gravity
to reduce or even offset that generated by the centrifugal force. This novel technology can
significantly improve the handling stability and the ride comfort. After years of research,
the active tilting technology has been widely used in high-speed rail trains [5,6]. A previous
study [7] indicated that on a current track line, only tilting the train at a small angle (1–2◦)
can allow the vehicle to negotiate the curve at a sufficiently high speed. Therefore, tilting
at a small angle can also greatly improve the vehicle performance. Because rail trains
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and automobiles are very different in structure and driving conditions, there are very few
things that can be learned for the study of tilt control.

Narrow commuter vehicles (NCVs) which attracted the interest of researchers in the
past decades rely heavily on tilt control due to their high centers of gravity, and much
research has been conducted on tilt control of these vehicles [8,9]. Several researchers
developed test prototypes. Most control strategies for NCVs can be classified as steering
tilt control (STC) and direct tilt control (DTC) [10]. The DTC strategy is controlled by
a special actuator installed under the vehicle body, while the STC strategy uses active
counter-steering to control the vehicle steering to achieve active tilt. Rajamani and his
group have studied the active tilt control of NCVs [8,11]. Nguyen et al. presented a DTC
method to improve the lateral stability and the driving comfort of narrow tilting vehicles.
An H2 control design based on a linear matrix inequality based optimization was built.
The resulting robust DTC controller was evaluated with realistic driving scenarios [12].

Due to the structural characteristics of NCVs, the DTC strategy is suitable for low
speeds, and the STC strategy is suitable for high speeds [13]. Some work has thus focused
on combining these two control strategies to achieve stability at all vehicle speeds. Raja-
mani’s group presented a combination control system with two different types of control
schemes. The performances of the proposed integrated systems were evaluated by carrying
out simulations and experimental work [14]. Robertson et al. presented a method for
integrating the STC and DTC strategies. The control systems exhibited a 36% reduction in
load transfer from the inside wheel to the outside wheel during a ramp-steering maneuver
compared with a DTC system [15].

Research on tilt control of automobiles began relatively late compared to the tilt
control research of trains and NCVs, but it is currently attracting researchers’ interest.
Wang expounded the feasibility of tilt control based on an active suspension system
under low-speed steering conditions and designed a vehicle active-tilting robust H-infinity
controller while considering ride comfort and handling stability [16]. Simulation results
showed that lateral acceleration was reduced and that vertical and pitch motions were
effectively restrained. Ling studied SUVs and adopted a slow active suspension system
to achieve “body reverse roll control” (i.e., tilt control) [17]. The control strategy was
designed based on fuzzy adaptive PID control. Joint MATLAB/Simulink, AMESim, and
Carsim simulations were carried out and showed that this type of tilt control effectively
improved the stability and safety of the vehicle without lessening the ride comfort. Youn
et al. used active suspension to implement active tilt control to control the attitude of
the vehicle [18]. An attitude-tracking controller was designed with zero acceleration
as the target; simulation results verified the feasibility of the controller. Afterwards,
integrated control research of active tilt control and the electronic stability program was
carried out [19]. Zhu et al. obtained the optimal roll angle and yaw rate based on road
preview information of unmanned vehicles. They designed a model predictive controller
through active suspension to intentionally increase the roll angle inward or outward as
needed [20]. However, this publication did not explicitly discuss the rolling problem
using the concept of vehicle tilt. Rajamani et al. presented a new steer-by-wire algorithm
that used transient counter-steering to invert the direction of the roll angle of the vehicle
to reduce to odds of rollover. However, this STC strategy could only operate in the
stable equilibrium position, in which the tilting angle usually exceeded the effective travel
distance of the suspension [21]. To date, no active tilt control technology has been used in
actual automobiles. Some automobile companies claim that they have used the active tilt
control technology; however, they only used traditional active roll control technology that
minimizes the vehicle’s body lean during cornering, such as the active tilt control (ATC)
used by some SUVs belonging to brands from the Ford Motor Company [22].

To date, research on automobile tilt control has not been conducted in a systematic
way. It is necessary to study control strategy designs, determine the appropriate actuator,
and further elaborate the meaning and evaluation method of automobile active tilt. The
structural and dynamic characteristics of automobiles are different from those of NCVs,
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and the speeds are much higher; therefore, the tilt control strategies are also different
from those of NCVs. Among the two tilt control strategies for NCV vehicles, the STC
strategy must increase the steering angle at low speeds to maintain stability [23]. However,
automobiles run stably at low speeds, but at high speeds, because STC systems can only
operate in a steady-state equilibrium position in which the desired tilt angle is used, the tilt
angle is often too large. Thus, STC systems are not suitable for controlling automobile tilt.
DTC systems require the active tilting and steering to be synchronized to reduce actuator
torque and improve ride comfort. With the development of sensor technologies, it is easy
for automobiles to preview the driver’s steering input through GPS and map information.
Meanwhile, once a vehicle is tilted slightly inward, the gravitational force begins to assist
the tilt actuator, which lowers the power required [24]. Therefore, the DTC strategy is more
suitable for automobiles.

Based on the above analysis and previous research [25], a DTC strategy for automobiles
is proposed herein based on an active suspension using model predictive control technology.
Based on the automobile structure and performance characteristics, an automobile tilt
control model was established, and a tilt control strategy and performance evaluation
method were proposed. Considering the performance requirements in the vehicle roll
and yaw directions, a model predictive controller was designed to enable the vehicle to
track the desired tilting angle while tracking the desired yaw rate in real time. This article
focuses on the elaboration of the vehicle tilt control methodology, and, thus, it ignores
the influence of signal acquisition and road interference on the controller design [26–28].
Simulations were performed under step-steering input and double-lane change maneuvers.
Meanwhile, the designed tilt controller was compared with passive suspension and a
traditional anti-roll controller that aimed to achieve a zero-roll-angle as the control target.
Finally, the advantages of this tilt controller over the traditional zero-roll-angle controller
for improving vehicle performance were analyzed.

The remainder of this article is organized as follows: the steer–roll dynamic models of
an active suspension vehicle are developed in Section 2; on Section 3, the desired tilt angle
for active tilt control is determined, and a model predictive controller with two tracking
aims is developed; the simulations are discussed in Section 4; finally, the conclusions are
presented in Section 5.

2. Vehicle Steer–Roll Dynamic Model Based on Active Suspension

A six-degree-of-freedom (6-DOF) vehicle steer–roll dynamic model with a two-degree-
of-freedom (2-DOF) steering model and a 4-DOF roll model was developed to study the
dynamics of vehicle active tilt during cornering. The established vehicle model is shown in
Figure 1. Based on D’ Alembert’s principle, the dynamic equations of the vehicle model are
as follows:

Vehicle steering dynamics equation:

mv(
.
β +

.
ψ) + msh

..
θ = 2Ff + 2Fr (1)

Iz
..
ψ = 2aFf − 2bFr (2)
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Figure 1. Steer–roll dynamic model of the full vehicle. 
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The lateral tire forces can be expressed as follows: 

c c ( )f f f f

a
F

v


         (5) 
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b
F
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Figure 1. Steer–roll dynamic model of the full vehicle.

For Equations (1) and (2), to make the analysis of vehicle motion simpler, a four-
wheeled vehicle was transformed to an equivalent two-wheeled vehicle [29]. It is assumed
that the lateral tire forces Ff and Fr are proportional to the tire slip angle for small angles,
and |β| is considered to be very small. Additionally, if the vehicle speed is constant,

v =
√

v2
x + v2

y is also constant. Thus, vx = v cos β ≈ v, and vy = v sin β ≈ vβ. Then the
front and rear tire side-slip angles can be written as shown below:

α f ≈ −(δ−
vy + a

.
ψ

v
) ≈ β +

a
.
ψ

v
− δ (3)

αr ≈
vy − b

.
ψ

v
≈ β− b

.
ψ

v
(4)

The lateral tire forces can be expressed as follows:

Ff = −c f α f = −c f (β +
a

.
ψ

v
− δ) (5)

Fr = −crαr = −cr(β− b
.
ψ

v
) (6)

Dynamics equation of sprung mass vertical motion:

ms
..
z = Fs1 + Fs2 + f1 + f2 (7)

Dynamics equation of vehicle roll motion:

Ix
..
θ = (Fs1 − Fs2)d−msv(

.
β +

.
ψ)h + msghθ + Mt (8)

Dynamics equation of unsprung mass vertical movement:

mu1
..
zu1 = −Fs1 − kt1(zu1 − zr1)− f1 (9)

mu2
..
zu2 = −Fs2 − kt2(zu1 − zr2)− f2 (10)

The variables used for this vehicle model are defined as follows:
.
ψ is the yaw rate;

θ is the roll angle; β is the side-slip angle at the vehicle center of gravity (CG); y is the
lateral displacement of the vehicle; z is the vertical displacement of the CG of the sprung
mass; zu1 and zu2 are the vertical displacements of the unsprung masses of the left and
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right suspensions, respectively; zr1 and zr2 are the road input on the left and right wheels,
respectively; m is the total mass of the vehicle, ms is the sprung mass of the vehicle; mu1
and mu2 are the unsprung masses of the left and right suspensions, respectively; Ix and
Iz are the mass moments inertia about the x- and z-axes, respectively; c f and cr are the
cornering stiffnesses of the front and rear tires, respectively; kt1 and kt2 are the vertical
stiffnesses of the left and right tires, respectively; h is the height of sprung mass from roll
center; a and b are the distances from the CG to the front or rear axle, respectively; d is half
of the track width; δ is the front steering angle; v is the longitudinal velocity of the vehicle;
f1 and f2 are the controllable damping forces of the left and right suspensions, respectively;
Mt is the tilting torque generated by the active suspension actuating struts, which can be
written as Mt = ( f1 − f2)d; δ is the steering angle of the front wheel.

The dynamic forces of the left and right suspensions due to vertical acceleration can
be written as follows:

Fs1 = −ks1(zs1 − zu1)− cs1(
.
zs1 −

.
zu1) (11)

Fs2 = −ks2(zs2 − zu2)− cs2(
.
zs2 −

.
zu2) (12)

In Equations (11) and (12), ks1 and ks2 are the spring stiffness coefficients of the left
and right suspensions, respectively; cs1 and cs2 are the constant damping coefficients of the
left and right suspensions, respectively; zs1 and zs2 are the vertical displacements of the
sprung mass on the left and right, respectively, which can be expressed as follows:

zs1 = z + dθ, zs2 = z− dθ (13)

.
zs1 =

.
z + d

.
θ,

.
zs2 =

.
z− d

.
θ (14)

3. Design of the Model Predictive Controller
3.1. Desired Tilt Angle for Active Tilt Control

When turning, the vehicle body actively tilts inward, causing the gravity moment on
the vehicle body to offset the centrifugal force moment on the vehicle body. Therefore, the
values of the lateral acceleration experienced by passengers and the lateral load transfer
ratio will be reduced greatly or even to zero. The roll moment generated by the centrifugal
force is as follows:

Msteer = msv(
.
β +

.
ψ)h cos θ = ms(

..
y + v

.
ψ)h cos θ (15)

The roll moment generated by gravity is as follows:

MG = msgh sin θ (16)

When the vehicle is at steady state,
..
y = 0 and

.
ψ =

.
ψdes = δ v

a+b , which is the yaw rate
of the ideal steering model with two DOFs (in neutral steering). The desired tilt angle for
the active tilt can be obtained via Msteer = MG:

θdes = arctan

(
v

.
ψdes
g

)
(17)

The occupant’s perceived lateral acceleration is mainly composed of three parts,
namely the lateral acceleration ay, the component of gravitational acceleration, and the roll
acceleration of the vehicle body, which can be expressed as follows:

aper = v(
.
β +

.
ψ) cos θ + h

..
θ − g sin θ (18)
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The lateral load transfer ratio (LTR) is a commonly used indicator for predicting
non-tripping rollover of vehicles and can be expressed as follows [30]:

LTR =
msv(

.
β +

.
ψ)h + Ix

..
θ −msghθ

msgd
(19)

The block diagram of the active tilt model predictive control system is shown in Figure 2.
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3.2. Design of the Controller

The model predictive control algorithm is used to control the active suspension
actuator in real time so that the actual tilt angle of the active tilt can track the desired
tilt angle. The state space of the vehicle suspension system based on the 6-DOF vehicle
steer–roll model is as follows: { .

ξ = Acξ + Bcuu + Bcdw
η = Ccξ

(20)

where the system states are ξ = [β,
.
ψ, θ,

.
θ, z,

.
z, zu1,

.
zu1, zu2,

.
zu2]

T
, the control inputs are u =

[ f1, f2]
T , the system disturbances are w = [zr1, zr2, δ]T , the system outputs are η = [

.
ψ, θ]

T
,

and the parameters of matrices are as listed in the Appendix A.
The 6-DOF vehicle steer–roll dynamic model established above is a linear continuous

system model. Based on model predictive control theory, the continuous system should first
be discretized by a matrix exponential transformation. This can be expressed as follows:{

ξ(k + 1) = Aξ(k) + Buu(k) + Bdw(k)
η(k) = Ccξ(k)

(21)

where A = eAcTs ,Bu =
∫ Ts

0 eAcτ Bcudτ,Bd =
∫ Ts

0 eAcτ Bcddτ, and Ts is the sampling period.
To prevent the control variable of the model predictive controller from changing too

much and to constrain the control increment, the control variable u(k) in Equation (21) is
rewritten in terms of the control increment ∆u(k), yielding the following augmented model:{

ξ̃(k + 1) = Ãξ̃(k) + B̃uũ(k) + B̃dw̃(k)
η(k) = C̃c ξ̃(k)

(22)

The matrices in this formula are defined as follows:

ξ̃(k) =
[

ξ(k)
u(k− 1)

]
, w̃(k) =

[
w(k)
0Nu

]
,ξ̃(k) =

[
ξ(k)

u(k− 1)

]
, w̃(k) =

[
w(k)
0Nu

]
,

Ã =

[
A Bu

0Nu×Nξ
INu

]
, B̃u =

[
Bu
INu

]
,
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B̃d =

[
Bd

0Nu×Nd

]
, C̃c =

[
Cc 0Nu

]
,

ũ(k) = ∆u(k) = u(k)− u(k− 1),

where Nξ is the number of states, Nd is the number of disturbances, and Nu is the number
of control inputs.

If the predicted horizon of the system is Np and the control horizon is Nc, to derive
the system’s predictive equations, the following two assumptions are made.

The control variables remain unchanged outside the control horizon:

∆u(k + i) = 0, i = Nc, Nc + 1, · · · , Np − 1 (23)

The disturbances remain unchanged after time point k:

w(k + i) = w(k), k = t, · · · , t + Np (24)

At the current time point, the system state and output in the predicted time domain
are obtained by repeatedly iterating Equation (22), as follows:

ξ̃( k + Np|k) = ÃNp ξ̃( k|k) + ÃNp−1
k,t B̃u,t∆uc( k|k) + · · ·

+ÃNp−Nc B̃u∆uc( k + Nc− 1|k) +
Np
∑

i=1
Ãi−1B̃dw(k)

(25)

η(k+Np|k) = C̃c ÃNp ξ̃( k|k) + C̃c ÃNp−1B̃u∆u( k|k) + · · ·

+C̃c ÃNp−Nc B̃u∆uc( k + Nc− 1|k) +
Np
∑

i=1
C̃c Ãi−1B̃dw(k)

(26)

To simplify the calculation, the following assumptions are made:

Ak,t = At,t, k = 1, · · · , t + Np − 1 (27)

Bk,t = Bt,t, k = 1, · · · , t + Np − 1 (28)

To clarify the relationship, the output of the system in the future is expressed in the
form of state space:

Y(t) = Ψt ξ̃( t|t) + Θu∆U(t) + Θdw(t) (29)

where

Y(t) =



η( t + 1|t)
η( t + 2|t)
· · ·

η( t + Nc|t)
· · ·

η( t + Np
∣∣t)

, Ψt =



C̃c Ãk,t
C̃c Ã2

· · ·
C̃c ÃNc

· · ·
C̃c ÃNp


,

Θu =



C̃c B̃u 0 · · · 0
C̃c ÃB̃u C̃c B̃u · · · 0

· · · · · · . . . · · ·
C̃c ÃNc B̃u C̃c ÃNc−1B̃u · · · C̃c B̃u

· · · · · · . . .
...

C̃c ÃNp−1B̃u C̃c ÃNp−2B̃u · · · C̃c ÃNp−Nc B̃u


,
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Θd =



C̃B̃d
2
∑

i=1
C̃ÃB̃d

· · ·
Nc
∑

i=1
C̃Ãi−1B̃d,t

· · ·
Np
∑

i=1
C̃Ãi−1B̃d,t


, ∆U(t) =


∆u( t|t)

∆u(t+1|t)
· · ·

∆u( t + Nc− 1|t)



Here, the quadratic optimization objective function is selected as follows:

minJ =
Np
∑

i=1
‖η( k + i|k)− ηdes( k + i|k)‖

2

Q

+
Nc−1

∑
i=1
‖∆u( k + i|k)‖

2

R
+ ρε2

(30)

s.t. umin ≤ u( k + i|k) ≤ umax
∆umin ≤ ∆u( k + i|k) ≤ ∆umax
ηmin ≤ η( k + i|k) ≤ ηmax

where ηdes = [
.
ψdes, θdes]

T
, ρ is the weight coefficient, and ε is the relaxation factor.

Equation (30) can be solved as a standard quadratic programming problem, which
is convenient for computer calculations, by substituting Equation (29) into Equation (30),
which results in the following:

J = [∆U(k)T , ε]
T

Ht[∆U(k)T , ε] + Gt[∆U(k)T , ε] + Pt (31)

where

Ht =

[
Θu

TQeΘu + Re 0
0 ρ

]
, Gt =

[
2E(k)TQeΘu 0

]
,

Pt = E(k)TQeE(k), E(t) = Ψt ξ̃( k|k) + Θdd(k)−Ydes(k),
Ydes = [ηdes( k + 1|k), · · · , ηdes( k + Np|k)]T ,

Qe = blockdiag

Np︷ ︸︸ ︷
[Q, Q, · · · , Q], Re = blockdiag

Nc︷ ︸︸ ︷
[R, R, · · · , R],

In Equation (31), Pt is a constant, meaning that the constrained optimization problem
at each step of model predictive control is equivalent to solving the following quadratic
programming problem:

min
∆Uk ,ε

[∆U(k)T , ε]
T

Ht[∆U(k)T , ε] + Gt[∆U(k)T , ε]

s.t. ∆Umin ≤ ∆U(k) ≤ ∆Umax, k = t, · · · , t + Nc − 1

Umin ≤ u(t− 1) +
k
∑
i=t

∆U(i) ≤ Umax, k = t, · · · , t + Nc − 1

Ymin − ε ≤ Ψt ξ̃( k|k) + Θt∆U(k) ≤ Ymax + ε

(32)

Equation (32) is solved in each control cycle, and a series of control increments is
obtained in the control horizon.

∆U∗k =
[
∆u∗t , ∆u∗t+1, · · · , ∆u∗t+Nc−1

]
(33)
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The first element of the series of control increments obtained above is taken as the
actual control increment of the system, and the sum of this increment and the control
amount at the previous moment is applied to the current system, as follows:

u(t) = u(t− 1) + ∆u∗t (34)

The system executes this control amount until the next moment. At the new moment,
the system re-predicts the output of the next horizon based on the state information and
obtains a new control increment sequence through the optimization process. Solving
repeatedly in this way completes the goal of system rolling optimization control.

4. Simulation Results and Analyses

To verify the effectiveness of the designed controller, simulations of step-steering
input and double-lane change maneuvers were performed in the MATLAB/Simulink
environment. By comparing the results of tilt control, zero-roll-angle control, and passive
suspension, the advantages of the proposed active tilt control, which actively tilts the
vehicle body to the turning direction, were analyzed. In the legend in the following figures,
θ = θdes represents the proposed tilt model predictive control, θ = 0 represents the model
predictive control for zero-roll-angle control, which uses a zero roll angle as the control
target, and PS represents an uncontrolled passive suspension vehicle. The parameters of
the vehicle model are listed in Table 1.

Table 1. Parameters of the vehicle model.

Parameters Values Parameters Values

ms/kg 1500 mu1 = mu2/kg 120
Iz/(kg·m2) 2500 ks1 = ks2/(N·m−1) 35,000
Ix/(kg·m2) 460 cs1 = cs2/(Ns/m) 2000

kt1 = kt2/(N·m−1) 380,000 g/(m·s−2) 9.81
a/m 1.4 h/m 0.45
b/m 1.7 d/m 0.74

c f /(N·rad−1) 76,339 cr/(N·rad−1) 70,351

The parameters and constraints of the vehicle tilt model predictive control and the
zero-roll-angle control controller were set as follows:

Ts = 0.02s, Np = 25, Nc = 15, ρ = 1000,
Q = diag(106, 106), R = diag(10−4, 10−4),
−8000N ≤ f1,2 ≤ 8000N,−1000N ≤ ∆ f1,2 ≤ 1000N,
−0.15rad ≤

.
ψ ≤ 0.15rad,−0.3rad ≤ θ ≤ 0.3rad,

4.1. Step-Steering Input Maneuver

The vehicle was operated on a class B road at a speed of 80 km/h [31]. The way to
produce a random road roughness profile is to let the white noise pass a shaping filter [32].
The step-steering input maneuver was performed at 5 s, and the front-wheel steering angle
reached a final value of δ = 1

◦
at 10 s. The front-wheel steering angle is shown in Figure 3.

Figures 4 and 5 show the response curves of the centrifugal and gravity moments,
respectively. Under steady-state conditions, the centrifugal moment of the vehicle under tilt
control was approximately 1800 Nm, which was slightly larger than the values of 1650 Nm
under zero-roll-angle control and 1600 Nm under the passive suspension. For the gravity
moment, the passive suspension was 700 Nm, and the gravity moment of the vehicle under
tilt control was 1800 Nm, which was exactly equal to the centrifugal moment. Hence,
when the vehicle body was actively inclined in the turning direction, the gravity moment
generated due to the shift of the CG could completely offset the moment generated by the
centrifugal force during the steady state of the turning.
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Figure 6 shows the response curves of the vehicle’s body roll angle. Tilt control
and zero-roll-angle control could better track the desired tilt angle and zero, respectively.
However, the vehicle’s body tilt angle under the active tilt control was opposite to that of
the passive suspension, and it tilted inward by 15◦.
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Figure 7 shows the response curve of the occupant’s perceived lateral acceleration. The
steady-state value with the passive suspension was 3.3 m/s2, while that under zero-roll-
angle control was 2.45 m/s2, which was lower than that of the passive suspension. With
the gradual increase in the control force of the active suspension, the occupant’s perceived
lateral acceleration of tilt control initially fluctuated, with a peak value of approximately
0.15 m/s2, and then gradually approached zero. Compared with the other two methods,
tilt control greatly improved the ride comfort.
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The response curves of the LTR of the vehicle are shown in Figure 8. The LTR value
of the passive suspension system was 0.21, whereas the LTR value under zero-roll-angle
control was 0.15. The variation of the LTR under tilt control was the same as that of the
occupant’s perceived lateral acceleration. As the control force of the active suspension
gradually increased to the steady-state amplitude, the LTR value initially had a peak value
of approximately 0.012, and then eventually approached a stable value of 0.0045. Therefore,
the LTR value under tilt control was greatly reduced compared with zero-roll-angle control
and the passive suspension, which significantly reduced the possibility of vehicle rollover
and was able to effectively improve the vehicle’s curve negotiating speed.
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Figure 8. Lateral load transfer ratio.

Figure 9 shows the control force response curve of the left suspension. Due to space
limitations, the control force response curve of the right suspension was omitted, whose
amplitude was opposite to that of the left suspension. The steady-state amplitude of the
single-side suspension control force under tilt control was 4650 N, while the amplitude
of the single-side suspension control force under zero-roll-angle control was 1320 N. The
control force on each side of the suspension was supplied by two suspension actuators,
that is, each actuator provided half the control force on each side; thus, the control force of
the active suspension was within an acceptable range.
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Figure 9. Left suspension control force.

The time response curve of the vehicle yaw rate is shown in Figure 10. “Desired” in
the figure represents the desired yaw rate. The yaw rate was 0.122 rad/s under tilt control,
0.112 rad/s under zero-roll-angle control, and 0.105 rad/s under the passive suspension.
Compared with those under zero-roll-angle control and the passive suspension, the yaw
rate was slightly higher under tilt control, but it tracked the desired yaw rate well. Thus,
tilt control exhibited the best performance.
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Figure 10. Yaw rate.

Figure 11 shows the response curve of the side-slip angle of the CG of the vehicle.
The amplitude of the vehicle’s side-slip angle was 0.0097 rad under tilt control, 0.0053 rad
under zero-roll-angle control, and 0.011 rad under the passive suspension. Compared
with the passive suspension, the side-slip angle under tilt control was reduced, which
was beneficial for improving the vehicle’s handling stability. The side-slip angle under tilt
control was larger than that under zero-roll-angle control but smaller than that under the
passive suspension. Thus, tilt control achieved better handling stability.
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Figure 11. Side-slip angle of the vehicle center of gravity.

Figures 12 and 13 show the response curves of the left suspension dynamic deflection
and the left tire dynamic displacement, respectively. The dynamic deflection of the sus-
pension under tilt control was greater than that of the passive suspension and fluctuated
slightly around 0.2 m in the direction opposite to that of the passive suspension system.
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The effective travel of a passenger automobile’s suspension is normally around 0.25 m [16];
thus, the dynamic deflection of the suspension under tilt control was less than the effective
travel of the suspension. Under zero-roll-angle control, the dynamic deflection of the
suspension was relatively small and fluctuated slightly around 0 m. Furthermore, the peak
value of vehicle tire dynamic displacement under tilt control of approximately 0.02 m was
slightly smaller than that of passive suspension but in the opposite direction. The tire
dynamic displacement under zero-roll-angle control was the smallest, and its peak value
was approximately 0.01 m.
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4.2. Double-Lane Change Maneuver

The double-lane change maneuver is an extreme operating condition, in which the
vehicle changes lanes to overtake another vehicle and returns to the original lane while
driving at high speeds. It can reflect the handling stability of a vehicle during emergency
avoidance. In this maneuver, the vehicle speed was set as 80 km/h, and the simulation
time was set as 10 s. The steering wheel angle is shown in Figure 14.
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Figures 15 and 16 show the response curves of the centrifugal and gravity moments,
respectively. The peak value of the centrifugal torque under tilt control was approximately
2700 Nm, which was slightly larger than the values of 2250 Nm under zero-roll-angle
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control and 2020 Nm under the passive suspension. The peak gravity moment under the
passive suspension was approximately 700 Nm, and the peak gravity moment under tilt
control was approximately 2000 Nm. At each moment, the centrifugal moments were
greater than the gravity moments. This was because the steering angle under the double-
lane change maneuver changed in real-time, and it was not a steady-state turning process.
Therefore, under the double-lane change maneuver, the gravity moment generated by the
vehicle body actively tilting in the turning direction only greatly reduced the centrifugal
moment but did not completely offset the centrifugal moment. Therefore, the occupant’s
perceived lateral acceleration and lateral load transfer ratio under tilt control were unable
able to obtain values close to zero, as was possible for the step-steering input maneuver.
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Figure 16. Time-domain response of the vehicle gravity moment.

Figures 17 and 18 show the vehicle roll angle and yaw rate response curves, respec-
tively. The tilt control and zero-roll-angle control could track the desired tilt angle and zero,
respectively, and the yaw rate under tilt control tracked the desired value well.
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Figure 18. Yaw rate.

The response curves of the side-slip angle of the vehicle CG are shown in Figure 19.
Under the active tilt control, the side-slip angle of the vehicle CG was smaller than that of
the passive suspension, which improved the vehicle handling stability.
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Figure 19. Side-slip angle of the vehicle center of gravity.

The response curves of the occupant’s perceived lateral acceleration and the lateral
load transfer ratio are shown in Figures 20 and 21, respectively. The peak values of the
occupant’s perceived lateral acceleration were 3.1 m/s2 under the passive suspension,
2.6 m/s2 under zero-roll-angle control, and 1.25 m/s2 under tilt control. Compared with
the passive suspension, the occupant’s perceived lateral acceleration under the zero-roll-
angle and tilt control methods were reduced by 16.1% and 59.6%, respectively. The LTR
peak of the passive suspension was 0.25, whereas the LTR peaks under the zero-roll-angle
and tilt control methods were 0.2 and 0.09, respectively. These corresponded to reductions
of 20% and 64% in the LTR peak compared to that of the passive suspension, respectively.
Therefore, the active tilt control could effectively reduce the occupant’s perceived lateral
acceleration and the lateral load transfer ratio, greatly improve the ride comfort of the
vehicle, and reduce the possibility of rollover.
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5. Conclusions

Due to known problems with the STC strategy, the DTC strategy is more suitable for
automobiles using GPS and map information. With the active suspension as the actuator
and the desired tilting angle and yaw rate as the tracking targets, a model predictive
controller for automobile active tilt was designed. The simulation test results during both
step-steering input and double-lane change maneuvers showed that the tilt controller could
perfectly track the desired tilt angle and yaw rate. During the step-steering input maneuver,
the occupant’s lateral acceleration and lateral load transfer ratio were greatly reduced,
nearly reaching zero. Under the double-lane change maneuver, although the occupant’s
perceived lateral acceleration and LTR were not reduced to 0, the control performance was
improved by approximately 60% compared with the passive suspension when using tilt
control, and the performance was also greatly improved compared with zero-roll-angle
control. The tilting control force and suspension deflection of the tilt controller were within
acceptable ranges, and their indices for the handling stability were improved. Therefore,
the designed tilt controller was able to greatly improve the handling stability, ride comfort,
and the negotiating speed when the vehicle turned while reducing the chance of vehicle
rollover.

The desired tilt angle of the vehicle body used in this study was the ideal angle, i.e.,
the angle at which the gravity moment could offset the centrifugal moment. However, the
dynamic deflection of the suspension at this angle was also close to the limit of the effective
travel of the suspension, and the control force of the active suspension was relatively large.
In fact, when the vehicle turned, only a small desired tilting angle could result in a good
performance. In this case, the dynamic deflection of the suspension and the control force of
the active suspension were fairly small [7,33].

In the future, cooperation between the tilt control technology and other active safety
control technology should be conducted to improve the performance of the vehicle, and
experimental research should be performed on a real vehicle to verify this novel handling
stability control technology.
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Appendix A. Parameters of Matrices

Ac =



a1,1 a1,2 a1,3 a1,4 a1,5 a1,6 a1,7 a1,8 a1,9 a1,10
a2,1 a2,2 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0

a4,1 a4,2 a4,3 a4,4 a4,5 a4,6 a4,7 a4,8 a4,9 a4,10
0 0 0 0 0 1 0 0 0 0
0 0 a6,3 a6,4 a6,5 a6,6 a6,7 a6,8 a6,9 a6,10
0 0 0 0 0 0 0 1 0 0
0 0 a8,3 a8,4 a8,5 a8,6 a8,7 a8,8 0 0
0 0 0 0 0 0 0 0 0 1
0 0 a10,3 a10,4 a10,5 a10,6 0 0 a10,9 a10,10


,

Bcu =



− mshs
mIx−ms2h2

mshs
mIx−ms2h2

0 0
0 0

ms
mIx−ms2h2 − ms

mIx−ms2h2

0 0
1

ms
1

ms
0 0
− 1

mu1
0

0 0
0 − 1

mu2


,Bcd =



0 0
2Ixc f

mIx−ms2h2

0 0
2ac f

Iz
0 0 0

0 0 − 2mshc f
mIx−ms2h2

0 0 0
0 0 0
0 0 0

kt1
mu1

0 0
0 0 0
0 kt2

mu2
0



,

Cc =

[
0 1 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0

]
.

where,

a1,1 = − 2Ix(c f +cr)

vx(mIx−ms2h2)
, a1,2 =

2Ix(lrcr−l f c f )

vx(mIx−ms2h2)
− vx, a1,3 = mshd2(ks1+ks2)−ms

2h2g
mIx−ms2h2 , a1,4 = mshd2(cs1+cs2)

mIx−ms2h2 ,

a1,5 = mshd(ks1−ks2)
mIx−ms2h2 , a1,6 = mshd(cs1−cs2)

mIx−ms2h2 a1,7 = − mshdks1
mIx−ms2h2 , a1,8 = − mshdcs1

mIx−ms2h2 , a1,9 = mshdks2
mIx−ms2h2 ,

a1,10 = mshdcs2
mIx−ms2h2 , a2,1 =

2(lrcr−l f c f )

vx Iz
, a2,2 = − 2(l f

2c f +lr2cr)

vx Iz
, a4,1 =

2msh(c f +cr)

vx(mIx−ms2h2)
, a4,2 =

2msh(l f c f−lrcr)

vx(mIx−ms2h2)
,

a4,3 = mmsgh−ms2(ks1+ks2)
mIx−ms2h2 , a4,4 = −ms2(cs1+cs2)

mIx−ms2h2 , a4,5 = ms(ks2−ks1)
mIx−ms2h2 , a4,6 = ms(cs2−cs1)

mIx−ms2h2 , a4,7 = mdks1
mIx−ms2h2 ,

a4,8 = mdcs1
mIx−ms2h2 , a4,9 = − mdks2

mIx−ms2h2 , a4,10 = − mdcs2
mIx−ms2h2 , a6,3 = d(ks2−ks1)

ms
, a6,4 = d(cs2−cs1)

ms
, a6,5 = − ks1+ks2

ms
,

a6,6 = − cs1+cs2
ms

, a6,7 = ks1
ms

, a6,8 = cs1
ms

, a6,9 = ks2
ms

, a6,10 = cs2
ms

, a8,3 = dks1
mu1

, a8,4 = dcs1
mu1

, a8,5 = ks1
mu1

, a8,6 = cs1
mu1

,

a8,7 = − ks1+kt1
mu1

, a8,8 = − cs1
mu1

, a10,3 = − dks2
mu2

, a10,4 = − dcs2
mu2

, a10,5 = ks2
mu2

, a10,6 = cs2
mu2

, a10,9 = − ks2+kt2
mu2

, a10,10 = − cs2
mu2

.
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