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Abstract 
 
This paper compares the Model predictive control (MPC) and Linear quadratic control (LQC) of heavy vehicles via active front steer-

ing for rollover prevention in inclement environments. In both control methods, a Disturbance rejection control (DRC) that negates the 
effects of wind and road bank acting on the vehicle is designed. Load transfer ratio (LTR) is applied to judge rollover by mitigating the 
absolute value of LTR as much as possible. We tested and compared two different controllers, i) MPC with DRC and ii) LQC with DRC. 
Two types of environmental conditions were considered, i) typhoon and ii) typhoon on a bumpy road. The simulation results demonstrate 
that MPC was more successfully implemented than LQC during LTR suppression. This paper also proposes an MPC for coordination of 
active rear steering and differential braking control maneuvers to prevent rollover in inclement environments. For a feasible comparison, 
the LQC controller was designed using the same approach adopted for the MPC controller. Results show the proposed coordinated con-
trol yields better performance for rollover prevention than LQC.  
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1. Introduction 

Inclement environmental conditions are an important factor 
in fatal rollovers. A strong lateral wind or significant road 
bank may harass heavy vehicle behavior, and even initiate 
rollover accidents, because roll stability is easily affected by 
these disturbances. Developing a control system for distur-
bance detection and rollover prevention is important for vehi-
cles moving on an uneven surface or through strong lateral 
winds. 

The disturbance observer (DOB) is an effective compensa-
tion mechanism that reduces the effects of disturbances, un-
certainties, and nonlinearities within the plant, and enforces 
nominal input/output behavior, particularly in the low fre-
quency range, where the reference signal frequency is concen-
trated. Accordingly, the DOB has the ability to reject high-
order and stepwise disturbances asymptotically.  

In the past few years, the force of wind and moment act-
ing on a vehicle body have been regarded as an unmeasured 
disturbance that can be estimated and suppressed without 
changing the input-output behavior by a DOB [1]. Its appli-

cation to compensate for electric power steering is used to 
revise yaw rate performance [2]. In Ref. [3], low-order DOB 
was proven to successfully reduce the computational cost of 
implementation. The road bank angle can also be precisely 
estimated using a DOB from a Global positioning system 
(GPS) and inertial navigation system [4], or from low-cost 
onboard sensors [5]. Moreover, Ref. [6] presented road bank 
estimation using a dynamic simplex method for rollover 
prediction.  

Model predictive control (MPC) and Linear quadratic con-
trol (LQC), which are based on a quadratic cost function, are 
widely implemented for process control [7], motion control 
[8] and vehicle control [9]. The main advantage of LQC is 
that optimal input signal can be obtained from full state 
feedback, whereas MPC is optimal when implemented in 
closed-loop systems. However, LQC has limitations in sys-
tems affected by actuator limitations. For instance, restrict-
ing the manipulated variable or the controlled variable can 
be difficult [10]. 

However, because by design, MPC does not directly handle 
disturbances, it cannot satisfactorily achieve control vehicle 
stability in the presence of strong disturbances and large un-
certainties. Therefore, DOB with Disturbance rejection control 
(DRC) acts as an observer and compensator, thereby improv-
ing vehicle performance. DOB-MPC-based approaches for  
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improving tracking performance in the control system have 
been proposed [11, 12]. However, actual applications in roll-
over prevention have been rarely demonstrated, and compari-
sons are rarely made. 

In this paper, a DOB and MPC based on DRC are proposed 
for rollover prevention control, particularly for heavy duty 
vehicle systems. Unlike conventional DOB, which is only 
suitable for a minimum-phase system with (or without) time 
delay, enhanced DOB with DRC can handle a disturbance 
observer for the non-minimum-phase delay systems in a single 
lane change scenario. Several simulations are performed to 
demonstrate the effectiveness of the proposed method, and a 
comparison is made with the standard LQC and DOB with 
DRC. This comparison is the main innovation of this paper. 
To the best of the author’s knowledge, previous work has not 
provided such a comparison for rollover prevention control of 
heavy vehicles. 

The first study focuses on the comparative investigation of 
MPC and LQC with DRC for autonomous control without 
driver intervention, in which Active front steering (AFS) is 
demonstrated for rollover prevention. Several AFS implemen-
tations have been conducted [13, 14], with different objectives 
and scenarios. Here, MPC and LQC are designed with DOB 
to estimate and suppress the effects of unmeasured distur-
bances, uncertainties, and nonlinearities. In the DRC design, 
estimated wind and road bank are used as cancellation signals 
to provide steering assistance to the driver.  

The comparison of the MPC and LQC controllers for roll-
over prevention and roll damping is our main focus; keeping 
occupants safe is the top priority in worst-case environmental 
conditions. The autonomous steering control of a heavy vehi-
cle travelling in a straight line is simulated in two different 
environmental conditions: Step wind of a typhoon and the 
combination of the sinusoidal typhoon wind with a random 
road bank angle. 

For the second contribution, we enhance MPC to coordinate 
Active rear steering (ARS) and Differential braking control 
(DBC) maneuvers for rollover prevention in the thread avoid-
ance scenario, under the influence of an inclement environ-
ment. Differential braking controls have been used in numer-
ous vehicle applications with various control methods and 
objectives [15, 16]. The front steering angle is assumed to be a 
disturbance in cases of the driver losing control or in abrupt 
maneuver scenarios. We propose a braking control algorithm 
based on the left and right rear wheels rather than on the front 
and rear wheels. 

This paper is structured as follows. An improved vehicle 
model, tire model, wind force model, and the rollover indi-
cator are introduced in Sec. 2. The structures of the MPC 
and LQC controllers, including DOB and DRC, are pre-
sented in Sec. 3. Control methods for the linear MPC algo-
rithm and rear braking control concept are explained in Sec. 
3. Simulation results are analyzed in Sec. 4. Finally, in Sec. 
5, some highlights and recommendations for future work are 
pointed out.  

2. Modeling and indicator 

2.1 Double-track model 

The vehicle model is described for the controller design, as 
shown in Fig. 1. We improved the vehicle model motions to 
account for the effects of wind and road bank angle. We made 
assumptions, such as sin θ ≈ 0 and cos θ ≈ 1, for small steering 
angles, roll angle and vehicle side slip angle. The front and 
rear suspensions are simplified by equivalent damping and 
stiffness coefficients. We considered the sprung vehicle mass 
and the suspension and wheel weights for un-sprung mass. 
Numerical data extracted from a single lorry are defined in 
Ref. [17].  

In this paper, we use Fx, Fy and Fz to represent the longitu-
dinal, lateral, and vertical tire forces, respectively. Fw repre-
sents the force exerted by side wind, while x, y and z are the 
coordinates of the car’s position. tw is the vehicle track width; 
ωw is the angular velocity of the tires; vx is the longitudinal 
wheel velocity; Tb is the wheel torque; αf and αr are the front 
and rear slip angles, respectively. δf and δr represent the steer-
ing angles of the front and rear wheels, respectively; μ acts as 
the track friction coefficient; θ is the road bank angle; ψ and φ 
are the heading angle and yaw rate, respectively; s is longitu-
dinal tire slip ratio; β is the vehicle side slip angle; and f  and 
ς represent the roll and roll rate angle, respectively. The vari-
ables at the front and rear wheels are denoted by lower sub-
scripts (·)f and (·)r.  

Using the assumption stated above for the motion longitu-
dinal, lateral, yaw, roll, and rotational dynamics of the front 
and rear wheels of eight-Degrees of freedom (DoF) for the 
nonlinear model, vehicle motions containing the effect of dis-
turbances are described in planar dynamics equations [18]:  
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Fig. 1. Single truck model with roll DoF: (a) Top view; (b) front view. 
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where Mwz and Mwx are the respective yaw moment and roll 
moment around the center of gravity of the vehicle when af-
fected by wind. Ṗb in Eq. (4) represents the changing roll rate 
disturbance of the road bank, which can be obtained through 
the vehicle frame’s fixed coordinates based on Euler angles 
[4]. If the pitch angle and pitch rate are small, Ṗb can be sim-
plified as  

 
.bP q» &&&  (6) 

 
The motion equations for the vehicle in an inertial frame or 

in a Y-X axis under an assumed small yaw angle are as fol-
lows:  

 

xX v yy» -& & ,    xY v yy» +& & .  (7) 
 

2.2 Nonlinear tire model 

We used a semi-empirical tire model called the Pacejka [19], 
in which the nonlinear characteristics of longitudinal and lat-
eral forces on the front and rear tires are assumed to depend on 
the slip angle, longitudinal slip, normal force, and surface 
friction, as depicted in Fig. 2. 

The nonlinear tire mentioned above should satisfy the fol-
lowing equation:  
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The nonlinear kinematics related to the tire slip angles of 

the front and rear wheels, and the longitudinal tire slip ratio, 
are given such that  

1tan f
f f

y l
x

y
a d - +æ ö

= - ç ÷
è ø

&
&

, 1tan r
r r

y l
x

ya d - æ ö-
= - ç ÷

è ø

&
&

  (9) 

1 x

w w

vs
r w

= - ,   acceleration if rw ωw ≥ vx  (10) 

1w w

x

rs
v
w

= - ,   braking if rw ωw ≤ vx . (11) 

 
2.3 Aerodynamic force and moment 

When the vehicle is moving through strong wind, aerody-
namic forces and moments are produced in all directions 
about the axles, as shown in Fig. 3. However, drag forces and 
pitch moment because of wind are ignored in this study. Wind 
force, yaw moment, and roll moment exerted by the wind are 
described by the following formula:  

 
2 21 ( )

2w y x wF C S v vr= +                             (12)    

2 21 ( )
2wz w y x wM l C S v vr= + ,  2 21 ( )

2wx w y x wM h C S v vr= +   (13) 

 
where ρ is the density of air, vw is the relative velocity of lat-
eral wind, and S is the frontal area of the vehicle. The yaw 
moment coefficient Cy is a dimensionless parameter, and we 
use the results of Cy from a typical wind tunnel test [1]. The 
wind force and yaw moment coefficient are resolved with 
respect to the mass center of gravity of the vehicle. Next, we 
define the distance between the vehicle’s aerodynamic center 
and center of gravity as lw on the X-axis and hw on the Y-axis, 
respectively, as shown in Fig. 1.  

The wind attack angle βw is given as the following function:  
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w

x

v
v
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which is regarded as a constant value because the small varia-
tion attributed to the running state of the vehicle is disregarded.  

 
2.4 Load transfer ratio 

The Load transfer ratio (LTR) is the most reliable rollover 
indicator, regardless of vehicle configurations and operational 
conditions. More details on LTR can be found in Ref. [20]. 
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Fig. 2. Semi-empirical tire model: (a) Lateral; (b) vertical forces. 

 

 
 
Fig. 3. Aerodynamic forces acting on the moving vehicle. 
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For a two-axle heavy vehicle, LTR is defined as follows:  
 

zr zl

zr zl

F FLTR
F F

-
=

+
  (15) 

 
where Fzl and Fzr are defined as the vertical tire forces acting 
on the left and right sides of the wheels. LTR becomes 1 or -1 
when Two wheels lift off (TWLO) the ground on one side of 
the vehicle. TWLO is equally dangerous to the occupants, and 
hence, LTR is not restricted by the bounds 1 and -1. A torque 
balance on the assumed horizontal roll axles in terms of sus-
pension torques and vertical wheel force is given by  
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The relationships among longitudinal force, longitudinal tire 

slip ratio, and normal load forces for front and rear wheels 
because of the load transfer caused by lateral accelerations are 
given by the following equations:  
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If we consider the un-sprung mass and lateral acceleration 

in the vertical forces in Eqs. (17) and (18) for the LTR in Eq. 
(15), then the function in Eq. (16) can be transformed to  
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3. Disturbance estimation and control allocation 

3.1 Controller model 

In this sub-section, we design the controllers based on lin-
earizing vehicle and tire models explained in Sec. 2, assuming 
constant forward speed. The controllers are designed based on 
3-DoF lateral-roll motions without disturbance parameters, 
because we assume the disturbances are unmeasured:  
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where Jxq in Eq. (20) is the roll moment of the vehicle about 

the roll axle.  
The vehicle model in Eqs. (20)-(22) with disturbances can 

be transferred to a state-space function as follows:  
 

1 d dx A x B u B w= + +& , y C x Du= + .  (23) 

 
A ∈ ℝ6x6 is the known state matrix, B1 ∈ ℝ6x1 is the in-

put matrix, C ∈ ℝ1x6 is the output matrix, and Bd ∈ ℝ6x3 is 
the disturbance input matrix. We define them as  
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3.2 DOB design 

We estimate the wind pressure on the vehicle and road bank 
using the state-space disturbance observer method. The dis-
turbance input wd is a linear waveform description interpreted 
as  

 
w w wx A x=& , d w ww C x= ,  (25) 

 
where xw ∈ ℝxw is the disturbance states vector and wd ∈ ℝwd is the disturbance vector. wd is one of the state variables, 
which is estimated by the following equation, and combined 
with Eqs. (23) and (25):  
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Using the model developed in Eqs. (26) and (27), we obtain 

the estimated state x̂  and estimated disturbance input ˆ .dw  
An augmenting equation is given by  
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We can express the error ˆe x x= -  with respect to the pa-

rameters of the system from the differential of Eqs. (26) and 
(28), which yields:  

 
( ) ( ) ( ) .e t A MC e t= +&   (30) 

 
Eq. (30) is called an asymptotic state observer. The observer 
gain M is designed by the pole assignment. We can ensure that 
error converges towards zero, while setting all eigenvalues of 
A + MC with a negative real part with respect to M. 
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Because LTR cannot be estimated directly in real time, an 
indirect estimate method depending on the roll motion is pro-
posed. Roll rate can be estimated directly using a GPS altitude 
system combined with an automotive grade gyroscope ori-
ented to measure roll rate. Consequently, the roll angle is cal-
culated from the measured roll rate. Yaw rate can be measured 
by a gyroscope or a virtual sensor, or synthesized from accel-
erometers. GPS measurements contain high levels of noise 
compared to traditional inertial sensors, and hence, white 
noise is added to the measured state. The noise also has a sig-
nificant effect on the estimated disturbance input as the main 
reason for the disturbance estimation error. 

 
3.3 LQC design 

A disturbance observer is applied to provide steering assis-
tance to the driver, as shown in Fig. 4. ε(t) is the control error, 
w̃(t) is the state error of the integral compensator, and ũ(t) is 
the input error, and are defined as follows:  

 
( ) ( ) ( ) ( ), ( ) ( ) , ( ) ( )t r t y t w t w t w t w u t u t ve ¥ ¥= - = = - = -& % % ,  (31) 

 
where w∞ and u∞ are defined as the steady-state value when 
the offset becomes zero. The cost function, including the state 
error of the integral compensator, is used to generate the LQC 
gain matrix:  

 

1 20
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¥

= + +ò % % % % ,  (32) 

 
where, Qlq1, Qlq2 and Rlq are all positive-definite weighting 
matrices. The terms εTQlq1ε and w̃TQlq2w̃ are used to solve state 
regulation problems. The term ũTRlqũ is used to minimize the 
energy u(t) where the control input is bounded such that umin ≤ 
u(t) ≤ umax. 

We attempt to determine the control input u(t) that will 
regulate the system at zero by tuning Qlq1, Qlq2 and Rlq. The 
optimal input state feedback controller Kopt is obtained by 
minimizing the cost function:  

 
1 1

1 11 1 12[ ]T T
opt lq lqK R B P R B P- -= - - ,  (33) 

 
where P11 and P12 are the unique positive-definite solutions to 
the Riccati differential equation [21]. 

Here, the feedforward gain Ks, which is designed for target 
tracking, and the feedback gain Kf , are described as follows:  
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The control law with an integral compensation can be de-

rived as follows:  
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where ˆ ,x x»  z(t) is approximately zero. Next, while the ini-
tial value is set to zero, the integral-type controller can be de-
rived as follows:  

 
( ) ( ) ( ) ( ) ( )opt s opt p su t K x Gz t K r t K GK x Gx K r t= + + = + - +
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Finally, the front steering angle with compensation for dis-

turbance rejection can be described as  
 

ˆ( ) ( ) ( ) ( ) ( )f w w b p bt u t M s F M s M s Pd q= - - -
)) & ,  (38) 

 
where Mw(s), Mb(s) and Mp(s) represent the Low-pass filters 
(LPF), which will be introduced in Sec. 3.5. 

 
3.4 MPC design 

The block diagram of the MPC is illustrated in Fig. 4. Be-
cause MPC is designed in discrete-time, we discretize the 
vehicle dynamics in Eq. (23) without unmeasured distur-
bances to obtain  

 
1( 1) ( ) ( ), ( ) ( ) ( )x k A x k B u k y k C x k Du k+ = + = + ,   (39) 

 
where x(k) is the state vector at time step k and x(k + 1) is the 
state vector at time step k + 1. u(k) is defined as the optimal 
input calculated by the MPC optimizer. The front steer angle 
δf (k) with compensation for disturbance rejection can be de-
scribed as  

 
ˆ( ) ( ) ( ) ( ) ( )f w w b p bk u k O s F O s O s Pd q= - - -

)) & .  (40) 
 
The aim of the MPC optimizer is to obtain the optimal con-

trol input vector ),(u k iD +  to ensure that the error between 
the predicted output ( )y k i+  and the reference signal 

( )r k i+  can be minimized. The optimization of the predictive 
control system is achieved by minimizing the cost function:  
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The weight matrices Sq(i) and Sr(i) are diagonal matrices 

that can be adjusted for the desired closed-loop performance. 
The variation of the front steer angle ( )u k iD +  can be ob-
tained when the cost function is as small as possible. The pre-
diction and control horizon are described as Hp and Hc, and is  
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assumed Hp ≥ Hc. We formulate the optimization of the pre-
dictive control system while taking the constraints of steering 
actuators into consideration, such as the operating range of the 
front tires. At every time step, the controller solves an optimi-
zation problem that can be written as  
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In the MPC concept, only the first input sample of the com-

plete optimal sequence is applied to the process. New samples 
are taken to determine the current state of the system, and the 
entire procedure is repeated. 

 
3.5 Low-pass filter and white noise 

An LPF called Q-filter [22] is utilized in the feedback sig-
nals of DOB to limit compensation to a preselected low fre-
quency range. Filter Mi(s) is designed for LQC, while filter 
Oi(s) is added in MPC. The transfer functions of the two filters 
are expressed as follows:  

 

( ) , ( )
1 1

i i
i i

i i

F GM s O s
s sh x

= =
+ +

,  (43) 

 
where ηi and ξi are the filter time constants, Fi and Gi are the 
filter pass-band gain, while subscript i is nominated to be w, b 
and p, to constitute three cancellation signals. The cut-off fre-
quency of the filter is the reciprocal of its filter time constant. 
The cut-off frequency for wind is 50 Hz and 100 Hz for the 
road bank, while considering the unstructured external distur-
bances and observation noise. The tuning of Fi and Gi for each 
filter is conducted through trial and error. 

The LPF plays a significant role in determining the robust-

ness and disturbance suppression performance of the system. 
For a disturbance signal in which maximum frequency is 
lower than the cut-off frequency of the LPF, the disturbance 
signal is considered to be effectively rejected, and the real 
plant behaves as a nominal plant. 

Note that white noise vn is added to the observed roll rate 
and roll angle. The mean and power spectral density of white 
noise is set to [0.1, 3.5 × 10-5]. 

 
3.6 MPC design for ARS with DYC 

This section presents the second contribution of this paper. 
The block diagram of the controller design of MPC is illus-
trated in Fig. 5. The MPC is designed to track the lane in a 
single lane change maneuver using ARS and DBC and pre-
vents rollover. The MPC is designed as in Eqs. (20)-(22), with 
additional rear steering and braking control as a control input 
to the system.                           

We discretize the vehicle dynamics to obtain  
 

2 2 2 2 2 2 2( 1) ( ) ( ) ( )l l l d dlx k A x k B u k B w k+ = + +   (44) 

2 2 2 2 2( ) ( ) ( )l l ly k C x k D u k= + .  (45) 
 
The state vectors, control signals, and desired outputs are 

represented by 
 

2 , , , , 2( ) [ ] , ( ) [ ]T T
l y f r f l r r r r l r r lx k v Y u kj y V f w w w w d r r= =  

2 2( ) [ ], ( ) [ ] .T
dl f lw k y k Y LTRd= =    (46) 

 
We use braking force ρ to realize rollover prevention by 

considering the differential braking force acting on either the 
left or right side of the wheel as follows:  

 

2
w

i
zz

t
J

r = .  (47) 

 
We define the braking force exerted on the left side as the 

forward direction, while an anticlockwise yaw moment Mz is 
yielded as shown in Fig. 6.  

 
 
Fig. 4. Block diagram of MPC and LQC with DOB for truck vehicle. 

 
 

 
Fig. 5. Vehicle control via ARS and DBC maneuver control. 
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4. Simulation  

4.1 Scenario description 

In the first scenario, we mitigate roll motion while running 
the heavy vehicle without a driver under strong winds and 
road bank disturbance. We assume that the vehicle is moving 
in a straight path over wide open ground at a speed of vx = 55 
km/h. The autonomous steering control is simulated in two 
different environmental conditions: (i) Step wind of a typhoon, 
and (ii) combination of sinusoidal wind of a typhoon with a 
random road bank angle. 

It is important to highlight that the weighting matrices for 
the input and outputs of MPC and LQC are selected from the 
best output responses of repetitive implementation, concen-
trating on the output weighting gain rather than on the input 
weighting gain. Furthermore, the reference value is set to zero, 
which means the LTR and roll angle are in turn mitigated to 
zero.  

In the second scenario, the controllers of the proposed 
methods, mentioned in Sec. 3.6, are implemented in a simu-
lated thread avoidance scenario. The vehicle is considered to 
be travelling at a constant speed (55 km/h), without braking or 
accelerating. The typical obstacle avoidance maneuver is 
simulated with a peak driver steering input magnitude of 10 
deg at t = 2 s acting as disturbance on the vehicle. All simula-
tion scenarios were performed using the Model predictive 
control toolbox in Matlab and Simulink software within 15 s.   

 
4.2 Autonomous control under wind step 

Vehicle behavior is strongly affected by wind in real life. 
We refer to the typhoon level as defined by the Japan Mete-
orological Agency. Here, the step wind speed considered a 
strong typhoon is set to vw = 220 km/h, while the attack angle 
is βw = 75.96 deg.  

We set the eigenvalues of A + MC far from reality to obtain 
better convergence to the estimated wind force. The eigenval-
ues for the DOB design and weighting matrices of the MPC 
and LQC are described in Tables 1 and 2. For the LQC design, 
the cut-off frequency and filter pass-band gain are set at 50 Hz 
and 1.5, respectively, and we can obtain  

 
1.5( ) , ( ) ( ) 0 .

0.02 1w b pM s M s M s
s

= = =
+

  (48) 

 
For the MPC design, LPF Oi is 

1.1( ) , ( ) ( ) 0 .
0.02 1w b pO s O s O s

s
= = =

+
  (49) 

 
Fig. 7 shows the simulated results of the estimated wind 

force using the proposed disturbance observer. The estimation 
fluctuates with the effect of white noise, which is discussed in 
Sec. 3.5. The estimated wind force is verified with its real 
value from the estimation error. The wind estimation is within 
the accuracy of the wind measurement and rollover prevention 
system, suggesting that dynamic separation works well. 

Fig. 7 shows that the LTR response without control exceeds 
the average of 1.25 by 1, indicating that the left side of the 
tires loses contact with the ground because of the effects of the 
strong winds acting on the left side of the vehicle body. This 
condition indicates that the vehicle is at risk of fatal rollover 
accidents. Although steady-state error in both controllers is 
kept at zero, the settling time with the MPC controller is faster 
than that of LQC. The overshoot with the MPC controller also 
mitigates more, compared to LQC. Furthermore, the under-
shoot in LQC is revised by DRC based on DOB. 

The front steer angle δf (k) using MPC is generated slightly 
faster than using LQC after 2 s, mainly because of the pre-
dicted effect of MPC, as shown in Fig. 7. The predicted effect 
of MPC is also the reason for less overshoot of the disturbance 
response. However, in the MPC control system, the controlled 
δf (k) makes small reciprocating vibrations because of the pre-
cise control following the estimated disturbance. In the fol-
lowing simulations, improvements for negating the perturba-
tions of front steering are discussed. 

 
4.3 Autonomous control on a bumpy road with sinusoidal 

wind 

Vehicle movement on a bumpy road through strong winds 
is the worst possible condition. Roll motion is unexpected 
because of the effects of random disturbances combined with 

 
 
Fig. 6. Differential braking control. 

 

Table 1. Disturbance observer design parameters. 
 

Parameter Value 

-18 + 6j 

-18 - 6j 

-15 + 5j 

-15 - 5j 

Eigenvalues of (A + MC) of observer 

-13 - 4j 

 
Table 2. MPC and LQC controller parameters. 
 

Parameter MPC LQC 

Hp, Hc 20, 9 20 

Ts [s] 0.05 0.05 

δf [deg] ± 20 ± 20 

LTR ± 1 ± 1 

Sr, Rlq 0.1 2 

Sq1, Sq2, Qlq1, Qlq2 4.5, 2.5 10, 5 
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random road banks and sinusoidal winds. 
Real bank angle is simulated as “Gaussian noise”, of 

which the variance, mean, and frequency are 2, 2 and 2, re-
spectively. Here, the bank angle is estimated using DOB. 
Our aim is to assess vehicle behavior and suppress the vibra-
tion around the roll motion in the sine-wave disturbance 
response. The average speed of the wind sine-wave is con-
sidered a small typhoon, set at vw = 165 km/h, and its fre-
quency is set at 0.25 Hz. The attack angle is βw = 71.56 deg. 
The wind disturbance is set as the sine-wave strong wind 
described in Fig. 8. 

LPF design in each control system is given by 
 

1.2 1.1( ) , ( ) ( )
0.02 1 0.01 1w b pM s M s M s

s s
= = =

+ +
  (50) 

1.1 1( ) , ( ) ( ) .
0.02 1 0.01 1w b pO s O s O s

s s
= = =

+ +
  (51) 

 
The road bank angle estimation can be found in Fig. 8, 

and may be used to find Ṗb. Similar to the results of wind 
force estimation, the road bank angle was successfully esti-
mated. 

In Fig. 8, the LTR of the uncontrolled case increases sig-
nificantly under the effects of sinusoidal wind and road bank, 
compared to the results of previous simulations, which only 
considered step wind, as seen in Fig. 7. The abrupt increase 
and variation of LTR is generated when the positive values of 
two disturbances are combined. A positive value of both dis-
turbances combined around their peach value enables LTR to 
exceed the limit. 
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Fig. 7. Autonomous control under the step wind.  
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Fig. 8. Autonomous control on the bumpy road under the sinusoidal wind. 
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Overall, the LTR controlled by LQC exhibited inferior vi-
bration suppression, and its oscillation was larger, starting at 2 
s, compared to the LTR controlled by MPC. The MPC con-
troller demonstrated good vibration suppression throughout 
the response. The LTR response from MPC with DRC was 
almost 30% less than in LQC with DRC on average. Further-
more, with the compensation of the DRC, the disturbance 
from high frequency was cancelled more effectively in both 
controllers. 

Fig. 8 shows the results of the front steer angle δf from each 
of the controllers, where δf in all cases is limited to ± 10 de-
grees. In spite of the similar behaviors of δf in both controllers, 
the MPC controller with DRC assists steering to achieve accu-
rate tracking control. Simulations have shown that the DOB-
MPC advanced control can achieve far superior disturbance 
rejection performance than the DOB-LQC. Moreover, distur-
bance rejection and set-point tracking performance can be 
regulated separately by tuning the corresponding adjustable 
parameters in DOB and MPC, which is convenient for practi-

cal engineering applications. 

 
4.4 ARS with DBC under disturbance of front wheel steering 

In this sub-section, we study DBC by utilizing the rear 
braking forces between the left and right sides of the rear 
tires. The normal step wind speed is set at vw = 36 km/h, 
with a bank angle θ = 10 deg. We compared the performance 
of the controller design for thread avoidance and rollover 
prevention through ARS with the DBC maneuver control. 
We set the single lane change maneuver at a 10 deg step 
input, representing the distance from the initial condition (0 
meters) to 10 meters, starting from t = 0.5 s or Yref = 10 deg. 
Table 3 lists the controller parameters in ARS with the DBC 
maneuver. 

We investigate the effectiveness of the proposed braking 
control allocation, as described in Sec. 3.6, under the distur-
bances. Fig. 9 shows the responses of the vehicle’s motion 
through ARS with the DBC maneuver control of the MPC and 
LQC. Without the controller, the single lane change maneuver 
clearly fails to follow the trajectory, resulting in a high prob-
ability of collision. The response of the LTR motion indicates 
that the vehicle is not stable when one side of the tire is not in 
contact with the ground and the trajectory is ongoing. How-
ever, no rollover occurs because it is less than 1. Moreover, 
we can scrutinize the lateral acceleration of unstable vehicles 
when it shows acceleration is infinite after 5 s. 

Fig. 9 shows the vehicle responses performed well with the 
controller, either to the MPC or the LQC. Both controllers 

 
Table 3. Controller parameters condition in ARS+DBC maneuver. 
 

Parameter MPC LQC 

Hp, Hc 20, 9 9 

Ts [s] 0.05 0.05 

δr [deg], ∆δr [deg/s] ±30, ±20 ±30, ±20 

ρ [Nm], ∆ρ [Nm/s] ±1500, ±1000 ±1500, ±1000 

Sr1, Sr2, 0.1, 0.1 5, 5 

Sq11, Sq22 0.00221, 0.00951 0.00521, 0.01505 
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Fig. 9. Vehicle is performed at vx = 55 km/h under disturbances with controller. 
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performed well for the LTR response, meaning both sides of 
the wheels touch the ground, and no rollover occurred during 
the maneuver under disturbance. Both controllers also per-
formed very well, and yaw rate response was less than ±0.5 
deg/s indicating vehicle yaw stability. 

Moreover, the lateral and LTR responses illustrate that 
MPC is more effective and successful than LQC at achieving 
the desired path, further indicating that DBC affects the con-
trol lane maneuver change at the reference. The figure also 
demonstrates that the lateral acceleration for both controllers 
is stable when the steady state of acceleration is zero. Fur-
thermore, the control signal responses show that both control-
lers were constrained under rear steering input command, 
during which DBC takes over control of the vehicle by apply-
ing brake torque between the left and right rear wheels. The 
ARS and DBC maneuvers indicate the advantages of the MPC 
approach when implemented in multivariable and constrained 
systems. 

 
5. Conclusions 

The rollover prevention control in the worst-case environ-
ments was presented and evaluated by driving a vehicle along 
a straight path without human intervention. The proposed 
disturbance observer and measurements for lateral wind and 
road bank were applied to estimate the wind force and road 
bank angle separately. 

The MPC and the LQC both satisfied the requirements for 
the reference of LTR tracking and suppression. However, 
MPC exhibited showed better cancellation of constant sinu-
soidal or random disturbance than LQC. Some points are 
highlighted as follows: 

MPC led to better and faster optimal operation of front 
steering than LQC, and could reduce LTR based on prediction 
time. In this study, the front steering controlled by MPC 
moved approximately 0.5 s in advance without additional 
filtering. 

MPC was proven to better compensate for sinusoidal and 
random disturbances.  

The DOB-based DRC was executed by the MPC and the 
LQC controller to decrease the effects of wind and road bank. 
The LPF was successfully adopted to achieve the desired fad-
ing action. Currently, we are seeking to solve the trade-off 
between rollover prevention and trajectory tracking in inclem-
ent environments. 

An integrated control approach for an ARS and DBC ma-
neuver of heavy vehicles in a thread avoidance scenario in 
an inclement environment was also presented. ARS con-
trolled the rear steering, while DBC controlled the differen-
tial rear braking between the left and right wheels. The simu-
lation results demonstrated that MPC control performance 
was better than LQC in terms of the LTR and Y-
displacement. 

The improvement of the control method using different 
combinations, such as active rear steering, active suspension, 

and braking with front and rear wheels, may be investigated 
further in future work. The proposed method is suggested for 
implementation in real world applications. 
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