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ABSTRACT

The active anti-roll system plays an important role in enhancing vehicle
safety. This paper presents a study and the development of a generalized model
of a two axle truck equipped with an active anti-roll system. Initially, a model of
a hydraulic actuator with electronic servo valve control is developed, in which
the control input is the electric current. Subsequently, a full vehicle model of the
two axle truck, employing four actuators with two actuators mounted on each
axle, is constructed (two actuators for the front axles and two actuators for the
rear axles), with the input disturbance is the steering angle. Simulation results
and analyses in both the time and frequency domains in different velocities
clearly demonstrate the dynamic characteristics of the actuators. This study
provides a foundation for the future design and implementation of control
strategies for the active roll stability system.
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1. INTRODUCTION

Rollover accidents of heavy vehicles are a critical issue
in global road safety, often resulting in severe
consequences in terms of human casualties and property
damage. According to a report by the National Highway
Traffic Safety Administration (NHTSA), in 2022, there were
over 5,936 fatalities and approximately 160,608 injuries
associated with heavy-duty trucks, primarily attributed to
rollover phenomena. This figure represents an increase of
about 3% compared to 2021. Similarly, in the European
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Union, the year 2023 saw over 2,899 fatalities from
accidents involving trucks, constituting nearly 14% of all
traffic-related deaths, despite heavy vehicles accounting
for only a small proportion of the total fleet in circulation
[1]. During 2024, Vietnam recorded 21,532 road traffic
accidents nationwide, leading to 9,954 fatalities and
16,044 injuries, based on data from the Traffic Police
Department - Ministry of Public Security (compiled by the
National Traffic Safety Committee) [2].

The primary causes of rollover phenomenon include
heavy trucks cornering at high speeds, abrupt lane
changes, or sudden steering maneuvers, along with load-
related factors such as a high cargo center of gravity or
uneven weight distribution [3]. Due to the inherent
design characteristics of heavy vehicles (high center of
gravity, narrow track width), many rollover scenarios
cannot be mitigated solely through driver skill or warning
systems [4]. This highlights the need for active safety
systems capable of timely intervention.

Although modern safety systems for suspension,
braking, and steering have undergone significant
advancements, they still exhibit limitations in rollover
prevention. Specifically, passive anti-roll bars offer only a
fixed stiffness, creating a fundamental trade-off between
the requirement for enhanced roll stability and the
assurance of ride comfort [5]. Increasing stiffness
improves rollover resistance but compromises ride
quality, whereas softening the suspension to improve
comfort elevates the risk of rollover. Meanwhile, modern
electronic systems such as ABS and ESC primarily provide
indirect intervention by reducing vehicle speed or
modulating engine torque upon detecting a potential
loss of stability, rather than generating a direct anti-roll
moment. This limits their effectiveness in emergency
situations, such as sharp cornering maneuvers with a
heavily loaded vehicle.
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To solve these problems, the active anti-roll system
has become an important solution for greatly improving
the stability of heavy trucks. This system uses hydraulic or
electric actuators, controlled by a computer, to create an
active anti-roll force. This makes the vehicle much harder
to roll over compared to traditional, non-active systems.

Previous research around the world has shown this
solution works well. For example, a research team led by
Professor David Cebon at the University of Cambridge
built a test truck with an active stability system to
improve its resistance to rolling over [5]. Their tests
showed the active system not only reduced the risk of
rollover but also reduced the dynamic loads exerted on
the road surface. Additionally, modern control methods
like optimal control, robust H.. control, and LPV control
have been used to make these active systems perform
even better [9]. The PhD research by Vu Van Tan proposed
an H../LPV controller for the active anti-roll bar, enabling
the vehicle to better adapt to rollover risks in different
real-world driving conditions [6].

These research results confirm that active anti-roll
systems are becoming more and more important for
making heavy trucks safer. Because of this, this paper
focuses on creating a general model for an active anti-roll
system on a heavy truck. This model will be a starting
point for creating new control methods that can
effectively prevent rollovers.

2, ELECTRONIC SERVO-VALVE
ACTUATOR MODELING

In the active anti-roll system for heavy vehicles, the
actuator plays animportant role in generating active anti-
roll moments. This actuator is typically an Electronic
Servo-Valve Hydraulic (ESVH) system, which consists of an
electronic servo-valve and hydraulic cylinders mounted
between the sprung and unsprung masses at each axle. It
is tasked with generating an actuator force by creating a
difference of pressure between the two chambers of the
cylinder.

HYDRAULIC

Figure 1 illustrates the diagram of a typical ESVH
actuator used in an active anti-roll system. The electronic
servo-valve is controlled by an electrical current i, which
generates a spool valve displacement, X,. As the spool
valve moves, it distributes high pressure oil into the two
chambers of the hydraulic cylinder. This creates a
difference of pressure AP, which produces the actuator
force F.c: given by the following equation:

F. =AAP (1)

act
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Where: Fq is the actuator force; A, is the area of the
piston, and AP is the difference of pressure between the
two chambers of the hydraulic cylinder.
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Figure 1. Diagram of the ESVH actuator

To accurately describe the dynamics of the Electronic
Servo-Valve Hydraulic (ESVH) actuator, the model can be
summarized by the following system of differential
equations:

F..=AAP

V. dap dx
—+(K,+C, )JAP-K X, +A,—=0 2

4B, dt (K> +C) P dt (@)

dX”+le—Kvi=O

dt T T

Where: V; is the total volume of trapped oil in the
actuator; 3. is the effective bulk modulus of the oil; K, K
are the total flow pressure coefficient and the valve flow
gain, respectively; Cy, is the total leakage coefficient of the
hydraulic cylinder; A, is the area of the piston; 7, K, are the
time constant and gain of the servo-valve model,
respectively; i is the input current.

Therefore, the actuator model described above
provides a solid theoretical basis for designing control
strategies for the active anti-roll force. This ensures the
active anti-roll system on heavy trucks can adapt quickly
and accurately under real driving conditions.

3. HEAVY TRUCK MODEL USING ACTIVE ANTI-ROLL
SYSTEM
3.1. Heavy Truck Model

To investigate the effectiveness of the active anti-roll
system, this paper uses a dynamic model of a two-axle
heavy truck, as illustrated in Figure 2. This model allows
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for the accurate simulation of the vehicle's lateral roll
oscillations when subjected to maneuvers that could
potentially cause a rollover.

Figure 2 describes the two-axle truck model used for
studying roll stability. It consists of three basic parts: m;is
the sprung mass, myris the unsprung mass at the front
axle, and my, is the unsprung mass at the rear axle.
Overall, the model has five degrees of freedom. The
sprung mass can rotate about the roll axis (Oy). The
location of this roll axis depends on the kinematic
properties of the front and rear suspension systems. The
unsprung masses can also roll, an effect which is heavily
dependent on the tire stiffness. The leaf springs, dampers,
and passive anti-roll bars generate moments between
the sprung and unsprung masses in response to roll
motions. The active anti-roll system generates additional
(controlled) moments between the sprung and unsprung
masses to enhance the vehicle's roll stability.
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Figure 2. The two-axle heavy truck model [16]

The differential equations of motion for the vehicle
model are formalized as follows:

m.v.(B+('p)—mS h.=F, +F,

Ayt G=Fd, <F, ]|

(IXX +m, .hz).--—lxz.([): m,.g.h. +ms.v.h.(B+([)) —ke (=)
(= ) F Mg +M, =k (=, ) =€, (=)

+My, +M, 1 F, :muf.v.(r—hu,).(B+(/))+mu,.g.huf ot
Ko e (= ) F (i ) F Mg + M,
—rF,=m,v.(r-h, )(B +(p) -m,.gh,.,
Koyt (= )+ € (= )+ Mg +M,

ur ‘ur

3)

where Magrand Mag, are the moments from the passive
anti-roll bars at the two axles, while M and M, are the
moments generated by the active anti-roll system.
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3.2. Building an integrated model of heavy truck and
actuators

Figure 3 presents the overall model of the two-axle
heavy truck integrated with the active anti-roll system.
This model includes the vehicle body with its general
equations of motion (Equation 3), combined with four
Electronic Servo-Valve Hydraulic (ESVH) actuators
(two at the front axle and two at the rear axle). Each
actuator is described by its own dynamic equations
(Equation 2).

Exogenous disturbance

»

actrr

iﬁ R F, acfl |

W | ESVH | Fuy z (output)
—(Controller| s | actuator | Fy | Vehicle model >

i, | models [ F

>

Figure 3. Diagram of the fully integrated model with the active anti-roll
system

In the control structure, a central controller receives
feedback signals from the system (output vector 2z). It
then calculates and generates the input current signals
for the servo-valves: iy, it at the front axle and iy, i at the
rear axle. These control signals act on the servo-valves,
changing the pressure difference in the hydraulic
cylinders, which in turn generates the corresponding
actuator forces Facts, Factfry Factrl, Factrr.

These actuator forces create the active anti-roll
moments around the vehicle's roll axis. The active torque
at the front axle is determined by the following
expression:

Mf = _IactFactﬂ +IactFactfr

4)
= _/actApAPf/ + IactAp4’fr
And similarly, the torque at the rear axle is:
Mr = _Iact Factr/ + Iact Factrr
(5)

= _lactApAPr/ + IactAp4>rr

Where, I, is half the distance between the two
actuators at each axle. The terms APy and AP; are the
pressure differences in the left and right hydraulic
cylinders of the front axle, respectively; similarly, AP, and
AP, are the pressure differences in the left and right
cylinders of the rear axle.
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The general dynamical equations of the active anti-
roll system in the fully integrated model are presented
in equation (6). From the equations above, the full
dynamical equations of the ESVH actuators are shown
as:

ﬁﬁpﬂ +(Kp +Ctp)4)ﬂ _Kvaﬂ _Aplact¢+Aplact@f :0

e

1, K
X, +—X,——Li, =0
T T

v . . .
$4’fr +(KP +Crp )431? _Kvafr _Aplact¢+ApIact%f = 0

' K
X +1x K o
T T (6)

v . .
$4’rl +(KP +Ctp )4rl _KvarI _Aplact¢+ApIacth :O
X

vl

1 K
+_erl __virl =0
T T

X° v

v . . .
$4rr +(KP +Crp )4" KX, _Aﬁlad¢+APIaCf¢2f =0

e

. K
err +1err __Virr =0
T T

The combination of equations (3) and (6) forms the
system of differential equations that fully describes the
dynamics of the integrated vehicle-actuator model. This
system is then written in the Linear Time-Invariant (LTI)
state-space representation form as:

X =Ax+B,w+B,u (7)
where the state vector is given by:
X=[B O I d b b Xe by Xe Dy X D K]
The exogenous disturbance (steering angle) is:w=[§];
and the control inputs (input currents) are:
i=[iy i, i, i,,]T; The matrices in equation (7) are
defined as: A=E"'A;, B, =E"'B,, va B, =E'B,,,.

To simplify the setup of these matrices, some
characteristic notations are defined as follows:

I.C
Yﬁf:_ﬂ'cfl wa:_lu'ul

1.C
Yo, =—uC., Y, =u vt

Y=Yy 4V, =—plC, +C),

C.l—C,l,
v

Y, =Y, Y, =l ),
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Y, =p1C, N, =ull, .C ~1,C,),

N, =—p(

v

?.C,+I>.C
TR N = el

The matrices Bo1, Bo, are composed as follows:

0 0 0 O
L 0 0 0 O
Y§
" 0 0 0 O
5 0 0 0 O
0 0 0 0 O
s 0 0 0 0
0 0 0 0 O
0
K
0 Yo o0 o
Bm = Boz =7
0 0 0
0 Kv
0 — 0 0
0 T
0 0 0 0 O
0 o o & o
0 T
0 0 0 0 O
o 0o o X
L T

The matrix E =[E,, E, |, where the sub-matrices are:

mv 0 0 -mh 0
0 l,, 0 -, 0
—m,vh -1, 0 I +mh> b,
-m,v(r-h,) 0 O 0 b,
-m,v(r-h,) 0 O 0 0
0 0 1 0 0
£ 0 0 o0 0 Aol

1 0 0 0 0 0

0 0 0 0 Al
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

i 0 0 0 0 0 |
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0 o 0 0 0 O o0 o0 o 0 0 0 0
0 o 0 0 0 O o0 o0 o 0 0 0 0
- 0 0 0 0 0 0 0 0 k. k 4A 0
0 0 0 0 0 0 0 0 0 My =k —k,s 0 A0
b, 0O 0 0 0 0 0 0 O 0 m,gh, +k +k,) 0 0
0 0O 0 0 0 0 0 0 O 0 0 0 0
0 0 ~«K,+C) K,
0o %0 0 0 0 0 0 o0 _ o
4ﬂe A’Z_ 0 0 0 _1
0 o 1.0 0 O O 0 O v
£, = y 0 0 0o 0
0 0O O 0 0 0 0 O
4f%e 0 0 0 0
©o 0 0 0 1 0 0 0 0 0 0 o 0
v 0 0 0 0
Al O 0 0 00 0 O
plact 4f%e 0 0 0 0
0o 0 0 0 0 0 1 0 0 L0 0 0 0]
v, 0 0 0 0 0 0|
Al. 0 0 0 0 0 0 —— 0
4 e 0 0 0 0 0 0
|0 0o 0 0 0 0 0 0 1 [ A o -H.A 0 A 0
_ o IA 0 0 0 0 0
The matrix A, = [Am, Ay, Aos] is defined as follows: MO 0 A 0 LA 0
Y, Y, —mv 0 0 | 0 0 0 0 0 0
N, N, 0 0 o o o 0o o0 0
0 myvh mgh—k.—k. b, +b) 0 0 0 0 0 0
Wy mulr—h,)+rY,, 3 b A= k+C) K, 0 0 0 0
rYﬂr mnv(r _hur)+r Yl/'/r kr br 0 _l 0 0 0 0
0 0 0 1 T
o 0 0 0 LA 0 0 ~K,+C,) K, 0 0
"o 0 0 0 0 0 o 1 o0 0
T
0 0 0 T 0 0 0 0 HK+C) K
0 0 0 0 1
0 0 0 1A, I 0 0 0 0 0 _2'_
0 0 0 0 In an active anti-roll system, the two actuators of an
0 0 0 1A axle must generate forces of equal magnitude but in
0 0 0 0 opposite directions. This is a mandatory requirement to

avoid generating a net vertical force on the sprung and
unsprung masses, which would cause unwanted vertical
acceleration. If this condition is not met, the system could
cause unwanted vibrations, affecting the vehicle's ride
comfort and stability. Therefore, the proposed fully
integrated model must be verified in the frequency
domain to ensure the accuracy and effectiveness of this
principle.
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4. SIMULATION RESULTS AND EVALUATION
4.1. Simulation results in the frequency domain

To verify the fully integrated model and evaluate the
dynamic characteristics of the active anti-roll system, an
analysis in the frequency domain is performed. The
simulations are conducted at three different vehicle speeds:
20km/h, 40km/h, and 60km/h, in order to investigate the
influence of velocity on the system's response.

Figures 4 and 5 show the frequency responses of the
left and right Electronic Servo-Valve Hydraulic (ESVH)
actuators at the front and rear axles. These plots illustrate
the relationship between the steering angle input (6¢)
and the actuator's output variables, including the
actuator force applied to the vehicle model (F.), the load
flow through the hydraulic cylinder (Q.), the spool valve
displacement (X,), va and the input current (i).
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Figure 4. Frequency responses of the ESVH actuators at the front axle at
different speeds
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Figure 5. Frequency responses of the ESVH actuators at the rear axle at

different speeds
The frequency response analysis in Figures 4 and 5
shows identical amplitude characteristics between the
left and right actuators at each axle. This symmetrical
characteristic implies that the actuator forces have the
same magnitude, thereby forming a force couple that
generates an effective anti-roll moment. The cancellation
of the net vertical force ensures the system does not
influence vertical oscillations, which resolves the conflict
between improving roll stability and maintaining ride
comfort. Furthermore, the increase in the magnitude of
the Fq: force is proportional to the vehicle's velocity,
which is consistent with basic dynamic principles. These
results provide strong evidence that validates the

correctness of the developed mathematical model.

4.2. Simulation results in the time domain

In this section, the authors evaluate the actuator
characteristics as the vehicle performs a double lane
change maneuver to avoid an obstacle at a speed of
60km/h. The vehicle's trajectory is shown in Figure 6.

Trajectory of the vehicle

02 L L L
0 60 80 100 120 140

Figure 6. Trajectory of the vehicle

The characteristics of the actuators at the two axles are
shown for the front axle in Figure 7 and for the rear axle

in Figure 8.
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Figure 7. Time response of the front axle actuators
An analysis of Figures 7 and 8 shows a perfect

symmetry in the signals from the two actuators on the

same axle: the response of the right actuator is the inverse
of the left one. This relationship, mathematically

represented as F, ., =—F, . and similarly for other

state variables, is maintained throughout the maneuver.
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This proves that the actuator forces are always equal in
magnitude and opposite in direction, confirming the
system's symmetry under dynamic conditions. The time
domain simulation results clearly correspond with the
frequency-domain results shown in Figures 4 and 5.

actrl,r

6 8 10
Time [s]
6 8 10
[s]
2
E
O_d
6 8 10
[s]
6 8 10
Time [s]

Figure 8. Time response of the rear axle actuators
5. CONCLUSIONS

This paper has presented the development of a fully
integrated model of a two-axle heavy truck using an
active anti-roll system. In this model, the system employs

Vol. 62 - No. 01 (Jan 2026)

four electro-hydraulic actuators, each consisting of a
hydraulic cylinder controlled by a servo-valve, with two
such actuators used in parallel on each axle. The model
was then verified and evaluated in both the frequency
and time domains at different velocities. The simulation
results have clearly shown the characteristics of the
actuator and the requirements needed for its application
to a real vehicle model.

The next research direction is to develop and compare
different control strategies to evaluate the effectiveness
of the active anti-roll system under different driving
scenarios.
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