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Accepted: 9 December 2020 extremely serious and dangerous problems. To improve safety and stability, vehicles

often are equipped with stabilizer bars at the front and rear axles. However, the passive
stabilizer bar cannot guarantee safe and stable performance in dangerous cases.
Therefore, the active stabilizer bar is used to replace the passive stabilizer bar. The
active stabilizer can automatically generate an anti-roll moment depending on the
condition of the vehicle at each time. In dangerous cases, the anti-roll moment of the
active stabilizer bar is much greater than the passive stabilizer bar. This research
focused on the problem of establishing a spatial dynamics model in combination with a
nonlinear double-track dynamic model to describe the state of oscillation of the vehicle
when steering. The PID control method is used to control the hydraulic stabilizer bar.
The results of the research indicated that when the vehicle was equipped with the
hydraulic stabilizer bar, the values of the roll angle, the displacement of the un-sprung
mass, the vertical force at the wheel, ... were significantly reduced.
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1. INTRODUCTION 1.2 Hydraulic stabilizer bar

1.1 The unstable problem of the vehicle The Hydraulic Stabilizer Bar (HSB) is an active stabilizer
bar that is automatically controlled via an actuator (hydraulic

The lateral stability of the vehicle is extremely important, motor).

directly affecting the safety of passengers and cargo. The The structure of the hydraulic stabilizer bar is shown in

cause of the lateral instability is the vehicle moving at high Figure 1, includes (1- Lever arm; 2- Bearing; 3- Chassis; 4-

speed and the large steering angle. Vehicles encountering a Oil line; 5- Hydraulic motor). The hydraulic motor of the

state of lateral instability mean that the vehicle has a sideslip stabilizer bar is driven by a high-pressure oil line through the

or rollover situation, in which the phenomenon of the rollover opening and closing of the valve of the Electrohydraulic Servo

is extremely dangerous. Improving the lateral stability of the Valve System (EHSV).

vehicle is the top target of the manufacturer. Many solutions
have been proposed to improve this situation such as
equipping control systems like Active Suspension (AS),
Electronic Stability Program (ESP), Dynamic Cruise Control
(DCC), Active Steering Control (ASC), or the use of Stabilizer
Bars [1-6].

The stabilizer bar (anti-roll bar) can help the vehicle limits
the lateral instability based on the generation of the anti-roll
moment at the two wheels of each axle. Currently, there are 2
types of stabilizer bars commonly used in the vehicle,
including:

+ Passive stabilizer bar (mechanical stabilizer bar): It is
made from steel, durable, and cheap, applicable to most types
of the vehicle. However, the ability to support instability is not I
high. T

+ Active stabilizer bar (hydraulic/electronic stabilizer bar): Two-land, four-port Three-land, four-port
It is equipped with a hydraulic motor/electric motor, capable
of generating a greater anti-roll moment than the passive
stabilizer bar. The price of the active stabilizer bars is quite
high, usually applied to high-class vehicles or some trailer

traCtOI‘ tI'uckS. Four-land, four-port Two-land, three-port
This research focuses on the control of the hydraulic
stabilizer bars is equipped on vehicles. Figure 2. Electrohydraulic servo valve system (EHSV)
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The EHSV System is the spool valve as shown in Figure 2
Valve blocks can be classified according to the number of oil
lines and the number of ports. There is about 3-4 valve. For 4-
valve systems, 2, 3 or 4 oil lines can be arranged [7]. The
EHSV valve block is controlled via the input voltage signal
(12V or 24V).

1.3 Literature review

There are researches on the instability of the vehicle when
steering. The results of these studies indicate that at high
speeds and large steering angles, the vehicle easily falls into
lateral instability (sideslip or rollover) [8-14]. Besides, studies
on the use of the stabilizer bars to improve the safety and
stability of the vehicle have been conducted. When the vehicle
is equipped with a passive stabilizer bar (mechanical stabilizer
bar), the roll angle of the vehicle and the vertical force
difference at the wheels is reduced. However, this change is
not much [15, 16]. Therefore, the passive stabilizer bar cannot
meet the conditions of stability and safety when the vehicle is
moving in some special cases (very high speed, large steering
angle).

Studies on the replacement of the passive stabilizer bar by
the active stabilizer bar have also been conducted in recent
years. The papers [17-19] provides methods of controlling the
hydraulic stabilizer bar on trucks and trailer tractor trucks. The
hydraulic stabilizer bars used in these studies are in the form
of hydraulic pistons. The force generated by the piston will act
directly on the axle or wheel. Also, studies [20, 21] describe
methods of controlling hydraulic stabilizers using hydraulic
motors. There are many control methods used in the research
of hydraulic stabilizer bars, such as PID, LQR, Fuzzy Logic,
etc. [22-32]. The above methods have their advantages and
suitable for practical conditions. In general, the results of the
above papers show the superiority of replacing the passive
stabilizer bar by the active stabilizer bar (hydraulic stabilizer
bar). When the vehicle is equipped with a hydraulic stabilizer
bar, the vehicle's instability problems have been significantly
improved. However, the above studies have mostly
established a lateral half dynamic model combined with a
linear single-track dynamic model. Therefore, factors
affecting vehicle have not been clearly described in the results.
This research focuses on establishing the model of the spatial
dynamics combined with the nonlinear double-track dynamics
model. The PID control method is used to control the hydraulic
stabilizer bar. The PID control method is a method of linear
control for an object (SISO). In the industrial and automation
fields, this method is commonly used, up to more than 90%.
The PID control method has many advantages, such as simple
design and operation, cheap, high reliability, ... Therefore, this
method is suited for controlling the hydraulic stabilizer bar is
researched in this paper.

2. DYNAMICS MODEL OF THE VEHICLE

2.1 Spatial dynamics model

The equations describe the oscillation of the vehicle with 7
degrees of freedom in space as below (Figure 3):

mz= FCll + FKll + FClZ + FKlZ

(D
+Fe Pt Fep + Fia

200

(I + mhz) )= ( I:c11 + FKll - I:c12 - FK12 )twl
( Fear + Fiar - Feao - Fiaz )th (2)
+(gsing+a,cosp)mh
( I y + mhlz)e ( Fcn + FKll + I:c12 + I:|<12 ) a - 3)
( FC21 + FKzl + Fczz + FK22 )az
11611 KTll Féll FKll F'SBl (4)
12512 KT12 - FClZ FKlZ +FéBl (5)
21521 KT21 -k C21 -k K21 FéBZ (6)
2522 KT22 FEZZZ FK22 +Fé82 (7)

i

Figure 3. Spatial dynamic model (7DOF)
2.2 Nonlinear double-track dynamics model

The equations describe the motion of the vehicle (Figure 4)
is as follows [33]:
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Figure 4. Nonlinear double-track dynamic model (3DOF)

To achieve accurate results, this paper uses the Pacejka
nonlinear tire model:

C.,arctan
Fx = DXSin |:B><(1- Ex )(Sx +Sh>< )+

+S, (11)
E,arctan{B,(s, +S,, )}

Cyarctan

F,=D,sin| | B,(1-E/)(@+S, )+ ||+5 (12)
E,arctan{B,(a+S,, )}

C,arctan

M, =D,sin {Bz(l-Ez Ja+S,, )+

+S,, (13)
E,arctan{B,(a+S,, )}

3. CONTROL MODEL
3.1 Establishing the control model

For the hydraulic stabilizer bar, actuators are controlled
based on the input voltage signal. Let X is the valve
displacement, Eq. (14) describes the dependence between the
displacement of the valve and the input voltage u(t):

x+ 2 Kyoo
T T

(14)

When the voltage is provided, the valve will open. At this
time, hydraulic oil inside the system will follow the line to
flow into the motor and exit through the return line. The
movement of fluid flow will rotate the motor, producing
torque at the motor output. Let 6y, is the rotation angle of the
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motor shaft and AP is the pressure difference inside the system.
The equation describes the relationship between X, 0, and AP
has the following form:

KX —D,6, — K, AP _ Y zp—g
4p

e

(15)

Assuming that Mg is the resistant moment on the motor
shaft, this moment is caused by the difference in the load on
either side of the wheel (which causes the vehicle to rollover).
The equation for the equilibrium of torque at the motor shaft
is written as:

D, AP-J 6 -M,=0 (16)

This research uses the PID controller as shown in Figure 5
The feedback signal e(t) is the displacement of the un-sprung
mass, the value of e(t) will be compared with the desired
threshold. Through the PID controller, the voltage signal u(t)
is sent to the actuator of the stabilizer bar. Therefore, the
hydraulic motor will generate the torque, which corresponds
to the force of the stabilizer bar acting on the wheels (Fsg). The
remaining Input values of the model are the parameters of the
established model.
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Figure 5. PID Controller schematic
3.2 Simulation conditions

The oscillation of the vehicle is simulated in 2 cases, for
each case, there will be different velocity values:

+ Case 1: J-turn Steering (Figure 6).

+ Case 2: Fish-hook Steering (Figure 7).

The results of the simulation respectively to 3 conditions:

+ Condition 1: The vehicle isn't equipped with the stabilizer
bar (NSB).

+ Condition 2: The vehicle is equipped with the mechanical
stabilizer bar (MSB).

+ Condition 3: The vehicle is equipped with the hydraulic
stabilizer bar (HSB).

w * -

Steering Angle (deg)
=

Time (s)

Figure 6. J-turn steering
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Figure 7. Fish-hook steering

The coefficients used in the above 3 equations are given in

Table 1.
Table 1. Reference coefficients
Symbol Description Value Unit
. Time constant of the servo- 0.005 s
valve
Kv Servo valve gain 0.025 m/A
Kqi Valve flow gain coefficient 0.02 m?/s
Kee Total flow pressure coefficient ~ 4x10!'!  m’/(Ns)
Vi Total volume of trapped oil 107 m?
Be Effective bulkoglodulus of the 6x106 N/m2
Moment of inertia of the 2
T hydraulic motor 2 kgm
Dm Flow rate per revolution 1'6?10_ m’/rad

The reference parameters of the vehicle are given in Table

2.
Table 2. Reference parameters
Symbol Description Value Unit
a The distance from the center of 1.95 m
! gravity to front axle '
The distance from the center of
az - 1.65 m
gravity to rear axle
- The half of trac;x\;\gdth of the front 0725 m
tup The half of track width of the rear 0.720 m
axle
m Sprung mass 1650 kg
mij Un-sprung mass 50 kg
h The distance from cer)ter of gravity 05 m
to roll axis
Ix Moment of inertia of the x-axis 650  kgm?
ly Moment of inertia of the y-axis 2500  kgm?
Iz Moment of inertia of the z-axis 2500  kgm?
g Gravity acceleration 9.81 m/s?
4. RESULTS

4.1 J-turn steering

At the value vi = 60 (km/h)
When the vehicle moves at a speed vi = 60 (km/h), the
values of the roll angle of the vehicle ¢, displacement of the

un-sprung mass &;;, and vertical force F,; are given as in Figure
8, Figure 9, and Figure 10.

[

Roll Angle (deg)

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 8. The roll angle of the vehicle

In this case, the value of the roll angle ¢ was reduced from
5.55°(non-stabilizer bar) to 4.69 (mechanical stabilizer bar)
and 3.98 ©(hydraulic stabilizer bar).

Normally, when the vehicle steers, the rear wheel tends to
lift off the road more than the front wheel. Therefore,
simulations of displacement of the un-sprung mass &; and
vertical force F;j are conducted at the rear wheel. The graph in
Figure 9 shows a very large difference in the displacement of
the un-sprung mass &; at vi = 60 (km/h). These values are
respectively 18.15 (mm), 9.97 (mm), and 1.86 (mm)
corresponding to the above 3 conditions.

The value of the vertical force F; also varies greatly when
the vehicle is equipped with the mechanical stabilizer bar and
the hydraulic stabilizer bar (Figure 10). Therefore, the
stabilizer bar can support the vehicle to move more stably and
safely in dangerous conditions.
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Figure 9. The displacement of the un-sprung mass
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Figure 10. The vertical force at the wheel



At the value v2 =90 (km/h)
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Figure 11. The roll angle of the vehicle

If the vehicle speed increases to vo = 90 (km/h), the
difference in simulation values changes greatly. Figure 11
shows the value of the roll angle of the vehicle ¢ in 3
simulation conditions. These values significantly reduced
from 8.23 °to 7.08 “and 6.01 “respectively.
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Figure 12. The displacement of the un-sprung mass
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Figure 13. The vertical force at the wheel

The value of the displacement of the un-sprung mass &;; also
varies significantly, about 28.12 (mm) and 3.74 (mm) in the
case of the vehicle isn't equipped with the stabilizer bar and
the vehicle is equipped with the hydraulic stabilizer bar
(Figure 12). The graph of Figure 13 shows the vertical force
difference at the wheel. When this value decreases to "0", the
wheel will lift off the road surface, the phenomenon of the
rollover may occur. If the vehicle isn't equipped with the
stabilizer bar, the value of F,» will reach 305 (N). When the
vehicle is equipped with the mechanical stabilizer bar, the
value of F»» increases to 1990 (N), which is a safe level.
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However, if the mechanical stabilizer bar is replaced by the
hydraulic stabilizer bar, this value reaches 3490 (N). Therefore,
the vehicle that uses the hydraulic stabilizer bar can improve
safety and stability when steering at high speeds.

4.2 Fish-hook steering

The case of the J-Turn steering is usually less dangerous
than the case of Fish-hook steering. The results below describe
the simulation values in case of dangerous steering.

At the value v1 = 60 (km/h)

In this case, the roll angle of the vehicle (Figure 14) reached
great value. If the vehicle isn't equipped with the stabilizer bar,
this value is about 8< If the vehicle is equipped with the
mechanical stabilizer bar or the hydraulic stabilizer bar, this
value drops to 7.45%and 5.90<

S

Roll Angle (deg)

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 14. The roll angle of the vehicle
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Figure 16. The vertical force of the wheel

Besides, the value of the displacement of the un-sprung
mass &; also changed quite a lot (Figure 15). These values are



respectively 27.96 (mm), 14.35 (mm), and 3.06 (mm)
corresponding to 3 simulated conditions.

Graphs Figure 16 shows the change of the vertical force F;;
in the rear wheels. If the vehicle is not equipped with the
stabilizer bar, the value of F,» reaches 385 (N), the
phenomenon of wheel separation from the road surface can
occur. If the vehicle is equipped with the mechanical stabilizer
bar or the hydraulic stabilizer bar, this value can greatly
increase, 2002 (N), and 3523 (N) respectively.

At the value v2 =90 (km/h)

When the speed of the vehicle increases to 90 (km/h), the
danger signs would have occurred if the vehicle isn't equipped
with the stabilizer bar.

Roll Angle (deg)
G

Tim‘e (s)

Figure 17. The roll angle of the vehicle
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Figure 18. The displacement of the un-sprung mass
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Figure 19. The vertical force of the wheel

Graph Figure 17 shows the value of the roll angle of the
vehicle @ at vo = 90 (km/h). At this time, if the vehicle isn't
equipped with the stabilizer bar, the vehicle will be rollover at
time t = 3.11 (s). If the vehicle is equipped with the stabilizer
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bar, it can move more safely and steadily. The value of the
displacement of the un-sprung mass also tends to change
similarly (Figure 18).

The change of vertical force at the wheel is clearly shown
in Figure 19. At the same time (t = 3.11 s), the value of F,»,
was reduced to "0", the wheel was lifted off the road
completely, the phenomenon of the rollover occurred [34]. If
the vehicle is equipped with the mechanical stabilizer bar, this
value is 905 (N). However, this is still a dangerous threshold,
it does not guarantee stability and safety. If the vehicle uses
the hydraulic stabilizer bar, the value of the vertical force F,2
reaches 3225 (N), which is a safe limit for vehicles on the
move.

5. CONCLUSIONS

The content of the paper focuses on researching the control
model of the active stabilizer bar is equipped with the vehicle.
This paper has established the vehicle's dynamics model to
describe its oscillation. Besides, the active stabilizer bar
control method has been introduced and applied in this
research. The results of the simulation show that when the
vehicle is equipped with the active stabilizer bar, parameters
such as the roll angle of the vehicle body, displacement of the
un-sprung mass have been significantly reduced.

In dangerous cases (Fish-hook steering, v =90 km/h), if the
vehicle isn't equipped with the stabilizer bar, the vehicle may
be rollover (at time t = 3.11 s). When the vehicle is equipped
with the mechanical stabilizer bar, this phenomenon may not
occur. However, the vehicle is still not stable and safe. If the
speed of the vehicle continues to increase, the vehicle will still
be rollover despite using the mechanical stabilizer bar.

The solution to improve stability and safety in dangerous
cases is using the hydraulic stabilizer bar. The hydraulic
stabilizer bar can generate a much larger torque than the
conventional mechanical stabilizer bar. Therefore, the
phenomenon of rollover can be significantly improved. The
vertical force difference of the wheels is very small, the wheels
are still on the road. At the same time, the roll angle of the
vehicle and the displacement of the un-sprung mass is also
quite small. The results of this research have shown the
outstanding advantages of the hydraulic stabilizer bar
compared to the conventional mechanical stabilizer bar. The
PID controller is used in this paper is completely suitable with
the established model. However, this model needs to be
verified by experiment. In the future, to improve the stability
and safety of the vehicle when moving, there are a lot of
integrated control methods can be applied based on the model
established in this paper. The results of the paper will be the
basis for other more complex studies.
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NOMENCLATURE

aj

ay

The distance from the center of gravity to
front/rear axle, m
Lateral acceleration, m/s?
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Ci

Fci
Fi
Frij
Fkrij
Fsgi
Fuii

twi

The distance from the center of gravity to the place
of external force, m

Restrict force of the damper, N

External force, N

Elastic force of the spring, N

Elastic force of the tire, N

Force of the stabilizer bar, N

Longitudinal force of the wheel, N

Lateral force of the wheel, N

Vertical force of the wheel, N

The distance from the center of gravity to roll axis,
m

Moment of inertia of the x-axis, kgm?

Moment of inertia of the y-axis, kgm?

Moment of inertia of the z-axis, kgm?

Sprung mass, kg

Total mass, kg

Un-sprung mass, kg

Moment of the wheel, Nm

The half of the track width of the front/rear axle,
m

Bump on the road, m

Longitudinal velocity, m/s

Lateral velocity, m/s

Vertical displacements of the sprung mass, m

Greek symbols

0
\

P
Sij
&ij

o

Pitch angle, rad

Yaw angle, rad

Roll angle, rad

Steering angle, rad

Vertical displacements of the un-sprung mass, m
Slip angle, rad





