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ABSTRACT This article presents the in-depth research results concerning the actively controlled suspension
system following the Hybrid Active Suspension System (HASS) in vehicles. Initially, detailed introductions
are provided for the controller and actuator of this suspension system model. Afterward, the HASS model
is proposed for application to the Active Suspension System with integrating Skyhook and Groundhook
control methods, wherein a coefficient α = 0.3, 0.6, 0.9 is utilized to adjust the correlation between these
two models. Through the amplitude transfer function, the transition in enhancing ride comfort and road
holding criteria in the HASS is demonstrated. Subsequently, the coefficients of the HASS are optimized
through the Genetic Algorithm optimization with the parameter β = 0.1, 0.5, 0.9, aiming to enhance ride
comfort and road holding corresponding to each value of α. The simulation and evaluation results utilizing
the HASS in both frequency and time domains demonstrate significant improvements in ride comfort and
road holding criteria compared to passive suspension systems. Specifically, the ride comfort has improved
from 60% to 80%, while the road holding has improved from 10% to 15%. These findings facilitate the
development of applications for the controlled suspension system, allowing adaptation to diverse real-world
conditions at varying levels.

INDEX TERMS Vehicle dynamics and control, active suspension system, hybrid active suspension system,
Skyhook model, Groundhook model, genetic algorithm optimization, suspension system.

I. INTRODUCTION
The suspension system, which is one of the primary systems
in vehicles, is designed to connect and support the vehicle
body on the wheels and isolate vibrations induced from the
road surface. This system consists of two main elements: the
spring element commonly constructed with coil springs or
leaf springs or air springs, and the damping element usually
hydraulic shock absorbers with one or two layers of shells [1].
These components are typically designed based on input
conditions such as the load impacting the suspension system

The associate editor coordinating the review of this manuscript and

approving it for publication was Christian Pilato .

and the desired oscillation frequency. Therefore, the vibration
quality of the vehicle is satisfied under certain operational
constraints [2]. To overcome this limitation, controlled sus-
pension systems are studied and developed in two main
forms: Active Suspension System (ASS) and semi- Active
Suspension System (sASS) [1], [2]. The sASS is typically
comprised of a spring element and a damping element that
can be adjusted for the damping coefficient. This system has
the advantage of being cost-effective and effective in improv-
ing vibration quality up to a certain threshold. However,
the drawbacks of this system are generating relatively low
damping force and not covering all operational conditions of
the vehicle [3], [4].
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The ASS has been developed and incorporated into
commercial vehicles by automotive manufacturers and
researchers. This system utilizes an actuator that enables
control of various modes to enhance the vibration quality of
the vehicle [5], [6]. Although there have been some studies
on the configuration, models, and control approaches for this
system, more detailed research is needed to refine the system
for heavy-duty vehicles such as buses and trucks. The ASS in
vehicles operates based on controlling the actuator, which is
connected between the unsprung mass and the sprung mass,
to minimize road-induced dynamic forces and increase ride
comfort for the driver and passengers. Below is a summary
of the main research directions regarding this system:

A. SUSPENSION SYSTEM MODEL IN VEHICLES
Currently, theoretical, and experimental research is utiliz-
ing three common suspension models in vehicles: quarter-
vehicle, half-vehicle, and full-vehicle [1], [2]. The general
quarter- vehicle suspension system model is composed of the
following components: sprungmass, unsprungmass, damper,
spring, and the tire, which is considered as a spring, con-
tacts with the ground without experiencing the effects of
friction [7], [8]. For the ASS system, the actuator is arranged
in parallel with the damper element and the spring element to
generate the control force. Unlike the quarter model, which
only is affected by road irregularities at one wheel, the half-
vehicle model considers the unsprung mass element with two
wheels (one front and one rear wheel for a pitch model, or one
left and one right wheel for a roll model). The main advantage
of this type of model is its ability to consider the pitch or roll
motion of the vehicle body; the damping and spring character-
istics can be modeled in different ways according to the type
of suspension systems (dependent or independent), which
is also suitable for real-world vehicles [9]. The full-vehicle
model includes the vehicle sprung mass connected by the
suspension system with four wheels (unsprung mass). Each
ASS is modeled as an adjustable transmission system, while
the wheel is modeled as a linear spring. The vehicle sprung
mass can oscillate vertically, pitch, and roll axles, while the
wheels only move in a vertical direction relative to the vehicle
sprung mass [1], [4]. Although the half-car and full-car mod-
els have the advantage of accurately describing the dynamic
characteristics of vehicles, their complexity and numerous
constraints make control design challenging. Depending on
the specific research objectives, compatible model forms will
be employed. In this regard, for research on new control
strategies, authors often use the quarter model for model
simplification while still ensuring the characteristics of the
vehicle oscillation.

B. THE CONTROL METHOD FOR ACTIVE SUSPENSION
SYSTEM
To control the actuator of ASS, the designed controller has
many types such as control based on the Skyhook or Ground-
hook prototypical [10], [11], PID control [12], [13], [14],

optimal control LQR/LQG [15], [16], [17], [18], [19], robust
control with LTI or LPVmodels, nonlinear control [20], [21],
[22], neural network [23], [24], [25]. . .Control methods can
be divided into three groups:

Group 1: model-based control group such as Skyhook,
Groundhook. In this group, there must always exist two types
of models: the control object model and the ideal model.
The control strategies must be built so that the total force or
moment effect on the control object model must be the same
as in the ideal model.

Group 2: control group based on information from
dynamic models of the system such as LQR, LQG, H∞.
In this group, the control strategies are designed based on the
control objective and it depends entirely on the parameters of
the control object model.

Group 3: control group which is independent of model
parameters but dependent on control objectives such as PID,
Fuzzy logic [26], [27], [28].

Control based on models like Skyhook or Groundhook has
the advantage of predefining control models based on the
designer’s experience, thereby limiting constraints beyond
the control objectives. However, this control method has the
disadvantage of limited flexibility and difficulty in covering
complex motion vehicle behaviors [1], [3].

Control based on dynamic models such as LQR, LQG,
and H∞ is a concern to authors because it has the advan-
tage of creating accurate compatibility with the research
objects, generating diverse control objectives through vari-
ous approaches [20]. However, its drawbacks arise from its
characteristics in the real-time system state, because it is
very difficult to precisely determine the parameters of the
real car model. To overcome these troubles, the H∞ control
method allows for the utilization of the uncertain feature of
parameters [22], [29], [30].

Control methods that are independent of system parame-
ters such as PID and Fuzzy have many advantages for highly
complex objects like vehicle oscillations. These methods
require the determination of control objectives and experi-
ence with system characteristics. For PID control, setting up
the controller is relatively simple and easy to implement, but
accurately tuning the KP, KI , KD coefficients to minimize
control objectives and balance with the physical charac-
teristics of the actuation mechanism still encounters many
difficulties [12]. Fuzzy control has the advantage of con-
sidering the unclear characteristics of the system according
to experience, but it also raises significant issues regarding
accuracy and requires a high level of design [31].

C. THE OPTIMIZATION METHOD IN SUSPENSION SYSTEM
To enhance the oscillation quality of suspension systems,
in general, and ASS, in particular, various optimization
methods are studied and applied, such as swarm optimiza-
tion [32], robust optimization [33], and Genetic Algorithm
(GA) optimization [34]. These approaches are considered for
the following issues: optimizing the stiffness of the spring
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element and the damping coefficient of the shock absorber
(for the conventional suspension system); actuator saturation,
time delay, and state constraint (for the controlled suspen-
sion system) [35]. Some studies utilize these techniques to
determine the parameters of PID, and LQR controllers to
enhance their effectiveness. However, most of these optimiza-
tion problems only focus on determining optimal solutions
for specific oscillation approaches without solving the overall
problem considering different objectives such as ride comfort
and road holding [13], [32], [36], [37].

This research concentrates on establishing a novel
approach to controlling ASS in heay-duty vehicles by
employing the HASS model and optimizing model param-
eters through the GA optimization method. By considering
the research scope in the two main vibration criteria of the
ride comfort and the road holding, the main contributions are
listed as follows:

- The HASS is established through the combination of
two typical models: Skyhook aiming to enhance ride com-
fort, and Groundhook aiming to improve road holding. The
roles of these two models are interchanged through a single-
coefficient α for the quarter-vehicle model.
- The characteristics of the HASS are examined through

the amplitude transfer function of the vehicle sprung mass
and the dynamic tyre force impacting the road with various
values of the coefficient α = [0 ÷ 1].
- The GA method is applied to optimize the parameters of

the Hybrid controller while considering the variation of the
coefficient β related to ride comfort and road holding. The
optimized results and evaluations confirm the superiority of
this entirely novel approach to research by combiningGA and
HASS in vehicles.

The structure of the paper is organized as follows:
Section II describes the ASS in heavy-duty vehicles;
Section III proposes a HASS for the ASS and its characteris-
tics; Section IV presents the evaluation results surveying the
impact of the HASS parameters on the vehicle; Section V
describes the application of GA to optimize the HASS; The
validation results between the proposed HASS integrated
GA for the trade-off criteria on vehicle is demonstrated in
Section VI.

II. ACTIVE SUSPENSION SYSTEM IN VEHICLES
The passive suspension system, inmodern vehicles, is primar-
ily composed of two main components: the spring element
and the damping element. These components are designed
according to each type of vehicle and based on their respec-
tive technical specifications. Within the usual operating
ranges, the stiffness of the spring element and the damping
coefficient of the damping element are often considered as
constants. However, the damping coefficient can cause a con-
tradiction between the road holding and the ride comfort of
the vehicle. A low damping coefficient increases ride comfort
but decreases road holding, whereas a high damping coef-
ficient increases road holding but decreases ride comfort as
described in Figure 1 [1], [6]. When the damping coefficient

is low, it means that the fluid can easily pass through the
throttle holes inside the damper. This will create less force to
dampen the oscillations, making the sprung mass smoother,
but this has the disadvantage of the unsprung mass tending to
reduce the connection with the road surface.

The road holding of the vehicle is primarily limited by the
vertical displacement of the wheels, the rotational displace-
ment of the vehicle body, and the pitch and/or roll angles
of the vehicle body during braking or cornering. In contrast,
the ride comfort of the vehicle can be assessed through the
vertical displacement, pitch angle, roll angle and their accel-
erations of the vehicle body.

The primary source of vehicle oscillation is caused by
the road profile. Currently, passive suspension systems are
considered optimal only for certain types of roads. There-
fore, to meet the ride comfort and road holding criteria
on all types of roads, the characteristics of the suspension
system need to change during vehicle state to be appropri-
ate for the road characteristics. ASS can adapt to various
vehicle motion conditions, as illustrated in Figure 2a). The
fundamental parameters of the ASS include: Zs- Displace-
ment of sprung mass; Zu- Displacement of unsprung mass;
Cs - Stiffness of the spring element; Ks - Damping coef-
ficient; Ct - Tyre stiffness coefficient; Kt - Tyre damping
coefficient; q- Road profile. The ASS consists of an elec-
tronic servo-valve hydraulic actuator that can generate the
force Fact , a controller that enables automated and precise
management of complex systems, and sensors that detect and
respond to various types of physical stimuli. This suspension
system is effective but requires a large energy supply. The
dynamics equation of the vehicle model using the ASS is
defined as follows:

muZ̈u − Ks
(
Żs − Żu

)
− Cs (Zs − Zu) + Kt(

Żu − q̇
)
+ Ct (Zu − q) = Fact

msZ̈s + Ks
(
Żs − Żu

)
+ Cs (Zs − Zu) = −Fact

(1)

FIGURE 1. The influence of the damping coefficient on the trade-off on
the vehicle: ride comfort and road holding [1], [6].

Figure 2b) illustrates the structure of the actuator con-
sisting of a hydraulic cylinder combined with an electronic
servo-valve. This valve is controlled by an electric current u
for its displacement Xv. The high-pressure oil Ps is always
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FIGURE 2. The active suspension system model on vehicles: a) Layout
diagram, b) Hydraulic-electric actuator.

stored outside the electromagnetic valve. Through the dis-
placement of the servo-valve, the high-pressure oil flow is
divided into two branches leading to the two chambers of
the hydraulic cylinder. The difference pressure 1P = P1 −

P2 between the two chambers generates the force of the
hydraulic cylinder Fact . Consequently, this actuator has an
input signal of amperage u and an output signal of force Fact ,
the relationship of them is expressed in equation (2).

Fact = AP1P
Vt
4βe

d1P
dt

+
(
KP + Ctp

)
1P− KxXv + AP

dya
dt

= 0

dXv
dt

+
1
τ
Xv −

Kv
τ
u = 0

(2)

III. HYBRID ACTIVE SUSPENSION SYSTEM CONTROL FOR
VEHICLES
A. HYBRID CONTROL MODEL
The HASS in vehicles is described in Figure 3, posits that the
sprung mass will be connected to an imaginary fixed point
through damping with a coefficient Ksky (according to the
Skyhook model), and the unsprung mass will be connected
to another imaginary fixed point through damping with a
coefficient Kgrd (according to the Groundhook model). From
Figure 2a), it can be observed that the ASS will continuously

adjust the forceFact of the actuator over time so that its impact
force on both the sprung and unsprung masses is equivalent
to the sum of the two imaginary damper forces as shown in
Figure 3. The parameters of the 2models (Figure 2a, Figure 3)
are presented in Table 1 [38].

FIGURE 3. Hybrid control model.

The dynamic equation of the 1/4 vehicle model utilizing
HASS is determined in equation (3) and expressed in matrix
form as in equation (4).

msZ̈s + KskyŻs + Koff (Żs − Żu) + Cs(Zs − Zu) = 0
muZ̈u − Koff (Żs − Żu) − Cs(Zs − Zu) + Kt (Żu − q̇)
+Ct (Zu − q) + Kgrd Żu = 0

(3)

[M ] Z̈ + [K ] Ż + [C]Z = [A] q̇+ [B] q (4)

where: q - road profile; Z - displacement vector of the system;
[M ] - mass matrix; [K ] - damping coefficient matrix; [C] -
stiffness matrix. These matrices are defined as follows:

[M ] =

[
ms 0
0 mu

]
;

[K ] =

[
Koff + Ksky −Koff

−Koff Koff + Kt + KGrd

]
;

[C] =

[
Cs −Cs

−Cs Cs + Ct

]
; [A] =

[
0
Kt

]
; [B] =

[
0
Ct

]
;

Z =

[
Zs
Zu

]
.

B. MAGNITUDE TRANSFER FUNCTION OF SIGNAL IN
FREQUENCY DOMAIN ACCORDING TO THE HYBRID
CONTROL MODEL
The road profile function is a time-harmonic function defined
by equation (5), where: q0 - amplitude of the road profile;
ω - frequency of excitation; j- imaginary unit; t- time of
excitation.

q = q0ejωt (5)
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TABLE 1. Table of parameters for the 1/4 model with HASS [38].

The displacement vector of the system also takes the form
of a harmonic function as in the following equation.

Z = Z0ejωt (6)

where Z0 = [ZsoZuo]T is the displacement amplitude vector.
From equations (4), (5), (6), we have the dynamic equation

of the model as follows:(
− [M ]ω2

+ j [K ]ω + [C]
)
Z0

= (j [A]ω + [B]) q0 (7)
Z0
q0

=

(
− [M ]ω2

+ j [K ]ω + [C]
)−1

(j [A]ω + [B])

= Hz (ω) (8)

Hz (ω) =
(
− [M ]ω2

+ j [K ]ω + [C]
)−1

(j [A]ω + [B])
is referred to as the displacement transfer function matrix
of the system. The acceleration transfer function matrix is
determined as follows:

HZ̈ (ω)

=
Z̈0
q0

=
−Z0ω2

q0

= −ω2
(
− [M ]ω2

+ j [K ]ω + [C]
)−1

(j [A]ω + [B]) (9)

The dynamic tyre force acting on the road surface is deter-
mined by [6]:

Fdt = Z̈sms + Z̈umu (10)

From equation (10), dividing both sides by the road profile
(q), we obtain the transfer function of the dynamic tyre force
in equation (11):

HFdt = HZ̈sms + HZ̈umu

=
[
ms mu

] [
HZ̈s
HZ̈u

]
=

[
ms mu

]
HZ̈ (11)

C. ACTIVE SUSPENSION SYSTEM CONTROL ACCORDING
TO THE HYBRID ACTIVE SUSPENSION SYSTEM
When increasing the damping Skyhook and Groundhook
coefficients in the HASS model, the wheel displacement

amplitude and the sprung mass acceleration decrease. Survey
results indicate that the parameter α = 0.6÷0.7 is optimal for
both ride comfort and road holding. The ASS controlled by
the model in Figure 2a) with a damper-controlling equation
according to the HASS is proposed as in equation (12):

αŻs
(
Żs − Żu

)
− (1 − α) Żu

(
Żs − Żu

)
≥ 0

⇒ FSA = G
[
αŻsKsky + (1 − α) ŻuKgrd

]
αŻs

(
Żs − Żu

)
− (1 − α) Żu

(
Żs − Żu

)
< 0

⇒ FSA = 0

(12)

where: α is the correlation parameter of the Skyhook model
through the damping coefficient Ksky, chosen appropriately
between controlling the unsprung mass and the sprung mass.
When α = 1 the HASS becomes the pure Skyhook model,
when α = 0 the model becomes the pure Groundhook model.
The coefficients Ksky and Kgrd are determined as follows:

Ksky = α
(
Kon − Koff

)
and Kgrd = (1 − α)

(
Kon − Koff

)
The FSA force in equation (12) is the control force accord-

ing to the hybrid model, this force is identified with the Fact
force of actuator in equation (2) to be included in the vehicle
model in Figure 2a.

FIGURE 4. Frequency-response characteristics of sprung mass
displacement.

Figures 4, 5, and 6 illustrate the transfer function of dis-
placement, acceleration, and dynamic tyre force when the
parameter changes from 0 to 1, demonstrating the trade-off
on 4 heavy vehicle model, namely road holding and ride
comfort. It can be observed that as the varying parameter α,
the characteristics of the vehicle’s transfer function vary with
different excitation frequencies.

IV. EVALUATING THE INFLUENCE OF Ksky AND Kgrd ON
THE HYBRID ACTIVE SUSPENSION SYSTEM
In this section, the authors propose a HASS combining the
Skyhook and Groundhook models for the ASS to enhance
the suspension system performance under various operating
conditions. The Skyhook mode focuses on improving ride
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FIGURE 5. Frequency-response characteristics of sprung mass
acceleration.

FIGURE 6. Frequency-response characteristics of dynamic tyre force.

comfort by adjusting the damping force based on the relative
velocity of the mass. When facing challenging driving situ-
ations on rough terrains where the unsprung mass oscillates
significantly, the control system automatically switches to the
Groundhook mode, which concentrates on directly control-
ling the interaction between the wheels and the road surface
to optimize road holding, vehicle stability, and performance.
By integrating both modes, the proposed HASS employs the
control force as suggested in equation (12).

The control quality of the HASS depends significantly
on the values of the parameters Ksky, Kgrd and α. In this
section, the study focuses on examining the variation of Ksky
within the range of 0 to 6000 Ns/m, Kgrd within the range of
0 to 12000 Ns/m, with three values of α being 0.3, 0.6, and
0.9, respectively. The evaluation criterion used in this study
is the root mean square (rms) of signals such as displacement
and acceleration of the sprung mass, unsprung mass, and the
dynamic tyre force [39], [40], [41].

Figure 7 illustrates the variation in the magnitude of the
rms of the sprung mass acceleration when Ksky and Kgrd
change. In general, an increase in Kgrd leads to a grad-
ual decrease in the acceleration of the sprung mass. For

FIGURE 7. The survey results of the root mean square of the acceleration
of the sprung mass.

α = 0.3, the acceleration value decreases the most, followed
by α = 0.6 and finally α = 0.9. When the value of α

increases, themagnitude of this root mean square of the accel-
eration decreases. In summary, by simultaneously increasing
both Ksky and Kgrd , the amplitude of the acceleration of the
sprung mass can be reduced.

Figure 8 illustrates the variation in the displacement of
the sprung mass when the values of Ksky and Kgrd change.
The trend of the displacement of the sprung mass is similar
to its acceleration. When both Ksky and Kgrd increase, the
displacement of the sprung mass decreases.

FIGURE 8. The survey results of the root mean square of the
displacement of the sprung mass.

FIGURE 9. The survey results of the root mean square of the acceleration
of the unsprung mass.

Figure 9 illustrates the variation of the acceleration of the
unsprung mass as Ksky and Kgrd change. When the value of
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Kgrd increases, this acceleration also increases. Specifically,
in the case of α = 0.3, the acceleration of unsprung mass
has the highest on its rms value, followed by α = 0.6,
and finally α = 0.9. When the value of Ksky increases, the
rms acceleration of unsprung mass tends to decrease steadily.
In summary, increasing Kgrd will raise the acceleration of the
unsprung mass.

Figure 10 illustrates the variation of the unsprung mass
displacement asKsky andKgrd change.When the value ofKgrd
increases, this displacement decreases. Specifically, in the
case of α = 0.3, the displacement decreases the most,
followed by α = 0.6, and finally α = 0.9. Meanwhile,
gradually increasing the value of Ksky in all three cases of α,
the value of Zu decreases, although not significantly. In con-
clusion, increasing the values ofKsky andKgrd will reduce the
displacement of the unsprung mass.

FIGURE 10. The survey results of the root mean square of the
displacement of the unsprung mass.

FIGURE 11. The survey results of the root mean square of the
displacement of the suspension system.

Figure 11 shows the variation in vertical displacement
between the unsprung mass and the sprung mass when the
values of Ksky and Kgrd change. When Kgrd increases, the
displacements of all cases increase uniformly. In particu-
lar, in the case of α = 0.3, this displacement increases
most significantly, followed by α = 0.6, and finally
α = 0.9. Meanwhile, the increment of Ksky in the cases
of α = 0.3, 0.6 cause increases. Nevertheless, for α =

0.9 specifically, RMS (Zs − Zu) decreases as Ksky ranges
500 to 2408Ns/m, and from Ksky = 2408Ns/m onwards,
RMS (Zs − Zu) increases.

FIGURE 12. The survey results of the root mean square of the
displacement of the dynamic tyre force.

Figure 12 illustrates the variation in the dynamic tyre force
with changes in Ksky and Kgrd . When Kgrd increase with α =

0.9, 0.6, this force decreases; with α = 0.3, the force Fdt
initially decreases and then rises again. As Ksky increases, Fdt
decreases in all three cases of α = 0.9, 0.6, 0.3.

TABLE 2. Summary of results of evaluation of the impact of KSKY, KGRD
coefficients.

Table 2 is a summary of research results, a relative assess-
ment when increasing the coefficients Ksky, Kgrd to receive
values of increasingmagnitude. The upward arrows show that
the root mean square value of the signals increases as the
Ksky, Kgrd coefficients increase. Conversely, the downward
arrows show that the root mean square value of the signals
decreases as the Ksky, Kgrd coefficients increase.
The results of the investigation into the variations of

Ksky, Kgrd and α demonstrate a significant impact of these
parameters on the ASS using the Hybrid control. Therefore,
combining optimization methods with the Hybrid control
model is necessary to enhance the effectiveness of the system
to improve both road holding and ride comfort.

V. DEVELOP OPTIMAL HYBRID ACTIVE SUSPENSION
SYSTEM BY GENETIC ALGORITHM
During the vehicle’s movement on the road, the HASS will
require adaptive control weighting parameter α to fit various
operating conditions. Therefore, it can provide a flexible
and effective solution, ensuring ride comfort and road safety
criteria for the driver and passengers across different terrains
and driving conditions. In the conventional control model of
the ASS, through trial and error, the authors propose adjusting
the weighting parameter α = 0.6 to establish a reason-
able relationship between ride comfort and road holding.
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However, this is not yet an optimal solution to conserve
energy supplied to the controller and balance the conflicting
criteria of ride comfort and road holding. In this section, the
authors propose a multi-objective optimization model using
GA to optimize the coefficient Ksky and Kgrd for the proposed
HASS as described in Figure 13.

FIGURE 13. Structural diagram using GA to optimize HASS.

GA is an optimization method inspired by the natural evo-
lutionary process. In the problem of finding coefficients Ksky
and Kgrd for the HASS, GA operates through a specific pro-
cess. First, an initial population of individuals is established,
with each individual representing a set of values for Ksky and
Kgrd . Then, each individual is evaluated by calculating the
loss function or utility function based on these two coeffi-
cients within the range of Ksky =

[
1000 10000

]
and Kgrd =[

100 15000
]
. Next, individuals are selected based on the rms

value of the sprung mass acceleration Z̈s representing the ride
comfort evaluation criterion and the acceleration value of the
unsprung mass Z̈u representing the motion safety evaluation
criterion to proceed to the next generation. The selected
individuals then undergo crossover and mutation operations
to generate new offspring to filter Ksky and Kgrd values that
satisfy the limit thresholds Z̈s < 2m

/
s2, Z̈u < 4m

/
s2 and

Fdt → 0N . This process is repeated over 50 generations until
the stopping condition achieves the function f according to
equation (13). This results in the final optimal solution for
the problem of finding coefficients Ksky and Kgrd .

f = (1 − β)JComfort + βJRoadHolding
= (1 − β)rms(Z̈s) + βrms(Z̈u), ∀β ∈

[
0 1

]
(13)

In equation (13), β represents the optimal weighting
parameter for the multi-objective GA optimization problem.
Figure 14 illustrates the Pareto function f values obtained
when varying β. Thus, for each different value of β the
multi-objective GA will select the optimal pair of Ksky and
Kgrd for the model. To visually represent these criteria, the
authors chose three sets of parameters β = 0.1, β = 0.5 and
β = 0.9 corresponding to prioritizing ride comfort (β = 0.1),

balancing both ride comfort and road holding (β = 0.5), and
prioritizing road holding (β = 0.9).

FIGURE 14. Pareto of function f values.

Table 3 compiles the optimized results obtained using
the GA method for the coefficients Ksky and Kgrd . In the
subsequent section, the authors will simulate, evaluate, and
compare the effectiveness of the HASS in its non-optimized
state, its optimized state with specific values β = 0.1,
β = 0.5, β = 0.9 and passive suspension system across both
the frequency and time domains.

TABLE 3. Optimization results of coefficients Ksky and Kgrd using GA.

VI. EVALUATION OF THE EFFECTIVENESS OF THE
HYBRID ACTIVE SUSPENSION SYSTEM
A. ANALYSIS IN THE FREQUENCY DOMAIN
Figure 15 illustrates the variation in the magnitude of the rms
value of acceleration and displacement of the sprung mass
when the frequency changes from 0 Hz to 20 Hz. The authors
chose for the excitation source a sinusoidal periodic wave-
form with an amplitude of 0.1 meters, while the frequency
is varied. The solid black line represents the values of the
uncontrolled model (Passive), and the solid red line repre-
sents the results of the controlled model without optimizing
the parameters Ksky and Kgrd (Active), and the solid green,
dashed blue, and dotted light blue lines respectively represent
the results of the model integrated with the GA algorithm
selecting optimized coefficient and when (β = 0.1, β = 0.5,
β = 0.9). It is observed that the results of the uncontrolled
model consistently exhibit higher values compared to the
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FIGURE 15. Frequency response of the root means square of:
a) Acceleration of the sprung mass; b) Displacement of the sprung mass.

controlled model, demonstrating that the proposed model has
advantages in reducing the magnitude of the desired signal in
the frequency domain.

In the frequency range of 1-2 Hz, the rms magnitude values
of the sprung mass tend to resonate. However, by using the
GA algorithm to select coefficientsKsky andKgrd that balance
between ride comfort and road holding criteria for the vehi-
cle, the system can still maintain necessary constraints. It is
observed that as β increases gradually from 0.1 to 0.9, the rms
value of the acceleration of the sprung mass increases. This
indicates a decreasing priority towards ride comfort criteria.
Similarly, the displacement signal of the sprung mass in this
frequency range exhibit similar trends.

When evaluating the characteristics of the sprung mass in
a higher frequency range from 5 Hz to 20 Hz, it is observed
that the rms value of the acceleration lean towards decreasing.
The largest decrease is seen in the non-optimized active
control model, followed by the GA-optimized models with

FIGURE 16. Frequency response of the root means square of:
a) Acceleration of the unsprung mass; b) Displacement of the unsprung
mass.

FIGURE 17. Frequency response of root means square of the dynamic
tyre force.

β = 0.1, β = 0.5, and β = 0.9. Meanwhile, the rms values
of the displacement approach zero. Figure 16 presents the
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FIGURE 18. Road disturbance in simulation quarter vehicle model.

FIGURE 19. Time response of: a) Sprung mass acceleration; b) Sprung
mass displacement.

frequency response from 0 Hz to 20 Hz of the rms values
for the acceleration of the unsprung mass (Figure 16a) and
the displacement of the unsprung mass (Figure 16b). The
results show that the low-frequency resonance region of the
unsprung mass is about 1 rad/s to 2 rad/s. In this region,
the root mean square value of displacement and acceleration
increases sharply, which shows the strong oscillation of the

FIGURE 20. Time response of: a) Unsprung mass acceleration;
b) Unsprung mass displacement.

FIGURE 21. Comparison of the root means square for dynamic tyre force.

wheel in this frequency region, and it makes the wheel at risk
of being lifted off the road surface.

Figure 17 demonstrates the frequency response of the rms
values of the dynamic tyre force from 0 Hz to 20 Hz. It is
observed that at low frequencies ranging from 1 Hz to 2 Hz,
the dynamic tyre force is influenced by road excitation, lead-
ing to a significant peak in the rms values. Specifically, the
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FIGURE 22. Comparison of the root means square value for each referred signal.

non-optimized control model exhibits the highest peak reach-
ing approximately 90 kN, followed by the GA-optimized
models with weights β = 0.1, β = 0.5 and β = 0.9;
and finally the uncontrolled suspension system. In higher
frequency ranges, the rms value of the dynamic tyre force
across all models rapidly decreases and stabilizes around
1.85 kN at frequencies above 10 Hz.

B. ANALYSIS IN THE TIME DOMAIN
In this section, a quarter-vehicle model is analyzed under the
influence of harmonic oscillations resembling a sine wave
with an amplitude of 0.1 meters and a frequency of 7 rad/s,
as shown in Figure 18. Figure 19 presents the time responses
of the suspension system in terms of sprung mass accel-
eration (Figure 19a) and displacement of the sprung mass
(Figure 19b).
It is observed that in the passive suspension system, the

acceleration and displacement of the sprung mass exhibit
very large amplitudes, reaching approximately 10 m/s2 and
0.1 meters, respectively. In contrast, with a controlled sus-
pension system, the amplitudes of these signals related to the
sprung mass are significantly reduced by over 80%. Among
the controlled models integrated with the GA algorithm, the
controller with β = 0.1 achieves the smallest acceleration
amplitude, followed by the controller with β = 0.5 and the
lowest is the controller with β = 0.9. Despite the integration
of the GA algorithm, the GA-controlled system with β = 0.9
demonstrates a clearer tendency to optimize for safety cri-
teria while neglecting ride comfort criteria. Consequently,
the amplitudes of the acceleration and displacement signals

of the sprung mass for this GA-controlled system are larger
compared to the conventional controlled system.

Figure 20 presents simulation results comparing the effec-
tiveness of the proposed models in the time domain of the
unsprung mass. The controlled suspension system models
demonstrate significant effectiveness in reducing the ampli-
tude of the unsprung mass accleration. Specifically, the
model integrated with the GA algorithm by selecting β = 0.5
achieves amplitude of unsprung mass displacement equiva-
lent to that of the conventional controlled model.

The acceleration and displacement signals of the unsprung
mass exhibit trends opposite to those of the velocity signal of
the sprung mass. By comparing the rms value of these signals
with the uncontrolled model, there is a slight increase in the
magnitude of the one’s values. However, the extent of the
increase and the magnitude of the rms values of the unsprung
mass remain within acceptable limits to ensure safety criteria
without compromising the durability requirements of this
component.

In various operating conditions, the dynamic tyre force is
considered a critical factor and plays a key role in assessing
the road holding of vehicles. Figure 21 compares the dynamic
tyre force of the proposed models with the passive suspen-
sion system model. It is observed that all proposed models
effectively reduce the dynamic force, with the conventionally
controlled model achieving the greatest reduction of up to
76%, followed by the model with additional GA-integrated
control using β = 0.1, β = 0.5 and β = 0.9.
The synthesized results of the rms values of the time

response signals in the proposed model are detailed in
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Figure 22. It can be observed that the reduction in rms values
of the signals (Z̈s, Żs, Zs) related to ride comfort ranges from
60% to 80% depending on the different values of the coef-
ficients Ksky and Kgrd . When considering passenger comfort,
the vehicle utilizing the Hybrid control model with optimized
coefficients demonstrates the highest effectiveness. Regard-
ing road safety criteria related to the dynamic tyre force, the
Hybrid control suspension system significantly outperforms
the passive suspension system. As for criteria related to the
road holding, the differences in rms values (Z̈u, Żu, Zu, Fdt )
range from 10% to 15%.

The simulation and evaluation results in both the time and
frequency domains clearly demonstrate the effectiveness of
the actively controlled suspension system using the Hybrid
ASS model. The optimization results obtained through the
GA method allow the determination of essential coefficients
of the HASS, thereby conducting the system effectively
towards enhancing ride comfort and road holding objectives.
Based on this, methods can be proposed to adaptively adjust
the control model coefficients to different vehicle operating
conditions.

VII. CONCLUSION
This article presents an in-depth study on designing a con-
troller for the active suspension system using a HASS model
by combining the Skyhook and Groundhook models. Firstly,
the ASS model with an electro-hydraulic actuator is detailed.
Subsequently, the HASS model is described and fully estab-
lished using various transfer functions. The parameters of
the HASS are optimized through a GA method to enable
the system’s vertical stability to adapt to different conditions.
Evaluation results demonstrate that there is a reduction in
root mean square values of ride comfort-related signals by
60% to 80% and road safety-related signals by 10% to 15%
depending on different coefficients Ksky and Kgrd . Afterthat,
the study two high level parameters α, β in the HASS model
and optimizing them with GA approach allowed for the
identification of control parameters optimally geared towards
enhancing neither road holding nor ride comfort. This rep-
resents a completely novel approach compared to previous
studies on ASS in vehicles.

The next research direction to complete this system could
be to use a controller that can convert α and β coefficients
according to different vehicle motion conditions. Besides,
considering the use of multi-objective genetic algorithms
and other methods for the HASS system is also a potential
research direction.
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