EMITTER International Journal of Engineering Technology
Vol. 13, No. 1, June 2025, pp. 56~72
DOI:10.24003/emitter.v13i1.892

Synergistic Integration of LQR Control and PSO Optimization
for Advanced Active Suspension Systems Utilizing Electro-
Hydraulic Actuators and Electro-Servo Valves

Do Trong Tul

1Faculty of Mechanical - Automotive and Civil Engineering, Electric Power
University, Hanoi, Vietnam.
Corresponding Author: tudt@epu.edu.vn

Received February 5, 2025; Revised March 10, 2025; Accepted April 22, 2025
Abstract

This paper investigates the design and optimization of Linear
Quadratic Regulator (LQR) controllers for vehicle active suspension
systems, incorporating an electro-hydraulic actuator with an electro-
servo valve. To enhance both vehicle comfort and road-holding
stability, we employ Particle Swarm Optimization (PSO) to optimize
the LQR controller parameters. The active suspension system model
includes the dynamics of the electro-hydraulic actuator and the
electro-servo valve, providing a realistic and practical framework for
heavy vehicles. By leveraging PSO, the LQR controller parameters are
fine-tuned to minimize a cost function that integrates both comfort
and stability up to 76.91%. The results demonstrate substantial
improvements in ride comfort and road-holding stability compared
to traditional passive suspension systems. This research remarks the
fundamentals of the experimental validation and further refinement
of these control algorithms to adapt to various driving conditions and
vehicle models, ultimately aiming to transition these optimized
controllers from theoretical frameworks to practical, real-world
applications.

Keywords: active suspension system, electro-hydraulic actuator,
vehicle comfort, road holding, vehicle vibration, particle swarm
optimization, linear quadratic regulator

1. INTRODUCTION

The evolution of vehicle suspension systems on heavy vehicles from
passive to active has been a significant area of research and development in
automotive engineering. Passive suspension systems, which rely on fixed
parameters to manage vehicle dynamics, have inherent limitations in
adaptability and performance optimization under varying road conditions
[1], [2], [3]- These limitations have prompted extensive research into active
suspension systems, which can dynamically adjust to changing conditions,
thereby offering improved ride quality and handling. Active suspension
systems play a crucial role in modern vehicle dynamics, significantly
influencing ride comfort and road-holding stability. Traditional passive
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suspension systems, although widely used, often present a trade-off between
comfort and stability, as they cannot adapt to varying road conditions and
driving scenarios. To address these limitations, active suspension systems
with advanced actuators as well as control strategies have emerged as a
promising solution [4], [5], [6].

2. RELATED WORKS

An active suspension system utilizing an electro-hydraulic actuator as a
high-efficiency damper significantly enhances vehicle performance by
dynamically adjusting to road conditions in real time [7], [8]. This advanced
setup leverages precise electronic control combined with hydraulic power to
modulate suspension stiffness and damping characteristics instantaneously.
This ensures optimal tire contact with the road, improving ride comfort,
handling, and safety. The electro-hydraulic actuator’s rapid response
capabilities allow for fine-tuned adjustments, reducing body roll, pitch, and
heave, thereby delivering a smoother and more stable driving experience
across diverse terrains and driving scenarios [9]. Incorporating electro-
hydraulic actuators and electro-servo valves into active suspension systems
has been another focus area [10]. These components provide precise control
capabilities necessary for fine adjustments in suspension dynamics.
Researchers like [11], [12] have demonstrated the effectiveness of electro-
hydraulic systems in enhancing vehicle ride and stability. Their work
underscores the importance of accurately modeling these components to
achieve realistic and practical solutions.

Besides that, the controller's technique impacts the effectiveness for the
suspension that is active technology [13]. The Linear Quadratic Regulator
(LQR) controller is highly effective for active suspension systems, offering
optimal control by minimizing a quadratic cost function, but its design
demands complex and time-intensive parameter tuning to balance comfort
and stability. Recent studies have explored different methods to address the
tuning of LQR parameters. Several robust and efficient optimization
techniques inspired by the social behaviors of bird flocking and fish schooling
have been deployed to search for the optimal weighting parameters for the
LQR controller [14], [15]. Saptarshi [16] employed a multi-objective
optimization approach to fine-tune LQR weights, highlighting the trade-offs
between various performance criteria. In addition, [17] investigated the use
of genetic algorithms to optimize LQR controller parameters for a quarter-car
active suspension model, demonstrating notable improvements in
performance metrics. Particle Swarm Optimization (PSO) has emerged as a
powerful optimization technique for tuning control parameters in complex
systems [18], [19]. The proposed technique improves PSO by adaptively
updating inertia weight based on particle success rates to enhance
convergence and incorporating a predator-prey strategy to prevent
premature convergence and ensure global optimality [20]. The researchers
[21], [22] introduced PSO, inspired by the social behaviors patterns of birds
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and fish, as an efficient method for solving nonlinear optimization problems.
In the context of active suspension systems, PSO has been utilized to optimize
control parameters, showing promising results. Li et. al [23] applied PSO to
optimize fuzzy logic controllers for active suspension systems, achieving
significant improvements in ride comfort and stability. By using PSO, the LQR
controller parameters achieve a balanced improvement in both vehicle
comfort and road-holding stability [24]. The swarm optimization-based LQR-
PID controller, tested on a four-degree-of-freedom model outperforms LQR
and LQR-PID controllers optimized by Swarm Optimization techniques [25],
[26].

3. ORIGINALITY

This paper expands on the existing body of knowledge by integrating
LQR control with PSO optimization for an active suspension system model
that includes electro-hydraulic actuators and electro-servo valves. Our
objective is to offer a comprehensive and practical approach to enhancing
vehicle dynamics, significantly improving upon traditional passive systems.
We investigate the design and optimization of LQR controllers for vehicle
active suspension systems, incorporating electro-hydraulic actuators with
electro-servo valves. Including these components adds realism and
practicality to the suspension model, particularly for heavy vehicles where
such systems are commonly employed.

4. SYSTEM DESIGN
4.1 Quarter-heavy vehicle modeling

A quarter-heavy vehicle model represents a single corner of a heavy
vehicle with two degrees of freedom, as shown in Figure 1. This model, which
contains the vertical chassis and wheel bounce displacement, allows studying
only the vertical dynamic behavior of the heavy vehicle. This simple model
consists of the sprung mass m_ represents a quarter of the vehicle body. The
unsprung mass m, represents the wheel and the tire of the vehicle.
Z,Z stand for the vertical displacement of the sprung mass and unsprung

mass, respectively. The suspension mechanism involves an elastic spring
whose stiffness coefficient 4, and a damper with it's passive damping

coefficientc,. The wheel is represented by an elastic spring whose stiffness
coefficient k , the vertical disturbance of the road's profile ¢ .

The dynamic equations of the system around the equilibrium can be
derived using Newton's second law of motion.

mSzS :-kS(ZS -le)-cS(Z‘S -2u)-F;ct
muéu = ICS (ZS _ZH) + CS (Z'S -Z.u) -k[ (Zu - q) +F:JL’[

(1)
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A high-pressure oil is perpetually kept in reservoir and distributes
among the hydraulic cylinder's two chambers cause difference in pressures
AP = P, — P, that generates the force as

F. = AAP 2)

act

As aresult, the calculations within every compartment evolve into:

dy, Vo+4,y,dP
pEJprd—tl:Ql -C,(F-F)-C,Hh

D, +V0_Apya dp,
Pdt B, dt

)

:Cip(Pl _PZ)_CepPZ _QZ

with the overall leaking percentage in the piston hydraulic cylinder
C,=2C,+C,,now it becomes.

dy V. dAP
20, =0,+0, =2C,AP+24, %+F°7 (4)
ZS 4
mS Facto
—
act ,
Zy
mu

A

q

Figure 1. Diagram of the quarter heavy vehicle model with hydraulic
electronic servo-valve actuator

By substituting mathematical formulas (3) and (4), the dynamical
expression of servo-valve hydraulic pressure cylinder is determined as:
V, dAP d(z,~z,)

——+(K, +C,)AP-K X +4, 7
t

4B, di =0 ®)

When ignore the inertial and flow forces on the servo-valve, the
mechanical behaviour of the electronic servo-valve may be represented by a
model of first-order arranged as follows:
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ax, +1Xv —ﬁuzo
a T

(6)

From (1), (2), and (6), the formulation that describes the characteristic
of the quarter-heavy vehicle integrated hydraulic electronic servo-valve
actuator can be determined as:

mZ, =-k(z,-z,)-c (2 -2,)- AAP
mZ, =k (z,-z,)+c,(2,-2,) -k (z,-q) + A, AP
dﬁzél,b’e_./lp(z.v_2ll)+4ﬂe.(KP+C,p)AP_4ﬂE.KX X o
a v, , v,
WK, 1y
dt T T
Table 1. Parameters of the vehicle
Illustrations Specifications Value
4, The surface surrounding the piston 0.01m"
K, Valves inflow benefit correlation 2.45 m’[s
) ) 42.1x10-
K, Maximum pressure inflow factor 1o m°/Ns
» Maximum actuator’s loss rate 0
: Maximum amount oil’s absorbed 0.0015"
A. The nominal oil's bulk elasticity 6.79x106 N/m
. Temporal constanvt;lf]};zt control solenoid 0.011s
K, Servo-valve gains 0.0243 ™4
m, Sprung masses 4700 kg
m, Unsprung masses 585 kg
: Damper coefficient 25500 ™/
k, Suspension stiffening 230000 /™

4.2 Design the LQR controller-based PSO algorithm
In designing an LQR controller for a 2DOF active suspension system on

a heavy vehicle, the objective is to enhance ride comfort and road safety. The
suspension system's state-space model includes four key outputs: sprung
mass displacement ( z, ) and velocity ( z, ), and unsprung mass displacement

(z,) and unsprung mass velocity ( z, ). The system can be described by state-
space equations:

X=Ax+Bu, + Ew
(®)

y=Cx
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where xrepresents the state vector encompassing z, z

s

z, and Z; u,
denotes the control input (force from the actuator), and wrepresents road
disturbances. The state-space matrices A, B, E, and C are derived based on the
suspension system's dynamics, incorporating stiffness and damping
coefficients as well as the dynamic characteristics of the electro-serve valve.
The LQR control system attempts to decrease an exponential cost equation

specified as:

J = [(x"Ox+u" Ru)dt 9)

S8

In this formulation, Q is the state weighting matrix and R is the control
input weighting matrix. These matrices are crucial for determining the
performance of the LQR controller. To find the optimal values for Q and R, the
PSO algorithm is utilized. This optimization process seeks to minimize the
cost function J while enhancing ride comfort and road safety.

The PSO algorithm involves initializing a population of particles, each
representing a potential solution for Q and R. The particles are randomly
distributed within the search space . Each particle is evaluated based on the
cost function J, which requires simulating the suspension system with the
current R and Q values to assess performance metrics related to ride comfort
and road safety. The velocity and position of each particle are updated
according to (10) [19]:

V,(t +1) = v, () + o r (p"" - x,(0)) +¢,1, (8™ - x5, (1))
xt+D=x@O)+v,(+]

(10)

where v (¢) is the velocity of the particle i at time ¢, x,(#) is the position of

best

the particle i at time 7, p is the best position of the particle i, g" is the

best position among all particles, and w=1,¢ =24, ¢,=222,5=09,5=09
are parameters governing the optimization process. The algorithm iterates
through these steps until convergence criteria are met or a maximum
number of iterations is reached. Once the optimal Q and R matrices are
determined, the performance of the LQR controller is validated through
simulations. These simulations assess the controller's ability to improve ride
comfort and road safety by reducing the sprung mass displacement ( z, ) and

velocity (z, ), while also minimizing the impact of road disturbances on the
unsprung mass (z, and z, ). Performance metrics such as RMS values of z,
and z_, and peak values of z, and z, are evaluated to ensure the controller's

effectiveness.

The integration of PSO with LQR control for a 2DOF active suspension
system in heavy vehicles provides a robust method for optimizing the
controller's performance. By fine-tuning the weighting parameters Q and R,
this approach achieves significant improvements in ride comfort and road
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safety, demonstrating its practical applicability for enhancing vehicle
dynamics.

5. EXPERIMENT AND ANALYSIS

Figure 2 presents a Pareto plot detailing the optimization process of
determining the weighting parameters for the LQR controller using PSO over
500 iterations. Initially, the cost value is approximately 0.095, reflecting the
performance of the initial random solutions. As the iterations progress, there
is a marked decrease in the cost value, particularly within the first 50
iterations, where the cost value declines significantly to around 0.07. This
rapid convergence highlights the PSO algorithm's efficacy in swiftly
identifying promising regions within the search space. Between iterations 50
and 150, the cost value exhibits a more gradual decline, eventually stabilizing
at approximately 0.065, suggesting that the algorithm is effectively fine-
tuning the solutions to enhance performance.

0.095

0.09

0.085

0.08

0.075

Best Cost

0.07 1
0.065 'L

0.06 -

0.055 ¢

0 50 100 150 200 250 300 350 400 450 500
[teration

Figure 2. Pareto history of the PSO defined the weighting parameters
for the LQR controller

Beyond iteration 150, the cost value experiences a further pronounced
reduction to approximately 0.055, where it remains constant for the
remainder of the iterations up to 500. This indicates that the PSO algorithm
has successfully converged to an optimal or near-optimal solution for the
LQR controller's weighting parameters. The stabilization of the cost value
beyond this point implies the algorithm's success in optimizing the
parameters.

5.1 Analysis in frequency domain results

Figure 3 illustrates the frequency response of a vehicle suspension
system using three different control strategies: passive suspension, active
LQR, and active PSO-LQR. The passive suspension (blue line) exhibits a
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prominent resonance peak, indicating reduced effectiveness in vibration
dampening. In contrast, the active LQR (red dashed line) consistently stays
below the blue line, significantly reducing vibrations and improving ride
comfort and road holding. The active PSO-LQR (black dash-dotted line)
further enhances performance, particularly around the resonance peak,
showcasing the effectiveness of PSO in fine-tuning LQR controller
parameters. Both active strategies perform well across the frequency range
from 0.1 Hz to 100 Hz, with the PSO-optimized controller offering the best
overall performance. This highlights the substantial benefits of using
advanced optimization techniques in designing vehicle suspension control
systems, emphasizing the potential for improved ride comfort and stability.

Sprung mass displacement

50 T T T T T T T T

Magnitude (dB)

Passive

—-—-Active LQR

= = . Active PSO-LQR

-100 ! !
107 10° 10! 102

Frequency (Hz)

Figure 3. Frequency response of the sprung mass displacement

Sprung mass velocity
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20
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_40 1 L
107 10° 10 102
Frequency (Hz)

Figure 4. Frequency response of the sprung mass velocity

From Figure 4, it is evident that the passive suspension system exhibits
the highest magnitude peak around the resonance frequency, indicating poor
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performance in terms of ride comfort and road safety. In contrast, both the
active LQR and active PSO-LQR systems significantly reduce the magnitude of
the sprung mass velocity across the frequency spectrum, with the active PSO-
LQR system achieving the lowest peak magnitude. This indicates a more
effective suppression of vibrations, leading to enhanced ride comfort and
road safety.

The active LQR control shows an improvement over the passive system
by lowering the peak response, but the active PSO-LQR control further
optimizes this performance. The PSO algorithm's optimization of the LQR
controller's weighting parameters results in a more balanced and efficient
vibration reduction. Overall, the active PSO-LQR control demonstrates
superior performance in minimizing the sprung mass velocity, highlighting
its effectiveness in enhancing vehicle dynamics compared to both the passive
and conventional active LQR systems.

Unsprung mass displacement
T T

20 b
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-——Active LQR
--—-Active PSO-LQR|

-
o
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L L

N
o
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30k J

40 . . N

107 10° 10" 102
Frequency (Hz)

Figure 5. Frequency response of the unsprung mass displacement

The passive suspension system (blue line in Figure 5) shows a
significant peak in unsprung mass displacement around the resonance
frequency, reaching approximately 18 dB. This peak indicates its inferior
performance in mitigating road disturbances, as high displacement
magnitudes correspond to poor road handling and increased vibration
transfer to the vehicle's chassis. In contrast, both the active LQR (red dotted
line in Figure 5) and active PSO-LQR (black dashed line in Figure 5) systems
exhibit substantial improvements, reducing the peak magnitude of unsprung
mass displacement. The active LQR system lowers the peak to about 10 dB,
demonstrating a marked improvement in controlling road-induced
vibrations. However, the active PSO-LQR system further optimizes this
performance, reducing the peak magnitude to approximately 8 dB,
showecasing its superior capability in minimizing displacement compared to
both the passive and active LQR systems. While the active LQR control
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effectively lowers the response compared to the passive system, it does not
achieve the same level of performance as the active PSO-LQR control. The
PSO algorithm's optimization of the LQR controller's weighting parameters
results in a more efficient reduction of unsprung mass displacement across
the frequency spectrum. At lower frequencies (around 0.1 Hz to 1 Hz), both
active control systems perform similarly, but at higher frequencies (above 1
Hz), the active PSO-LQR control shows a noticeable advantage.

Uunsprung mass velocity
50 T

a0t

20

Magnitude (dB)

ok Passive
Active LQR
———-Active PSO-LQR

_10 1 L
10™ 10° 10" 102
Frequency (Hz)

Figure 6. Frequency response of the unsprung mass velocity

Upon Figure 6, the passive suspension system exhibits a pronounced
peak in unsprung mass velocity near its resonance frequency, peaking at
approximately 42 dB. This peak signifies its limited ability to attenuate
disturbances from the road, as higher velocity values correlate with greater
transmission of vibrations to the vehicle's chassis and compromised
handling. In contrast, both the active LQR and active PSO-LQR systems
demonstrate significant enhancements by reducing the peak unsprung mass
velocity. The active LQR system decreases the peak to around 33 dB, marking
a notable advancement in managing road-induced vibrations. However, the
active PSO-LQR system further enhances this capability, reducing the peak
velocity to approximately 30 dB, underscoring its superior efficacy compared
to both the passive and active LQR setups.

While the active LQR control notably improves upon the passive
system, it falls short of matching the performance achieved by the active PSO-
LQR control. The PSO algorithm optimizes the LQR controller's parameters
more effectively, resulting in a more efficient reduction of unsprung mass
velocity across different frequencies. At lower frequencies (0.1 Hz to 1 Hz),
both active control systems perform similarly, but at higher frequencies
(above 1 Hz), the active PSO-LQR control exhibits a distinct advantage. This
superior performance in minimizing unsprung mass velocity indicates
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enhanced road handling, reduced vibration transfer to the vehicle's chassis,
and ultimately, improved ride comfort and safety.

5.2 Analysis in time domain results

Figure 7 illustrates the unsprung mass displacement over time for three
control strategies: Passive, Active LQR, and Active PSO-LQR. Initially, the
Passive system exhibits displacement oscillations with amplitudes reaching
approximately £0.015 meters. In contrast, both the Active LQR and Active
PSO-LQR systems show smaller initial oscillations, with amplitudes around
+0.01 meters. Over time, the Passive system continues to oscillate with large
amplitudes of about +0.01 meters. Meanwhile, the Active LQR system
stabilizes more quickly, reducing oscillation amplitudes to around +0.008
meters. The Active PSO-LQR system provides the best control, achieving the
lowest displacement oscillations with amplitudes around *0.007 meters,
indicating superior performance in minimizing displacement. This detailed
comparison highlights that while both active control strategies outperform
the Passive system, the Active PSO-LQR offers the most effective control,
underscoring the benefits of PSO optimization in managing unsprung mass
displacement.

Sprung mass displacement

0.02 o
—-== Active LQR ” ﬂ H H H n
= = Active PSO-LQR

0.01 1

- -\-Jrn.',"} a‘,\‘ﬁ'\“{ﬁ‘r‘

= 0

) HMMU@AH u

-0.01 1 i
TR
-0.02 : ‘ ‘
0 5 10 15 20
Timels]

Figure 7. Time response of the sprung mass displacement

Initially, the Passive system, in Figure 8, exhibits significant oscillations
with peak accelerations reaching approximately 1.0 m/s? and -1.5 m/s2. In
contrast, the Active LQR system shows reduced initial oscillations with peak
values around 0.6 m/s? and -0.5 m/s?, while the Active PSO-LQR system
demonstrates the smallest initial oscillations, peaking around 0.5 m/s? in
both directions. Over time, the Passive system continues to oscillate with
larger amplitudes, ranging between 0.6 m/s? and -0.8 m/s2. Both Active LQR
and Active PSO-LQR systems stabilize more quickly, with the former reducing
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oscillation amplitudes to around 0.3 m/s? and -0.4 m/s? and the latter
further reducing them to around 0.2 m/s? and -0.3 m/s2. This detailed
comparison highlights that while both active control strategies outperform
the passive system, the Active PSO-LQR offers the most effective control,
achieving the lowest oscillation amplitudes and fastest stabilization,
underscoring the benefits of PSO optimization in controlling sprung mass
acceleration.

Sprung mass acceleration

Passi\;c
—-—-Active LQR.
0.5 = = Active PSO-LQR/| {
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Figure 8. Time response of the sprung mass acceleration
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Figure 9. Time response of the unsprung mass displacement

Both the Active LQR and Active PSO-LQR show similar oscillatory
patterns but with reduced amplitudes compared to the Passive system,
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indicating better control and stability, as in Figure 9. Notably, the
displacement for Active LQR and Active PSO-LQR systems closely align with
each other, suggesting both strategies effectively minimize displacement
oscillations. However, the Active PSO-LQR shows a slightly better
performance, as indicated by marginally smaller amplitudes, demonstrating
the additional benefit of PSO optimization in controlling the unsprung mass

displacement.
Unsprung mass accleration

2 ,
Passive
—=== Active LQR
1.5 - - Active PSO-LQR| |
1
r.i'
—~
£ 05
S
0
-0.5
-1 ‘ ; ‘
0 5 10 15 20

Timels]
Figure 10. Time response of the unsprung mass acceleration

Controlled current
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1 = = Active PSO-LQR
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Figure 11. Time response of the controlled current to the hydraulic
electronic servo-valve actuator

Figure 10 illustrates the unsprung mass acceleration over time for three

different control strategies. Initially, all three systems exhibit significant
oscillations, with the Passive system showing the highest peak acceleration.
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In contrast, the Active LQR and Active PSO-LQR systems have lower initial
accelerations, indicating superior initial control. Over time, the Passive
system continues to oscillate with large amplitudes, demonstrating less
effective damping. Both Active LQR and Active PSO-LQR systems, however,
settle into more controlled oscillations with significantly lower amplitudes.
Between the two active control strategies, Active PSO-LQR shows a slight
edge over Active LQR, with marginally lower oscillation amplitudes,
suggesting enhanced performance due to the PSO optimization.

Reduction of Signals for LQR model - PSO+LQR model

I LCR model
I PSO+LQR model
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Figure 12. The reduction of the proposed models compared to: a) the
passive model, b) the LQR model

The analysis of signal reduction across Passive, LQR, and PSO+LQR
models reveals significant advancements in vehicle suspension technologies.
The Passive model consistently shows no reduction across all signal types
(0.00%), underscoring its limited effectiveness. In contrast, the LQR model
demonstrates substantial reductions: 70.64% for z , 68.81% for z , 70.39%

for z, 9.05% for z, 3.06% for z,, and 12.13% for Z,. These reductions

highlight the LQR model's superior performance in enhancing ride comfort
and stability, particularly for signals z_, z , and Z, . The PSO+LQR model also

shows significant improvements over the passive model, with reductions of
76.91% for z , 75.47% for z , 76.66% for Z_, 9.65% for z,, 3.69% for z,, and

12.05% for Z,. Although slightly variable, the PSO+LQR model still

outperforms the Passive model and achieves slightly higher reductions than
the LQR model in some cases. Overall, the LQR model's consistent and robust
performance, along with the notable improvements of the PSO+LQR model,
underscores the effectiveness of these optimized controllers. This research
establishes a strong foundation for experimental validation and further
refinement, aiming to adapt these algorithms to various driving conditions
and vehicle models, ultimately facilitating their transition from theoretical
frameworks to practical, real-world applications. Figure 12b further
emphasizes the LQR model's consistent performance, achieving
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approximately 100% reduction across all signal types, while the PSO+LQR
model shows reductions ranging from about 22%. Specifically, the LQR
model outperforms the PSO+LQR model in reducing z , z, and z, signals,

while both models are equally effective for Z , z , and Z, signals.

6. CONCLUSION

The active suspension system model used in this study incorporates the
dynamics of the electro-hydraulic actuator and the electro-servo valve,
providing a comprehensive framework for analysis. The optimization process
focuses on minimizing a cost function that integrates comfort and stability
metrics, ensuring that the resulting LQR controllers are finely tuned for
optimal performance. The results demonstrate that the LQR model achieves
nearly 100% reduction across all signal types, significantly enhancing ride
comfort and road-holding stability compared to traditional passive
suspension systems, which show the least reduction in all signals. The
PSO+LQR model shows variability, with reductions ranging from about 60%
to 100%, indicating notable improvements over the passive model but still
falling short of the LQR model's effectiveness.

The findings indicate substantial potential for advancing vehicle
suspension technologies, with the LQR model demonstrating consistent and
robust performance, thus highlighting its suitability for real-world
applications and its effectiveness in improving vehicle dynamics. This
research establishes a foundation for the experimental validation and further
refinement of these control algorithms, aiming to adapt them to diverse
driving conditions and vehicle models, and ultimately transitioning from
theoretical frameworks to practical implementations.
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