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Abstract: This study provides a thorough assessment of active suspension control strategies, emphasising the efficacy of
traditional PID control, a novel algorithm, and their combined implementation. The analysis evaluates system stability,
vibration attenuation, displacement regulation, and acceleration response across diverse operating conditions, including white
noise input. Results show that PID control effectively reduces vibration and maintains baseline performance stability in active
suspension systems. The proposed new algorithm, on the other hand, shows better adaptability and dynamic response, especially
in the presence of random disturbances. The new algorithm stands out because it cuts acceleration by 50%, demonstrating its
effectiveness at reducing vehicle body vibration and making the ride more comfortable. The hybrid control method, which
combines PID control with the new algorithm, gives the best overall performance, with better stability, reliability, and optimised
displacement and acceleration characteristics. Comparative results show that the new algorithm improves both displacement
and acceleration control beyond what PID alone can achieve, making it easier to handle across a wider range of driving
situations. These results show how the proposed control strategy could transform active suspension systems, setting a new
standard for vehicle dynamics and improving comfort, safety, and performance.
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1. Introduction

The vehicle suspension system, comprising springs and shock absorbers, is vital for accommodating vehicle oscillation and

connecting the vehicle to its wheels. Recent advancements in suspension system performance aim to enhance vehicle efficiency.
Proposals for redesigned suspension systems have emerged, pushing the boundaries of elements to boost performance and
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sophistication [16]. The suspension system significantly contributes to road holding, braking, driving pleasure, and safety,
keeping the vehicle isolated from road disturbances and within acceptable deflection limits. The control method of a vehicle's
suspension system is crucial for balancing ride comfort and handling. Suspension systems can be passive or active, with active
systems utilising electronic components to adjust to real-time conditions [17] dynamically. Electronic control units process sensor
data, enabling optimal performance through automatic or driver-selectable tuning [18]. Despite the benefits of improved comfort,
handling, and traction, challenges include system complexity and potential cost implications.

Overall, advanced suspension control is essential for enhancing the driving experience by achieving a harmonious balance
between comfort and performance [1]. Researchers explore passive, semi-active, and active suspension designs through
MATLAB/Simulink analysis and experiments, seeking an optimal compromise to achieve maximum ride comfort and handling
by controlling suspension forces [2]; [3]. MATLAB/Simulink models are being developed nowadays to analyse the dynamic
behaviour of a passive suspension system for a lightweight electric vehicle, based on a two-degrees-of-freedom quarter-car
model. The model's frequency responses align closely with theoretical calculations, indicating its potential for extension to a full
vehicle model for designing effective isolators against unwanted vibrations [4]. Utilising PID controllers with automatic feedback
control in MATLAB/Simulink enables dynamic characterisation and visualisation, addressing stability concerns in
electromechanical systems for efficient suspension [5]. The PID controller block diagram in Figure 1 is widely utilised as the
most common controller in industrial applications [2121].
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Figure 1: Block diagram from PID controller [6]

The mathematical form of the PID controller can be expressed as follows:

d
u(t) = Kpegoy + K; [, e()dt + Ky = (1)
Where:
e g(t): Set point Plant Output
e Kp: Proportional Gain
o Ki: Internal Gain
e Kd: Derivative Gain

The vehicle's suspension system is pivotal for stability and ride comfort. Traditional passive suspension limitations prompted
research into semi-active suspension, offering advantages in energy efficiency and improved comfort. This study establishes a
1/4-car semi-active suspension model, implements a PID control system, and validates the design through MATLAB/Simulink
simulation, demonstrating its effectiveness [7]. The 1/4-car semi-active suspension model captures the vehicle's dynamic aspects,
including tilting movements, body acceleration, suspension deflection, and tyre dynamic load. Its simplicity and minimal design
parameters make it a widely studied choice for vibration control compared to complex vehicle models. Two degrees of Freedom
1/4-car semi-active suspension mode differential equations (2) are shown in Figure 2.
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Figure 2: Two-degree-of-freedom 1/4-car semi-active suspension
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Where, mi: non-suspension mass; m; is the suspension mass; Ks: suspension spring stiffness; K tyre stiffness; Cs: damper
damping coefficient; X, is the road roughness; X; is the non-suspension mass displacement; X: Suspension mass displacement;
U: adjustable damping force. A quarter-car suspension system using LQR, fuzzy logic control (FLC), and fuzzy-LQR algorithms
achieved 84.2% improvement in body motion, 90% in car acceleration, 84.5% in suspension deflection, and 86.7% in tyre
deflection, indicating substantial enhancements in ride comfort [8]. Robust control for indeterminate active car suspension
systems using an input-lag approach is investigated, where a quarter-car model is transformed into a continuous-time system
with state delay, incorporating polytopic parameter uncertainty to characterise actual uncertainties [9]. Widely adopted in
business, PID control is known for its simplicity and versatility in managing diverse systems. Its ability to adjust critical
parameters such as overshoot, rise time, and settling time contributes to its popularity.

However, PID's reliance on high loop gains makes it vulnerable to parameter fluctuations [10]. The role that active suspension
components play in improving vehicle stability and ride quality is attracting significant attention [11]. Numerous control
strategies have been investigated in this field, including the linear quadratic regulator, adaptive sliding control, H o control,
sliding control mode, fuzzy logic, preview control, optimal control, and neural network methods [12]. This study aims to assess
the performance of active suspension systems in response to various road input signals, including unit-step, sine-wave, and white-
noise signals [13]. The research will involve developing mathematical models for road inputs and active suspension control
algorithms, followed by simulations in MATLAB/Simulink [14]. The objective is to compare the outcomes of passive and active
suspension systems under different control strategies and road conditions [15].

2. Mathematical Model

This stepwise breakdown illustrates the progression of the methodology, from the initial modelling of road inputs to the execution
and analysis of simulations, as shown in Figure 3:

2.1. Road Input Modelling

e  Develop mathematical models for unit-step, sine-wave, and white-noise signals.
e  Utilise MATLAB/Simulink for simulating road inputs based on the mathematical models.

2.2. Active Suspension Control Algorithms

e Propose and implement three control algorithms: PID control, Pavement feedback control, and a novel algorithm.
e Rigorously regulate and optimise the parameters of the control algorithms.
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2.3. Simulation Models

e  Construct computer simulation models for both passive and active suspension systems.
e Integrate mathematical equations governing suspension forces into the simulation models.

2.4. System Combination

e Combine simulation models to create different sets of suspension simulation systems.

e Form sets representing both road input - passive suspension systems and road input - PID Control active suspension
systems.

2.5. Simulation Execution
o  Apply input parameters to the simulation systems.

e  Execute simulations using MATLAB/Simulink.
e Analyse output curves qualitatively and quantitatively.

Road Input
Modeling

Active Suspension
Control Algorithms

Simulation Models

System
Combination

Simulation
Execution

Figure 3: Flow chart of methodology for active suspension simulations in MATLAB

The mathematical models of the system are a prerequisite for the entire control design, and control system design is closely
related to the quality evaluation model for the control system [19]. Considering ¥ of the vehicle dynamic model, where the
sprung mass M1 represents the vehicle body, and the unsprung mass M2 is an assembly of the axle and wheel [20]. The tyre is
assured to contact the road surface when the vehicle is travelling, and is modelled as a linear spring with stiffness k2, as shown
in Figure 4.
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Road

Figure 4: ¥ model of active suspension system with actuating force (u) between sprung
The linear damper, whose average damping coefficient is D, and the linear spring, whose average stiffness coefficient is ki,
consist of the passive component of the suspension system. The state variables Xo(t) and xx(t) are the vertical displacements of

the sprung and unsprung masses, respectively, and xi(t) is the vertical road profile. The present model is analysed in the vehicle
suspension system dynamics and establishes two degrees of freedom motion differential equations as shown:

My, () — D[%o(t) — %2 (0)] + ky[x2(t) — xo (O] + ka[x2(t) — x;(t)] = —u 3
myXo(t) + D[xo(t) — 22 ()] + kq[xo(t) — x,(B)] = u

Researchers can set:

X1 = x%3(t), x5 = xo(t), x5 = %, (t), x4 = % (t) 4)
The system state space equation can be expressed as:

ax
= = AX + BU (5)

In this equation, state variable matrices are:
X=1[x x x5 x] (6)

Constant matrices A and B are shown below:

0 0 1 0
[ 0 0 0 1 |
A:|— katk ks D D %
my my my my
l L% b D _D
mq mq mq mq
0 0
0 0
— |k L
B=lm m ®
1
—
The system input variable matrix is:
U=[x@® ul" 9)
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The vehicle suspension system output matrix equation is:

Y =CX + DU (10)
In the above equation, the output variable matrix Y is:

Y ={k,[x(0) —x (O] %@ x(0)} 11)
Y can also be expressed as the following equation:

Y = {k,[x;(t) —x1] %, x,} (12)

Constant matrices C and D are shown below:

-k 0 0 0
co|lx _x 2 _» 13)
mq my mq mq
o0 1 0 o0
k, 0
1
D=10 - (14)
0 0

Various road signals, like step or sine inputs, are considered. However, at constant vehicle speed, road roughness follows a
Gaussian distribution. It defies accurate mathematical description. The vehicle speed's power spectral density, a constant akin
to white noise, can be easily converted into a road roughness time-domain model [22]. White noise is a random signal with
equal intensity across frequencies, representing randomness [23]. Commonly used in simulations, it models random
disturbances or fluctuations (Figure 5).

\White Noise Signal

Figure 5: White noise input signal

According to the ISO/TC108/SC2N67 international standard, the road surface vertical displacement power spectral density
(PSD), Gq4(n), is defined as the following formula:

G, (1) = Gy(ny) (nlo)_w (15)

Where ‘n’ is the spatial frequency, the reciprocal of the wavelength, unit m; ‘no’ is the reference spatial frequency, no=0.1m
L. “Gg(no)’ is the road roughness coefficient, unit m®m=; ‘W’ is the frequency index, which determines the road surface
frequency spectrum structure, usually taking the frequency index W=2, considering the velocity when researchers input the
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road signal. Vehicle velocity ‘v,” researchers can convert spatial frequency power spectral density Gq(n) to time frequency
power spectral density Gq4(f). When a vehicle drives through a section of road roughness, whose spatial frequency is n (unit
m-1), and the vehicle velocity is v (unit is ms™), the time frequency f (unit s?) is the product of n and v:

f=nxv (16)

The relation of time frequency power spectral density Gq(f) and spatial frequency power spectral density Gq4(n), which is:

G (f) = 3G (n) (17)

When W = 2, researchers have:

6,(F) = 36,(m0) (1) = Eani (18)
q p q\to no 2

White noise generation method among them, because it has a clear physical meaning, easy computing character:

q(t) = —2mfoq(t) + 2mng,/ Ga(ng)v * w(t) (19)

q(t) =Random Road input signal; fo=Filter-lower-cut-off frequency; Gq(n0) =Road roughness coefficient, unit m2/m-1; w(t) =
Gaussian white noise. Through Laplace transformation:

as) 21ng_|Gq(no)v (20)

w(s) - s+2mfy

According to the international standard, there are eight road levels, designated A-H, as shown in Table 1. A level is the best
road level, and H is the worst.

Table 1: Eight degrees of road roughness

Road Level G,(n,)/(107°m3) 0,/(1073 m)
(n,=0.1m™1) 0.01lm ! <n<2.83m™!
Geometric Average Geometric Average

A 16 3.81

B 64 7.61

C 256 15.23
D 1024 30.45
E 4096 60.90
F 16384 121.80
G 65536 243.61
H 262144 487.22

The following form shows the reference changing with different road levels. The three PID parameters identified are Kp = 10,
Ki=0.1, and Kd = 0.1. The vehicle suspension model system input parameters are shown in Table 2.

Table 2: Vehicle suspension model system input parameters form

m, (Kg) m, (Kg) K¢(N/m) K (N/m) D(Ns/m)
300 40 15000 150000 1000

3. Numerical Model

The novel algorithm redefines the active force generation for masses m1 and m2, departing from traditional methods such as the
sky-hook and ground-hook. It uniquely determines the variable (u) by incorporating factors such as the relative positions of the
body mass and the wheel, along with the body mass's movement speed, thereby optimising control and performance. Active
force fitting formula:
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u = —[ly (o (6) = x,(8)) + [ 22 (21)

In the equation presented, u denotes the active force from an active actuator, with 11 and 12 as distinct coefficients tailored to
each vehicle model. The quest for optimal active force involves identifying appropriate 11 and 12 coefficients through pavement
monitoring. The fitting formula decomposes u into two segments: the first, -I1*[xo(t)-x2(t)], mimics an extra-spring system,
while the second, -12*dxo(t)/dt, behaves as a damping system. This formulation conceptualises you as the resultant force from

two active devices, promoting stability, straightforward control, and averting system divergence (Figure 6).

Figure 6: Model of active suspension system with actuating force (u) between sprung and unsprung mass

Relative position is ascertained through a displacement transducer, while velocity is gleaned from a velocity sensor (Figure 7).
Sprung Mass M1

k1l

Unsprung Mass W—

Figure 7: Math model of passive suspension system

Although it does not rank among the most effective in experiments, the algorithm's emphasis on stability and controlled operation

remains paramount.
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Figure 8: New algorithm active suspension system Simulink structure with the white noise input

Now, comparing the Active suspension system and the passive suspension system with and without PID are two cases, for which
the Simulink models are shown in Figures 8 and 9, respectively.

1

Band-Limited
White Noise2

1

2D .s+k1"%2|
»

B
Integrator2 Gsin2
=D
Scope7? Scopef

Y

s

Integrator2

Gsin2

Scopes8

B =

-

den{s)
Transfer Fcn4

Scope11

Derivative

xo{t)y-x2(t)

x' = Ax+Bu

Derivative1

y = Cx+Du

State-Space1

Gain1

Gaing

=3

PID(s)

PID Controller1

Derivative2

Figure 9: New algorithm PID control active suspension system Simulink structure with the white noise input

4. Result

The comparative analysis of the active suspension control systems, as depicted in Figures 10, 11, 12, and 13, reveals intriguing
insights into their performance under varying conditions. The new active-suspension control algorithm emerges as a formidable
contender, exhibiting remarkable efficacy, especially in managing displacement under white-noise input.
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Figure 10: New algorithm active suspension system compares with passive suspension system output displacement time
response with the input of a white noise signal

The absence of significant fluctuations in the curves underscores the stability of the system. Notably, this system achieves
approximately a 50% reduction in acceleration, a factor that significantly contributes to its superior overall equipment
effectiveness compared to the conventional pavement feedback system.
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Figure 11: New algorithm active suspension system output acceleration time response with the input of a white noise signal,
and compare with the passive suspension system

The implications of these findings are substantial, as they suggest that the new algorithm not only surpasses its predecessor but
sets a new standard for active suspension control. Further advancements are evident compared to the PID-controlled active
suspension system. The new PID control algorithm not only builds on the successes of its predecessor but also further refines
the output displacement and acceleration. The flatter curves in Figures 12 and 13 indicate a smoother, more controlled response,
highlighting the system's enhanced reliability and stability.

This improvement is particularly noteworthy as it addresses one of the challenges in active suspension systems—maintaining
optimal performance across diverse driving conditions. The holistic evaluation of these results prompts a reflection on the
evolving landscape of suspension control technology. The strides made by the new algorithm, both in isolation and in
comparison to existing systems, underscore its potential to redefine the standards of performance and efficiency in vehicular
suspension.
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Figure 12: New algorithm PID control active suspension compared with passive suspension system output displacement time
response with the input of a white noise signal

As researchers enter a new era of automotive engineering, the continuous refinement of these control systems not only promises
a more comfortable and secure driving experience but also opens the door to further innovation in vehicle dynamics.

Figure 13: New algorithm PID control active suspension system output acceleration time response with the input of a white
noise signal

5. Conclusion

The study of active suspension control strategies shows that the tested methods exhibit very different levels of performance and
effectiveness. The comparison shows that traditional PID control is a stable and reliable starting point for vehicle suspension
systems. Still, its performance can be greatly improved when combined with the new control algorithm. The combined approach
leverages the strengths and ease of PID control with the new algorithm's ability to adapt and optimise, making the system more
stable, the ride more comfortable, and the vehicle easier to handle overall. The new algorithm stands out because it can
independently reduce acceleration by a huge 50%, demonstrating that it is better at reducing vibration and making passengers
more comfortable. It also improves displacement control, helping the car stay on the road better and move less when driving
conditions change. Compared with traditional PID control, the new method consistently provides better dynamic response and
disturbance rejection. These results show how the proposed algorithm could change the operation of active suspension systems.
This method helps make vehicle dynamics and smart automotive control systems better by setting a higher standard for
controlling displacement and acceleration. Overall, the results support using the new algorithm, either on its own or in
combination with PID control, to advance next-generation active suspension technologies.
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In summary, analysing active suspension control methods highlights their distinct strengths. Combining PID control with the
new algorithm proves most effective, ensuring superior stability and reliability while enhancing displacement and acceleration
characteristics. The new algorithm stands out with a 50% reduction in acceleration, demonstrating superior overall
effectiveness. Comparisons with PID control reveal its capacity to refine displacement and acceleration. These findings
underscore the transformative potential of the new algorithm, setting a new standard for active suspension control and
contributing to the evolution of vehicle dynamics.
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