‘ ") Check for updates

Transactions of KSAE, Vol. 34, No. 7, pp.731-738 (July, 2026) Copyright © 2026 KSAE /248-01
pISSN 12256382 / eISSN 22340149
DOI http://dx.doi.org/10.7467/KSAE.2026.34.7.731

Adaptive Fuzzy-PID Control of Nonlinear Air Suspension for
Performance Enhancement in Heavy-Duty Trucks

Trong Tu Do

Faculty of Mechanical - Automotive and Civil Engineering, Electric Power University, Hanoi, Vietnam
(Received 3 November 2025 / Revised 27 January 2026 / Accepted 23 February 2026)

Abstract : Enhancing ride comfort and road-holding in heavy-duty trucks is challenging. Moreover, nonlinear air suspension
dynamics and conflicting performance objectives make controller design difficult. While conventional proportional-integral-
derivative (PID) control offers improvements, its fixed-gain structure limits adaptability under varying road and load
conditions. Accordingly, this study proposed a novel adaptive control strategy that synergizes a PID controller with a fuzzy
logic system to dynamically adjust gains in real-time. To do this, a high-fidelity nonlinear model of a quarter-truck equipped
with an air suspension system was developed and subjected to an ISO8608-2016 Class B road profile at 60 km/h. Simulation
results demonstrate the superior performance of the proposed Fuzzy-PID controller among passive, conventional PID, and
standalone fuzzy control systems. The hybrid controller achieves a good compromise between comfort and stability, reducing
sprung mass acceleration by 59.2 % to reduce vertical acceleration, improving ride comfort and road-holding by minimizing
the dynamic tire load by 35.3 % compared to the passive benchmark. Furthermore, it operates with the lowest control force
requirement, indicating greater energy efficiency. The findings establish that the Fuzzy-PID architecture effectively navigates
the classic performance trade-off, providing a robust and intelligent solution for advanced automotive suspension systems
that demand superior comfort and stability.
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Nomenclature
Ap : effective piston area, m? ki : tire stiffness, N/m
Ay : pipeline cross-sectional area, m? L : pipeline length, m
Cs : damping coefficient, Ns/m ms : sprung mass, kg
Ca : discharge coefficient My : unsprung mass, kg
e(r)  :control error, m n : polytropic index
F : total air spring force, N P : pressure, Pa
Flas : air spring force, N P, : chamber pressure, Pa
F. : control force, N P : reservoir pressure, Pa
Fa : damper force, N q : road displacement, m
Fi : tire force, N R. : reynolds number
Fao : dynamic tire load, N t :time, s
fe : friction factor T : temperature, K
Ky : proportional gain u(t)  :controller output, N
Ki : integral gain Zs : sprung mass displacement, m
Ka : derivative gain Zu : unsprung mass displacement, m
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Acronyms

ECAS : electronically controlled air suspension
FLC :fuzzy logic control

FIS  :fuzzy inference system

GA  :genetic algorithm

PID  :proportional-integral-derivative

RMS :root mean square

1. Introduction

The pursuit of optimal dynamic performance in commercial
vehicles remains a central focus of automotive engineering,
driven by escalating demands for ride quality, handling
stability, and operational safety. Heavy-duty trucks, characterized
by significant payload variations and exposure to diverse road
profiles, present particularly challenging design constraints for
suspension systems.” While passive suspension architectures
offer mechanical simplicity, their inherent compromise between
ride comfort and road holding has motivated extensive
research into active and semi-active altematives.” Among
these, air suspension systems have gained prominence due to
their superior adaptability, self-leveling capability, and inherent
vibration isolation properties compared to conventional steel
spring arrangements.>®

The development of effective control strategies for air
suspension systems must account for their fundamental
nonlinear characteristics, including gas thermodynamics, flow
dynamics through interconnecting pipelines, and amplitude-
dependent stiffness properties.*'? Early research efforts
focused primarily on conventional PID control, valued for its
implementation simplicity and reliability in linear systems.""
13 However, the fixed-gain nature of classical PID controllers
proves inadequate for handling the parameter variations and
nonlinear dynamics inherent in air suspension systems
operating under real-world conditions.!”

Subsequent investigations have explored intelligent control
paradigms to address these limitations. Fuzzy logic control
(FLC) has demonstrated considerable success in managing
system nonlinearities without requiring precise mathematical
models. Sun et al.'” showed that fuzzy-based controllers can
effectively adapt to changing operating conditions, though
they may lack the systematic tuning procedures available for
conventional controllers. The integration of optimization
methodologies with control design has emerged as a powerful
approach for performance enhancement. Genetic Algorithms
(GA), Particle Swarm Optimization (PSO), and other
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metaheuristic techniques have been successfully applied to
optimize controller parameters, demonstrating significant
improvements in suspension performance metrics.®

Recent advances have further expanded the control design
landscape. Adaptive control strategies, including Model
Reference Adaptive Control (MRAC) and adaptive neural
networks, have been developed to compensate for system
uncertainties and time-varying parameters.'>31319 Robust
control techniques such as H.. confrol and sliding mode
control have been employed to ensure performance
consistency despite modeling inaccuracies and external
disturbances.*'™? Predictive control frameworks, particularly
Model Predictive Control (MPC), have shown promise in
handling system constraints while optimizing future behavior.

Despite these substantial advances, a significant research
gap persists in developing control architectures that seamlessly
integrate the precision of model-based approaches with the
adaptability of intelligent systems. While optimization
techniques can yield excellent performance for specific
operating conditions, they often lack the real-time adaptability
required for changing road profiles and vehicle parameters.
Conversely, controllers that rely solely on real-time feedback
may not fully exploit available system knowledge to achieve
optimal performance.

To address this limitation, the present study introduces a
sophisticated hybrid control architecture that synergistically
combines the structured framework of PID control with the
adaptive capabilities of fuzzy logic. The proposed Fuzzy-PID
controller dynamically modulates its gain parameters in real-
time based on system states, enabling autonomous adaptation
to varying operational conditions while maintaining the
stability and reliability of conventional control approaches.
This research contributes to the field through (1) the
development of a high-fidelity nonlinear model of a truck air
suspension system, (2) the design and implementation of an
adaptive Fuzzy-PID control framework, (3) comprehensive
performance evaluation against benchmark control strategies,
and (4) detailed analysis of the controller's efficacy in
simultaneously optimizing ride comfort and road-holding
capabilities under diverse operating scenarios.

The remainder of this paper is organized as follows: Section
2 details the dynamic modeling of the air suspension system
and the design methodology for the Fuzzy-PID controller.
Section 3 presents simulation results and comparative
performance analysis. Section 4 provides concluding remarks
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and suggests directions for future research.

2. Dynamic Modeling and Controller Design

This section details the mathematical framework underlying
the air suspension system and the development of the proposed
Fuzzy-PID controller. First, a high-fidelity nonlinear model of
a quarter-truck equipped with an air spring is established.
Subsequently, the architecture and design methodology for the
adaptive Fuzzy-PID control strategy are presented.

2.1 Nonlinear Dynamic Modeling of Air Suspension
System

To accurately capture the system's behavior, a quarter-truck
model is adopted, comprising a sprung mass (ms) representing
the chassis and cab, and an unsprung mass (mu) representing
the wheel assembly. These masses are interconnected by the
air spring actuator and a conventional damper with coefficient
cs. The tire is modeled as a linear spring with stiffness ki,
reacting to road displacement input q. The vertical
displacements of the sprung and unsprung masses are denoted
as 7z and zy, respectively. The dynamic equations of motion are
derived from a free-body diagram and are given by:

5

mHEH = F‘d“‘ Fm“ E

mR28= “P:i o }:;
(h

where zs and z, are the vertical displacements of the sprung and
unsprung masses, respectively. Fq is the force from the passive
damper. Fss is the nonlinear force generated by the air spring
actuator. F. is the control force from the active element (to be
defined by the Fuzzy-PID controller). Fiis the tire force.
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Fig. 1 Quarter-truck with air suspension system configuration
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The damper force and tire force are modeled as:

)

Fi=c,(¢,-2,)
F=k(z,—q)

where ¢s is the damping coefficient, ks the tire stiffhess, and
q is the road displacement input.

2.1.1 Air spring thermodynamic model
The air spring is modeled as a primary chamber connected
to an auxiliary reservoir (accumulator) via an orifice. The
following fundamental assumptions are made:
¢ Theairis treated as an ideal gas.
* The process is polytropic, PV"= constant.
¢ Heat transfer effects are captured by the polytropic index
varies with temperature and volumetric changes to capture
thermal dynamics.
¢ Flow through the connecting pipeline is turbulent.
The pressure in the primary chamber (P¢) and the reservoir
(Py) are derived from the polytropic relation and mass

conservation:

P=P, *
0 _p(zg“zu)

p=p[—Lo ]
R V.ot A4n

where P, V., By, V,, are initial pressures and volumes.

3)

4, is effective piston area of the main chamber. 4 is effective
cross-sectional area related to the pipeline flow. 7 is
displacement of the “gas column” in the pipeline. 7., #, are
polytropic indices for the chamber and reservoir.

The polytropic index is modeled as variable to account for
thermal and dynamic effects:

n(T,V)=n+ AT + )y | )

where #, is the baseline index, and @, , @, are coefficients for
thermal and velocity-dependent corrections.

2.1.2 Pipeline flow dynamics

The mass flow rate 7 through the connecting orifice is
modeled for turbulent flow using a quadratic dependence on
the pressure difference:
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where C, is the discharge coefficient and p is the air density.

This mass flow is linked to the dynamics of the gas in the
pipeline. Applying Newton's second law to the gas column, its
motion is described by:

o 1
pLAj= A (P~P)-—pi4,

A7 ©6)

where L is the length of the connecting pipeline; £ is the
pressure loss coefficient due to friction; 77 represents the gas-

column displacement in the pipeline.

2.1.3 Composite air spring force

The total force exerted by the air spring on the masses is a
combination of the static pressure force and the dynamic flow-
dependent force. A widely accepted and physically consistent
model is used:

Fas = }ZAP : kﬂ(zs_ zﬂ} + Cﬂl(z.-?_ z.ﬂ }+ kﬂ(q)q (7)

where F.A, is the primary force from the pressure in the main
chamber acting on the piston area. %, , ¢, are mechanical
stiffness and damping coefficients representing the elastomeric
components of the spring. k,(77) is the stiffness coefficient
related to the gas dynamics in the accumulator, which may be
a function of 7 .

Substituting all force components into the equations of
motion yields the final nonlinear model used for simulation

and control design:

mz= | PA,+ (2~ 2) + Cul- 2) + 11|
-, (4-2,)+F,

mz, =[ PA, + ky(2-2,) + oG- 2) + k1 | ®
*,(2,-2) - k2, - 9)

pLAj= A4 (=P} 3054, il

2.2 Fuzzy-PID Controller Design

The proposed control strategy enhances a conventional PID
controller by dynamically adjusting its gains using a fuzzy
inference system. This hybrid architecture aims to overcome

the limitations of fixed-gain controllers in handling

734 ESASAB UL =2 A ATE, 2026

nonlinearities and operating condition variations.

2.2.1 PID control structure
The control force u(t) generated by the PID controller is
given by:

u(t) =K () +K, j[e(r)dr + Kd% ©)

t

where e(f) =z¥—z (f) is the error between the desired and
actual sprung mass displacement. In the active suspension
context, z,” is typically zero, representing the equilibrium
position.

2.2.2 Fuzzy gain scheduling system

The proportional, integral, and derivative gains (Kp, Ki, Ka)
are dynamically adjusted online based on the error e(r) and
its derivative ¢(r) , which serve as the inputs to the fuzzy
inference system.

Fuzzification: The inputs e(r) and é(r) are mapped into
fuzzy sets using linguistic variables. The membership
functions for both inputs are defined over the universe of
discourse [-1, 1] with seven linguistic labels: Negative Big
(NB), Negative Medium (NM), Negative Small (NS), Zero
(ZE), Positive Small (PS), Positive Medium (PM), Positive
Big (PB). A Gaussian membership function is employed for
smooth transitions.

Fuzzy Rule Base: The core of the fuzzy system is a set of
49 rule of the form: IF e is 4 AND é is B,, THEN AK,
is G, AK, is D;, AK, is E, . where 4, B, are the input
fuzzy sets and C,, D,, E, are the output fuzzy sets for the
gain adjustments.

The following control strategies are designed to enforce the
following control strategy:

* When the error is large, increase K, and K, toimprove

response speed and reduce to prevent integral windup.

* When the error is small, reduce K, to minimize

overshoot and increase to eliminate steady-state error.

* When the error is increasing ( é >0), increase K, to

provide additional damping.

Inference and Defuzzification: The Mamdani fuzzy
inference method is used to evaluate the rules. The output
fuzzy sets for the gain adjustments are then converted into crisp
values AK, , AK, | AK, using the centroid defuzzification
method. The final, adaptive PID gains are computed as:
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Table 1 Fuzzy rule base for gain adjustment

e\é NB | NM NS ZE PS PM

NB PB PB PM PM PS ZE

NM PB PB PM PS PS ZE

NS PM | PM PM PS ZE NS

PS PS PS ZE NS NS NM

PM PS ZE NS NM | NM | NM

PB
ZE
NS
NS
ZE PM | PM PS L NS NM | NM
NM
NB
NB

PB ZE ZE NM | NM | NM | NB

K, (1)=K, +AK, (1)
KI.(I‘} = Km o+ AKi(t) (10)
Ky(t) =Ky +AK, (D)

where K, , K, , K, are the baseline PID gains, typically
obtained from preliminary tuning or optimization for a
nominal operating condition.

This Fuzzy-PID architecture enables the controller to
autonomously modulate its aggression and damping
characteristics in response to the real-time state of the system,
thereby maintaining high performance across the wide range
of disturbances and operating conditions experienced by a
heavy-duty truck. Two calibrated versions of this controller,
termed Fuzzy-PID1 and Fuzzy-PID2, are presented in this
study. Both controllers share the identical structure, rule base,
and inputs described above. The distinction lies in the
calibration of the gain-adjustment aggressiveness. Fuzzy-PID1
is tuned for a comfort-oriented response, utilizing narrower
membership functions and conservative scaling factors that
result in smoother, more moderate gain adjustments. In
contrast, Fuzzy-PID2 is a stability-oriented variant, employing
wider membership functions and more aggressive scaling to
enable larger, more responsive gain modifications. This dual
presentation demonstrates the inherent flexibility of the
proposed fuzzy-PID framework, which can be tuned to
prioritize different performance objectives—a key advantage

over fixed-gain controllers.

3. Simulation and analysis

This section presents a comprehensive evaluation of the
proposed control strategies through numerical simulations.
The performance of the Passive, PID, Fuzzy, and two Fuzzy-
PID controllers is assessed under excitation from an ISO8608-
2016 Class B road profile at a vehicle speed of 60 km/h. The
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analysis focuses on key performance metrics including ride
comfort, road-holding capability, and suspension working
space.

The vehicle was subjected to a random road excitation
conforming to ISO8608-2016 Class B standards, representing
atypical average-quality paved road. As shown in Figure 2, the
road profile exhibits characteristic random irregularities with
an amplitude range of +0.04 m, providing a realistic test
scenario for evaluating suspension performance under highway

driving conditions.

Fig. 2 Road exogenous for simulation

Ride comfort, primarily determined by the vertical
dynamics of the sprung mass, was evaluated through
acceleration, velocity, and displacement metrics. Figure 3
illustrates the time-domain responses of the sprung mass
acceleration ( Z, ), while Table 2 provides the corresponding
Root Mean Square (RMS) values for all comfort-related

parameters.

Table 2 Ride comfort performance metrics (RMS values)

Metric | Passive | PID | Fuzzy |Fuzzy-PID1 | Fuzzy-PID2
Z, 4.686 1.934 | 1.907 1.913 1.945
z, 0272 | 0.065 | 0.070 0.067 0.068
- 0.021 | 0.010 | 0.010 0.010 0.010

The results demonstrate considerable in ride comfort
achieved by all active control strategies compared to the
passive suspension. Specifically, the Fuzzy controller achieved
the best performance in minimizing sprung mass acceleration
with a reduction of 59.3 % compared to the passive system,
closely followed by Fuzzy-PID1 (59.2 % reduction) and the
conventional PID controller (58.7 % reduction). This significant
attenuation of wertical acceleration directly translates to
enhanced passenger comfort and reduced fatigue during
extended driving periods.
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Fig. 3 Sprung mass characteristics due to simulation

Analysis of the sprung mass velocity reveals that the PID
controller provided superior performance with a 76.1 %
reduction relative to the passive system. The suspension travel,
represented by the relative displacement between sprung and
unsprung masses in Figure 3, shows that all active controllers
effectively reduced the RMS displacement by approximately
50-55 %, with the Fuzzy controller achieving the best
performance in this metric.

The suspension system's ability to maintain consistent tire-
road contact is crucial for vehicle stability and safety. Figure 7
displays the dynamic tire load variations, while Table 3
summarizes the road-holding performance metrics.

The dynamic tire load ( F., ), a critical indicator of road-
holding capability, shows remarkable improvement with the
active control strategies. The Fuzzy-PID1 controller achieved
the best performance with a 35.3 % reduction in dynamic load
fluctuations compared to the passive system. This reduction
indicates superior tire-road contact maintenance, which
enhances traction and directional stability, particularly during
comering and braking maneuvers.

Notably, the unsprung mass acceleration increased with all
active controllers, revealing a fundamental trade-off between
ride comfort and road-holding. However, the Fuzzy-PID1
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Table 3 Road-holding performance metrics

Metric | Passive | PID | Fuzzy F;DZZ){ g FI:‘IZS;'
z, 19630 | 21.774 | 22289 | 21403 | 21.665
z, 0262 | 0353 | 0345 | 0346 | 0351
3 0015 | 0014 | 0014 | 0014 | 0014

F,N) | 23185 | 15213 | 15309 | 14994 | 15290
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Fig. 4 Unsprung mass characteristics due to simulation

controller minimized this compromise, showing the lowest
unsprung mass acceleration among the active control strategies
while maintaining excellent comfort characteristics.

The suspension working space and energy consumption
were evaluated through the relative displacement and control
force requirements. Figure 5 illustrates the suspension
deflection ( 2, —Z2, ), while the control force metrics are
presented in Table 4.

— Pl curbrabor ——FUEFPID, —— Furmy
FI?wMD, = = Passhe

Fig. 5 Suspension travel
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Table 4 Suspension system performance metrics

Metric | Passive | PID | Fuzzy | Fuzzy-PID1 | Fuzzy-PID2
FaringN) | 20622 | 951 | 954 896 908

The results indicate that all active controllers dramatically
reduced the spring force requirements by over 95 % compared
to the passive suspension. The Fuzzy-PID1 controller
demonstrated the highest energy efficiency, requiring the
lowest control force among all active strategies. This reduction
in force requirement not only improves energy efficiency but
also reduces stress on suspension components, potentially
extending their service life.

S — e ) Fuzzy
I PID, = = Pagaie

| PID coriiler ——Fuen-PID, Fuzzy
e FEZy-FID, = = Pazswa

Fig. 7 Dynamic load force on the road

4. Conclusions

This research has successfully developed and validated an
adaptive Fuzzy-PID control strategy for heavy-duty truck air
suspension systems, demonstrating its superior capability in
resolving the fundamental conflict between ride comfort and
road holding. Through comprehensive simulations on a high-
fidelity nonlinear model under ISO8608 Class B road
excitation at 60 km/h, the proposed controller achieved a
substantial 59.2 % reduction in sprung mass acceleration for
enhanced ride comfort, while simultaneously improving
vehicle stability through a 35.3 % reduction in dynamic tire
load fluctuations. The hybrid architecture effectively combines
the precision of PID control with the adaptability of fuzzy
logic, enabling real-time gain adjustment that outperforms
both conventional PID and standalone fuzzy controllers.

The findings conclusively establish the Fuzzy-PID controller
as an intelligent solution that provides a balanced optimization
of conflicting performance objectives in nonlinear air suspension
systems. By demonstrating significant improvements in both
comfort and safety metrics while maintaining energy
efficiency through reduced control force requirements, this
research presents a robust control framework suitable for real-
world automotive applications. Future work will focus on
hardware-in-the-loop validation, expansion to full-vehicle
models incorporating roll and pitch dynamics, and integration
with broader vehicle control systems for comprehensive
performance enhancement.
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