A
UK Atomic
Energy

RACE

UKAEA-RACE-PR(25)07

Tayfun Abut, Enver Salkim, Harun Tugal

Active Suspension Control for
Improved Ride Comfort and Vehicle
Performance Using HHO-Based
Type-l and Type-ll Fuzzy Logic



Enquiries about copyright and reproduction should in the first instance be addressed to the UKAEA
Publications Officer, Culham Science Centre, Building K1/0/83 Abingdon, Oxfordshire,
OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.

The contents of this document and all other UKAEA Preprints, Reports and Conference Papers are
available to view online free at scientific-publications.ukaea.uk/



https://scientific-publications.ukaea.uk/

Active Suspension Control for
Improved Ride Comfort and Vehicle
Performance Using HHO-Based
Type-l and Type-ll Fuzzy Logic

Tayfun Abut, Enver Salkim, Harun Tugal

This is a preprint of a paper submitted for publication in
Biomimetics






)\{ biomimetics

Article

Active Suspension Control for Improved Ride Comfort and
Vehicle Performance Using HHO-Based Type-I and Type-II

Fuzzy Logic

Tayfun Abut ', Enver Salkim **, and Harun Tugal *

1

Department of Mechanical Engineering, Mus Alparslan University, 49250 Mus, Ttirkiye

2 Department of Electronics and Automation, Mus Alparslan University, 49250 Mus, Tiirkiye, e.salkim@ucl.ac.uk

Academic Editor(s):

Received: date
Revised: date
Accepted: date
Published: date

Citation:

Copyright: © 2025 by the
authors. Submitted for possible
open access publication under
the terms and conditions of the
Creative Commons Attribution
(CC BY) license

(https:/ /creativecommons.org/1i
censes/by/4.0/).

* Department of Electronic and Electrical Engineering, University College London (UCL), Torrington Place,
London WCIE 7JE, UK

* UK Atomic Energy Authority (UKAEA), Remote Applications in Challenging Environments (RACE), Culham
Campus, Abingdon OX14 3DB, Oxfordshire, UK

* Correspondence: t.abut@alparslan.edu.tr

Abstract: This study focuses on improving the control system of vehicle suspension,
which is critical for optimizing driving dynamics and enhancing passenger comfort.
Traditional passive suspension systems are limited in their ability to effectively mitigate
road-induced vibrations, often resulting in compromised ride quality and vehicle
handling. To overcome these limitations, this work explores the application of active
suspension control strategies aimed at improving both comfort and performance. Type-I
and Type-II Fuzzy Logic Control (FLC) methods were designed and implemented to
enhance vehicle stability and ride quality. The Harris Hawks Optimization (HHO)
algorithm was employed to optimize the membership function parameters of both fuzzy
control types. The system was tested under two distinct road disturbance inputs to
evaluate performance. Designed control methods evaluated in simulations where results
demonstrated that the proposed active control approaches significantly outperformed
the passive suspension system in terms of vibration reduction. Specifically, the Type-II
FLC achieved a 54.7% reduction in vehicle body displacement and a 76.8% reduction in
acceleration for the first road input, while improvements of 75.2% and 72.8% were
recorded, respectively, for the second input. Performance was assessed using
percentage-based metrics and Root Mean Square Error (RMSE) criteria. Numerical and
graphical analyses of suspension deflection and tire deformation further confirm that the
proposed control strategies substantially enhance both ride comfort and vehicle
handling.

Keywords: Active control; Type I FLC; Type II FLC; Harris Hawks Optimization (HHO)
algorithm

1. Introduction

The purpose of suspension systems in automobiles is to improve comfort by
reducing the vibrations that passengers in the vehicle are exposed to while driving and
to isolate the effects of vibrations caused by distortions in the road profile. To achieve
this, Active Suspension Systems (ASS), which offer effective solutions for suppressing
vibrations, are used [1-3]. The results obtained in both the simulation and test
environment from a hydraulic actuated quarter car suspension system moving under
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the effects of Coulomb friction were compared by using nonlinear control laws and
observer-based nonlinear controllers [4]. Active control of the quarter car system (QCS)
using the Fuzzy Logic Control (FLC) method was put forward by Cherry and Jones [5].
The control of the QCS through the Linear Quadratic Gaussian (LQG) method was
conducted in a simulation environment [6]. D’Amato and Viassolo simulated the active
control of the quarter car system (QCS) with a Genetic Algorithm (GA) optimization-
based FLC controller with two different road inputs [7]. The AC of the QCS system was
controlled via the FLC method [8]. Three different road inputs were applied. It was
supported by graphical results that the method designed and applied in the simulation
environment increased driving performance. Al-Holou et al. [9] suggested active control
with the FLC (SMNNNFLC) method based on sliding mode neural network inference
for the QCS and implemented it in the simulation environment. The approach was
contrasted with sliding mode control, sliding mode fuzzy logic control, and the passive
form of the system. The SMNNNFLC method was shown to provide high ride comfort
and handling qualities.

Abdelhady and Alhasan suggested a neural fuzzy (NF) control scheme for active
control and put it into practice in a simulation [10]. This approach contrasts with the
FLC and Linear Quadratic Regulator (LQR) approaches. In the study, it was revealed
that improvements made under a medium-quality road surface and 30 m/s speed, ISO-
weighted body acceleration, and dynamic tire deflection provided a reduction of 17%
and 20% in RMS values, respectively. Huang and Lin conducted active control of the
QCS in a test environment with a self-adjusting adaptive control method with a fuzzy
control loop to compensate for the modeling error [11]. The outcomes illustrated that the
method decreased the oscillation amplitude of the vehicle body and improved ride
comfort. It was presented that the combination of adaptive and fuzzy control strategies
only had a significant improvement in suppressing position oscillation and reducing
acceleration power spectral density (PSD) compared to adaptive control and passive
systems. The active control of the QCS was conducted by Sharkawy with FLC and
Adaptive Fuzzy Control (AFC) methods [12]. Two different road inputs were used in the
study. The methods were compared with the LQR control method and the passive
version of the system. According to the graphical results, the AFC method provided
better results.

Gao et al. [13] presented the control of a hydro-pneumatic ASS based on a non-
linear quarter car model using the Proportional, Integral, and Derivative (PID) control
method. Active suspension control was performed by using the Bathfp software
package. Zhang et al. [14] presented the simulation of the QCS with a dynamic sliding-
mode controller with fuzzy adaptive adjustment for the ASS. According to the
simulation results, the suggested controller outperformed the traditional sliding-mode
controller’s LQG control strategy in terms of vibration isolation of the vehicle body. Cao
et al. [15] controlled the quarter car system by using an intermittent Type-II FLC. The
lower and upper limits of the membership functions were acquired with the adaptive
fuzzy logic controller (AFC) from the least mean squares optimal algorithm (LMS). The
method provided better results compared to the typical FLC and the passive state of the
system. Tusset et al. [16] performed the active control of the quarter car system with the
FLC method. In the study where the FLC method was suggested and implemented for
the control of the QCS, the methods were compared by using PID control management.
It reduced body acceleration and increased passenger comfort [17]. Lin et al. [18]
performed the control of the quarter car system by using indirect adaptive interval
Type-II fuzzy neural network control sliding mode control (Interval Type-II ENNSMC)
and Type-I FNNSMC methods. The results obtained by the Interval Type-II FNNSMC
method provided better results compared to the Type-I FNNSMC method.
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The modeling of an ASS and intermittent Type-II FLC method was performed by
Bijan et al. [19]. Type-I and Type-II Fuzzy control methods, the Integral of Absolute
Error (IAE) and Integral of Absolute U (IAU), and U control signals were compared to
each other numerically. The success of the intermittent type-II fuzzy logic control
method was supported with numerical results. Lin and Lia performed active control of
the quarter car system by utilizing intelligent control methods [20]. In the simulation, a
self-organizing fuzzy controller (SOFC) and hybrid self-organizing fuzzy and radial
basis-function neural-network controller (HSFRBNC) methods were applied and
compared with each other with graphical and numerical results. The HSFRBNC method
produced better results than the SOFC method. Liu et al. [21] suggested a reliable fuzzy
Heo control controller for ASSs with actuator delay and failure and implemented it in
the simulation. The method was supported with graphical and numerical results. Hurel
et al. [22] obtained fuzzy logic scaling factors with the Particle Swarm Optimization
(PSO) for active control of the QCS. Input and output scaling factors of a PSO and PD-
type fuzzy controller were acquired. Sprung mass acceleration was defined as a function
of the PSO algorithm. The road disturbance attenuation using the optimized fuzzy
controller was 81% for a square pulsed road and 51.60% for a random road.

In the study of Kalaivani et al. [23], a hybrid Differential Evolution based
Biogeography Based Optimization (DEBBO) was suggested for the tuning of an FLC
controller implemented on a QCS. It was seen that the suggested controller provided
better results than the PID controller, DEBBO-based PID (DEBBOPID), and FLC. Emam
used a Fuzzy-PID controller to control the suspension system using a quarter-car model
[24]. The methods were compared with each other and their passive status. The study
revealed that the value of suspension of working space was reduced by 30.6% with the
sprung mass displacement, which improved ride comfort. In addition, sprung mass
acceleration decreased by 11.8%, and dynamic tire load was reduced by 18.3%. Divekar
and Mahajan modeled the quarter car suspension system and used a self-tuning fuzzy
PID control method [25]. The proposed method was contrasted with the PID control and
the passive state of the system. The Fuzzy-PID method was found to have less overshoot
and settling time compared to the passive and PID controller. Abougarair and
Mahmoud performed active control of the QCS with PD, LQR, and Fuzzy Logic Tune
PD controller methods [26]. The results revealed that the three proposed control
techniques were effective in controlling a car but that the Fuzzy Logic Tune PD
controller performed better in reducing body displacement, magnitude of suspension
travel, and settling time contrasted to the other two controllers. Nagarkar et al. [27]
performed active control of the quarter car system with two degrees of freedom with GA
based PID and Fuzzy control methods. With the GA-based multi-objective optimization
method, the P, I, and D parameters of the PID controller, the range of the input-output
membership functions of the Fuzzy control method, and the scaling parameters were
tuned. The results of numerical and graphical simulations showed that the FLC method
further improved ride comfort in GA-based FLC and PID control methods.

Lin et al. [28] utilized the QCS in the simulation environment with the proportional
differential sliding mode observer-based Fuzzy sliding mode control method. According
to the simulation results, the system could increase working stability and driving safety.
Hung et al. [29] applied the active control of the QCS in the simulation environment
with the FLC method. When the proposed method was compared with the passive state
of the system, it was seen that the improvement in ride comfort was approximately 50%.
Ahmed actively controlled the QCS by utilizing the Fuzzy PID and LQR control
methods [30]. Compared to the Fuzzy-PID control method LQR, it was shown that the
sprung mass velocity and the sprung mass acceleration parameter were reduced, and
less overshoot and a very small settling time were achieved. Matrood and Nassar used
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the modified PID control method in the active control of a QCS [31]. The method was
contrasted with the traditional PID control. The dynamic responses of the system, such
as acceleration, speed, and suspension movement, were presented with numerical and
characteristic results, which were improved when the modified PID controller was
utilized.

In one study, the ASS was controlled in a simulation environment with the fuzzy
model predictive controller method [32]. The suggested method was contrasted via the
passive and semi-active status of the system by using bump and sinusoidal road inputs.
The results obtained by utilizing PID, PID-LQR, and Fuzzy-PID control methods in the
control of quarter and semi-active suspension systems were displayed by Munawwarah
and Yakub [33]. When the methods were compared, it was seen that Fuzzy-PID reduced
vibration in terms of vehicle body displacement, vehicle body acceleration, wheel
deviation in the rear and front suspension systems, but unsatisfactory driving and poor
road holding in the rear suspension system were obtained when contrasted with PID-
LQR and PID control methods. An adaptive harmonic control for a quarter car’s active
suspension was suggested by Nichitelea and Unguritu, who then implemented it in a
simulation environment [34]. In the study, in which PI controller, Hoo controller, and
model predictive control methods were also used, when the simulation results were
compared, it was revealed with numerical and graphical results that the proposed
method (adaptive harmonic control method) produced better results in certain
performance criteria. Wang et al. [35] implemented the SMC parameters to the quarter
car suspension system with Type-II and Type-lI Fuzzy. The Type II SMC method
provided better results in the system where two different road inputs were applied.

Mahmoodabadi and Javanbakht performed active control of the quarter car model
via the optimum AFC controller by using the Gravitational Search Algorithm (GSA) [36].
The proposed method was compared with three models. Successful numerical results
were obtained compared to the traditional controllers. Robert et al. [37] performed the
control of a suspension system based on the quarter car model with an FLC controller.
The simulation results showed that it performed better than the traditional controller in
terms of body displacement and body acceleration. Han et al. [38] applied and analyzed
the adaptive fuzzy PID control method on the QCS in a simulation. When the suggested
method was contrasted via the PID control method and the passive state of the system, it
was seen that the performance of the vehicle increased. Based on the fuzzy model of
Takagi-Sugeno (T-S), a new optimization control algorithm for active suspension
systems of vehicles was suggested by Zhang and Dong [39]. Online optimization of the
membership functions (MFs) of the suspension systems was implemented in the QCS
system. Comparative results were presented. The active control of the QCS system was
performed by Abut and Salkim by using LOR, PSO-based Fuzzy Logic, and Fuzzy
Linear Quadratic Regulator (Fuzzy-LQR) control methods [40]. The methods were
contrasted based on the passive system and the studies in literature. According to the
comparisons conducted by using the ITAE performance error criterion, it was revealed
that the performance of the suspension system rose compared to the passive system (PS)
by 842% in terms of vehicle body movement, 90% vehicle acceleration, 84.5%
suspension deflection, and 86.7% tire deflection. In the study, the increase in road
handling and ride comfort compared to the current literature was also shown with
numerical data.

Nguyen controlled the quarter car suspension system in the simulation via the
sliding mode-fuzzy PID (SMPIDF) control method [41]. In the study, it was observed
that the peak values of vehicle body acceleration and displacement were significantly
decreased compared to other methods, and ride comfort was increased. Nguyen
simulated the active control of the quarter car suspension system with the Adaptive
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Fuzzy-Sliding Mode Proportional-Integral (AFSP) method [42]. The AFSP method
consists of a linear controller, PI (Proportional-Integral), and a non-linear controller,
SMC signals. This method was compared with SMC and passive status. It was
determined that the acceleration and displacement values did not exceed 80% and 20%,
respectively, compared to the AFSP method used in the study, compared to the passive
suspension system (PSS). Maximum values and mean values of sprung mass
displacement and acceleration determined according to RMS criteria were greatly
reduced compared to other methods. Zhao and Gu controlled the quarter car system by
using a hybrid optimization detection that obtained the weight coefficients of the LQR
control method [43].

The hybrid algorithm is an algorithm that unites the advantages of the PSO
algorithm and the GA. In the study, the method was contrasted with the passive status
of the system and traditional LQR control method, and it was seen that the RMS of the
sprung mass acceleration, deflection, and tire dynamic load under LQR control with
optimization decreased by 22.7%, 53%, and 68% in Case 1, and 74%, 71%, and 90% in
Case 2, compared with the LQR control without optimization. Wu and Su proposed a BP
neural network controller based on Q-learning algorithm optimization (QBP-PID) for
active control of the QCS [44]. It was revealed that the active suspension using the QBP-
PID control algorithm significantly improved the driving stability and comfort of the
vehicle compared to the conventional passive suspension, PID control suspension, and
BP-PID control suspension. Kharola et al. [45] presented the results obtained using PID
and adaptive neuro-fuzzy inference system (ANFIS) based control methods for active
control of the QCS. In the study comparing the results of both controllers, it was
revealed that the ANFIS controller illustrated superior performance in terms of settling
time and overshoot responses.

Mustafa and Wang proposed a new adaptive fuzzy logic control (TDAFLC) method
for active control of nonlinear quarter car suspension systems based on time delay [46].
The suggested method (TDAFLC) was contrasted with TDC, PID, and a conventional
passive system for the suspension system under different road inputs, and it was
observed that the suggested method showed superior performance. Abut et al. [47]
designed LQG and Fuzzy Linear Quadratic Gaussian (FLQG) control methods and
utilized them for active control to improve vehicle handling and passenger comfort and
improved car body motion, vehicle acceleration, suspension deflection, and tire
deflection by about 88.2%, 91.5%, 88% and 89.4%, respectively. Lopes et al. [48] obtained
PID control parameters using the giant armadillo optimization algorithm and
implemented them in a quarter suspension system. It has been shown by numerical
simulations that the proposed method reduces 36.36% and 39.34% in the mean absolute
error and root mean squared error, respectively, compared to the Ziegler and Nichols
method. Zhang et al. [49] proposed and implemented a neuroadaptive control method
based on a biologically inspired reference model and a fully actuated system approach
for indefinite active suspension systems with input dead zones. The results obtained
illustrate that the designed control method achieves significant improvements in
transient performance, with a 31% or more improvement, and also saves 32% or more
energy control compared to existing control methods.

This article discusses the adoption of active control methods. The suspension model
was formed with the Lagrange-Euler method, and Type-I and Type-lI Fuzzy Logic
control methods were designed and applied to increase vehicle road handling and
comfort. Two different road inputs were applied to the system. Optimum coefficients of
Type-l1 and Type-II Fuzzy membership functions were optimized using the Harris
Hawks Optimization (HHO) algorithm. The active control methods suggested
contrasted with the passive suspension system greatly reduced vibrations. The methods
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were contrasted with each other based on Percentage and Root Mean Square Error
(RMSE) performance criteria. In the simulations, by using the Type-II Fuzzy control
method, a 54.7% improvement was achieved in vehicle body movement and 76.8% in
vehicle acceleration in Road 1 input, while a 75.2% improvement was obtained in vehicle
body movement and 72.8% in vehicle acceleration in Road 2 input. Suspension
deflection and tire deformations are given in the graphs. These results reveal that the
suggested control strategy significantly improves vehicle comfort and handling. This
study explores active control methods designed to reduce vibrations in car suspension
systems. It has been observed that conventional passive suspension systems are not
effective enough in minimizing vibrations, which in turn fails to enhance ride comfort.
To address this limitation, the Harris Hawks Optimization (HHO) algorithm is applied
to optimize the membership functions of Type-I and Type-II Fuzzy Logic control. These
optimal coefficients are then implemented in the ASS, and to enable the system with the
ability to decide itself. Consequently, notable enhancements in performance were
attained in contrast to the passive suspension system.
The contributions of this study are briefly presented below.

a- The first main contribution of our study is to obtain the Harris Hawks Optimization
(HHO) algorithm of the membership functions of the Type-Il Fuzzy Logic control
method and to apply these optimum coefficients to the active suspension system
and to enable the system with the ability to decide for itself.

b- The second contribution of this study is the use of HHO-based Type-I and Type-II
Fuzzy Logic control methods together, and the comparison of the passive state of
the system and the results.

c- The third contribution of this study is to determine the performance index of the
methods and to compare them with each other and the studies in literature.

Due to the research conducted by the authors and the reasons mentioned above, it
is thought that this study provides an original contribution and will make an important
contribution to literature. The authors, therefore, believe that this investigation is
theoretically original. This paper’s remaining content is Section 2 presents the System
Modeling of Vehicle Suspension. Section 3 describes the design of the HHO-based Type-
I and Type-II Fuzzy Logic control methods. Section 4 reviews Results and Discussion of
the Simulation. The study’s numerical and graphical findings are presented in this
section. Additionally, a table of comparisons between literature and its interpretation is
presented after this chapter. The conclusion is finally summarized in Section 5. The
results of the article are examined and interpreted in this part. Furthermore,
recommendations for raising the approach and details of upcoming research on the
approach are provided at the conclusion of this section.

This study presents a novel control strategy for active suspension systems using the
nature-inspired Harris Hawks Optimization (HHO) algorithm. HHO is a bio-inspired
metaheuristic that mimics the cooperative and strategic hunting behavior of Harris
hawks. By mathematically modeling these behaviors, the algorithm effectively optimizes
control parameters to achieve a balance between ride comfort and road handling.

Simulation results demonstrate that the HHO-based controller outperforms
conventional methods, offering enhanced vibration reduction and improved road
contact. The findings highlight the potential of biomimetic algorithms in addressing
complex engineering problems, particularly in the development of advanced automotive
technologies.

2. System Modeling of Vehicle Suspension
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The quarter car system with two degrees of freedom was acquired by utilizing the
Lagrange—Euler method and is presented in Figure 1. The model had vertical vibration
movement and was symmetrically divided into four pieces; however, the wheel and
chassis pitch and roll movements were not taken into account. Below are the model
equations:

Figure 1. The quarter-car system.

Here, m, represents the mass of a quarter of the vehicle body, m, represents the
mass of the wheel assembly, k, represents the sprung coefficient of the suspension
system, bs represents the damper coefficient of the suspension system, k; represents the
sprung coefficient of the tire, and bt represents the damper coefficient of the tire. In
addition, the state variables illustrate the displacement (x,) movements of the body (x;)
and the wheel assembly, while the input variables illustrate the x, road distortion and
the control force exerted by the active element implemented between the F; body and the
wheel.

m, %,+b,|x,— X, |+k [x,—x,|-F,=0 (1)
m, X, +b |k, — X |+k[x,—x,|—b, X, — X, |-k [x,—x,|-F,=0 )

. _—1 o

xb:Wb(bS(xb—xw)+ks(xb—xw]—Fs) 3)
Xw:_—(bt(kw_xr)-'-kt(xw_xr)_bs(xb_Xw)_ks(xb_xw)_Fs) (4)

X1=Xps Xo=X,, s Xa=Xp; X, =X,,; (5)

X=X,
-1
xzz—(bs(x3—x4)+ks(xl—x2)—Fs)
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X=X,

o_—1 .
x4:m—(bt(x4—xr)+k[(x2—xr)—bs(x3—x4)—ks(x1—x2)—FS) (6)
This is the state-space version (Xx= Ax+ Bu.) of the dynamic model of the linear

system:

0 1 0 0 o 0 |
X —k b, & E X1 0 1
>:<2 _|m, m, m, m, X |4 m, o)
X5 0 0 0 1 {x, 0 0
X4 ks bs _k _kt _bs X4 ﬁ _i
m, m, m, m, m, m,
1 0 0 0 ||x,/ |0 O
y= 1 0 -1 0 ||x, L0 0
_ _ ®)
koobe kbl L
m, m, m, m,|x, m,

The variable y represents the output of the system, which varies depending on the
inputs and internal states of the system. The transfer function given in (9) illustrates the
transfer function to the dynamics of the actuator utilized in the ASS. Equation (10) and
Equation (11) were used to obtain road entry profiles (Road 1 and Road 2), respectively
(see Figure 6). In this study, where the measurement of body acceleration X, was

utilized as feedback, the control of the quarter car ASS was given.

1

Hm(s):m ©)
road,[t|=0.05|1—cos (8t || (10)
road,|t)=0.03*/1—cos (2nt|] (11)

3. Design and Implementation of System Controllers

Controllers were created to improve the vehicle’s performance and passenger
comfort. Low vibration and a robust system are the main objectives of the controllers
designed for active suspension systems Type-I and Type-1I FLC methods were utilized
in the quarter car system. The design processes of these proposed methods will be
discussed in detail. The fuzzy logic algorithm is a method proposed by Zadeh. It consists
of five phases [50,51]. The general structure of the Type-I Fuzzy logic algorithm is given
in Figure 2. The first phase is fuzzification, where input variables are converted into a
fuzzy set. In the second phase, rule tables, membership functions, and rule bases are
created.
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Fuzzifier Defuzzifier

Input

Inference
Mechanism

Figure 2. Structure of Type-I fuzzy logic system.

This rule base is composed of IF-THEN rules obtained from the verbal expressions

of experts who know the system. The third phase is the inference mechanism carries. In

the fourth phase, membership functions and fuzzy clusters are described. The final

phase is defuzzification, where a fuzzy set is transformed into a net value for output.

Type-I Fuzzy control is a classical fuzzy logic-based control method used in systems

containing uncertainty and variability. This method provides control of the system by

using membership functions to define the relationships between input variables and

control outputs. Type-II fuzzy logic is the approach emerging to minimize the effects of

uncertainties in Type-I fuzzy logic systems [52,53]. Uncertainties can be modeled with

Type-II fuzzy logic since their membership functions are fuzzy. The membership

functions in this method are three-dimensional. All parameters are shown in the third

dimension of Type-II fuzzy logic clusters, such as uncertain words obtained in fuzzy

rules, information obtained from disagreeing experts, noisy measurements running the

system, and noisy data setting the parameters [54-56]. Type-II Fuzzy control is a method

that allows uncertainties to be handled in a more complex structure. In this method,

there is another layer of uncertainty over membership functions, which offers more

flexibility and precision. Type-II Fuzzy enables the system to operate more accurately

and reliably under various conditions. The structure of the Type-II Fuzzy logic system is

illustrated in Figure 3.

Crisp Type reduced sets

Input (Type | output)

_— Fuzzifier

Type Reducer

Inference

Type Il Fuzzy input Mechanism Type Il Fuzzy output
sets sets

Figure 3. Structure of Type-II fuzzy logic system.
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As seen in Figure 3, the sharp input is converted into a fuzzy cluster by the
fuzzifier. It is similar to the rule base and inference mechanism structure. Another
difference from Type-I is that there is a Type reducer. Accordingly, the structure of the
rules is used in the same way as Type-I, the only difference is that the membership
functions in Type-II are range Type-II. The coefficients of the membership functions
used in the proposed methods were obtained by using the HHO method [57]. HHO
method is a swarm-based optimization method inspired by nature [58,59]. The main
logic of the method is that it was designed based on the cooperative behaviors and
chasing styles of Harris” hawks. The three primary components of the HHO algorithm
are exploration, the change from exploration to exploitation, and actual exploitation. The
initial stage of imitating Harris hawk behavior during prey search is called the
exploration phase (Equation (12)).

. q=0.5

x[t+1]=¢ 7<0.5 (12)

where x[t| and x|t + 1) denote the hawk position at the current iteration and the next iteration, respectively, I';, I'y, '3,
r, and g are varying random numbers in the range [0, 1], xrabbit(t)and xmnd(t)denote the rabbit position (best

position) and the randomly selected hawk position, respectively. Additionally, LB and UB denote lower bands and
upper bands, respectively and X, (t] is the average position of Harris Hawk and can be calculated from Equation (13)

below.

1 N
Xlt= 7 2, %] (13)

where Xl.(t | is the position of each hawk at iteration t and N is the number of all hawks. The second phase is the

transition phase to exploitation. The energy of falcons decreases during chasing and hunting. The energy of prey can
be defined as follows:

- _t
E—ZEO(l :r) (14)

where E| is the initial energy, T is the total number of iterations and E is the escaped energy. If |Eo‘ >1, the hawks are
in the exploration phase, and if ‘E 0| <1, the hawks are in the exploitation phase, that is, the hawks are chasing and

attacking a rabbit. The last phase is the exploitation phase, which mainly aims to improve local solutions from the
solutions found earlier. The last phase considers both the possibility of escape and the energy level of the prey. Prey
always tries to escape from its predators. Depending on the prey’s escape behavior, i.e., escape chance r and escape
energy E, hawks have four possible chase-attack strategies. If the escape chance r>0.5, the prey is assumed to escape
successfully, and if r<0.5, the escape is assumed to fail. Whatever the prey does, it is surrounded by hawks from
different directions, softly or hard, depending on its remaining energy. Hence, the hawks perform soft encirclement
when |E 0‘20.5 and hard encirclement when |E O‘Z 0.5. These strategies are described in the following subsections.

For the case r>0.5 and |E 0‘ > 0.5 the hawks will follow a soft flanking strategy formulated in Equations (15) and (16).

x(t+1):Ax(t]—E|Jxmbbit(t)—x[t)‘ (15)

Ax(t|=X,,,,/t|—x|t] (16)

where A x (t] is the difference between the current position of the rabbit and the hawks at iteration t., J= 2(1 —r5) is
the jumping power of the rabbit when escaping, and I's is an arbitrary number in the range (0, 1). When r >0.5and
‘E ‘ <0.5, the hawks will follow the hard encirclement strategy formulated in Equation (16).

x[t+1)=x,,,, [t —E|Ax][t)| 17)



Biomimetics 2025, 10, x FOR PEER REVIEW 11 of 26

When r<0.5 and ‘E O|20.5, the hawks will follow the soft encirclement strategy

with fast dives formulated in Equation (18). Here, Y represents the next move decided
by the smart hawks under soft encirclement. Hawk dives in this phase are based on the
Levy flight (LF) pattern formulated in Equation (19).

Y:Xrabbit(t)_E‘Jxrabbit(t)_X[tJ‘ (18)

Z=Y+S*LF|D| (19)

where D is the dimension and S is a random vector. The Levy flight, or LF, is determined by the following formula
(Equation (20)):

1’ o= (20)

Here u and v are random values in the range (0, 1) and f is a constant value of 1.5.
Therefore, the final strategy to update the positions of the hawks at this stage is
implemented as follows (Equation (21)):

YF|Y|<F|x|t]|

xle+1)= ZF(Z|<F|X|t))

(1)

At each step, only the best Y or Z is selected as the next location. When r<0.5 and
| E| <0.5, the hawks will follow the hard encirclement strategy with fast dives

formulated in Equation (22).

X(t+1)= Y'F(Yv\)<F(X(t)) )
ZE|Z)<F(x|t)
where Y’ and Z’ are acquired by the new rules formulated in Equations (23) and (24):
Y':Xrabbit(t)_E‘Jxrabbit(t)_x't” (23)
Z=Y+S*LF|D| (24)

The method has been detailed in [54-56].

Optimizing Type-I and Type-II Fuzzy Logic Membership Functions with the HHO
Algorithm steps:

Step 1. Initialization and Parameter Settings:

Initialization parameters are set to initialize the HHO algorithm. Iteration count:
The number of generations the algorithm will run is determined.

Population size: The size of the initial population is determined. Exploration and
exploitation parameters: Parameters that balance the exploration and exploitation
phases in the HHO algorithm.

Step 2. Creating the Initial Population:

In the HHO algorithm, the initial population consists of solution vectors
representing the parameters of the membership functions (e.g., alpha, beta, gamma, etc.).
This population is usually generated randomly, but optimization is started upon initial
conditions.

Step 3. Defining the Fuzzy Logic System:

The configuration of the Type-I and Type-II fuzzy logic systems is performed. At
this stage, input and output variables are determined. Membership functions are
selected, and their parameters are defined. Triangular, trapezoidal, etc., membership
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functions can be selected for Type I, and more complex membership functions can be
selected for Type II.

Step 4. Optimization with the HHO Algorithm:

The HHO algorithm evaluates the performance of the FLC system for each
individual (solution). The performance evaluation is usually done to minimize the
output error of the system. Objective function: Usually, optimization is achieved by
minimizing the error function (e.g., squared error or integral squared error). The Harris
Hawks Optimization algorithm updates the position of each individual in the
population and uses exploration and exploitation strategies to find the optimal solution.

Step 5. Selection of the Best Solution:

At the end of each generation, the best solution (optimal membership function
parameters) in the population is selected. The optimal solution forms the best set of
parameters that improve the performance of the fuzzy logic system.

Step 6. Testing and Evaluation with Fuzzy Logic Control System:

Control tests are performed on the active suspension system with the obtained
optimum membership function parameters. The output numbers and the system’s
sensitivity are used to assess the system’s performance. By contrasting the test findings
with those of the passive suspension system, the efficacy of the active control approach
is evaluated.

Step 7. Conclusion and Improvement:

At the end of the algorithm, the dynamic performance of the suspension system is
observed by fuzzy logic control of the optimal solution. If necessary, further
improvements can be made to the HHO algorithm or different optimization techniques
can be used.

For the HHO algorithm, the Integral of the Time-Weighted Absolute Error (ITAE) was
utilized as the objective function to minimize the errors acquired as a result of the
operation of the system.

t
Objectfunction=ITAE =f tle|dt (25)
0

e shows the position error of the car. The working time is shown with t. (e) refers to controller error, (é) refers to the
change rate of errors, and F is used for the output value. Triangle-type membership functions were used in the Type-I
and Type-II Fuzzy control methods. Triangle-type membership functions and the Mamdani inference method were
used for all input and output values in the proposed methods. In the HHO algorithm used in both control methods,
optimum values were obtained when the population size was determined as 50 and the maximum iterations as 30.
The triangle-type membership functions and coefficients (respectively, e, €, and F) obtained by using the HHO
algorithm for the Type-I Fuzzy control method are illustrated in Figure 4a-c. Table 1 presents the rule table formed for
the HHO-based Type-I Fuzzy control method.

Table 1. The rule table for Tip I Fuzzy, where NB, NS, Z, PS, and PB refer to Negative Big,

Negative Small, Zero, Positive Small, and Positive Big, respectively.

elé NB NS Z PS PB
NB PB Z PS NS NB
NS NB Z NS Z PS
Z PS PS NS PS Z
PS PS Z NB NB PB

PB Z PS PS Z PB
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Figure 4. HHO-based Type-I Fuzzy membership functions defined for (a) e (b) é and (c) F' which

are input and output values.

The control variables given in Table 1 and Figure 4 are expressed as e,é,F error,

error change, and force, respectively. NB, NS, Z, PS, and PB refer to Negative Big,

Negative Small, Zero, Positive Small, and Positive Big expressions, respectively. The
triangle-type membership functions and coefficients (e, €, and F, respectively) obtained

by using the HHO algorithm for the Type-II Fuzzy control method are shown in Figure
5a-c. Table 2 shows the rule table formed for the HHO-based Type-II Fuzzy control

method.

Table 2. The rule table for Tip II Fuzzy.

elé NB NS Z PS PB
NB NS PS NB NB PB
NS PB PS PB Z NB
Z PB Z PB NS NB
PS Z NS PS PS Z
PB NS NB Z PB NS
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Figure 5. HHO-based Type-II Fuzzy membership functions are defined for (a) e, (b) &, and (c) F,

which are input and output values.

The control variables given in Table 2 and Figure 5 are expressed as e, e, F error,
error change, and force, respectively. NB, NS, Z, PS, and PB expressions refer to
Negative Big, Negative Small, Zero, Positive Small, and Positive Big expressions,
respectively.

4. Results and Discussion

In this section, the control methods designed for a quarter-car suspension system,
and the simulation results of these methods are displayed. The Type-I and Type-II Fuzzy
control methods based on the HHO algorithm were designed and implemented to
provide active control of the system. The results obtained were analyzed in detail in line
with tables and graphs. The primary objective of controlling a car suspension system is
to minimize the negative disruptive effects of road input on passenger comfort. The
physical parameters of the quarter car suspension system are as follows: vehicle body
mass m;, = 300 kg, wheel mass m,, = 60 kg, suspension sprung hardness k, = 16,000 N/m,
tire hardness k; = 190,000 N/m, suspension damper coefficient b, = 1000 Ns/m and
suspension damper coefficient b, = 1000 Ns/m. The initial position of the system was
taken as x = 0 m, while the simulation time was taken as 6 s. The road inputs are bumps
and are shown in Figure 6a, b.
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The simulation results obtained by using both the passive state of the suspension
system and the active control methods were shown comparatively with the graphs. In
this context, the performance of HHO algorithm-based Type-I and Type-II fuzzy control
methods were evaluated. Movement of the vehicle body (displacement) and acceleration
of the vehicle body are important parameters that directly affect passenger comfort. In
terms of both road inputs (Road 1 and Road 2), the simulation results of these
parameters are presented in Figures 7 and 8 in comparison with the passive system.
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Figure 7. The car body travel.
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Figure 8. The car body acceleration.

When the vertical displacement motion graph of the vehicle body obtained related
to the Road 1 input (Figure 7a) is observed, it is seen that the vertical displacement
motion amplitudes of the HHO-based Type-II Fuzzy control method are lower
compared to the HHO-based Type-I Fuzzy control method. While the HHO-based Type-
I Fuzzy control method provides a vertical displacement movement amplitude of
approximately 0.03 ~ 0 m, the Type-I Fuzzy control method has a vertical displacement
movement amplitude of approximately 0.048 ~ 0 m. When the vertical displacement
motion graph of the vehicle body obtained related to the Road 2 input (Figure 7b) is
examined, it is observed that the vertical displacement motion amplitudes of the HHO-
based Type-II Fuzzy control method are lower than the HHO-based Type-I Fuzzy
control method. While the Type-Il Fuzzy control method provides the vertical
displacement movement amplitude of a vehicle body in the range of approximately
0.037 ~ -0.015 m, the Type-I Fuzzy control method has the vertical displacement
movement amplitude of a vehicle body in the range of approximately 0.04 ~ -0.018 m.
These results reveal that HHO-based Type-lI Fuzzy control controls the vertical
displacement movement of the vehicle body better.

When the vertical displacement motion graphs of the vehicle body given above are
examined, it is seen that all these controls methods significantly decrease the vibration
amplitude and settling time compared to the passive suspension system. When the
acceleration graph obtained related to the Road 1 input (Figure 8a) is examined, it is seen
that the acceleration amplitudes of the HHO-based Type-II Fuzzy control method are
lower than the HHO-based Type-I Fuzzy control method. The HHO-based Type-II
Fuzzy control method provides an acceleration amplitude of approximately 0.38 ~-0.42
m/s?, while the Type-I Fuzzy control method has an acceleration amplitude of
approximately 0.50 ~ —0.62 m/s2. When the acceleration graph obtained related to the
Road 2 input (Figure 8b) is examined, it is observed that the acceleration amplitudes of
the HHO-based Type-II Fuzzy control method are lower compared to the HHO-based
Type-1 Fuzzy control method. While the Type-II Fuzzy control method provides an
acceleration amplitude in the range of approximately 0.43 ~ —0.52 m, the Type-I Fuzzy
control method has an acceleration amplitude of approximately +1.25 m/s® These
results reveal that HHO-based Type-II Fuzzy offers a more effective acceleration control.
This shows the superiority of the HHO-based Type-II Fuzzy control method in terms of
increasing passenger comfort via reducing acceleration against the road disturbances.
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These graphs show that active control methods provide significant performance
improvements in vehicle body and acceleration compared to the passive suspension
system. In Figures 9 and 10, suspension deflection and tire deflection graphs are

presented.
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Figure 10. The car tire deflection.

When the suspension deflection (Figure 9a) graph obtained related to the Road 1
input is observed, it is seen that the deflection amplitudes of the HHO-based Type-II
Fuzzy control method are lower than the HHO-based Type-I Fuzzy control method. The
HHO-based Type-II Fuzzy control method provides a deflection amplitude of
approximately 0.021 ~ —0.068 m, while the Type-I Fuzzy control method has a deflection
amplitude of approximately 0.037 ~ -0.07 m. When the suspension deflection graph
obtained related to the Road 2 input (Figure 9b) is examined, it is observed that the
deflection amplitudes of the HHO-based Type-II Fuzzy control method are lower than
the HHO-based Type-I Fuzzy control method. While the Type-II Fuzzy control method

provides a deflection amplitude in the range of approximately +0.001 m, the Type-I
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Fuzzy control method has a deflection amplitude of approximately 0.02 ~ -0.023 m.
These results reveal that HHO-based Type-II Fuzzy control controls suspension
deflections better. When the tire deflection (Figure 10a) graph obtained related to the
Road 1 input is examined, it is observed that the amplitude values of the HHO-based
Type-II Fuzzy control type are lower than the HHO-based Type-I Fuzzy control method.
While HHO-based Type-II Fuzzy control enables amplitudes ranging from
approximately 0.0042 ~ —0.0038 m in terms of tire deflection, the HHO-based Type-I
Fuzzy method produces deflection amplitudes between approximately 0.0033 ~ —0.0025
m. This shows that HHO-based Type-II Fuzzy more effectively reduces tire deflection.
When the tire deflection graph obtained related to the Road 2 input (Figure 10b) is
examined, it is observed that deflection amplitudes of the HHO-based Type-II Fuzzy
control method are lower compared to the HHO-based Type-I Fuzzy control method.

While the Type-II Fuzzy control method provides a deflection amplitude in the
range of approximately 0.0012 ~ -0.0007 m, the Type-I Fuzzy control method has a
deflection amplitude in the range of approximately 0.0018 ~ —0.001 m. These results
reveal that HHO-based Type-II Fuzzy control controls tire deflections better. In these
graphs, it was observed that all active control methods for both road inputs significantly
reduced suspension deflection and tire deflection compared to the passive suspension
system. In particular, the HHO-based Type-II Fuzzy method increased the overall
stability and performance of the system by minimizing deformations on the suspension
and tire. The force graphs utilized in active control, illustrated in Figure 11a,b, provide
the time-dependent variation of the forces applied by these control methods to the active
suspension system.
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Figure 11. The force.

The controller is more beneficial because it uses less force to reduce vibrations.
When the tire deflection (Figure 10a) graph obtained related to the Road 1 input is
examined, it is observed that the amplitude values of the HHO-based Type-II Fuzzy
control type are lower than the HHO-based Type-I Fuzzy control method. While HHO-
based Type-II Fuzzy control provides amplitudes ranging from approximately 480 ~
-1300 N in terms of force, the HHO-based Type-I Fuzzy method produces force
amplitudes between approximately 600 ~ —-1600 N. When the force graph obtained
related to the Road 2 input (Figure 11b) is examined, it is observed that the force
amplitudes of the HHO-based Type-II Fuzzy control method are lower than the HHO-



Biomimetics 2025, 10, x FOR PEER REVIEW 19 of 26

based Type-I Fuzzy control method. While the Type-II Fuzzy control method provides a
force amplitude in the range of approximately +205 N, the Type-I Fuzzy control method
has a force amplitude of approximately 205 ~ —300 N. These results reveal that HHO-
based Type-II Fuzzy control controls tire deflections better. As seen in all graphs
obtained in the study, the HHO-based Type-I Fuzzy controller provides more effective
suppression of vibrations by using less force. This offers a significant advantage in terms
of reducing the vehicle’s energy consumption and increasing the durability of the
suspension system. In this study, the comparison of different performance parameters
(movement of the vehicle body, vehicle acceleration, suspension deflection, tire
deflection, and force to be implemented) of the methods used for both road inputs by
using the Root Mean Square Error (RMSE) performance index is given in Table 3 and
Table 4. This table provides a numerical evaluation of the effectiveness of the methods
and shows that the HHO-based Type-II Fuzzy controller offers the best overall
performance.

In Tables 3 and 4, where the comparison tables are given according to the RMSE
performance criteria, the lowest error performance is given in bold characters. In Table
3, the motion and acceleration error results of the vehicle body obtained using the Type-
IT Fuzzy control method for Road 1 are 0.0086 m and 1.0929 m/s?, respectively. 0.0126 m
and 1.3821 m/s” belong to the motion and acceleration error results of the vehicle body
obtained using the Type-I Fuzzy control method. The suspension deflection and tire
deflection error results obtained using the Type-II Fuzzy control method given in the
relevant table are 0.0119 m and 0.0009 m, respectively. 0.0163 m and 0.0014 m belong to
the suspension deflection and tire deflection results obtained by the Type-I Fuzzy
control method. Finally, the force error results presented in Table 3 are 214.4 N and 343
N, respectively. These values belong to Type-II Fuzzy and Type-l Fuzzy control
methods, respectively. In Table 4, the motion and acceleration error results of the vehicle
body obtained by the Type Il Fuzzy control method for Road 2 are 0.0103 m and 0.6226
m/s’, respectively. An amount of 0.0172 m and 1.0120 m/s?* belongs to the motion and
acceleration error results of the vehicle body obtained using the Type-II Fuzzy control
method.

Table 3. Comparisons of performance criteria for Road 1.

Performance Criteria (RMSE) Passive Type I Fuzzy Type II Fuzzy
Body travel (X .4, | (m) 0.0190 0.0126 0.0086
Body acceleration(X body \m/ 52) 1.9327 1.3821 1.0929

Suspension deflection (X 4~ X er| (M) 0.0211 0.0163 0.0119
Tire deflection |X e = X oaa) (M) 0.0020 0.0014 0.0009
Actuator (F|(N| - 343 214.4

Table 4. Comparisons of performance criteria for Road 2.

Performance Criteria (RMSE) Passive Type I Fuzzy Type II Fuzzy
Body travel (X 4| (m] 0.0415 0.0172 0.0103
Body acceleration( X body) ( m/ 52) 2.288 1.0120 0.6226
Suspension deflection | X yoq, = X 1eet) m] 0.0355 0.0188 0.0123

Tire deflection | X 01— X 00| (M 0.0032 0.0019 0.0012
Actuator [F|(N| - 332 298.76
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The suspension deflection and tire deflection error results acquired utilizing the
Type-II Fuzzy control method given in the relevant table are 0.0123 m and 0.0012 m,
respectively. An amount of 0.0188 m and 0.0019 m belongs to the suspension deflection
and tire deflection results obtained using the Type-I Fuzzy control method. Finally, the
force error results presented in Table 4 are 298.76 N and 332 N, respectively. These
values belong to Type-II Fuzzy and Type-I Fuzzy control methods, respectively.
Equation (26) was used to determine how well the study’s approaches performed
compared to the passive system. Figures 12 and 13 show the improvement rates
obtained by utilizing the Type-I and Type-II Fuzzy logic control methods.

passive —active
passive

Improvement % |= %100 (26)

When the improvement graphs presented in Figure 12 are examined, the best
improvement rates for Road 1 are the X body position and X body acceleration results
obtained by using the Type II Fuzzy control method. These results are 54.7% and 76.8%,
respectively. Similarly, the best improvement rates in X body position and X body
acceleration for Road 2 are 75.2% and 72.8%, respectively. When the improvement
graphs presented in Figure 13 are examined, the best improvement rates for Road 2 are
the Suspension deflection and Tire deflection results obtained by using the Type-II
Fuzzy control method. These results are 43.6% and 55%, respectively. Similarly, the best
improvement rates in X body position and X body acceleration for Road 2 are 65.4% and
62.5%, respectively. Figures 12 and 13 show the improvement rates obtained by using
the Type-I Fuzzy control method. When all error results and improvement results
obtained by using the RMSE error criterion are examined, it is illustrated that the
suggested Type-II Fuzzy control method provides more effective suppression of
vibrations by using less force and performs better than the Type-I Fuzzy method.

BO -
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Figure 12. The percentage performance contrasts of the X body position and X body acceleration
(a) Road 1 and (b) Road 2.
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Figure 13. The percentage performance contrasts of the suspension deflection and tire deflection
(a) Road 1 and (b) Road 2.

To indicate the performance of the suggested control (Type II Fuzzy) method, a
comparison with the PID control method and the methods used in reference [34]
utilizing the integral time squared error (ITAE) criterion to compare with the existing
works in the literature is made and given in Table 5 (this comparison was performed
using the road input function given in reference [34]). Table 5 compares the error values
for tire deflection, suspension deflection, vehicle acceleration, and vehicle body motion
with traditional PID, harmonic, and MPC approaches. The corresponding values are
underlined to emphasize the lowest error performance values. The suggested Type II
Fuzzy control method produces better outcomes than any other method now in use. The
performance of the HHO-based Type II control method against +10 percent parametric
uncertainty in the mass of the vehicle body and wheel body is given in Figure 14. In
summary, the HHO-based Type Il Fuzzy control method was more successful than Type
I in reducing vibrations and acceleration fluctuations, thus enhancing vehicle stability
and responsiveness. Both methods performed better than passive suspension,
suggesting that active control strategies are effective in developing ride comfort.
Limitations of the study may include the lack of consideration of environmental factors,
road conditions, and driving style, the limited performance of the HHO algorithm in
complex systems, and the limited ability to continuously adapt as the model is only
valid in certain conditions.
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Table 5. The Type II fuzzy control approach is compared with other approaches.

Performance

e - Type Il Harmonic
Criteria PID MPC [34]
(ITAE) Fuzzy [34]
Body travel (Xbody) \m| 0.0018 0.0052 0.0039 0.0041
Body acceleration
3 2 0.0542 0.1830 0.1683 0.1252
(Xbody (m/s )

Suspension deflection

(Xbody_theel) (m)

Tire deflection
0.0010 0.0082 - -
(theel_X (m)

Actuator [F|[N| 51.3 76.2 64 80.7

0.0019 0.0062 0.0044 0.0046

road

5. Conclusions

In this article, a study using the quarter car model and performing active control
with Type-I Fuzzy and Type-I Fuzzy control methods was presented. The quarter-car
suspension system was controlled by utilizing two different control methods with two
different road inputs. The proposed and applied controllers were simulated in a
computer environment. The results were given in tables and graphs, and the methods
were compared with each other by using the RMSE criterion. In addition, the
performance of the methods compared to the passive suspension system was presented
in percentage. With the proposed Type II Fuzzy logic control method, 54.7%
improvement was achieved in vehicle body movement, 76.8% improvement in vehicle
acceleration, 75.2% improvement in vehicle body movement, and 72.8% improvement in
vehicle acceleration for Road 1 input. It is observed that the Type-II Fuzzy Logic control
method provides more effective suppression of vibrations by using less force and
performs better than the Type-I Fuzzy Logic method. All these graphical and numerical
results reveal that significant improvements have been achieved in terms of road
holding and comfort compared to the passive suspension system. The proposed method
can also be conducted in the experimental environment in the future, as well as in half-
and full-vehicle models. In future studies, it can be examined to apply the methods used
in the experimental environment in real time and to apply the Fuzzy Type II-PID control
method obtained by combining Fuzzy Type Il and PID control methods to the model.
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ASS Active Suspension System

HHO Harris Hawks Optimization Algorithm
TypelFuzzy Type I Fuzzy Logic

TypellFuzzy Type Il Fuzzy Logic

1. Ji, G, Li, S; Feng, G.; Wang, H. Enhanced Variable Universe Fuzzy Control of Vehicle Active Suspension Based on Adaptive
Contracting-Expanding Factors. Int. J. Fuzzy Syst. 2023, 25, 2986-3000. https:/ /doi.org/10.1007 /s40815-023-01549-3.

2. Aldair, A.A.; Alsaedee, E.B.; Abdalla, T.Y. Design of ABCF control scheme for full vehicle nonlinear active suspension system
with passenger seat. Iran. J. Sci. Technol. Trans. Electr. Eng. 2019, 43, 289-302. https://doi.org/10.1007 /s40998-018-0134-9.

3. Haseen, S.F.; Lakshmi, P.; Elumalai, V.K. Novel HCOB3C Optimization Based Fuzzy Logic Controller Design for Experimen-
tal Active Suspension System. Iran. |. Sci. Technol. Trans. Electr. Eng. 2024, 48, 1729-1755. https:/ /doi.org/10.1007 /s40998-024-

00746-6.

Alleyne, A.; Hedrick, ].K. Nonlinear control of a quarter car active suspension. In Proceedings of the 1992 American Control

Conference, pp. 21-25, IEEE, Chicago, IL, USA, 24-26 June 1992.



Biomimetics 2025, 10, x FOR PEER REVIEW 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

Cherry, A.; Jones, R. Fuzzy logic control of an automotive suspension system. IEEE Proc.-Control. Theory Appl. 1995, 142, 149—
160. https://doi.org/10.1049 /ip-cta:19951736.

ElMadany, M.M.; Abduljabbar, Z.S. Linear quadratic gaussian control of a quarter-car suspension. Veh. Syst. Dyn. 1999, 32,
479-497. https:/ /doi.org/10.1076 /vesd.32.6.479.4224.

D’Amato, F.J.; Viassolo, D.E. Fuzzy control for active suspensions. Mechatronics 2000, 10, 897-920.

Foda, S.G. Fuzzy control of a quarter-car suspension system. In Proceedings of the 12th International Conference on Micro-
electronics. (IEEE Cat. No. 00EX453), Tehran, Iran, 31 October-2 November 2000; pp. 231-234.

Al-Holou, N.; Lahdhiri, T.; Joo, D.S.; Weaver, J.; Al-Abbas, F. Sliding mode neural network inference fuzzy logic control for
active suspension systems. IEEE Trans. Fuzzy Syst. 2002, 10, 234-246. https:/ /doi.org/10.1109/91.995124.

Abdelhady, M.B.A.; Alhasan, S.A. A neural fuzzy approach for controlling active vehicle suspension systems. In Proceedings
of the ASME 2003 International Mechanical Engineering Congress and Exposition, Washington, DC, USA, 15-21 November
2003; pp. 133-141.

Huang, S.-J.; Lin, C.-W. Application of a fuzzy enhance adaptive control on active suspension system. Int. J. Comput. Appl.
Technol. 2004, 20, 152. https:/ /doi.org/10.1504/ijcat.2004.004154.

Sharkawy, A.B. Fuzzy and adaptive fuzzy control for the automobiles’ active suspension system. Veh. Syst. Dyn. 2005, 43, 795—
806. https:/ /doi.org/10.1080/00423110500097783.

Gao, B.; Darling, J.; Tilley, D.G.; Williams, R.A.; Bean, A.; Donahue, ]J. Control of a hydropneumatic active suspension based
on a non-linear quarter-car model. Proc. Inst. Mech. Eng. Part I 2006, 220, 15-31. https:/ /doi.org/10.1243 /095965105x77501.
Zhang, Y.-Q.; Zhao, Y.-S.; Yang, J.; Chen, L.-P. A dynamic sliding-mode controller with fuzzy adaptive tuning for an active
suspension system. Proc. Inst. Mech. Eng. Part D 2007, 221, 417-428. https:/ /doi.org/10.1243 /0954407 0jauto379.

Cao, J.; Liu, H,; Li, P.; Brown, D. An interval type-2 fuzzy logic controller for quarter-vehicle active suspensions. Proc. Inst.
Mech. Eng. Part D 2008, 222, 1361-1373. https:/ /doi.org/10.1243 /09544070jauto767.

Tusset, A.M.; Rafikov, M.; Balthazar, ]. M. An intelligent controller design for magnetorheological damper based on a quarter-
car model. |. Vib. Control. 2009, 15, 1907-1920. https:/ /doi.org/10.1177 /1077546309102677.

Salem, M.M.; Aly, A.A. Fuzzy control of a quarter-car suspension system. Int. |. Comput. Inf. Eng. 2010, 3, 1276-1281.

Lin, T.C.; Roopaei, M.; Chen, M.C. Car suspension control by indirect adaptive interval type-2 fuzzy neural network control.
World Appl. Sci. ]. 2010, 8, 555-564.

Bijan, R.S.; Mohammad, S.; Mehdi, R. Control of active suspension system: An interval type-2 fuzzy approach. World Appl. Sci.
J. 2011, 12, 2218-2228.

Lin, J.; Lian, R.-J. Intelligent control of active suspension systems. IEEE Trans. Ind. Electron. 2011, 58, 618-628. https://
doi.org/10.1109/tie.2010.2046581.

Li, H.; Liu, H.; Gao, H.; Shi, P. Reliable fuzzy control for active suspension systems with actuator delay and fault. IEEE Trans.
Fuzzy Syst. 2011, 20, 342-357. https:/ /doi.org/10.1109/tfuzz.2011.2174244.

Hurel, J.; Mandow, A.; Garcia-Cerezo, A. Tuning a fuzzy controller by particle swarm optimization for an active suspension
system. In Proceedings of the IECON 2012—38th Annual Conference of IEEE Industrial Electronics, Montreal, QC, Canada,
25-28 October 2012; pp. 2524-2529.

Kalaivani, R.; Lakshmi, P.; Sudhagar, K. Hybrid (DEBBO) Fuzzy Logic Controller for quarter car model: DEBBOFLC for Quar-
ter Car model. In Proceedings of the 2014 UKACC International Conference on Control (CONTROL), Loughborough, UK, 9-
11 July 2014; pp. 301-306.

Emam, A.S. Fuzzy Self Tuning of PID controller for active suspension system. Adv. Powertrains Automot. 2015, 1, 34—41.
Divekar, A.A.; Mahajan, B.D. Analytical modeling and self-tuned fuzzy-PID logic based control for quarter car suspension
system using Simulink. In Proceedings of the 2016 IEEE International Conference on Recent Trends in Electronics, Informa-
tion & Communication Technology (RTEICT), Bangalore, India, 20-21 May 2016; pp. 267-271.

Abougarair, A.A.; Mahmoud, M.M. Design and Simulation Optimal Controller for Quarter Car Active Suspension System. In
Proceedings of the 1st Conference of Industrial Technology (CIT2017), Mosrata, Libya, 17-18 May 2017.

Nagarkar, M.P.; Bhalerao, Y.J.; Patil, G.J.V.; Patil, RN.Z. GA-based multi-objective optimization of active nonlinear quarter
car suspension system—PID and fuzzy logic control. Int. ]. Mech. Mater. Eng. 2018, 13, 10. https://doi.org/10.1186/s40712-
018-0096-8.

Lin, B.; Su, X,; Li, X. Fuzzy sliding mode control for active suspension system with proportional differential sliding mode ob-
server. Asian J. Control. 2019, 21, 264-276. https:/ /doi.org/10.1002/asjc.1882.



Biomimetics 2025, 10, x FOR PEER REVIEW 25 of 26

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Hung, N.C.; Nhung NT, B.; Vu LT, Y.; Khai, V.Q.; Son, T.A.; Thanh, T.Q. Apply a fuzzy algorithm to control an active suspen-
sion in a quarter car by Matlab’s Simulink. Appl. Mech. Mater. 2020, 902, 23-32.

Ahmed, A.A. Quarter car model optimization of active suspension system using fuzzy PID and linear quadratic regulator
controllers. Glob. |. Eng. Technol. Adv. 2021, 6, 088-097. https://doi.org/10.30574/ gjeta.2021.6.3.0041.

Matrood, M.M.; Nassar, A.A. Vibration control of quarter car model using modified PID controller. Basrah . Eng. Sci. 2021, 21,
1-6. https://doi.org/10.33971/bjes.21.2.1.

Jibril, M.; Tadesse, M.; Hassen, N. Nonlinear active suspension system control using fuzzy model predictive controller. |. Eng.
Appl. Sci. 2021, 16, 289-295.

Munawwarah, S.; Yakub, F. Control analysis of vehicle ride comfort through integrated control devices on the quarter and
half car active suspension systems. Proc. Inst. Mech. Eng. Part D 2021, 235, 1256-1268. https://doi.org/
10.1177/0954407020968300.

Nichitelea, T.-C.; Unguritu, M.-G. Design and comparisons of adaptive harmonic control for a quarter-car active suspension.
Proc. Inst. Mech. Eng. Part D 2022, 236, 343-352. https:/ /doi.org/10.1177 /09544070211019251.

Wang, Z.; Ran, L.; Kong, B.; Jia, X.; Liu, L.; Tavoosi, J. Suspension System Control Based on Type-2 Fuzzy Sliding Mode Tech-
nique. Complexity 2022, 2022, 2685573. https:/ /doi.org/10.1155/2022 /2685573.

Mahmoodabadi, M.].; Javanbakht, M. Optimum design of an adaptive fuzzy controller as active suspension for a quarter-car
model. IETE J. Res. 2022, 68, 3638-3646. https:/ /doi.org/10.1080/03772063.2020.1772129.

Robert, J.J.; Kumar, P.S.; Nair, S.T.; Moni, D.S.; Swarneswar, B. Fuzzy control of active suspension system based on quarter car
model. Mater. Today 2022, 66, 902-908. https:/ /doi.org/10.1016 /j.matpr.2022.04.575.

Han, S.-Y.; Dong, ].-F.; Zhou, J.; Chen, Y.-H. Adaptive fuzzy PID control strategy for vehicle active suspension based on road
evaluation. Electronics 2022, 11, 921. https:/ /doi.org/10.3390/electronics11060921.

Zhang, Z.; Dong, ]. A new optimization control policy for fuzzy vehicle suspension systems under membership functions on-
line learning. IEEE Trans. Syst. Man, Cybern. Syst. 2023, 53, 3255-3266. https:/ /doi.org/10.1109/tsmc.2022.3224739.

Abut, T.; Salkim, E. Control of quarter-car active suspension system based on optimized fuzzy linear quadratic regulator con-
trol method. Appl. Sci. 2023, 13, 8802. https://doi.org/10.3390/app13158802.

Nguyen, T.A. Research on the Sliding Mode—PID control algorithm tuned by fuzzy method for vehicle active suspension.
Forces Mech. 2023, 11, 100206. https://doi.org/10.1016/j.finmec.2023.100206.

Nguyen, T.A. Design a new control algorithm AFSP (Adaptive Fuzzy-Sliding Mode-Proportional-Integral) for automotive
suspension system. Adv. Mech. Eng. 2023, 15, 16878132231154189.

Zhao, W.; Gu, L. Hybrid particle swarm optimization genetic LQR controller for active suspension. Appl. Sci. 2023, 13, 8204.
https://doi.org/10.3390/app13148204.

Wu, Y.; Su, D. Simulation analysis of quarter car active suspension control based on QBP-PID. Proc. Inst. Mech. Eng. Part D
2024. https://doi.org/10.1177 /09544070241265152.

Kharola, A.; Dobriyal, R.; Rahul; Pokhriyal, V. PID and ANFIS based control of active suspension system of quarter car
model. In Proceedings of the International Conference on Recent Trends in Composite Sciences with Computational Analysis,
Dehradun, India, 15-16 July 2022; p. 050001.

Mustafa, G.I.; Wang, H. A new adaptive fuzzy logic control for nonlinear car active suspension systems based on the time-de-
lay. J. Vib. Control. 2024. https:/ /doi.org/10.1177 /10775463241281395.

Abut, T.; Salkim, E.; Demosthenous, A. Performance Improvement in a Vehicle Suspension System with FLQG and LQG Con-
trol Methods. Actuators 2025, 14, 137. https://doi.org/10.3390/act14030137.

Lopes, F.C.M.; dos Santos, C.E.; Evald, P.].D.d.O. A systematic parametrization procedure for PID controller applied on quar-
ter suspension system using the giant armadillo optimization algorithm. Trans. Inst. Meas. Control. 2025. https://doi.org/
10.1177/01423312241295831.

Zhang, M.; Zhou, Z.; Sun, N.; Geng, H.; Zhao, J.; Yang, Z. Bioinspired Reference Model and Fully Actuated System Approach-
Based Neuroadaptive Control for Uncertain Active Suspension Systems with Input Dead Zones. IEEE Trans. Ind. Electron.
2025, 1-11. https:/ /doi.org/10.1109/tie.2025.3536552.

Zadeh, L.A. Fuzzy logic. Computer 1988, 21, 83-93.

Zadeh, L.A,; Klir, G.J.; Yuan, B. Fuzzy Sets, Fuzzy Logic, and Fuzzy Systems: Selected Papers; World Scientific: Singapore, 1996;
Volume 6.

Karnik, N.N.; Mendel, ] M.; Liang, Q. Type-2 fuzzy logic systems. IEEE Trans. Fuzzy Syst. 1999, 7, 643-658.



Biomimetics 2025, 10, x FOR PEER REVIEW 26 of 26

53.

54.

55.

56.

57.

58.

59.

Mendel, ].M.; John, R.I; Liu, F. Interval type-2 fuzzy logic systems made simple. IEEE Trans. Fuzzy Syst. 2006, 14, 808-821.
https://doi.org/10.1109/tfuzz.2006.879986.

Castillo, O.; Melin, P.; Kacprzyk, J.; Pedrycz, W. Type-2 fuzzy logic: Theory and applications. In Proceedings of the 2007 IEEE
International Conference on Granular Computing (GRC 2007), San Jose, CA, USA, 2-4 November 2007; p. 145.

Liang, Q.; Mendel, J. Interval type-2 fuzzy logic systems: Theory and design. IEEE Trans. Fuzzy Syst. 2000, 8, 535-550.
https://doi.org/10.1109/91.873577.

Castro, J.R,; Castillo, O.; Melin, P. An interval type-2 fuzzy logic toolbox for control applications. In Proceedings of the 2007
IEEE International Fuzzy Systems Conference, London, UK, 23-26 July 2007; pp. 1-6.

Heidari, A.A.; Mirjalili, S.; Faris, H.; Aljarah, I.; Mafarja, M.; Chen, H. Harris hawks optimization: Algorithm and applications.
Futur. Gener. Comput. Syst. 2019, 97, 849-872. https:/ /doi.org/10.1016 /j.future.2019.02.028.

Alabool, HM.; Alarabiat, D.; Abualigah, L.; Heidari, A.A. Harris hawks optimization: A comprehensive review of recent vari-
ants and applications. Neural Comput. Appl. 2021, 33, 8939-8980. https:/ /doi.org/10.1007 /s00521-021-05720-5.

Shehab, M.; Mashal, I.; Momani, Z.; Shambour, M.K.Y.; Al-Badareen, A.; Al-Dabet, S.; Bataina, N.; Alsoud, A.R.; Abualigah, L.
Harris hawks optimization algorithm: variants and applications. Arch. Comput. Methods Eng. 2022, 29, 5579-5603. https://
doi.org/10.1007/s11831-022-09780-1.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.



