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Abstract: Active suspensions have emerged as a transformative technology in the field of vehicle dynamics and ride comfort. 

This review paper presents a comprehensive overview of the performance of active suspensions, exploring their fundamental 

principles, control strategies, and real-world applications. Active suspensions, equipped with sensors, actuators, and control 

systems, offer the ability to adapt in real-time to varying road conditions, providing enhanced ride quality, vehicle stability, and 

handling precision. It reviews various control strategies, highlighting the trade-offs between complexity and overall system 

effectiveness. Moreover, the review provides deep insights into the Fuzzy control of active suspension technologies, offering an 

analysis of their benefits and drawbacks. It also explores the environmental implications, safety considerations, and future 

prospects of this evolving technology. 
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I. INTRODUCTION 

The suspension system is made up of linkages, shock absorbers, and tire pressure that connects a car to its wheels and permits relative 

motion between them, responsible for managing ride comfort, handling, and road-holding characteristics.[1] Prominent components of 

a suspension system are spring, damper (dashpot), Knuckle, Control Arm, etc. Advanced research in this field focuses on enhancing 

suspension performance through adaptive and active technologies, enabling real-time adjustments to varying road conditions. The 

complexities of suspension design and optimization continue to be a prominent area of study in automotive engineering, contributing 

significantly to the overall safety and performance of modern vehicles. Active Suspension were first introduced in 1990, but were a 

commercial failure. However, further studies on it were progressing making advancement to its technology. These suspensions are 

currently being used widely due to their ability to eliminate body roll during acceleration, braking and cornering while driving. 

In addition to being automatically operated, driver-adjustable electronic dampers allow active suspensions to be adjusted to different 

road conditions and damping ratios. When the electric drive train is completely integrated into the wheel, it operates at its highest 

efficiency. This indicates that there is a growing need for active suspension and that cars should incorporate it. [2] However, in active 

suspension systems, it is critical to build a precise mathematical model since the parameters are uncertain and external disturbances 

always exist in practical scenarios. [7] 

 

A. Time Delay Feedback Control of Active Suspension System 

As per Yang Nan et.al (2023) [3], The Routh-Hurwitz criterion and Sturm polynomial discriminant theorem are used to analyze the 

stability region of the 2-DOF time-delay suspension model, which is based on sprung mass speed feedback. The time-delay 

independent stability region increases as suspension damping increases. While compared to LQR control active suspension, the 

suspension vibration reduction performance under time-delay feedback control has a limited range of optimization. However, In 

addition to lowering control accuracy, the time delay will also cause reduced stability and bifurcation chaos to occur in the suspension 

system. [3] 

 

Figure 1: 2-DOF Time Delay Control model [3] 
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B. Fuzzy Control of Active Suspension 

Fuzzy Logic is an intelligent control scheme which can act upon un-modelled part of suspension system to gain added control over it. 

Simulations have shown that such controls are feasible to implement in the active suspension systems. Another benefit of such control 

is that it can be developed with no prior knowledge of required control. [4]  

Self-Organizing Fuzzy controllers have also been developed for active suspensions, which can learn more effectively in real time, 

even from a blank fuzzy rule table, and it is capable of controlling complex and nonlinear systems without the need for a 

mathematical model of the system during controller development. An FLC gains the self-organizing component, which creates a 

SOFC. [5]  

 

Figure 2: Layout of Fuzzy Logic Controller [4] 

 

C. Sliding Mode Control for Active Suspension System 

With the SISO system, the sliding mode control method is a nonlinear control technique. The sliding mode control method makes the 

system more stable and adaptable to changes in external influences than linear control methods like PID, LQR, and LQG. But 

designing a sliding mode controller is also a very difficult process. The displacement of the sprung mass is essentially constant (very 

small) when the vehicle is using the active suspension system managed by the sliding mode controller. If the car is equipped with a 

traditional passive suspension system, this number adjusts to the uneven surface of the road. 

The sliding mode controller is very robust and stable against the change of external factors. However, its design and control process 

are much more complicated than that of other linear controllers. [6]  

 

Figure 3: The schematic of the sliding mode control method [8] 

 

D. Adaptive Tracking Control for Active Suspension System 

Huihui Pan et.al [7], have designed this system considering a quarter car model, to achieve enhanced vertical dynamic performance of 

the vehicle considering parameter uncertainties, external disturbances and non-ideal actuators. The input-output characteristics of non-

ideal actuators are described by a linear approximate model with a time-varying disturbance-like term parameter. The proposed 

control law is adaptive to parameter uncertainties and lessens the effects of imperfect actuators with theoretical assurance when 

compared to current suspension control techniques. The stability analysis of the closed-loop suspension systems is provided with 

rigorous mathematical derivations. Authors have stated that numerical results achieved are satisfactory and show enhanced ride 

comfort properties. [7]  

 

E. PID control of Active Suspension System 

A PID controller is a type of linear controller that is frequently utilized in automation and industrial applications. The three stages of 

this controller are the derivative stage (D), the integral stage (I), and the proportional stage (P). The SISO object is controlled by a 

PID controller using the state feedback principle. This controller aids in bringing the system's error value, e (t), and closer to zero in 

order to meet the fundamental standards of quality. 
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According to the authors, the displacement and acceleration of the sprung mass are both greatly decreased in a vehicle that has an 

active suspension system that is managed by a double-integrated controller. Furthermore, the amplitude of oscillation for these values 

is very small. In contrast to earlier studies that exclusively employed conventional control techniques, the implementation of the 

double-integrated controller has resulted in high effectiveness. As a result, the comfort and stability of the car can be improved. [9] 

 

F. Benefits and Drawbacks of ASS 

The active chassis stabilizes the vehicle on its own, regardless of the state of the chassis as a whole. The car can stabilize itself 

without relying on the suspension's overall condition. It removes body roll when navigating fast turns. It gets rid of the car's pitch. The 

Anti-roll bar can be removed when utilizing a fully active suspension in a vehicle that has active suspension installed. It has system 

characteristics that can be adjusted even while driving. It improves the tire's contact with the road, which raises the car's total grip and 

makes the ride safer. Installing an active suspension has the drawback of being more difficult to maintain. The dampers consume a 

significant amount of power. A high peak power is necessary for active suspension. Therefore, a high current from the battery is 

always required; if the car's battery is low, the active suspension won't function as intended. Because of their complexity, active 

suspensions raise reliability concerns. Its intricate design makes it impossible to study in isolation.[2] 

 

II. FUZZY PID CONTROL FOR QUARTER CAR MODEL 

A. Dynamic Model 

In this instance, the 1/4 active suspension model is selected as the control model for the vertical vibration resulting from an uneven 

road; Figure 1 illustrates the architecture. The sprung and unsprung masses in this model are represented by the symbols ms and mu, 

respectively. A linear spring with a stiffness factor of ks and a linear damper with a damping factor of cs characterize the suspension 

system. A linear damper with a damping factor of ct and a linear spring with a vertical stiffness factor of kt define the tire. The 

actuator u produces the active control force. 

 

 

Figure 4: Active suspension model architecture [10] 

 

The dynamic performance of active suspension systems is directly impacted by sporadic road disruptions. The variation of the relative 

height q of the road to the baseline level and along the road alignment I with a mean value of zero and following a normal distribution 

is known as the road roughness function, or q (I), for real roads. It is a random function. Under various road conditions, the time 

domain disturbance curves vary, and they are typically expressed as road PSD.[10] The following equation can be used to express the 

road PSD Gq(n). [11]: 

{ Gq(n) = Gq(n0)(n/n0)−W = Gq(n0)n0.W.(v/fW) } 
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B. General Framework 

 

Figure 5: General Framework of Control 

 

The primary goal of the author was to create an adaptive fuzzy PID controller that can quickly adapt to the various performance 

requirements for driving safety and comfort on various types of roads. That was accomplished by combining road data and suspension 

status in an efficient manner, which enhanced the system's stability and vibration damping capabilities. 

The active suspension adaptive fuzzy PID control strategy and the road PSD fitting component made up the control architecture. 

The primary goal of the road power spectral density fitting section was to give the suspension damping control strategy the necessary 

information about the upcoming road conditions. First, the front portion of the semi-active suspension system sent the suspension 

response signal to the sensor. After that, the vehicle parameters and the signal were fed into the FNT in order to fit the road's vertical 

disturbance. Lastly, a Fourier transformation on a self-consistent function was employed to obtain the road power spectral density 

using the vertical disturbance as an input. In order to anticipate the state of the roads and select distinct control goals for various 

routes, the latter section was integrated with the PSD fitting outcomes of the preceding section. 

Initially, an online fuzzy evaluation of road condition was obtained by fuzzifying the results of the suspension online performance 

evaluation and road power density estimate. This modified the controller's control objective. The vehicle's real-time suspension 

displacement signal then adaptively modified the fundamental domain, bringing the road surface's various variation ranges into 

alignment. The performance deviation and its rate of change are finally fuzzified, and fuzzy rules were created to enable the adaptive 

real-time adjustment of PID parameters. This allowed the suspension system to promptly adjust to the vehicle's internal response as 

well as changes in the external road excitation, and the controller to generate a control force to achieve various control effects on 

various road surfaces. 

 

C. Adaptive Fuzzy Pid Controller 

According to the adaptive fuzzy PID controller control schematic, the following adjustment rules are obtained for the two-input, 

three-output fuzzy controller. 

 
where kp0, ki0, and kd0 represent the initial scale, Integration and differentiation coefficients of the PID controller; Kp(k)’ , Ki(k)’, and 

Kd(k)’ represent the adjusted parameters; △Kp(k), △Ki(k), and △Kd(k) are the PID control quantities output from the fuzzy controller; 

and qp, qi, and qd are the amplification scale factors. [10] 

 

D. Simulation And Analysis 

The authors performed control of Fuzzy PID control on quarter car model considering its standard parameters as shown in following 

table. 
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Table 1: Quarter Car Parameters 

 

 

To verify the effectiveness of the proposed fuzzy PID control strategy for damping on different road conditions, a simulated test road 

was constructed in MATLAB/SIMULINK. The simulated road consists of 10 different levels of road under ISO8608 for a total of 2 

km, which fully considers a variety of road changes. The road surface was continuously disturbed, and multiple road surfaces and 

road switching were considered. The vehicle was driven at a constant speed of 20 m/s, and the road level changed every 10 seconds. 

The estimated and actual road vertical displacements are compared using the FNT-based road estimation algorithm in the time 

domain. The test error's RMS is 0.0592, indicating a good fit. 

The PSD was obtained by applying the Fourier transform of autocorrelation to the road vertical displacement. The periodogram 

approach and the Fourier transform of autocorrelation were contrasted in terms of noise resistance performance to confirm the impact 

of the former. Random noise was added to the time domain signal, and the results showed that the latter performed more smoothly 

and with greater noise resistance. [10] 

 

III. CONCLUSION 

When it comes to managing and enhancing performance, the active suspension works better than the passive suspension. It can keep 

the required level of comfort and stability because the suspension can be adjusted to the driving conditions. Active suspension stops 

or minimizes the vehicle's body roll. [2] The experimental results show that the suspension vibration reduction performance under 

time-delay feedback control has a certain range of optimization compared with the LQR control active suspension. Under harmonic 

excitation, the RMS value of SMA decreases from 1.7437 to 1.0606 by 39.17%, while under random excitation it decreases from 

1.5891 to 1.0250 by 35.5%. And in the simulation and experimental comparison under the same working condition, the error of RMS 

of SMA is 12.51% and 15.57% respectively, which meet the engineering requirements.[3] The most popular controller in the industrial 

sector, the PID controller is utilized for many different types of vehicle suspension controls. It can be highly applied to enhance the 

PID controller and address its shortcomings.  

Under various road conditions, the vehicle's safety, comfort, and stability can be achieved by utilizing the proposed road condition-

based fuzzy PID controller. The numerical simulation results show that, due to its different priorities of control performance trade-offs 

for various road conditions, the suggested control strategy can significantly improve the vehicle's performance when compared to the 

passive control of the suspension and the PID control of the suspension.[10] Duc Ngoc Nguyen et.al[8] research proposes an active 

suspension system as a solution, employing a quarter dynamics model to simulate the vehicle's oscillation and a linearized model of 

the hydraulic actuator. The novel approach introduces the Sliding Mode Control algorithm to handle the complex nonlinear control of 

the vehicle's oscillations, demonstrating superior performance in simulations. However, the study is limited to a quarter dynamics 

model, and future work may involve more complex models and real-world experiments to further validate the effectiveness of this 

nonlinear control algorithm.[8]  

 

IV. FUTURE SCOPE 

Most of the researches currently have been conducted considering quarter car models only. However, in future complex models may 

be considered for future developments. Currently road excitations have be considered in preliminary stages. But, going forward, study 

can take place taking road excitations as central theme for modelling. Random parametric excitations also need to be studied for 

future developments.  

Study regarding incorporation of electromagnetic actuators in ASS has also lot of scope to be studied. Research on the combination of 

air suspension and active suspension will significantly impact the field of active suspension technology. Currently, Adaptive 

Harmonic control has been studied for a half car model. But, for future research, the proposed control algorithm can be implemented 

on an embedded system with a real-time operating system to obtain some experimental results which can validate the proposed 

solution. The software configuration for real-time performance and the hardware's ability to produce a harmonic signal may be the 

reason behind the implementation difficulties.[13]  
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