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Abstract

:

This paper addresses the trade-off between ride comfort and road-holding capability of a quarter-car semi-active suspension system, collaborated by an active aerodynamic surface (AAS), using an optimal control policy. The semi-active suspension system is more practical to implement due to its low energy consumption than the active suspension system while significantly improving ride comfort. First, a model of the two-DOF quarter-car semi-active suspension in the presence of an active airfoil with two weighting sets based on ride comfort and road-holding preferences is presented. Then, a comprehensive comparative study of the improved target performance indices with various suspension systems is performed to evaluate the proposed suspension performance. Time-domain and frequency-domain analyses are conducted in MATLAB® (R2024a). From the time-domain analysis, the total performance measure is enhanced by about 50% and 35 to 45%, respectively, compared to passive and active suspension systems. The results demonstrate that a semi-active suspension system with an active aerodynamic control surface simultaneously improves the conflicting target parameters of passenger comfort and road holding. Utilizing the aerodynamic effect, the proposed system enhances the vehicle’s dynamic stability and passenger comfort compared to other suspension systems.
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1. Introduction


With the emergence of modern technology in the automobile sector, improving the dynamic riding performance of suspension systems has become a critical design feature. In the literature, various control strategies, like the PID controller, model predictive controller (MPC), fuzzy logic network (FLC), and artificial neural network (ANN), have been reported to address the trade-off between driving comfort and handling capability [1]. The primary role of the vehicle’s suspension is to efficiently shield the chassis from external roadside disturbances and shocks, thereby providing comfort, stability, and improved handling [2,3]. This isolation helps to enhance ride comfort by reducing the transmission of road shocks and vibration to the occupants while maintaining a firm grip of the tire on the road surface [4]. In some cases, inherent stability challenges in traditional suspension systems can be non-trivial, even at low speeds. Isolation of these oscillations and overcoming the conflicting objectives are essential considerations in the design of dynamic control for vehicle suspension.



Based on the energy dissipation mode, the basic three types of suspension systems are the passive suspension system (PSS), active suspension system (ASS), and semi-active suspension system (SASS) [5,6]. A PSS consists of a metal spring, a standard damper, and a wishbone, which require no external energy for their operation. In contrast, an ASS requires external power for actuator operation to tackle exogenous disturbances and uncertainties encountered during vehicle forward motion and taking on various road maneuvers [7,8]. However, a SASS requires less energy than the active suspension system [9], as only a limited amount of actuator power is needed to change the orifice of the variable damper.



There are several types of variable dampers, including magnetorheological dampers, electrorheological dampers, electrohydraulic dampers, and electromagnetic dampers, which require limited power for their operation and only a few parameters [10]. However, with the ability to dissipate energy without the expenditure of external power, the main problem associated with semi-active suspension system is the passivity constraints, which limit their ability to minimize the vertical acceleration and mitigate undesired forces during the height and attitude motions of the vehicle [11]. An integration-based, linear parameter-varying controller (LPV) was employed to track road velocity under certain irregularities to enhance a semi-active suspension system’s driving comfort and system stability performance. However, improvements in suspension deflection were not considerable compared to the ride comfort owing to the conflicting nature of the target parameters [12]. Based on preview information, a vibration isolation platform was designed, and an MPC algorithm was applied to enhance the suspension acceleration across different road surfaces. The proposed study utilized a vehicle-mounted vibration mitigation controller by employing a damping control damper model [13]. A PID controller was optimized using particle swarm optimization (PSO) to improve the passenger comfort and road holding of a quarter-car SASS. The controller was verified by a hardware-in-the-loop approach, while the MR damper was modeled using an ANN [14]. However, the main focus was improving ride comfort performance compared to a passive suspension system.



To achieve a better compromise between passenger comfort and road-holding goals, the authors in [15] employed several controllers in an in-wheel electric vehicle to reduce the magnitude of oscillations by considering random road profiles. The authors considered the unbalanced vertical forces arising from a switched reluctance motor. However, each controller could provide the best improvement depending on the particular type of vehicle and the direction in which the destabilizing forces acted on the vehicle. To reduce the variation in the magnitude of the passenger compartment acceleration, the authors in [16] demonstrated an optimal preview control approach to eliminate the jerk in car body acceleration, thereby improving the comfort level of a quarter-car SASS. The results showed reduced amplitude vibrations compared to disregarding the preview controller. However, the jerk in the dynamic response of the ride comfort-oriented index was flattened at the cost of a   5 %   reduction in the road-holding performance.



The authors in [17] investigated using an active aerodynamic surface to track roll motion and minimize the tracking error to address the conflicting parameters in a half-car model. The optimal controller effectively reduced the magnitude of transverse forces acting on the car body, enabling the tracking of ideal roll motion during circular and different lane maneuvers. To attenuate an anticipated road disturbances and oscillations affecting vehicle attitude motion, the MPC strategy was demonstrated to ensure the desired maneuvering of the four-DOF half-car ASS [18]. A detailed frequency-domain analysis was conducted on a sports car using an AAS on different road surfaces, and an improvement of 30% in ride comfort was achieved but at the expense of power requirements and associated complex circuitry [19].



Classical on–off controllers like sky-hook and ground-hook control techniques have been experimentally validated extensively in the literature. However, they are not well suited for a multi-objective function. Similarly, a mix-one-sensor controller offers an exclusive control strategy that focuses on the conflicting objectives but not both simultaneously [20]. To enhance sports cars’ suspension travel and safety in a cornering maneuver, actively controlled spoilers were employed using numerical techniques. The normal loads in the front and rear axles were controlled by changing the angle of attack in the opposite direction of the vehicle. However, the study focused only on the critical stability of the vehicle for passive and ASS [21]. A review article published by [22] presented different models of the movable aerodynamic elements for the solution of conflicting parameters, safety, and low fuel consumption of various modern cars. Therefore, the major factor in enhancing ride comfort and maintaining a firm grip along the road surface lay in the effective consideration of the ASS force. By optimizing the application of this force alongside the control force of a SASS, the vehicle could achieve improved stability and enhanced handling capability. Based on the above findings, this paper presents an effective control scheme to enhance a quarter-car semi-active suspension system’s ride comfort and road-holding capability in conjunction with an active airfoil. The classical linear quadratic regulator (LQR), which is well suited for a multi-objective cost function, is employed to meet the conflicting objectives and minimize the objective performance index of the system [23].



The objective of this study can be outlined as follows:




	
In the first place, the effect of the downward active aerodynamic force on a quarter-car model with a SASS is analyzed. The performance measure is optimized to enhance driving comfort and road-holding capabilities simultaneously.



	
Then, the simulation result of an active suspension system that requires external power for the actuator operation and incorporates an active aerodynamic surface is presented as a benchmark case.



	
Finally, a comprehensive comparative study is conducted with the benchmark case and other suspension systems. This evaluation is based on both time- and frequency-domain analyses to assess the suspension performance.








The remainder of the paper is organized in the following manner. Section 2 presents the modeling of the SASS supplemented by an active airfoil. The problem formulation is illustrated in Section 3. Section 4 outlines the optimal control design strategy. Section 5 discusses the results and their implication. Finally, Section 6 concludes the paper.




2. Mathematical Modeling


2.1. Suspension Model


The motion of the quarter of the vehicle is described by two DOFs in the vertical direction relative to the static equilibrium point. The schematics of quarter-car SASS with and without an active airfoil are illustrated in Figure 1a–c. The quarter-car model is augmented by including an active aerodynamic surface, generating a downward aerodynamic lift force   u 2  . The differential equations of the SASS quarter-car model in the presence of an active airfoil and external disturbance can be obtained by applying the equation of motion to the free-body diagram in Figure 1b. The dynamic equations of the model are described by Equation (1) and Equation (2), respectively.


   m 1    z ¨  1  +  k 1   (  z 1  −  z 2  )  +  [  b 1  + v  ( t )  )   ]   (   z 1  ˙  −   z 2  ˙  )  +  u 2  = 0  



(1)






   m 2    z ¨  2  +  k 1   (  z 2  −  z 1  )  +  [  b 1  + v  ( t )  ]   (   z 2  ˙  −   z 1  ˙  )  +  k 2   (  z 2  −  z o  )  = 0  



(2)




where   m 1   is the sprung mass,   m 2   is the unsprung mass,   b 1   is the passive damping constant,   v ( t )   is the variable damping constant, and   k 1  ,   k 2   are the suspension and tire stiffness coefficients of the SASS. The absolute values of the chassis displacement, tire mass assembly displacement, and the roadside kinematic disturbance are shown as   z 1  ,   z 2  , and   z 0  , respectively, in the vertical direction relative to the static equilibrium point. The characteristics of the spring constant and damper constant are considered linear [24].



The state vector of the synthesized model incorporating an AAS, is shown in Equation (3).


  x =   [  z 1  −  z 2  ,   z ˙  1  ,  z 2  −  z 0  ,   z ˙  2  ]  T  , w =   z ˙  0   



(3)







In the quarter-car model,   (  z 1  −  z 2  )   represents the suspension deflection, which is the relative displacement between the sprung mass   z 1   and the unsprung mass   z 2  . The term    z ˙  1   denotes the sprung mass’s absolute velocity, indicating the change rate of the sprung mass’s displacement. The expression   (  z 2  −  z 0  )   signifies the dynamic tire load, which is the relative displacement between the unsprung mass and road surface   z 0  . The parameter    z ˙  2   refers to the absolute velocity of the tire and axle assembly (unsprung), reflecting the rate at which the unsprung mass’s displacement changes. For the simplified two-DOF model, the tire damping coefficient is neglected, as it does not affect the tire hop frequency, despite its dependence on various factors [27]. The deterministic random road excitation velocity signal is denoted by    z ˙  0  . The typical normalized values for the proposed model are detailed in Table 1.



From the table above, the optimal value of the passive damper constant was chosen    b 1  = 3   for all systems, while for the SASS, it could take on various values and switch between minimum and maximum values.




2.2. Aerodynamic Force


Aerodynamics studies the motion of air particles and their resultant force on a body by virtue of their interaction. The air pressure gradient distribution on the vehicle’s body results in a net lift force perpendicular to the direction of motion of the car [28]. The primary sources of aerodynamic effect include lift, drag, side wind, rolling moment, pitching moment, and yawing moment. A higher aerodynamic force is required when the car is making a cornering maneuver or if there is a sudden decrease in friction force. Mounting an aerodynamic surface increases the downward force on a vehicle’s axle, enhancing its stability during cornering or sudden wind gusts [29]. Equations (4) and (5) describe the magnitude of the forces during the vehicle’s travel against the random road profile. The net lift force produced by the AAS impacts the chassis’ normal load, affecting the driving comfort, the rattle space, and the tire grip on the road surface.


   F  l i f t   =   1 2   ρ   v 2  S  C  l i f t    ( α )    



(4)






   F  d r a g   =   1 2   ρ   v 2  S  C  d r a g    ( α )    



(5)




where v (m/sec) is the reference wind speed,  ρ  (kg/m3) is the constant for air density, S is the projected aerodynamic surface area (m2), and  α  is the angle of attack.   C  l i f t    is the aerodynamic lift coefficient, and   C  d r a g    is the aerodynamic drag coefficient; both depend on the angle of attack, shape, thickness, and surface condition of the AAS [30]. The major factor in enhancing ride comfort and maintaining a firm grip on the road surface lies in the effective consideration of only the active aerodynamic downward force.




2.3. Road Excitation Model


External road disturbance impacts the car and its suspension system. Different types of deterministic and stochastic road disturbances are applied to the vehicle to evaluate the performance of the synthesized model. Road bump refers to the disturbance experienced by a car when it passes through a raised or depressed section of the road surface in the form of speed bumps or potholes. Applying the bump as input disturbance can significantly affect the vehicle’s dynamics. Equations (6) and (7) depict a bump position input and its corresponding velocity vector [31].


      z 0   ( t )  =      A  1 − cos (  20 π ( t − 0.3  )       0.3 ≤ t ≤ 0.4      0      else          



(6)






     w  ( t )  =      20 A π sin (  20 π ( t − 0.3 )  )      0.3 ≤ t ≤ 0.4      0      else          



(7)




where   A = 0.05   m. The rigid body vibration for most vehicles lies between 0.5 Hz and 15 Hz. These vibrations are excited if the corresponding speed of the car is varied from 2 m/s to 60 m/s [32]. The power spectral density (PSD) characterizes the random nature of road surface irregularities across different types of roads [33,34]. The PSD is flat across all frequencies, meaning it has equal power in every frequency band. This property makes additive white Gaussian noise (AWGN) a suitable approximation for the unpredictable variation in road height that a vehicle traverses. In the present work, the co-variance of the dynamic excitation is used to generate the road input profile, as detailed in [16].


  E  [  w 1   (  t 1  )   w 1   (  t 2  )  ]  = 2 π a  v 0  δ  (  t 1  −  t 2  )   



(8)







The one-sided roadside unevenness around the mean point is described by the stochastic stationary process with the PSD defined by Equation (9) [35].


   G d   ( ω )  =    σ 2  π      α  v 0     w 2  +   ( α  v 0  )  2      



(9)




where   v 0   is the car velocity in the forward direction. In Equation (9), it is assumed that the vehicle travels on an asphalt road with 20 m/s. The road surface roughness factor is   a = 0.15   m−1, and  σ  is the standard deviation which takes the value of    σ 2  = 9 ×  10  − 6     m2 [16].





3. Problem Formulation


Improving the dynamic performance of the quarter-car SASS collaborated by an AAS is a full feedback optimal control problem, as illustrated in Figure 2. The suspension system performance indices are minimized to achieve optimal values in car body acceleration, suspension rattle space, and road holding [36]. The vector   u  ( t )  =   [  u 1   u 2  ]  ⊤   , represents the control law aimed at minimizing the total cost function of the system [37]. The simulations were performed under the following assumptions.



	
The state variable like suspension deflection, suspension velocity, and tire deflection are available from the output of the LQR controller, which could be detected and fed back.



	
In the simulation, only the downward active aerodynamic force interacting with the vehicle chassis is considered, while all other forces are neglected.



	
To consider the dynamic interaction of the vertical forces on the car chassis, the optimal value of the actuator force for the active suspension system and aerodynamic lift force generated by the AAS were considered to be unconstrained.







4. Optimal Controller Design


The design of a 1/4 car SASS system involves adjusting the target parameters to improve the dynamic response against road unevenness and irregularities. This work aimed to design the optimal controller that could attenuate the exogenous disturbances induced into the car body during the vehicle’s forward motion. For driving comfort, deviation in the car body acceleration was minimized without losing tire grip on the road surface. All these objectives were obtained, keeping the rattle space and the passivity constraints of the variable damper of the SASS. The target parameters were optimized by suitably tuning the weighting constant parameters. The objective cost function of the proposed model is depicted in Equation (10).


   J  s e m   =      lim  T → ∞     1  2 T     ∫  0  T    x ⊤  Qx − 2  x ⊤  N v  (  x 2  −  x 4  )  + R  v 2    (  x 2  −  x 4  )  2   d t      



(10)







The optimal damping coefficient   v ( t )   minimizes the performance objective function subject to the passivity constraints, as described in Equations (11) and (14). Similarly, the bilinear time-varying state equation of the SASS supplemented by an active dynamic surface is described by Equation (11).


   x ˙  = Ax −  B 1  v  ( t )   (  x 2  −  x 4  )  −  B 2   u 2  + D w             x  ( 0 )  =  x 0   



(11)




where   x 0   represents the initial condition, w shows the input velocity of the kinematic disturbance, and   B 1   and   B 2   are the input constant matrices. The variable damper coefficient   v ( t )   is approximated in Equation (12) by:


   u 1  = − v  ( t )   (  x 2  −  x 4  )   



(12)







Similarly, Equation (13) represents the aerodynamic force generated by the AAS in the downward direction.


   u 2  = −  K 2  x  



(13)




where the variable damper satisfies the following passivity constraints:


   v  m i n   ≤ v  ( t )  ≤  v  m a x    



(14)







Alternatively, the time-varying state equation based on the variable damper coefficient can be described by Equation (15).


   x ˙  = A  ( v  ( t )  )  x − B  u 2  + D w  



(15)






  A  ( v  ( t )  )  =     0   1   0    − 1       −    k 1   m 1        −     b 1  + v  ( t )    m 1       0       b 1  + v  ( t )    m 1        0   0   0   1        k 1   m 2          b 1  + v  ( t )    m 2       −    k 2   m 2        −     b 1  + v  ( t )    m 2          











The constant matrices, which represent fixed parameters in the system and remain unchanged throughout the analysis, are depicted as follows:


  A =     0   1   0    − 1       −    k 1   m 1        −    b 1   m 1       0      b 1   m 1        0   0   0   1        k 1   m 2         b 1   m 2       −    k 2   m 2        −    b 1   m 2         ,  B 1  =     0        1  m 1         0       −   1  m 2         ,  










   B 2  =      0     1  m 1      0   0     ⊤  , C =     0   1   0    − 1      , D =      0   0    − 1    0     ⊤   










  Q =       ρ 1  +    k 1 2   m 1 2           k 1   b 1    m 1 2      0    −     k 1   b 1    m 1 2             k 1   b 1    m 1 2         b 1 2   m 1 2      0    −    b 1 2   m 1 2         0   0    ρ 2    0      −     k 1   b 1    m 1 2        −    b 1 2   m 1 2       0      b 1 2   m 1 2        , N =      −    k 1   m 1 2          −    b 1   m 1 2         0         b 1 2   m 1 2        , R =       ρ 4  +   1  m 1 2          








where  C  is the output matrix,  R  is a positive definite weighting matrix, and  Q  and  N  are positive semi-definite symmetric matrices [38]. The dynamic model of the SASS is nonlinear, and a limited amount of control force is required to adjust the orifice of the variable damper. Therefore, in the first place, the unconstrained optimization problem for the active suspension system incorporated by an AAS is analytically solved. From Equation (12), the active force from the ASS with an AAS is compared with the control force of the SASS. Following this, the updated value of the variable damper   v ( t )   for the SASS is calculated by selecting either the minimum, maximum, or no change in the control force. For the ASS collaborated by an AAS, the control law calculates the optimal feedback gains   K 1   and   K 2  , which minimizes the total performance criterion and is described by Equation (16).


   J  a c t   =      lim  T → ∞     1  2 T     ∫  0  T   [   z ¨  1 2  +  ρ 1    (  z 1  −  z 2  )  2  +  ρ 2    (  z 2  −  z 0  )  2  +  ρ 3   u 1  +  ρ 4   u 2  ]  d t      



(16)







The target performance indices includes the vertical car body acceleration    z ¨  1  , suspension deflection   (  z 1  −  z 2  )  , and dynamic tire load   (  z 2  −  z 0  )  . These indices are associated with passenger comfort, handling, and vehicle dynamic stability. The weighting factors   (  ρ 1  ,   ρ 2  ,   ρ 3  ,   ρ 4  )   in the synthesized model are selected based on ride comfort and road holding preferences. In the conventional design of the LQR controller, we can penalize the passenger compartment acceleration (ride comfort) by   ρ 1   at the expense of degradation in the road holding. Similarly,   ρ 2   prioritizes the road holding index,   ρ 3   is selected to minimize the control effort, and   ρ 4   is related to the airfoil force. These were the optimized values tuned based on trial and error method and were related to our previous work [16]. The weighting factors were chosen according to specific road and speed conditions. The resultant control force that minimized the above performance criterion is illustrated in Equation (17) as:


   u 1  = −  R  − 1    (  B ⊤  P +  N ⊤  P )  x  ( t )   



(17)







 P  is the solution of the algebraic Riccati equation and is positive definite [39,40]. The Riccati equation for the active suspension system, incorporated by an AAS is given by Equation (18):


   A  n  ⊤  P +  PA n  − PB  R  − 1    B ⊤  P +  Q n  = 0  



(18)




where the matrices   A n   and   Q n   are given by:


   A n  = A −  BR  − 1    N ⊤   



(19)






   Q n  = Q −  NR  − 1    N ⊤   



(20)







  Q n   is symmetric and non-negative matrix. The nonlinear state equation of the SASS Equations is described by Equation (21), which involves a control switching mechanism of the control variable in the presence of a disturbance signal.


      x ˙  =      A  (  v  m i n   )  x −  B 2   u 2  + D w ,     if   −  u 1   (  x 2  −  x 4  )  <  v  m i n     (  x 2  −  x 4  )  2  ,       A  (  v  m a x   )  x −  B 2   u 2  + D w ,     if   −  u 1   (  x 2  −  x 4  )  >  v  m a x     (  x 2  −  x 4  )  2  ,        A c  x + D w ,      otherwise .          



(21)







Equation (22) depicts the closed-loop state-space matrix of the system under the feedback control law:


   A c  =  A n  −  BR  − 1    B ⊤  P  



(22)







Since the SASS does not provide any active supply to the suspension to counter the external vibratory forces, the system is always stable. Only a limited amount of power is required for the modulation mechanism of the variable damper [41]. From Equation (12), the control force from the variable damper of the SASS equipped with an AAS is similar to the ASS without considering the passivity constraints of Equations (11) and (14).



The variable damper force   ( v  ( t )  = −    u 1   (  x 2  −  x 4  )    )   is determined by using the control algorithm in Equation (23). The resultant value is subsequently substituted into the system matrix   A ( v ( t ) )  , which becomes piecewise linear. This integrated approach of utilizing the control force of the resultant SASS and aerodynamic force is used to achieve the desired performance metrics.


     v  ( t )  =       v  m i n   ,     if   −  u 1   (  x 2  −  x 4  )  <  v  m i n     (  x 2  −  x 4  )  2  ,        v  m a x   ,     if   −  u 1   (  x 2  −  x 4  )  >  v  m a x     (  x 2  −  x 4  )  2  ,       −    u 1   (  x 2  −  x 4  )    ,      otherwise .          



(23)







From Equation (12), the objective of the controller is the minimization of the least squares difference    (  u 1  − v  ( t )  )  2   between the active and semi-active control forces. By using Equation (23) and the well-established rule of calculating the variable damper coefficient   v ( t )  , the subsequent values of the variable damping coefficient are replaced with   v  m i n    and   v  m a x    in the time-varying state Equation (21). When encountering a singularity at the point   (  x 2  −  x 4  )  , the optimal controller retains the most recent value of   v ( t )   in the simulation.




5. Results and Discussions


Time and frequency-domain analyses were performed to provide a comprehensive insight into how well a vehicle suspension system could manage vibration and shocks from road irregularities, ensuring optimal ride and handling performance. The performance indices were selected based on total performance, passenger comfort level, suspension rattle space, and dynamic tire pressure for a typical passenger car. In the time domain, the resultant mean squared values of the target parameters were compared to the benchmark case and other suspension systems.



5.1. Frequency-Domain Analysis


The frequency-domain analysis investigated the system’s response at various frequencies, evaluating how different frequency components of road disturbances influenced the vehicle’s behavior. A thorough comparative study of the key performance indices for multiple suspension systems was conducted to analyze the aerodynamic effect on suspension performance. The frequency response of LTI systems is obtained by applying the Fourier transform to the dynamic model. However, from Equation (21), it is evident that the state equation/closed-loop system becomes piecewise linear and switches between passive and active systems, describing the dynamic response of the SASS as not linear but bilinear. Therefore, it cannot be solved by using the Fourier Transform of a transfer function. Various methods for determining frequency response functions for nonlinear models can be found in the literature. These include LPV, discrete Fourier transformation, numerical method, and Bartlett and Welch methods for estimating the power spectral density of the signal [42,43].



However, for input road velocity excitation signal  ω , the frequency response for the nonlinear model can be calculated by determining the amplitude ratio (amplitude transmissibility) of the input and output signals [44]. Amplitude transmissibility is key in studying vibrational systems, including vehicle suspension systems. It refers to the ratio of the output’s amplitude to the input’s amplitude when reaching steady-state condition [45]. Only the first weighting set with    ρ 1  =  10 3  ,  ρ 2  =  10 4  ,  ρ 3  = 0.1  , and    ρ 4  = 1   was considered for the frequency response calculation. Figure 3, Figure 4 and Figure 5 show the dynamic frequency response of the sprung mass acceleration, suspension travel, and suspension deflection of the quarter-car model in the presence of the AAS. The results showed that the downward active airfoil force on the vehicle chassis, in combination with the control force from the SASS, achieved the best compromise between an ASS with an airfoil and one without it.



Figure 3 shows the invariant resonant peak point remained unchanged regardless of the control law applied. The two resonant peaks in the frequency response, highlighting the metric of passenger comfort, could be improved by modifying the damping constant parameters. However, this enhancement in the first hop resonant frequency would be achieved at the expense of frequency harshness (slow roll-off) at high frequency. From the mode shapes, it is evident that the sprung mass primarily characterized the low-frequency mode shape of the first resonant peak frequency. The vehicle’s unsprung mass mode (tire hop) represents the high resonant peak. The benchmark case of an ASS equipped with an active airfoil dampened the instantaneous deviation in the first hop and at the same time, enhanced road holding. However, in the case of a SASS supplemented by an active airfoil, the response showed that the tire hop frequency was significantly reduced compared to the PASS, ASS, and SASS. However, the low-frequency amplitude response remained considerably lower than that of the passive and SASS near the first hop frequency.



The suspension stroke is kept within a specific limit to protect the vehicle suspension system from any structural damage, as there is limited space under the hood [46]. Figure 4 illustrates the response at low frequency near the sprung mass’s resonant hop frequency significantly reduced rattle space requirements compared to the ASS with and without considering the AAS. However, the response remained within acceptable bounds near the tire hop frequency and performed better than the ASS and semi-active suspension system. From Figure 5, the response from the dynamic tire deflection, which quantifies the road holding capability, stayed lower than the passive suspension system at the car body’s resonant frequency. At the same time, a mixed response was achieved at the tire hop resonant frequency and remained better than that of active and semi-active suspension systems. It can be concluded from the overall response that the proposed model effectively isolated the car body from external road disturbances and improved the target parameters, thereby enhancing ride quality and handling ability compared to other suspension systems.




5.2. Time-Domain Analysis


The time-domain analysis focused on how the system responded to various input disturbance signals, examining factors such as transient response, settling time, and amplitude of oscillations. The study aimed to minimize and isolate various road disturbances on the comfort-oriented index without negatively affecting road holding. The target parameters, including car body acceleration, suspension travel, and dynamic tire load, were evaluated using deterministic and random road signals. In the first place, the car was subjected to a bump velocity input disturbance with an amplitude of 0.1 m, as shown in Figure 6. Two different sets of weighting factors were chosen for the simulation. Figure 7, Figure 8 and Figure 9 depict the dynamic response of the model for the first set of weighting constants. The results showed that the benchmark case of an active suspension system with an active airfoil achieved the best performance. However, the proposed model also minimized the deviation in passenger compartment acceleration, suspension rattle space, and total performance while maintaining a firm tire grip on the road surface.



Table 2 and Table 3 compare the results for different suspension systems for the two sets of weighting factors. Equation (24) describes the percentage improvement when calculating the performance indices for various suspension systems. The vehicle’s response to bump input provides valuable information about the system’s effectiveness in isolating the chassis from roadside irregularities, enhancing the occupant’s comfort, and maintaining tire contact with the road. The total performance measure experienced a   49.17 %   and 44.88% enhancement compared to the PSS and ASS. Figure 7 demonstrates the sprung mass acceleration, which quantifies the ride comfort index, was reduced to   76.37 %   and   65.59 %  , respectively, compared to the two systems.


  Improvement  ( % ) = |    Passive −  Semi-active   Passive   | × 100  



(24)







This enhancement resulted in a −35% degradation in road holding for the first set. However, the suspension acceleration, suspension deflection, and rattle space showed a 65.59%, 20.13%, and 12.85% improvement compared to those of the ASS. The results from the second set demonstrated that the controller had effectively managed to reduce the effects of these shocks by isolating it from the car body while maintaining tire contact with the road. Table 3 presents the weighting factors chosen for road-holding preferences. The total performance measure improved by   46.86 %   and   36.16 %  , respectively, compared to the passive and ASS. Additionally, the ride comfort-oriented index improved by 59.58% and 66%, while the dynamic deflection in the tire load decreased by   42.56 %   and   18.43 %  , respectively.



To study a more realistic approach, the car was driven against a stationary stochastic white Gaussian noise signal on an asphalt road. AWGN allows a simple and effective way to simulate the broadband spectrum of the disturbance encountered on typical asphalt roads. Results tabulated in Table 4 and Table 5 demonstrate how effectively the system responded to stationary stochastic disturbances. The total performance measure improved by 50.04%, 38.43%, and by 38%, 28.17%, respectively, for the two sets. Similarly, car body acceleration and dynamic tire load remained at 75.78% and −22.31% and 53.91% and 32.65%, respectively, for the two sets of weighting factors. Overall, the second set of weighting factors enhanced all performance indices and effectively addressed the conflicting objectives of ride comfort and road holding. The results confirmed that the proposed model successfully reduced the impact of external disturbances on the vehicle chassis and provided passenger comfort without compromising on the road holding.





6. Conclusions


In this research work, the simulation of a SASS in the presence of an AAS was successfully modeled and implemented. By optimizing the two sets of weighting factors, the optimal controller managed to provide a smoother ride comfort while maintaining a solid tire grip on the road, addressing the inherent trade-off between the two target parameters. The frequency-domain analysis confirmed that the added effect of the AAS successfully mitigated the deviation in the first hop frequency (body hop) and second hop frequency (tire hop) without negatively affecting the road-holding capability. As a benchmark, the active suspension with an active airfoil could effectively reduce the effect of disturbances at the resonant peaks in the car body’s acceleration. However, at the same time, the proposed suspension system had a better low frequency response compared to the PSS, and the passenger comfort was greatly improved at the tire resonant frequency compared to all other systems. From the time-domain results, it is evident that the proposed system significantly reduced the amplitude of vibration under extreme conditions like road bumps, where the total performance was enhanced by 49.17% and 44.88% compared to that of the PSS and ASS for the first weighting set. At the same time, ride comfort saw an improvement of about 76.37% at the expense of about −35% in road holding. However, all target parameters significantly improved compared to those of the ASS. Emphasizing road holding, the indices of the target parameters were considerably enhanced. The ride comfort, road holding, and suspension deflection improved by 59.58%, 42.56%, and 34.07%, respectively, compared to the PSS. When compared to the ASS, these indices showed enhancements of 66%, 18.43%, and 13.25%, respectively. A similar trend was observed for the asphalt road with a stationary stochastic white Gaussian signal. From an overall performance perspective, the proposed model successfully balanced the conflicting goals of passenger comfort and road-holding capability. This model can be extended to the half-car model and full-car models, where a detailed aerodynamic analysis can further substantiate these findings.
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	Power Spectral Density
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	Linear quadratic regulator
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	Proportional–Integral–Derivative
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Figure 1. Simplified models of the 2-DOF quarter of the vehicle: (a) ASS with an active airfoil [25], (b) SASS with an active airfoil, (c) SASS only [26]. 
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Figure 2. Block diagram for an SASS with an active airfoil. 
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Figure 3. Car body acceleration for various suspension systems. 
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Figure 4. Car suspension deflection for various suspension systems. 
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Figure 5. Car tire deflection for various suspension systems. 
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Figure 6. Road shock against various systems. 
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Figure 7. Sprung mass acceleration for various suspension systems. 
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Figure 8. Suspension deflection for various suspension systems. 
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Figure 9. Dynamic tire deflection for various suspension systems. 
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Table 1. Quarter-car suspension system model parameters.






Table 1. Quarter-car suspension system model parameters.





	Definition
	Parameter
	Unit
	Value





	Sprung mass
	   m 1   
	kg
	    m 1  = 1   



	Unsprung mass
	   m 2   
	kg
	    m 2  = 0.1   m 1    



	Suspension stiffness
	   k 1   
	N/m
	    k 1  = 36   m 1    



	Tire stiffness
	   k 2   
	N/m
	    k 2  = 360   m 1    



	Passive damping coefficient
	   b 1   
	N.s/m
	    b 1  = 3   m 1    



	Minimum damping coeff.
	   v  m i n    
	N.s/m
	    v  m i n   = 1   m 1    



	Max. damping coeff.
	   v  m a x    
	N.s/m
	    v  m a x   = 17   m 1    










 





Table 2. Performance indices with first set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 4  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .






Table 2. Performance indices with first set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 4  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .





	Sus. System
	Body Acceleration. (%)
	Tire Deflection (%)
	Suspension Deflection (%)
	Per. Index. (%)





	Passive sus. sys.
	100
	100
	100
	100



	Active sus. sys.
	68.68
	169.13
	127.02
	92.22



	Active sus. with an airfoil
	25.60
	119.47
	100.84
	48.60



	Semi-active suspension sys.
	62.16
	192.75
	140.40
	92.88



	Semi-active sus. with an airfoil.
	23.63
	135.07
	110.68
	50.83










 





Table 3. Performance indices with second set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 5  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .






Table 3. Performance indices with second set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 5  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .





	Sus. System
	Body Acceleration. (%)
	Tire Deflection (%)
	Suspension Deflection (%)
	Per. Index. (%)





	Passive sus. sys.
	100
	100
	100
	100



	Active sus. sys.
	119.22
	70.42
	76
	83.25



	Active sus. with an airfoil
	37.76
	53.34
	65.69
	49.48



	Semi-active suspension sys.
	120.18
	71.91
	76.25
	84.58



	Semi-active sus. with an airfoil.
	40.42
	57.44
	65.93
	53.14










 





Table 4. Performance indices with the first set of weighting factors    ρ 1  =  10 3   ,    ρ 2  =  10 4   ,    ρ 3  = 0.1  ,    ρ 4  = 1  .






Table 4. Performance indices with the first set of weighting factors    ρ 1  =  10 3   ,    ρ 2  =  10 4   ,    ρ 3  = 0.1  ,    ρ 4  = 1  .





	Sus. System
	Body Acceleration. (%)
	Tire Deflection (%)
	Suspension Deflection (%)
	Per. Index. (%)





	Passive sus. sys.
	100
	100
	100
	100



	Active sus. sys.
	60.13
	148.66
	93.94
	81.15



	Active sus. with an airfoil
	25.18
	112.54
	83.43
	48.16



	Semi-active suspension sys.
	55.15
	162.55
	101.8
	81.15



	Semi-active sus. with an airfoil.
	24.22
	122.31
	89
	49.96










 





Table 5. Performance indices with first set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 5  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .






Table 5. Performance indices with first set of weighting factors    ρ 1  =  10 3  ,    ρ 2  =  10 5  ,    ρ 3  = 0.1 ,    ρ 4  = 1  .





	Sus. System
	Body Acceleration. (%)
	Tire Deflection (%)
	Suspension Deflection (%)
	Per. Index. (%)





	Passive sus. sys.
	100
	100
	100
	100



	Active sus. sys.
	116.67
	76.48
	68.88
	86.28



	Active sus. with an airfoil
	41.60
	63.57
	66.44
	58.17



	Semi-active suspension sys.
	115.52
	77.38
	71.26
	86.72



	Semi-active sus. with an airfoil.
	46.09
	67.35
	65.38
	61.97
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