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Abstract

:

This paper presents a method for designing an active suspension controller for ride comfort enhancement and motion sickness mitigation. For this, it is necessary to design an active suspension controller, which aims to reduce the vertical acceleration and pitch rate of a sprung mass in a vehicle. A half-car vehicle model was selected. For the controller design, a static output feedback (SOF) control was selected instead of a full-state feedback control because it is hard to measure all state variables in real vehicles. With the available signals, three types of SOF controller were proposed. To determine the gains of the SOF controllers, a linear quadratic optimal control methodology and a simulation-based optimization method were adopted. To validate the proposed method, a simulation was carried out using vehicle simulation software. The simulation results show that the proposed method is quite effective for ride comfort enhancement and motion sickness mitigation.
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1. Introduction


Currently, there are two objectives in suspension design and control: ride comfort and road handling. The measures used to evaluate these objectives are heave acceleration, suspension stroke, and tire deflection [1]. Figure 1 shows the frequency weightings representing the sensitivity of the human body to vibration, specified in ISO2631-1 [2]. According to ISO2631-1, the frequency ranges that human bodies are considered to be most sensitive to are near 0.2 Hz for motion sickness and 4~10 Hz for vertical acceleration. For this reason, the heave acceleration of a sprung mass near 0.2~0.5 Hz and in the 4–10 Hz range should be reduced for motion sickness mitigation and ride comfort enhancement, respectively [3].



Over the last decade, autonomous driving has been intensively studied because it can prevent several types of traffic accidents, as well as improving road safety and traffic flow [4]. However, autonomous vehicles can cause severe motion sickness due to passengers being able to carry out non-driving tasks, such as reading a book [5]. Motion sickness is caused by mismatch between accelerations measured from visual sensing and vestibular systems. Without external visual sensing, motion sickness is caused by the sensory conflict between estimated and measured accelerations in a vestibular system. Figure 2 shows the effects of frequencies for several accelerations on motion sickness [6]. According to Figure 2, motion sickness is caused by a vibration with a maximum amplitude of 3.2 m/s2 in a frequency range of 0.2~0.5 Hz for the vertical, front, and aft directions from a car. More specifically, it was reported that the highest percentage of vomiting occurred at 0.167 Hz [7], obtained from 500 subjects seated with their heads against a backrest and their eyes open in an enclosed cabin that oscillated vertically. However, those results were obtained from a ship. Motion sickness caused by the vertical oscillation of a passenger car has rarely been investigated.



Recent studies on motion sickness for a passenger car showed that when reading in a car, there is significant risk of motion sickness caused by combined heave acceleration, pitch, and roll rates in the 0.8~8 Hz range [8,9]. This differs from the information given in Figure 1 and Figure 2, since this is mainly derived from vertical motion of a ship. Based on this fact, reducing the vertical vibration within the frequency band of 0.8~8 Hz was shown to be effective for mitigating motion sickness while reading a book or looking at a display device in a car. Among the heave, roll, and pitch motions of the sprung mass, it was shown that the roll rate had little effect on motion sickness [10]. For this reason, it is necessary to reduce the heave acceleration and pitch rate of the sprung mass in the 0.8~8 Hz range for ride comfort enhancement and motion sickness mitigation.



Several actuators have been proposed and developed for vehicle suspension control, such as active suspension, continuous damping control, magneto-rheological dampers and air springs, etc. In this paper, active suspension is adopted for the purpose of reducing the vertical and pitch vibrations within the frequency range of 0.8~8 Hz. There have been many studies on active suspension control for ride comfort and road handling [11,12]. In controller design, a quarter-car, half-car, and full-car linear model were selected [12]. In this paper, a half-car model is selected because it can be used to fully describe the heave acceleration and the pitch rate of a sprung mass. From a half-car model, a state–space equation is derived and used for the controller design.



For active suspension control, several methodologies, such as linear optimal, H∞, nonlinear, and adaptive control theories, have been proposed and applied [1,11,12,13]. Among them, linear quadratic control (LQR) has been widely selected as a controller design methodology. However, LQR is a full-state feedback controller, which requires all states to be measured or estimated. This is quite difficult in a real vehicle. To cope with this problem, static output feedback (SOF) control is adopted in this paper [14,15]. In a previous study, a full-car model, requiring 56 gain elements for LQR, was controlled by the LQ SOF controller with two gain elements [15]. In this way, an SOF controller can significantly reduce the number of gain elements needed for feedback controller. In this study, the heave velocity, pitch rate, and front/rear suspension velocity were selected as available outputs for SOF control. These variables can be obtained by integrating accelerometer signals measured at the front/rear corners of a sprung mass and wheel centers. With those signals, three types of controller structure for SOF control are proposed in this paper.



To find the optimum gain of the SOF controller, two methods are adopted in this study. The first uses linear quadratic optimal control (LQOC), which employs a state–space equation derived from a half-car model and an LQ objective function. Generally, a spring and a damper in a suspension system are nonlinear. If there is a nonlinear element in a vehicle model, LQOC cannot be applied to controller design. Instead of LQOC, the second method uses a simulation-based optimization method (SBOM) [16,17,18]. In an SBOM, a vehicle model with nonlinear elements is built in MATLAB/Simulink. From a simulation with the model over a period, several variables can be obtained and used to evaluate an objective function [18]. Both methods formulate the SOF controller design as an optimization problem. To solve the optimization problem, the heuristic optimization method, a covariance matrix adaptation evolution strategy (CMA-ES), is adopted [19].



The aim of this study is to design SOF active suspension controllers with LQOC and SBOM for ride comfort enhancement and motion sickness mitigation. For this purpose, three types of controller structure for SOF control were proposed and optimized by LQOC and SBOM. To validate the controllers designed by LQOC and SBOM, a simulation was conducted using the vehicle simulation software, CarSim. From the simulation results, the best controller for ride comfort enhancement and motion sickness mitigation was identified.



The contributions of this paper can be condensed as follows:




	
Three types of controller structures for SOF control are presented. As an available output for SOF control, the heave velocity, pitch rate and front/rear suspension velocity were selected.



	
To find the optimum gain elements of the SOF controllers for nonlinear vehicle models, SBOM was adopted. A Simulink model for a nonlinear vehicle was built and used for SBOM.



	
A Simulation was conducted on vehicle simulation software, CarSim. From the comparison results, the best SOF control structure for ride comfort enhancement and motion sickness mitigation was identified.








This paper consists of four sections. A design procedure for three SOF controllers is described in Section 2. A Simulation was conducted, and its results were discussed in terms of the performance measures described in Section 3. The conclusion is provided in Section 4.




2. Controller Design with Simulation-Based Optimization


In this study, a half-car model was adopted as a vehicle model for controller design. A state–space equation was derived from the model. Using the equation, the LQ objective function was defined. From the state–space model and LQ objective function, LQR was designed. Using the available signals in a real vehicle, SOF controllers were designed. To design the SOF controllers, LQOC and SBOM were applied.



2.1. Half-Car Model for Controller Design


Generally, a half-car vehicle model is selected in order to describe the heave and pitch motions of a sprung mass. Figure 3 shows the free-body diagram of a half-car model. In Figure 3, the subscripts f and r represent the front and rear sides of the sprung mass, respectively. uf and ur are the active suspension forces generated by actuators at the front and rear suspensions. The forces acting on the front and rear suspensions are calculated as Equation (1). Using Equation (1), the equations of motions of the sprung and unsprung masses are given as Equation (2). Using the approximation, sinθ≈θ, the vertical displacements at the front and rear corners of the sprung mass are calculated as Equation (3). From Equations (1)–(3), the state–space equation for the half-car model is derived using the procedure presented in previous studies [14,20,21].


   f i  = −  k  s i      z  s i   −  z  u i     −  b  s i       z ˙   s i   −   z ˙   u i     +  u i  ,   i = f , r  



(1)






         m s    z ¨  c  =  f f  +  f r         I y   θ ¨  = −  l f   f f  +  l r   f f                   m  u f     z ¨   u f   = −  f f  −  k  t f   (  z  u f   −  z  r f   )        m  u r     z ¨   u r   = −  f r  −  k  t r   (  z  u r   −  z  r r   )        



(2)






         z  s f   =  z c  −  l f  sin θ ≃  z c  −  l f  θ        z  s r   =  z c  +  l r  sin θ ≃  z c  +  l r  θ        



(3)







New vectors are defined as Equation (4). In Equation (4), diag() represents the diagonal matrix with the elements in the parenthesis. With those definitions, the vector–matrix forms of the suspension forces, the equations of motions, and vertical displacements at both corners are obtained as Equations (5)–(7), respectively. By combining these equations, Equation (8) is derived. The vector–matrix form of Equation (8) is obtained as Equation (9). With those definitions on the matrices in Equation (9), the equations of motions in Equation (2) are converted into Equation (10).


       p  ≡        z c       θ      ,     z  s  ≡        z  s f          z  s r         ,     z  u  ≡        z  u f          z  u r         ,    w  =   z  r  ≡        z  r f          z  r u         ,    z  ≡       p         z  u          ,    x  ≡       z        z ˙               f  ≡        f f         f r        ,    u  ≡        u f         u r        ,    G  ≡      1   1      −  l f       l r                M  s  ≡ diag    m s  ,  I y    ,     M  u  ≡ diag    m  u f   ,  m  u r             K  s  ≡ diag    k  s f   ,  k  s r     ,     B  s  ≡ diag    b  s f   ,  b  s r     ,     K  t  ≡ diag    k  t f   ,  k  t r          



(4)






   f  = −   K  s      z  s  −   z  u    −   B  s       z ˙   s  −    z ˙   u    +  u   



(5)






        M  s    p ¨   =  G f        M  u     z ¨   u  = −  f  −   K  t      z  u  −   z  r         



(6)






    z  s  =   G  T   p   



(7)






        M  s    p ¨   = −  G    K  s      G  T   p  −   z  u    −  G    B  s      G  T    p ˙   −    z ˙   u    +  G u        M  u     z ¨   u  =   K  s      G  T   p  −   z  u    +   B  s      G  T    p ˙   −    z ˙   u    −  u  −   K  t      z  u  −   z  r         



(8)






             M  s        0   2 × 2           0   2 × 2         M  u         ⏟   M          p ¨           z ¨   u        =          −  G    K  s    G  T       G    K  s          K  s    G  T      −   K  s  −   K  t         ⏟   K         p         z  u        +          −  G    B  s    G  T       G    B  s          B  s    G  T      −   B  s         ⏟   B          p ˙           z ˙   u        +          G       −   I   2 × 2          ⏟   U    u  +            0   2 × 2           K  t         ⏟   L     z  r   



(9)






   M  z ¨   =  K  z ˙   +  B z  +  U u  +  L w   



(10)







New vectors z and x are defined in Equation (4). From Equations (10) and (4), the state–space equation of the half-car model is obtained as Equation (11) [14]. In Equation (11), the matrices A, B1 and B2 are defined as Equation (12).


    x ˙   =  A x +    B  1   w +    B  2   u   



(11)






   A  ≡         0   4 × 4         I   4 × 4           M   − 1    K        M   − 1    B        ,     B  1  ≡         0   4 × 2           M   − 1    L        ,     B  2  ≡         0   4 × 2           M   − 1    U         



(12)








2.2. Design of Linear Quadratic Regulator


LQ objective function with the half-car model is given as Equation (13). In Equation (13), the weights are set by Bryson’s rule, as given in Equation (14), where ξ is the maximum allowable value on the corresponding term [22]. For ride comfort enhancement, the weight ρ1 on the vertical acceleration should be set high. For motion sickness mitigation, the weights ρ1 and ρ3 on the heave acceleration and the pitch rate should be set high. The LQ objective function (13) is converted into a vector–matrix form, Equation (16). With the matrices A, B2, Q, N and R, LQR is easily designed as (16), where P is the solution of the Riccati equation.


  J =    ∫ 0 ∞          ρ 1    z ¨  c 2  +  ρ 2    θ ¨  2  +  ρ 3    θ ˙  2  +  ρ 4   θ 2  +  ρ 5       z  s f   −  z  u f      2  +  ρ 5       z  s r   −  z  u r      2        +  ρ 6       z  u f   −  z  r f      2  +  ρ 6       z  u r   −  z  r r      2  +  ρ 7   u f 2  +  ρ 7   u r 2        d t       



(13)






   ρ i  =  1   ξ i 2    ,   i = 1 , 2 , ⋯ , 7  



(14)






  J =    ∫ 0 ∞             x       u        T        Q     N         N  T      R             x       u         d t       



(15)






   u  = −   K   L Q R    x  = −   R   − 1     B  2 T   P x   



(16)








2.3. Design of Linear Quadratic Static Output Feedback Controller


Generally, in a real vehicle, it is hard to measure the state variables in x. For this reason, SOF control has been adopted instead of the full-state feedback. An SOF controller uses signals available in a real vehicle. In this paper, it is assumed that the heave velocity and the pitch rate of the sprung mass, and the suspension stroke rates of front and rear suspensions are available for SOF control.



To obtain these signals, two accelerometers should be installed on the front and rear corners of the sprung mass, and the other two sensors should be installed on the centers of front and rear wheels, as shown in Figure 4 [23,24]. These accelerometer signals are sequentially filtered by a low-pass filter (LPF) and high-pass filter (HPF) in order to reject noise and DC blocking, respectively. Then, those filtered signals are integrated by an integrator. The heave velocity and pitch rate are obtained from two vertical velocities of front and rear corners of the sprung mass with Equation (7).



The vector of four available outputs is defined from the state vector x as Equation (17). The control input of the SOF controller is obtained by Equation (18). As shown in Equation (18), there are three types of SOF controller, KSOF, KSSOF and KTSOF, where the second is called structured SOF or SSOF and the third is called derivative SOF or DSOF. The structured SOF, KSSOF, reflects the fact that there is symmetry between front and rear suspensions in terms of the pitch rate of the sprung mass. The derivative controller, KDSOF, controller uses only the heave velocity and pitch rate, which are identical to a derivative controller in PID control. Generally, a controller with a smaller number of gain elements is preferred for its simplicity if it has a satisfactory control performance. Moreover, DSOF only requires heave velocity and the pitch rate signals, which means that it is not necessary to measure heave accelerations at front and rear wheel centers. For this reason, DSOF is preferred to SOF or SSOF.


   y  =         z ˙  c        θ ˙         z ˙   s f   −   z ˙   u f           z ˙   s r   −   z ˙   u r         =  C x  =      0   0   0   0   1   0   0   0     0   0   0   0   0   1   0   0     0   0   0   0   1    −  l f      − 1    0     0   0   0   0   1     l r     0    − 1        x   



(17)






       u  =   K   S O F    y  =        k  11        k  12        k  13        k  14          k  21        k  22        k  23        k  24          y       u  =   K   S S O F    y  =        k 1       k 2       k 3       k 4         k 1      −  k 2      −  k 3      −  k 4         y       u  =   K   D S O F    y  =        k 1       k 2     0   0       k 1      −  k 2     0   0       y       



(18)







The controller gain matrices, KSOF, KSSOF and KDSOF, that minimize J are called LQSOF, LQSSOF, and LQDSOF controllers, respectively. Currently, there are no methods to analytically calculate the controller gain matrix KSOF or KSSOF or KDSOF that minimizes J. Moreover, there are no systematic methods for finding a stabilizing initial condition. To find KSOF or KSSOF or KDSOF, which minimizes J, the optimization problem is formulated as Equation (19), which is non-convex [14,15]. In Equation (19), Ks is either KSOF or KSSOF or KDSOF. To solve this problem, the heuristic optimization method, CMA-ES, is adopted in this paper [19].


        min     K  S        trace     P  s            s . t .           P  s  =   P  s T  >  0      max   Re    A  +   B  2    K  S   C      < 0         A  +   B  2    K  S   C    T    P  s  +   P  s     A  +   B  2    K  S   C    +  Q +    C  T    K  S T    N  T  +  N    K  S   C  +   C  T    K  S T   R    K  S   C  =  0           



(19)








2.4. Design of Static Output Feedback Controller with Simulation-Based Optimization


LQR, LQSOF, and LQSSOF controllers can be designed with the state–space equation derived from the linear system. Generally, a spring and a damper are nonlinear in a real vehicle. If a spring and a damper in the half-car model are nonlinear, LQR, LQSOF, and LQSSOF controllers cannot be designed with LQOC. To design SOF, SSOF, and DSOF controllers for a nonlinear model, a simulation-based optimization (SBOM) is adopted in this paper [16,17,18].



For this simulation-based optimization, a Simulink model is built from the equations of motions, Equation (2), and the controllers, Equation (18). With SBOM, it is necessary to find eight elements in KSOF or four elements in KSSOF or two elements in KDSOF that provide the minimum of an objective function. The objectives of the SBOM for ride comfort enhancement and motion sickness mitigation are calculated using the heave acceleration and pitch rate of the sprung mass. The objective function of the SBOM is calculated as Equation (20) by combining the values obtained from the simulation over the simulation horizon. In Equation (20), R2D is the constant from radian to degree, and α is a tuning parameter. In this paper, α is set to 0.1. For a particular gain matrix, KSOF or KSSOF or KDSOF, a simulation is conducted using the Simulink model. From the simulation results, a particular objective value of JSO is calculated. For optimization, heuristic optimization methods such as CMA-ES and fminsearch(), the built-in function in MATLAB, can be used. In this paper, CMA-ES is selected as an optimization method [19]. When applying CMA-Es, each element in the gain matrices is bounded between −100,000 and 100,000. The overall procedure of the SBOM is given in Figure 5.


   J  S O   = max       z ¨  c   t      + α ·  R 2 D  · max      θ ˙   t      ,   t ∈    t 0  ,  t f     



(20)







For the SBOM, a road profile should be selected. There are two typical road profiles used to evaluate a suspension control system: a single sine bump and a sine wave road. The single sine bump used for simulation has a height of 0.1m and width of 3.6 m, which is the Korean standard. Let this road profile be called SSB. The sine wave road has a wavelength of 12.2 m and amplitude of 0.05 m. Let this road profile be called SWR. These two road profiles are enough to excite the heave and pitch motions of the sprung mass within the range of 0.8~8 Hz. When using SWR for the SBOM, the vehicle speed is set to 20 m/s for the purpose of causing severe conditions. On the contrary, when using SSB, the vehicle speed is set to 10 m/s.



In simulation-based optimization, there are three controller structures, SOF, SSOF and DSOF, and two road profiles, SSB and SWR. Under these conditions, SOF, SSOF, and DSOF controllers can be designed on SSB and SWR. For this reason, six controllers are obtained from the combinations of (SOF, SSOF, DSOF) × (SSB, SWR). Let those controllers be called SOF.SSB, SSOF.SSB, DSOF.SSB, SOF.SWR, SSOF.SWR and DSOF.SWR, respectively. There are ten controllers in total, including LQR, LQSOF, LQSSOF, and LQDSOF.





3. Simulation


In this section, nine controllers except LQR are simulated in a co-simulation environment of MATLAB/Simulink and CarSim [25]. LQR is hard to simulate in CarSim because the state variables are not easy to obtain. Those controllers are compared in terms of the heave acceleration and pitch rate of the sprung mass for ride comfort enhancement and motion sickness mitigation.



3.1. Simulation Environment


The parameters of the half-car model are derived from the E-Class sedan model given in CarSim [25]. Table 1 shows the parameters of the half-car model. The weights in the LQ objective function are given in Table 2. As shown in Table 2, the weights on the heave acceleration and pitch rate are set high for ride comfort enhancement and motion sickness mitigation. Using the data given in Table 1 and Table 2, LQR, LQSOF, LQSOF and LQDSOF controllers are designed with LQOC.



In the Simulink model built for the SBOM, nonlinear spring and damper data are given in Figure 6. These data are also derived from the E-Class sedan model given in CarSim. In the simulation, it was assumed that there are no limits on suspension travel distance.




3.2. Comparison of Controllers on CarSim


In a CarSim simulation environment, the E-class sedan, built-in in CarSim, was selected as a vehicle model. In the simulation, two sets of controllers are simulated and compared. The first set consists of LQR, LQSOF, and LQSSOF. The second set consists of SOF.SSB, SSOF.SSB, DSOF.SSB, SOF.SWR, SSOF.SWR and DSOF.SWR. All controllers are implemented in MATLAB/Simulink, connected with CarSim. The single sine bump and the sine wave road are selected as a road profile for simulation. The actuator was modeled as a first-order system with a bandwidth of 20 Hz, and it has no limitations of force. When carrying out a simulation on SSB and SWR, vehicle speeds are set to 10 m/s and 20 m/s, respectively. The filtered and integrated signals obtained in Figure 4 are used as outputs in y for the SOF controllers.



Figure 7 and Figure 8 show the simulation results for the LQSOF, LQSSOF, and LQDSOF controllers on two road profiles. Figure 9 and Figure 10 show the frequency responses of those controllers obtained from the simulation results in SSB and SWR. Table 3 summarizes these simulation results.



As shown in Figure 7 and Figure 8, the three controllers show good performance in terms of the heave acceleration of the sprung mass. This is achieved by setting the weight ρ1 very high. A notable feature is that these controllers show identical performance to one another in view of the heave acceleration and pitch rate of the sprung mass on SSB and SWR. Another feature is that these controllers have relatively poor performance in controlling the pitch rate. If one wants to reduce the pitch rate, then the weight ρ4 should be set higher. However, as a result, the heave acceleration will increase. This is a well-known tradeoff among the terms in the LQ objective function. As shown in Figure 7c, the control inputs converge slowly to zero because the controllers are just derivative and do not use displacement signals. To remove this phenomenon, an integral control can be included in those controllers.



The frequency responses given in Figure 9 and Figure 10 means that three controllers can effectively attenuate the effect of the road profile on the heave acceleration and the pitch rate of the sprung mass below 3 Hz. This value can be increased if an actuator with higher bandwidth is used. Moreover, on both road profiles, there are slight differences among those controllers. As shown in Figure 10b, the pitch rate was not reduced close to 2 Hz.



As shown in Equation (18), LQDSOF has only two gain elements, the simplest form among the three controllers. This is quite desirable when implementing the controller on a real vehicle. Moreover, it is easier to apply the SBOM to find the optimum gain of the LQDSOF controller. As mentioned earlier, there are small differences between the three controllers in terms of performance. For this reason, LQDSOF is recommended as an active suspension controller for ride comfort enhancement and motion sickness mitigation.



Figure 11 and Figure 12 show the simulation results for six controllers, SOF.SSB, SSOF.SSB, DSOF.SSB, SOF.SWR, SSOF.SWR, and DSOF.SWR, on two road profiles. Figure 13 and Figure 14 show the frequency responses of those controllers obtained from the simulation results in SSB and SWR. Table 4 summarizes these simulation results.



As shown in Figure 11 and Figure 12, SOF.SWR, SSOF.SWR, and DSOF.SWR, designed using a simulation-based optimization on the sine wave road, have good performance for the corresponding road profile. On the contrary, SOF.SSB, SSOF.SSB, and DSOF.SSB have relatively poor performance in reducing the heave acceleration of the sprung mass. In terms of the pitch rate, SSOF and DSOF show good performance. Among them, DSOF.SWR is the best controller in terms of the heave acceleration and the pitch rate of the sprung mass on both road profiles. In particular, the pitch rate can be reduced to 10% of the passive case by DSOF.SWR. From these results, it can be concluded that SBOM is superior to LQOC for SOF controller design.



The frequency responses given in Figure 13 and Figure 14 show that those six controllers can reduce the effects of the road profiles on the heave acceleration and the pitch rate of the sprung mass below 4 Hz. This value can be also increased if an actuator with a higher bandwidth is used. Different from Figure 10b, the pitch rates were reduced by the controllers designed using SBOM over the entire frequency range. This is the main difference between the SOF controllers designed by LQOC and SBOM. For this reason, SBOM is preferred to LQOC.



The above results mean that DSOF.SWR requires only two signals, i.e., heave velocity and pitch rate, for ride comfort enhancement and motion sickness mitigation. Moreover, DSOF.SWR is a simple derivative controller, which increases damping along the heave and pitch motions.





4. Conclusions


This paper presents a method for designing an active suspension controller for ride comfort enhancement and motion sickness mitigation. Three types of controller structure were proposed and designed for SOF control using a linear quadratic optimal control and simulation-based optimization method. In simulation-based optimization, a single sine bump and a sine wave road were used as road profiles. Six controllers, the combinations of three SOF controllers and two road profiles, were designed and simulated using CarSim. For SOF controllers, this paper presented a method for deriving the heave velocity, the pitch rate and the front/rear suspension velocity from four accelerometer signals. From the simulation results, it was shown that SBOM is superior to LQOC, and that the simplest controller, the DSOF controller, designed on the sine wave road with SBOM, showed the best performance in terms of ride comfort enhancement and motion sickness mitigation. This is meaningful in that only two signals, the heave velocity and the pitch rate of the sprung mass, are needed for the DSOF controller and that it is easy to implement the DSOF controller on a real vehicle. Moreover, in experiments on real vehicles, the controller gain of DSOF.SWR, obtained using SBOM, can be used as a starting point, which can significantly reduce efforts to tune the gain. In further research, a semi-active actuator such as continuous damping control and a magnetorheological damper can be used for suspension control.
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Nomenclature




	DSOF
	derivative static output feedback control



	LQOC
	linear quadratic optimal control



	LQR
	linear quadratic regulator



	LQSOF
	linear quadratic static output feedback



	LQSSOF
	linear quadratic structured static output feedback



	LQDSOF
	linear quadratic derivative static output feedback



	SBOM
	simulation-based optimization method



	SOF
	static output feedback



	SSOF
	structured static output feedback



	SSB
	single sine bump



	SWR
	sine wave road



	Iy
	pitch moment of inertial (kg⋅m2)



	bsf, bsr
	damping coefficient of dampers at front and rear suspensions (N⋅s/m)



	ksf, ksr
	spring stiffness of springs at front and rear suspensions (N/m)



	ktf, ktr
	spring stiffness of front and rear tires (N/m)



	lf, lr
	distances from center of gravity of a sprung mass to front and rear axles (m)



	ms
	sprung mass (kg)



	muf, mur
	unsprung masses (kg)



	uf, ur
	forces generated by front and rear active suspensions (N)



	zc
	heave displacement at center of gravity of a sprung mass (m)



	zrf, zrr
	road elevations of front and rear tire-road contact positions (m)



	zsf, zsr
	vertical displacements of front and rear corners of a sprung mass (m)



	zuf, zur
	vertical displacements of front and rear wheel centers (m)



	ξi
	maximum allowable value of weight in LQ objective function



	ρi
	weight in LQ objective function



	θ
	pitch angle of a sprung mass (rad)
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Figure 1. Frequency weightings specified in the ISO 2631-1 standard [2]. 
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Figure 2. Effects of frequency on motion sickness [6]. 
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Figure 3. Half-car model. 
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Figure 4. Block diagram for velocity and angular rate calculation. 
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Figure 5. Block diagram of SBOM. 
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Figure 6. Spring and damper characteristics of the Simulink model for the half-car model. 
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Figure 7. Simulation results of LQSOF, LQSSOF, and LQDSOF for a single sine bump. (a) Heave accelerations; (b) pitch rates; (c) control inputs. 
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Figure 8. Simulation results of LQSOF, LQSSOF, and LQDSOF on the sine wave road. (a) Heave accelerations; (b) pitch rates; (c) control inputs. 
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Figure 9. Frequency responses of LQSOF, LQSSOF, and LQDSOF on the single sine bump. (a) Heave accelerations; (b) pitch rates. 
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Figure 10. Frequency responses of LQSOF, LQSSOF, and LQDSOF on the sine wave road. (a) Heave accelerations; (b) pitch rates. 
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Figure 11. Simulation results for six controllers on the single sine bump. (a) Heave accelerations; (b) pitch rates; (c) control inputs. 
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Figure 12. Simulation results for six controllers on the sine wave road. (a) Heave accelerations; (b) pitch rates; (c) control inputs. 
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Figure 13. Frequency responses of six controllers on the single sine bump. (a) Heave accelerations; (b) pitch rates. 
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Figure 14. Frequency responses for six controllers on the sine wave road. (a) Heave accelerations; (b) pitch rates. 
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Table 1. Parameters and values of the half-car model are derived from the E-class sedan model in CarSim.
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	Parameter
	Value
	Parameter
	Value





	ms
	1653 kg
	mu
	22.5 kg



	Iy
	2765 kg⋅m2
	ktf, ktr
	230,000 N/m



	lf
	0.8 m
	lr
	1.646 m



	ksf, ksr
	34,000 N/m
	bsf, bsr
	3500 Ns/m










 





Table 2. Maximum allowable values of each term in LQ objective function.
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	Weight
	Variable
	Value
	Weight
	Variable
	Value





	ξ1
	Heave acc.
	0.1 m/s2
	ξ2
	Pitch angular acc.
	30 deg/s2



	ξ3
	Pitch rate
	2 deg/s
	ξ4
	Pitch angle
	2 deg



	ξ5
	Suspension stroke
	0.03 m
	ξ6
	Tire deflection
	0.03 m



	ξ7
	Control input
	5000 N
	
	
	










 





Table 3. Summary of the simulation results with LQSOF, LQSSOF, and LQDSOF.
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Road Profile

	
Controller

	
   Max       z ¨  c      

(m/s2)

	
   Max     θ ˙     

(deg/s)

	
Max Front Force

(N)

	
Max Rear Force

(N)






	
Single sine bump

	
No Control

	
5.9

	
35.0

	

	




	
LQSOF

	
4.0

	
18.0

	
6045

	
5720




	
LQSSOF

	
2.7

	
18.7

	
5777

	
5347




	
LQDSOF

	
2.9

	
18.1

	
5342

	
4679




	
Sine wave road

	
No Control

	
25.5

	
28.6

	

	




	
LQSOF

	
3.1

	
9.3

	
5448

	
3343




	
LQSSOF

	
2.9

	
8.3

	
5745

	
3432




	
LQDSOF

	
3.0

	
10.8

	
5393

	
3664











 





Table 4. Summary of the simulation results on the single sine bump.
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Road Profile

	
Controller

	
   Max       z ¨  c      

(m/s2)

	
   Max     θ ˙     

(deg/s)

	
Max Front Force

(N)

	
Max Rear Force

(N)






	
Single sine bump

	
No Control

	
5.9

	
35.0

	

	




	
SOF.SSB

	
5.6

	
20.4

	
5139

	
3800




	
SSOF.SSB

	
5.4

	
7.1

	
6882

	
4206




	
DSOF.SSB

	
7.0

	
4.7

	
6319

	
6083




	
SOF.SWR

	
2.5

	
15.7

	
7224

	
5499




	
SSOF.SWR

	
2.5

	
8.2

	
8670

	
6042




	
DSOF.SWR

	
2.4

	
3.9

	
8849

	
5904




	
Sine wave road

	
No Control

	
25.5

	
28.6

	

	




	
SOF.SSB

	
6.2

	
14.2

	
6065

	
2000




	
SSOF.SSB

	
5.5

	
4.1

	
4991

	
2173




	
DSOF.SSB

	
10.2

	
3.2

	
4943

	
3465




	
SOF.SWR

	
2.4

	
9.5

	
5960

	
3685




	
SSOF.SWR

	
2.4

	
4.7

	
6103

	
4139




	
DSOF.SWR

	
2.4

	
2.1

	
6574

	
4090
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