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Abstract

:

A good suspension system is mandatory for ensuring stability, comfort and safety in land vehicles; therefore, advanced semi and fully active suspension systems have been developed along with their associated management strategies to overcome the limitations of passive suspensions. This paper presents a suspension algorithm for land vehicles traveling through a deterministic topography. The kinematics of a half-vehicle model and the algorithm are implemented in Simulink. The algorithm’s inputs are the measurements provided by a position scanner located on the front wheel of the vehicle. Based on this input, the algorithm reconstructs the topography in real-time and sends the corresponding command to an actuator located on the rear wheel to compensate for the irregularities of the terrain. The actuation is governed by the parameter “D”, which represents the distance over which the algorithm averages the height of the terrain. Two ground profiles were tested and sensitivity analysis of the parameter “D” was performed. Results show that larger values of “D” usually yield less vibration on the actuated mass, but this value also depends on the irregularities of the terrain.






Keywords:


suspension algorithm; predictive suspension; land vehicle; sprung mass




MSC:


70B15












1. Introduction


Suspension is an essential system for land vehicles to ensure their stability, comfort and safety; however, increasing the vehicle stability usually results in a worsening of comfort and vice versa [1,2]. In an attempt to improve both stability and comfort, semi-active and active suspensions and their corresponding management strategies have been developed in recent years.



Suspension systems can be classified into three types according to their operation: passive, semi-active and active.



The fundamental elements of passive suspensions are springs, dampers and the required rigid links to connect the sprung and unsprung masses. In this kind of suspension, the parameters of springs and dampers are fixed; therefore, the dynamic response of the system is fixed too. The design of these suspensions must achieve a trade-off solution for different conditions due to the different surfaces the vehicle travels through; however, non-linear springs [3,4], non-linear dampers [5] and hydro–gas rotary suspension systems [6] have been used in land vehicles to obtain better response over the widest possible range of conditions.



Semi-active suspensions can adjust the parameters of passive suspensions, but the generated forces will always be dependent on the speed of the damper [7]. Hence, semi-active suspensions are not able to control ride height, roll or pitch angles. Nonetheless, their simplicity requires less power consumption than fully active suspensions and can be implemented easily:




	
The stiffness of semi-active suspensions is modified by using magnetorheological dampers within a specific mechanism [8] or by governing smart air springs [9].



	
Variable damping is the most common strategy in the development of semi-active suspensions, having different solutions:




	○

	
Hydraulic dampers with electrically controlled valves for adjusting the fluid flow rate from one chamber to the other [10].




	○

	
Magnetorheological [11] and electrorheological [12,13] dampers are similar to hydraulic dampers but they contain a magnetorheological or electrorheological fluid. This fluid, usually non-Newtonian, reacts to the application of magnetic or electrical fields and changes the properties of the damper. The use of these devices is widely spread in road and rail vehicles [14,15,16].




	○

	
Electromagnetic dampers take advantage of the known interaction between a moving coil and the magnetic field generated by a permanent magnet or electromagnet to generate a damping effect [17]. Karnopp studies the use of permanent magnet linear motors as variable mechanical dampers for vehicle suspensions [18].









	
The third component of suspension systems, inertia, is modified through a variable inerter. The inerter is a mechanical device in which the force applied is proportional to the relative accelerations between the two terminals of the device [19]. These systems have been proposed to improve the comfort of rail vehicles [20].








Active suspensions allow full management of the suspension motion, as the actuator force is independent of the speed direction. On the other hand, the main disadvantage of these suspension types is the high energy consumption that they require. The devices used in these suspension systems are, typically:




	
Electromechanical actuators can use an electric motor attached to a mechanism that converts rotary motion into linear motion [21] or can use linear motors [22].



	
Hydraulic actuators require the installation of pumps, valves and all the devices needed for the proper operation of the system. These actuators have been applied to improve the quality of the ride on both road [23] and railway vehicles [24].








Regarding railway vehicles, their own nature allows the development of tilting technology, which rolls the car body in curves with the aim of reducing the lateral acceleration perceived by the passengers. Usually, the movement of the car body is achieved by using hydraulic or electromechanical actuators [25]; however, Talgo introduced in the 1980s a passive natural tilting system in its trains [26].



The management of active and semi-active suspension systems is performed through different strategies. Several concepts are found in the literature: classic control [27,28], Model Predictive Control [29], fuzzy logic [30], skyhook control [31] and H2 and H∞ control [32]. All of them have proved an ability to achieve a reasonable trade-off between stability and comfort with the appropriate tuning conditions.



Another approach for managing the suspension system of light vehicles is proposed. This new approach is based on mechanical principles and relies on the measurements acquired by a position scanner installed at the front end of the vehicle to actuate on the following suspension systems; therefore, the unevenness of the terrain can be counteracted. This paper presents a predictive suspension algorithm for land vehicles traveling through a deterministic topography. The kinematics of a half vehicle model is posed and then implemented in Simulink, including the suspension algorithm. Our algorithm “reads” the surface the vehicle is traveling through thanks to a sensor installed in the front wheel of the vehicle and acts over a device installed in the rear wheel to compensate for the irregularities of the terrain. The actuation is governed by the parameter “D”, which represents the distance over which the algorithm averages the height of the terrain. Two ground profiles were tested and sensitivity analysis of the parameter “D” was performed.



The structure of the paper is as follows: Section 2 describes the equations that define the vehicle model and the suspension algorithm. Section 3 shows the results obtained after simulating the vehicle and the response of the algorithm in two types of terrain. The fourth and last section presents the conclusions of this work.




2. Materials and Methods


The predictive suspension algorithm is implemented on a two-axle vehicle, whose kinematics must be solved first. For simplicity, only 1/2 vehicle is modeled and symmetry action on both wheels of the same axle is assumed, so the problem becomes bi-dimensional. The vehicle will travel through a deterministic topography. Hence, the vertical position of any wheel can be established from the horizontal position by the function that relates both variables.



The vehicle model also assumes that the mechanical energy remains constant, only wheels have mass and pure rolling (no sliding) is considered as it is a condition for the good performance of the suspension algorithm. This model and the algorithm were implemented in Simulink.



2.1. Vehicle Model


The mechanical energy of the vehicle is given by Equation (1)


  E =  1 2   m 1   v 1 2  +  1 2   I 1   ω 1 2  +  m 1  ⋅ g ⋅  y 1  +  1 2   m 2   v 2 2  +  1 2   I 2   ω 2 2  +  m 2  ⋅ g ⋅  y 2   



(1)




where E is the mechanical energy, m1 and m2 are the masses of both wheels, I1 and I2 are the inertias of both wheels, v1 and v2 are the linear velocities of the wheels, ω1 and ω2 are the angular speeds of the wheels, y1 and y2 are the vertical positions of the wheels and g is the gravity.



By assuming pure rolling motion and the wheels as solid disks, Equation (1) can be simplified; therefore, the initial energy of the system is obtained from Equation (2), where the subscript 0 means “initial conditions”.


   E 0  =  1 2  2 · m ·  v 0 2  +  1 4  2 · m ·  v 0 2  + 2 · m · g ⋅  y 0  =  3 2  · m ·  v 0 2  + 2 · m · g ⋅  y 0   



(2)







The distance between the front and rear wheels (that is, the wheelbase) L is known and can be described mathematically as a circumference centered on the front wheel and radius L. The position of the rear wheel is obtained by computing the intersection of this circumference with the trajectory described by the ground function y = f(x). Hence, the solution of the equation system given by Equation (3) yields the position of the rear wheel.


        (  x 2  −  x 1  )  2  +   (  y 2  −  y 1  )  2  =  L 2      y = f ( x )      



(3)







This system of equations is solved by iteration, as the ground function can be any type of function, even not analytical. The flowchart describing the iteration process is shown in Figure 1.



The velocity of both wheels is computed from the conservation of energy, the time derivative of the constraint equation and the ground function, obtaining the equation system built up by Equations (4)–(6).


   E 0  −    m 1  ⋅ g ⋅  y 1  +  m 2  ⋅ g ⋅  y 2    =  3 4   m 1   v 1 2  +  3 4   m 2   v 2 2   



(4)






  2     x ˙  2  −   x ˙  1       x 2  −  x 1    + 2     y ˙  2  −   y ˙  1       y 2  −  y 1    = 0  



(5)






   y ˙  =   d   f ( x )   d t    



(6)







In order to solve this system more efficiently, polar coordinates are used. This implies defining the pitch angle θ as Equation (7).


  θ = π + a r c t g      y 1  −  y 2     x 1  −  x 2       



(7)







Therefore, the constraint Equation (3) is rewritten as Equation (8).


       x 2  =  x 1  + L cos θ      y 2  =  y 1  + L s i n θ      



(8)







The combination of the conservation of energy with the time derivatives of the ground function and the constraint equation in polar coordinates yields Equations (9)–(12), which allows computing all the components of the speed of both wheels.



As previously, this system of equations is solved by iteration following the flowchart in Figure 2.


   E 0  −    m 1  ⋅ g ⋅  y 1  +  m 2  ⋅ g ⋅  y 2    =  3 4   m 1   v 1 2  +  3 4   m 2   v 2 2  =  3 4   m 1  (   x ˙  1 2  +   y ˙  1 2  ) +  3 4   m 2  (   x ˙  2 2  +   y ˙  2 2  )  



(9)






    y ˙  1  =   d   f (  x 1  )   d t    



(10)






    x ˙  2  =   x ˙  1  − L ·  θ ˙  · s e n θ  



(11)






    y ˙  2  =   y ˙  1  + L ·  θ ˙  · cos θ  



(12)







Two different ground topographies and several values of the parameter D were proposed for testing the algorithm. The first topography (profile 1) simulates a wiggly surface and is defined by Equation (13)—where A1 is the amplitude of the wave and λ1 is the wavelength, both in meters.


  y =  A 1  s i n     2 π    λ 1    x    



(13)







The second profile is a combination of two sinusoidal irregularities according to Equation (14):


  y =  A 0  +  A 1  s e n     2 π    λ 1      x − a     +  A 2  s e n     2 π    λ 2    x    



(14)







A1 and A2 are the amplitudes of both sines, λ1 and λ2 are the wavelengths, A0 is the reference height and a is a parameter to guarantee continuity in the first derivative; therefore, A0 and a are such that:


  a =  1 2   λ 1    1 −  1 π    a r c c o s      A 2   λ 1     A 1   λ 2       



(15)






   A 0  =  A 1  s e n     2 π a    λ 1       



(16)







The model parameters and initial conditions used in the simulations of both topography profiles are summarized in Table 1. The input values of both topography profiles are depicted in Table 2, as well as the computed values of variables A0 and a.




2.2. Suspension Algorithm


The suspension algorithm is applied to the 1/2 vehicle model described in the previous subsection. The frontwheel acts as a probe wheel, whereas the rear wheel is the actuated wheel. The probe wheel is instrumented with a vertical accelerometer and both wheels should be equipped with an accurate system for measuring their angular positions.



In Figure 3, two kinds of terrain defects (peak and corrugated) are sketched, as well as the trajectories described by the wheel centers and the trajectory that the sprung mass should follow (a straight line).



Let Δt be the sampling time interval of the accelerometer and     y ¨  n  =  y ¨  ( n Δ t )   the vertical acceleration registered at time t = nΔt. Assuming a constant vertical jerk along the interval [(n-1)Δt, nΔt] yields Equation (17).


    y ⃛  n  =     y ¨  n  −   y ¨   n − 1     Δ t   = c t e  



(17)







Then the expressions for the vertical velocity and position of the wheel center are, respectively:


    y ˙  n  =   y ˙   n − 1   +   y ¨   n − 1   Δ t +  1 2    y ⃛  n  Δ  t 2  =   y ˙   n − 1   +  1 2      y ¨   n − 1   +   y ¨  n    Δ t  



(18)






   y n  =  y  n − 1   +   y ˙   n − 1   Δ t +  1 2    y ¨   n − 1   Δ  t 2  +  1 6    y ⃛  n  Δ  t 3  =  y  n − 1   +   y ˙   n − 1   Δ t +  1 6    2   y ¨   n − 1   +   y ¨  n    Δ  t 2   



(19)







Although the corresponding velocity and position errors grow with time, nΔt, and time squared, (nΔt)2, respectively, (easy to show); this is not too much of a problem since the algorithm does not include the absolute height, but its variation over a certain distance, “D”. In other words, the database of values obtained in Equations (18) and (19), will be dynamically refreshed, so that n, and therefore the temporal interval nΔt, does not increase indefinitely.



The vertical actuator (between the actuated or rear wheel and the sprung mass) has to maintain the latter at the objective height. In this approach, the objective height is the result of the moving average of the calculated height over the rolling distance 2D. Actually, the larger this distance, the softer the objective function, but also the bigger error is accumulated in calculating the height from the accelerometer reading. Thus, parameter “D” should be adjusted according to the kind of roughness the topography has (with the sole requirement not to exceed the distance between wheels).



For the proposed algorithm, it is important to know exactly the position of both wheels (which are supposed to roll without slipping) on the ground. This is achieved by recording the corresponding angles,    φ n  p r o   ,  φ n  a c t     (angle turned by the probe wheel, and actuated wheel, respectively), having set both to zero at the initial position (n = 0). The model is sketched in Figure 4 at the initial position and at the time t = nΔt. The actual trajectories followed by the center of the wheels and the trajectory the end of the actuator should follow are also represented.



At time t = nΔt, the vertical acceleration of the probe wheel,    y ¨  n   , and the angles turned by the wheels, are measured. Then, the velocity,     y ˙  n   , and vertical position,    y n   , are calculated by using Equations (18) and (19), respectively. All these values are recorded in a database in the way indicated in Table 3.



Once enough records have been acquired, the algorithm is ready to provide the current length to be taken by the actuator. The objective height is calculated as the moving average centered on the record corresponding to the actuated wheel and over a sufficient number of records; speaking in terms of rolling distances, the moving average is calculated over a rolling distance of 2D. This is achieved by identifying the records m, i and f that, respectively, define the current position for the actuated wheel and the first and last of the records to average over. In other words, at t = mΔt the probe wheel was just on the same point of the trajectory that the actuated wheel is at t = nΔt (i.e., at present). In Figure 5, the model at moments corresponding to records m, n, i and f is sketched.



On seeing Figure 5, if we consider both wheels have the same radius, r, the following rules for identifying the numbers m, i and f are deduced:



m is such that:


   φ m  p r o   ≈  φ n  a c t   −  L r   



(20)







i is such that:


   φ i  p r o   ≈  φ m  p r o   −  D r  ≈  φ n  a c t   −   L + D  r   



(21)







f is such that:


   φ f  p r o   ≈  φ m  p r o   +  D r  ≈  φ n  a c t   +   L + D  r   



(22)







With “≈” we mean “is the nearest value to” (note that      φ j  p r o       is a discrete set of values, so in general, none of the last equalities could be exactly satisfied). We have also considered that the first section of the trajectory is flat and horizontal, with a minimum distance that is equal to the wheelbase, L.



Once the records i, m and f have been identified, the algorithm calculates the objective height (see Figure 6) as:


   y  o b j   =  1  f − i + 1     ∑  j = i  f    y j  + h    



(23)




and the actuated distance results:


   y  a c t   =  y  o b j   −  y m  =  1  f − i + 1     ∑  j = i  f    y j  + h −  y m     



(24)




where h is the initial objective height (i.e., the actuator initial length, see Figure 4 and Figure 6).



Finally, the database is refreshed by deleting the records with subscripts less than i, and decreasing the remainder subscripts in i units:


if j < i:, delete record










if j ≥ i, j = j − i











In this way, the database does not grow indefinitely, and only the records to be used by the algorithm at the current time of calculation remain.



In summary, the algorithm can be considered as consisting of three tasks:




	
Reading (angles and vertical acceleration) and computing vertical velocity and position.



	
Identifying the indexes i, m and f.



	
Obtaining the actuated distance and refreshing the database.








To understand how the algorithm performs the second task, suppose the database at time nΔt is as shown in Table 4. For a given angle turned by the actuated wheel    φ n  a c t    , the algorithm computes the theoretical angle turned by the probe wheel at the three key moments iΔt, mΔt and fΔt (   φ n  a c t   −   L + D  r   ,    φ n  a c t   −  L r    and    φ n  a c t   +   L + D  r   , respectively), using Equations (20)–(22).Then, it searches the closest actual angles recorded in the database to those computed and determines the indexes i, m and f. As the probe wheel angle turned does not decrease with n (hence i ≤ m ≤ f), the search can be performed sequentially.



The whole algorithm flowchart is represented in Figure 7.




2.3. Implementation in Simulink


The models described above to define the kinematics of the 1/2 vehicle and the suspension algorithm are implemented in Simulink, and more specifically, in Simscape. The main diagram is shown in Figure 8 and is composed of six big blocks. The input block is the “Ground function” block, which defines the parameters of the trajectory that the vehicle must follow. The “Energy” block performs all the calculations (Equations (1)–(13)) to compute the kinematics of the half vehicle model. Front and rear wheel blocks contain the relationships between the wheel bodies and the main reference frame of Simscape. The rear wheel block also has the actuator to move the sprung mass according to the commands given by the suspension algorithm. The computation of the rotation angles turned by both wheels is carried out within the rotation block. Finally, the block “Suspension algorithm” performs all the calculations (Equations (14)–(21)) to actuate the sprung mass.



The ”Energy” block is composed of another block called “Calculations”, which is the block that actually computes the kinematics of the model. The inputs of this block are the ground profile, the wheel properties and the position of the front wheel. The outputs of this block are the kinematics of both wheels. Within this block, an S-function is responsible for executing the algorithms that compute the kinematics. To perform this action, this function is feedbacked with the positions and velocities computed in the previous integration step.





3. Results


This section presents the results obtained after testing the predictive suspension algorithm over the two ground topographies defined in Section 2.1. The first topography (profile 1) simulates a wiggly surface; the second topography is a combination of two sinusoidal irregularities. The parameters of both topographies are summarized in Table 2.



As is described in Section 2.2, the algorithm’s key parameter to define the motion of the sprung or actuated mass is the distance “D”. This parameter is set from D = 0 m (no actuation over the sprung mass) to D = 3 m (the vehicle’s wheelbase) in steps of 0.5 m. Hence, seven values of “D” were tested.



Additionally, the parameter “D” is normalized to the wheelbase of the vehicle by defining a new variable d = D/L, where L is the wheelbase. As the value of the “D” is limited by the wheelbase (it is not possible to obtain information on positions not yet traveled by the front wheel), the value of “d” will always be between 0 and 1.



3.1. Profile Type 1


The results of the simulation of the first ground profile are shown in Figure 9, Figure 10, Figure 11 and Figure 12. Figure - illustrates the kinematics of both wheels of the 1/2 vehicle. The trajectory of both wheels follows the input ground profile as expected. The velocity in both axes varies according to the topography of the ground profile and the energy conservation. Similar behavior is noticed in the accelerations. The significant acceleration peak at the horizontal position equal to 0 is due to the sudden transition from flat terrain to an irregular surface.



The displacement of the actuator placed between the rear wheel and the sprung mass is plotted in Figure 10. As it can be seen, the actuator does not move when the value of the normalized parameter “d” is 0. When increasing the value of this parameter, the actuator moves to compensate for the irregularities of the ground, which even leads to a wave out phased 180º to the ground profile. Lower values of parameter “d ”yield smaller displacements of the actuator, though it also generates some discontinuities. Larger values of parameter “d” depict better an out phased trajectory from the terrain, but the amplitude of the movement is larger too. The actuator always works in extension (positive displacement) at the beginning of these simulations due to the initial elevation of the front wheel.



Figure 11 shows the path followed by the center of the rear wheel and the position of the actuated mass for a better comparison of the followed trajectory and the actuation of the suspension system. It is observed that the movement of the sprung mass is the opposite of the rear wheel when the parameter “d” is larger than 2/3, that is, when the distance “D” over which the moving average is computed is larger than 2 m. In this situation, when the rear wheel moves upwards, the sprung mass is moved downwards, and vice versa. For values of parameter “D” below 2 m (d < 2/3), the sprung mass moves vertically in the same direction as the rear wheel, but this movement is limited.



In order to establish what is the best value of the normalized parameter “d” among all the tested and for ground profile 1, the spectra of the vertical accelerations experienced by the sprung mass are computed. The results obtained are plotted in Figure 12. The analysis of the graph shows that the largest values of the parameter “d” yield the lowest accelerations at low frequencies; however, it appears to be an undesirable vibration at high frequencies; therefore, according to this criterion, the best value will be one that obtains the best arrangement between low and high-frequency vibrations.



To make easier the search for the optimum value of parameter “d”, Table 5 summarizes the maximum amplitude and the RMS of the spectra shown in Figure 12. Combining the spectra and the data in the table, it can be concluded that the best value for parameter “d” in the conditions of this simulation is d = 2/3, which means the distance D = 2 m.




3.2. Profile Type 2


The results obtained from the simulation of the second ground profile are shown in Figure 13, Figure 14, Figure 15 and Figure 16. Figure 13 displays the kinematics of both wheels of the 1/2 vehicle. As in the previous case, the trajectory of both wheels follows the input ground profile as expected. The speed varies according to the topography of the ground profile and the energy conservation. Velocity variations are slower on the horizontal axis than on the vertical axis, where the velocity is more sensitive to profile variations. Similar behavior is noticed in the accelerations, being the vertical accelerations larger than the horizontal ones.



The displacement of the actuator is plotted in Figure 14. As it can be seen, the actuator does not move when the value of the parameter “d” is zero. Once the simulation begins, the actuator starts to move in compression (negative displacement) to compensate initial descent of the vehicle. As it happens in the first set of simulations, the larger the value of the parameter “d”, the larger the displacement of the actuator. The use of the largest values results in an actuation that clearly highlights the two harmonics that compose the second ground profile.



Figure 15 shows the path followed by the center of the rear wheel and the position of the actuated mass for a better comparison of the followed trajectory and the actuation of the suspension system. The movement of the mass follows the movement of the rear wheel, but the larger the value of “d”, the smoother the displacement of the actuated mass. In fact, the algorithm moves the mass in advance to the irregularity of the surface the vehicle will encounter to try to achieve a smoother ride.



The PSD of the vertical accelerations experienced by the sprung mass through the second ground profile is computed to establish what is the best value of the parameter “d” among all the tested values. The results obtained are plotted in Figure 16. As was seen in the previous subsection, there is a big peak at low frequencies and also some undesirable accelerations at high frequencies; however, in this set of simulations, a larger value of the parameter “d” does not mean lower acceleration amplitudes at low frequencies. In fact, larger acceleration amplitudes are achieved with d = 1 than with d = 5/6, which indicates that moving the sprung mass in advance to the terrain elevation is not as good as it can be expected.



Once again, to make easier the search for the optimum value of parameter “d”, the maximum amplitude and the RMS of the spectra are summarized in Table 6. Combining the spectra and the numbers in the table, it can be concluded that the best value for parameter “d” in the conditions of this simulation is d = 5/6, as it achieves the lowest maximum amplitude and RMS values. The normalized parameter d = 5/6 means that the distance “D” is equal to 2.5 m.





4. Conclusions


This paper presents a predictive suspension algorithm for land vehicles traveling through a deterministic topography. Prior to the virtual implementation of the algorithm, the kinematics of a two-wheel 2D (1/2) vehicle were proposed and solved. The algorithm inputs are the measurements given by a position scanner installed in the first wheel of the vehicle. From these inputs, the algorithm reconstructs the terrain and averages its height over a distance “D”. Then, it generates the command for moving the actuator installed in the rear wheel and connected to the sprung mass. Both the algorithm and the kinematic model of the 1/2 vehicle were implemented in Simulink.



The algorithm was tested on two terrains with different profiles. Furthermore, sensitivity analyses were carried out in order to establish the best value of the parameter “D” in each profile. The performance of the algorithm is quantified for several values of the parameter “D”, using the spectral analysis of the accelerations experienced by the sprung mass.



The results show that, in general, increasing the parameter “D” reduces the motion of the sprung/actuated mass and, hence, improves comfort; however, there is an optimum value of the parameter “D” for each ground profile, and this value does not coincide necessarily with the highest value of “D”. In fact, the optimum “D” value will depend on the terrain irregularities and their characteristic length. For the first ground profile, the optimum value of the parameter “D” is 2 m (d = 2/3), which is half the wavelength of the unevenness of the terrain. The optimum value for the second terrain is D = 2.5 m (d = 5/6).



The value of the “D” parameter is limited by the wheelbase since it is not possible to obtain information on positions not yet traveled by the front wheel. In fact, the maximum value of the “D” parameter must be slightly less than the wheelbase, as the data processing and calculation time of the algorithm must be taken into account. This is not of major significance in the current development status of the research as the Simulink implementation computes the algorithm in real-time, but it should be taken into account when developing the physical device to install in a light vehicle for real testing.



Finally, it can be concluded that the algorithm works correctly and decreases the movement of the sprung/actuated mass when the vehicle travels through a deterministic topography. The next steps in the research would be the development of a physical device that executes the proposed predictive algorithm and its implementation in a light vehicle.
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Figure 1. Flowchart for computing the position of the rear wheel. 
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Figure 2. Flowchart for computing the angular speeds. 
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Figure 3. Two kinds of terrain defects: (a) peak defects and (b) smooth or corrugated terrain. 
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Figure 4. Model of the vehicle sketched at the initial position (t = 0) and at the time t = nΔt, where the angles are indicated. Dotted and dashed curves represent respectively the actual trajectory followed by the center of the wheels and that the actuated mass should follow. 
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Figure 5. Sketch of the model at the key moments for the algorithm: at the initial position (dashed line in (up) and (middle) diagrams); when the record m is being registered (up); when the record n is being registered (middle); when the record i is being registered (dotted line, (down)); when the record f is being registered (dash line, (down)). 
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Figure 6. Heights that are involved in the calculus of the actuated distance. 






Figure 6. Heights that are involved in the calculus of the actuated distance.



[image: Mathematics 10 01467 g006]







[image: Mathematics 10 01467 g007 550] 





Figure 7. Suspension algorithm flowchart. 






Figure 7. Suspension algorithm flowchart.



[image: Mathematics 10 01467 g007]







[image: Mathematics 10 01467 g008 550] 





Figure 8. Diagram of the Simulink implementation of the whole model. 
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Figure 9. Kinematics of the vehicle when traveling through the ground profile 1. 
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Figure 10. The motion of the actuator in the first ground profile. 






Figure 10. The motion of the actuator in the first ground profile.



[image: Mathematics 10 01467 g010]







[image: Mathematics 10 01467 g011 550] 





Figure 11. Displacement of the actuated mass in the first ground profile. 
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Figure 12. Acceleration spectra of the actuated mass in the first ground profile tested. 
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Figure 13. Kinematics of the vehicle when traveling through the second ground profile. 
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Figure 14. The motion of the actuator in the first ground profile. 
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Figure 15. Displacement of the actuated mass in the second ground profile tested. 
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Figure 16. Acceleration spectra of the actuated mass in the second ground profile tested. 
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Table 1. Model parameters.
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	Parameter
	Value





	Simulation time
	10 s



	Horizontal velocity at t = 0
	3 m/s



	Vertical velocity at t = 0
	0 m/s



	Wheel diameter
	1 m



	Wheel mass
	60 kg



	Wheelbase
	3 m
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Table 2. Ground function parameters.
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Profile 1

	
Profile 2




	
Parameter

	
Value

	
Parameter

	
Value






	
A1

	
0.05 m

	
A1

	
0.05 m




	
λ1

	
4 m

	
λ1

	
2 m




	

	

	
A2

	
−0.25 m




	

	

	
λ2

	
10 m




	

	

	
A0

	
0 m




	

	

	
a

	
0 m
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Table 3. Database of recorded and computed values.
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	# Record
	Probe Wheel Angle Turned
	Actuated Wheel Angle Turned
	Vertical Acceleration
	Vertical Velocity
	Vertical Position
	Time





	1
	    φ 1  p r o     
	    φ 1  a c t     
	     y ¨  1    
	     y ˙  1    
	    y 1    
	    t 1    



	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  



	n
	    φ n  p r o     
	    φ n  a c t     
	     y ¨  n    
	     y ˙  n    
	    y n    
	    t n    
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Table 4. Time “nΔt” database.
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# Record

	
Angle Turned by Probe Wheel

	
Angle Turned by Actuated Wheel






	
 [image: Mathematics 10 01467 i001]











[image: Table] 





Table 5. Characterization of the acceleration spectra in the first ground profile tested.
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	d = 0
	d = 1/6
	d = 1/3
	d = 1/2
	d = 2/3
	d = 5/6
	d = 1





	Maximum
	2.8035
	2.0397
	1.2130
	1.0728
	1.0361
	1.2695
	2.1981



	RMS
	0.6057
	0.9422
	0.7551
	0.6772
	0.6728
	0.7363
	1.1141
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Table 6. Characterization of the acceleration spectra in the second ground profile tested.
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	d = 0
	d = 1/6
	d = 1/3
	d = 1/2
	d = 2/3
	d = 5/6
	d = 1





	Maximum
	37.9703
	22.1259
	19.0021
	24.2496
	18.3643
	17.6156
	19.4286



	RMS
	8.4317
	5.6769
	5.0129
	6.7450
	5.9922
	5.7087
	5.7104
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