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Introduction



The tyre forces affect the vehicle dynamic performance and behaviour properties. Thus it is necessary to take into account the contact forces characteristics for vehicles and road safety analysis. Copyright © 200x Inderscience Enterprises Ltd.
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The handling, and the comfort of a vehicle depend on the vertical movement of this one. Among the various generalised forces of the vehicle, the vertical forces are mainly at the origin of this vertical movement (Imine, 2003; Gillespie and Karamihas, 1993; Cebon, 1993). These forces are very needed to evaluate the risk of rollover. However, the exiting sensors able to measure these forces are very expansive and difficult to install them in a truck. In this study, we propose an observer to estimate the heavy vehicle states and an estimator for vertical forces reconstruction. The designed observer is based on sliding mode approach (Imine et al., 2005a; Misawa, 1988). In this work, we deal with a heavy vehicle model coupled with an appropriate wheel road contact model in order to estimate vertical forces using Sliding Mode Observers. Design of such observers requires a dynamic model of heavy vehicle. Then, in a first step, we built up a model for a heavy vehicle which has been validated in comparing estimated and measured dynamics response of PROSPER simulator developed by Sera-Cd (see www.sera-cd.com ). This paper is organised as follows: Section 2 deals with the vehicle description and modelling. The design of the observer and the estimation of the vehicle loads are presented in Section 3. Some results about the states observation and the vertical forces estimation are presented in Section 4. Finally, some remarks and perspectives are given in a concluding section.
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Heavy vehicle modelling



Many studies deal with heavy vehicle modelling which represent a nonlinear complex mechanical system (Wang and Tomizuka, 1999; Chen and Tomizuka, 2004). The heavy vehicle used models are very complex. Consequently, it is relatively difficult to define the size of different parameters. The external and internal moments acting on the vehicle follow the longitudinal, lateral, and vertical axes: In this paper, we consider the tractor-semitrailer model (with 2 axles for the trailer and 1 axel for the semitrailer) presented in the Figure 1. This model is derived using Lagrangian’s equations (Bouteldja, 2005). In this paper, we are interesting in a simplified 8 Degrees of Freedom (DOF) model. Then, we can define a dynamic model of the vehicle as: M (q )q + C (q, q )q + K (q ) = Fg



(1)



where M ∈ ℜ8×8 is the inertia matrix (Mass matrix), C ∈ ℜ8×8 is related to the damping effects, K ∈ ℜ8 is the springs stiffness vector and Fg ∈ ℜ8 is a vector of generalised forces. q ∈ ℜ8 is the coordinates vector defined by: q = [q1 , q2 , q3 , q4 , q5 , q6 , z ,θ ]T



θ: q1, q2: q3, q4:



tractor roll angle the left and right front suspension deflection of the tractor respectively the left and right rear suspension deflection of the tractor respectively



(2)
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q5, q6:



the left and right suspension deflection of the semi-trailer respectively



z:



vertical displacement of the tractor sprung mass (height of the gravity centre).



Figure 1



Heavy vehicle model



The suspension is modelled as the combination of a nonlinear spring and damper element as shown in the Figure 2. The tractor chassis (with the mass M) is suspended on its axles through two suspension systems. We can also shown that the tyre is modelled by spring and damper elements. The wheels masses are represented by m1 and m2. At the tyre contact, we have the road profile represented by the inputs u1 and u2, which are considered as the heavy vehicle inputs (Sayers and Karamihas, 1996; Harrison, 1983; Misun, 1990). zr1 and zr2 represent respectively the vertical displacement of the left and right wheel of the tractor front axel. These can be calculated using the following equations: Tw   zr1 = z − q1 − 2 sin(θ ) − r cos(θ )   z = z + q − Tw sin(θ ) − r cos(θ ) 2  r 2 2



(3)



where Tw is the tractor track width and r is the wheel radius. Figure 2



Suspension model



The main purpose of a tyre is to transmit forces from the road to the body so that the driver can control the vehicle. A lot of research have been performed in the area of modelling tyre (Pacejka, 1989; Bakker et al., 1989).
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The forces generated in the contact between the tyres and the roads are very importance for the dynamic behaviour of a heavy vehicle dynamic. Hence, accurate tyre models are necessary components of vehicle models designed for analysing or simulating vehicle motion in real driving conditions. There are many previous models which describe the tyre-forces. Some models are theoretical in the sense that they focus on modelling the physical processes that generate the forces. Other models are empirically oriented and aim at describing observed phenomena in a simple form. The normal forces Fni, i = 1 … 6 acting on the wheels are calculated using the following expression: Fni = Fci + ki (ui − zri ), i = 1 … 6



(4)



where Fci is the static load and ui is the road profile input under the wheel i. In this study, we suppose that the force generated by damping effect is neglected comparing to the spring forces. By using the equation (3), we replace zri by their expression. We obtain: Fni = Fci + ki (ui − z + Tw sin(θ ) + qi ), i = 1 … 6.
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(5)



Vertical forces estimation



In this section, we develop the sliding mode observers to estimate the vertical loads. We rewrite then the dynamic model equation (1) in the state form as follows:  x = f ( x) + Fg   y = h( x )



(6)



where the state vector x = ( x1 , x2 )t = (q, q)T , and y = q is the vector of measured outputs of the system. Thus, we obtain:  x1 = x2  −1  x2 = q = M ( Fg − C ( x1 , x2 ) x2 − K ( x1 )).   y = x1



(7)



Before developing the sliding mode observer, let us consider the following assumptions: •



The state is bounded (||x(t)|| < ∞, ∀ ≥ 0).



•



The system is the inputs bounded (∃ a constant µ ∈ ℜ such as: ui < µ ).



•



The generalised forces Fg are bounded (∃ a constant ζ ∈ ℜ such as: Fgi | xi 2 |, i = 1 … 8, then V1 < 0. Therefore, from sliding mode theory (Hermann and Krener, 1977; Ma et al., 2002; Boukhobza and Barbot, 1998), the surface defined by x1 = 0 is attractive, leading xˆ1 to converge towards x1 in finite time t0. Moreover, we have x1 = 0 ∀t ≥ t0 . Consequently, according to equation (13), we have (for t ≥ t0): sign eq ( x1 ) = H1−1 x2



(16)



where x2 = x2 − xˆ2 and signeq represents an equivalent form of the sign function on the sliding surface. Then, equation system (equation (13)) can be written as follows:  x1 = x2 − H1sign eq ( x1 ) → 0  −1 −1  x2 = M Fg − M (C ( x1 , x2 ) x2  − C ( x1 , xˆ2 ) xˆ2 ) − H 2 H1−1 x2 . 



(17)



Now, let us consider a (second) Lyapunov function V2 and its time derivative V2 : 1 T x2 Mx2 2 V2 = x2T Mx2 . V2 =



(18)



Then, from equation (17), V2 becomes: V2 = x2T Fg − x2T (C ( x1 , x2 ) x2 − C ( x1 , xˆ2 ) xˆ2 ) − x2T MH 2 H1−1 x2 .



(19)



Using the assumption equation (4) and from the equations (8) and (16), we have: C ( x1 , x2 ) x2 − C ( x1 , xˆ2 ) xˆ2 = −C ( x1 , x2 ) x2 − C ( x1 , xˆ2 ) x2



(20)



we obtain: V2 = x2T Fg − x2T ( − (C ( x1 , x2 ) + C ( x1 , xˆ2 )) + MH 2 H1−1 ) x2 .



(21)



Recalling that M and H1 are positive definite matrices, Fg bounded and by choosing h2i > ζ, we obtain V2 < 0. Therefore, the surface x2 = 0 is attractive, leading xˆ2 to converge towards x2. According to equations (5) and (11), after convergence of the position x1, we can estimate from the equation (12), the vertical displacements zri of the wheels and consequently, we deduce the vertical forces Fni.
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Estimation results



In this section, we give some results in order to test and validate the robustness of our approach. Many tests are done with PROSPER simulator. These simulations results are



Sliding mode observers to heavy vehicle vertical forces estimation considered as references in our work to compare with our estimation using sliding mode observers. The heavy vehicle inputs are represented by the road profile which are measured by the LPA instrument (see Figure 3) (Legeay, 1993). Figure 4 shows an example of the left and right road profile measured by APL. Figure 3



Longitudinal Profile Analyser (APL in French)



Figure 4



Road profile inputs
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In the first two subplot on top of the Figure 5, we represent respectively the measured and estimated suspension deflection and the roll angle and the respectively speeds. It is shown that these displacements are well observed and there is a good convergence in finite time, towards the real ones. In the bottom of this figure, the estimated and observed velocities are represented. Figure 5



Estimated and measured suspension deflection



We notice that these unmeasured signals are good reconstructed with some errors concerning the roll rate.



Sliding mode observers to heavy vehicle vertical forces estimation Figure 6 shows that the observed wheel’s vertical displacement are quite close to the true ones (estimated by PROSPER simulator). The convergence of the states is very fast and the estimation is of quality. The good reconstruction of these states, allows to estimate the vertical forces. Then in Figure 7, we present the behaviour of this estimation. We can observe that the estimated signals are accurate with respect to the true signals with errors near of 0. Figure 6



Estimated and measured wheel’s vertical displacements
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Figure 7
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Estimated and measured vertical forces



Conclusion



In this paper, an original method is presented to estimate vertical forces acting in the road/tyre interface. A heavy vehicle model taking into account road profile inputs is developed. This model is validated using PROSPER simulator. Then, in the second part, a sliding mode observer is built to estimate both the heavy vehicle states and the vertical forces. The states are well observed with errors near zero and the vertical forces are estimated and compared to true ones coming from PROSPER simulator. Since the vertical forces estimation is correct because the error is near zero between the estimated and real, we can conclude that our method is interesting. In the future works, we will apply our method on a real heavy vehicle to estimate online these vertical forces.
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