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robot manipulators [3, 10, 11]. In a previous article, a sliding mode control has been studied in simulation for our pneumatic robot leg [8]. However, the sliding mode control need the knowledge of articular positions, velocities and accelerations. Though, it is well known that derivation increases noise. So, two successive derivations seem to be unreasonnable to be used for the control design. Since we only measure articular positions we may have to estimate velocities and accelerations. Our idea is to use a sliding mode based observer. Diﬀerent observer structures are possible [6]. We present one of them in this paper, which is an extension of the sliding observer described in [3]. Our work considers not only the rigid robot model but also the pneumatic actuator model. The organization of this paper is then as follows. Section 2 describes the studied system and the complete model equations of one leg is presented. In section 3, a nonlinear sliding mode observer structure is developed. Stability in open loop is proved. Section 4 presents simulation results. Finally, some conclusions are given on this work.



A. Abstract We are interested to control a pneumatic robot leg. In a previous work we develop in simulation, a non linear sliding mode control. The design of the control law needs to know articular positions, velocities and accelerations of the two articulations of the robot leg. Since one only measure articular positions, one have to estimate velocities and acceleration. This paper presents the design of a non linear sliding observer for estimating the state vector of the actuated system model. Convergence conditions and simulation results for the observed state vector are given. I.



Introduction



Due to the high power output with regard to their low cost, pneumatic actuators appear to be of great interest in robotic applications. In particular, legged robot use their natural compliance when dealing with unknown environement. In this way, a pneumatic actuated robot has been built to study control problems when dealing with fast dynamic gaits. The mathematical dynamic model of one actuated leg as considered here is highly non linear and time variant, due both to the mechanical coupling eﬀects and the compressibility of air. Sliding mode control is one of the most important approaches to handle systems with large uncertainties, non linearities and bounded external disturbances. This approach has attracted intense research interest in the past decade for



II.



System description: model of one leg



Our robot is composed with two front driving legs and two free wheels at the back. Each one of its legs has two rotational joints and two segments. Each joint is actuated by four-way servovalves. 1



The supply air pressure is controlled by an electropneumatic four-way servovalve with as command an input current. To guarantee the control of the legs movement; a 3600 points ROD-421M Heidenhain shaft encoder placed in the rotational axis is used to determine the articular position. The robot model is composed by two stages: a dynamic one for mechanical part and a second one which will be called the thermodynamic stage according to pneumatic part. The dynamic equation of a rigid two link system can be written using Lagrange method [4, 5, 9]. Let us recall that q, q, ˙ q¨ and τ denote respectively the (2 × 1) vectors of joint position, speed, acceleration and torque.



This diﬀerential equation can be put in a state space representation where we define the output: y = (q1 , q2 )T the state space vector of dimension 6: .
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´ h ³ . (5) f4 (z, i) = − M −1 M +C + BM z3 ³. ´ ´ i ³ . + C +B + CE z2 + BG+ G + Ji



M(q) is the (2 × 2) generalized inertia matrix, G(q) is the (2 × 1) vector of gravitational forces and C(q, q) ˙ q˙ is the vector of centripetal and Coriolis forces, i is the vector of the applied currents. In what follows the piston mass m and the friction eﬀects will be neglected. The dynamics of the pneumatic actuator can be represented by the following equation:



This state-space representation is obviously observable. In the next section, we will design a sliding mode based observer to estimate the state vector. III.



τ˙ = Ji − Bτ − E q˙



..



So,we obtain:



where, M(q)¨ q + C(q, q) ˙ q˙ + G(q) = τ



.



z = (z1 , z2 , z3 )T = (q1 , q2 , q1 , q 2 , q 1 , q 2 )T



A nonlinear sliding observer



(2) A. Structure of the observer



where J, B, E are (2 × 2) diagonal matrices called the thermodynamics parameters depending on the temperature gas characteristics and initial conditions. For more details on the way this equation is obtained, we can refer to thermodynamical studies in [9]. The equations (1) and (2) give the system model of one actuated leg and can be rewritten in one stage by derivating (1) and subtituting τ˙ , in (2). Thus, we obtain the following equation1 : ´ h ³ . ... q = − M −1 M +C + BM q¨ ³. ´ ³ i . ´ + C +B + CE q˙ + BG+ G + Ji (3)



We only measure articular positions. In order to estimate the complete state (articular positions, velocities and accelerations) used in the control law,we adopt a nonlinear sliding structure for the state observer [1, 2, 6—8, 11].  .   zb. 1 = H1 (z1 − zb1 ) + zb2 + Λ1 sgn(z1 − zb1 ) zb2 = H2 (z1 − zb1 ) + zb3 + Λ2 sgn(z1 − zb1 )   . zb3 = H3 (z1 − zb1 ) + f4 (b z , i) + Λ3 sgn(z1 − zb1 ) (6) where we denote the estimated state as: .
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zb= (zb1 , zb2 , zb3 )T = (zb11 , zb21 , zb12 , zb22 , zb13 , zb23 )T



and



sgn(z1 − zb1 ) = (sgn(z11 − zb11 ) − sgn(z21 − zb21 ))T



1



For ease of notation, we omit the arguments in the used matrices.
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= (sgn(q1 − qb1 ) sgn(q2 − qb2 ))T



H1 , H2 , H3 are positive diagonal matrices. H1 = diag(h11 , h21 ), H2 = diag(h12 , h22 ) and H3 = diag(h13 , h23 ). Λ1 , Λ2 are also positive diagonal matrices. Λ3 is a nonlinear gain matrix depending on the estimated states. Let us define the observation error:



2. Asymptotic stability of the observation error After having chosen the constant gain matrices H 1 ,H 2 ,H 3 , we have to find the appropriate matrices Λ1 , Λ2 , Λ3 in order to garantee the stability of the nonlinear system (6). The idea of the proof is to proceed step by step. First, we will prove that ze1 = 0 is an attractive region under some conditions on velocities. Then, we will prove that ze2 tends towards zero. And finally, we will show that ze3 = 0 is an attractive region. We will use three Lyapounov functions. Let take as a first Lyapounov candidate function: 1 V1 = ze1T ze1 (10) 2



ze = zb − z



The observation error system is obtained by making the diﬀerence between system (6) and system (4). It can thus be written as follows:



 .  z1 )  ze. 1 = −H1 ze1 + ze2 − Λ1 sgn(e ze2 = −H2 ze1 + ze3 − Λ2 sgn(e z1 )   . ze3 = −H3 ze1 + f4 (b z , i) − f4 (z, i) − Λ3 sgn(e z1 ) It is easy to prove that [3]: . (7) V 1 < −(h11 + h21 )V1 Now, we have to prove that the observation error tends to zero. under the conditions:  B. Proof of stability z12 | < λ11  |e 



1. Choose of the matrices H 1 ,H 2 ,H 3 We choose the matrices H 1 ,H 2 ,H 3 so that the linear part, defined below,is asymptotically stable.  .  ze1 = −H1 ze1 + ze2  . (8) ze2 = −H2 ze1 + ze3   . ze3 = −H3 ze1



(11)



(12)



|e z22 | < λ21



Thus, the domains defined above and the hyperplane ze1 = 0 are attractive manifold. The intersection of those domains is, if we consider each articulation separately, a segment in two dimensions (figure(1)), which is the new reduced order manifold, i.e. an infinite ”slide rule”.On this intersection, we can now consider



The system (8) can be decomposed into two independant subsystems, each one of dimension 3. So, the two articulations are decoupled, and one can choose h11 , h12 , h13 and h21 , h22 , h23 independently. If the dynamics of the first articulation is governed by three eigenvalues p1 , p2 , p3 , assumed to have negative real parts, the gains h11 , h12 , h13 may be such that:
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h13 = −p1 p2 p3 h11 = −(p1 + p2 + p3 ) h12 = p1 p2 + p2 p3 + p3 p1



(9) Figure 1 — Reduced order manifold (segment in two dimensions)



An equivalent system can be written for the second articulation.



the obtained reduced dynamics of the observa3



tion error.  .  z1 ) = 0  ze. 1 = ze2 − Λ1 sgn(e ze2 = ze3 − Λ2 sgn(e z1 )   . ze3 = f4 (b z , u) − f4 (z, u) − Λ3 sgn(e z z1 ) (13) That is, in the mean average, the behaviour is described by2 : ( sgn(e z1 ) − Λ−1 e2 = 0 1 z . (14) −1 ze2 = ze2 − Λ2 Λ1 ze2



Figure 2 — phase plane representation showing the attractive manifold



for this dynamics, let us consider a second Lyapounov function defined by: 1 V2 = ze2T ze2 2



Then,



can write again the reduced dynamics of the observation error. ( . ze2 = ze3 − Λ2 sgn(e z1 ) = 0 . ze3 = f4 (b z , u) − f4 (z, u) − Λ3 sgn(e z1 ) (17) That is: ( sgn(e z1 ) − Λ−1 e3 = 0 2 z . ze3 = f4 (b z , u) − f4 (z, u) − Λ3 Λ−1 e3 2 z (18) We choose: 1 (19) V3 = ze3T M ze3 2 . . 1 T . T V 3 = ze3 M ze3 + ze3 M ze3 2 The zb2 = z2 leads to  . .  M (z1 , z2 ) = M (z1 , zb2 ) C(z , z ) = C(z1 , zb2 ) (20) .  . 1 2 G (z1 , z2 ) = G (z1 , zb2 )



(15)



.
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z3 − Λ2 Λ−1 e2 ) V 2 = ze2T ze2 = ze2T (e 1 z .



−1 V 2 = ze2T ze3 − ze2T Λ2 Λ1 ze2



One can denote Γ = Λ2 Λ−1 1 . From the properties of Λ1 and Λ2 , it is clear that Γ is a positive diagonal matrix. Γ = diag(γ 1 , γ 2 ) So, it is easy to show [3] that, if:  z13 | < 12 γ 1 λ11  |e thus
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