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A fuzzy-PDC-based control for robotic systems C.M. Lin *, Y.J. Mon Department of Electrical Engineering, Yuan-Ze University, Chung-Li, Tao-Yuan 32026, Taiwan, ROC



Abstract A multi-input multi-output nonlinear-regulator design methodology, developed by the fuzzy-parallel-distributed-compensation (fuzzy-PDC) scheme, has been presented here. This conceptually simple and natural methodology not only can improve the system performance, but also can avoid the convergence problem as well as the troublesome fuzzy membership functions involved in the trial-and-error methods. In this paper, the nonlinear-regulator developed here is further expanded and combined with the PD control approach, in order to investigate the position and tracking control of a two-link robot. The results demonstrate that not only the system performances are considerably improved, but the system also exhibits desired stability and robustness. Ó 2001 Elsevier Science Inc. All rights reserved. Keywords: Nonlinear-regulator; Robotics; Fuzzy-PDC



1. Introduction Several model-based robotic design approaches have been proposed in the past decade. For instance, the PD control approach has been developed for the position control [1], the adaptive fuzzy control algorithm has been derived to reduce the tracking errors [2], the neural-network methodology is employed and combined with H 1 scheme for uncertain or unknown robotic systems [3], and a neuro-fuzzy controller, based on the robotic dynamic behavior, is developed [4]. *
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Recently, fuzzy logic control has become a powerful tool in control engineering, especially in systems that are structurally di�cult to model due to their inherent natural nonlinearities and other modeling complexities [5]. Several methodologies for improving the performance of such systems have also been proposed, such as neuro-fuzzy [4,6], adaptive-fuzzy [5,7] and sliding PI-type fuzzy [8] approaches, and some useful stability and robustness criterions for fuzzy logic control have also been developed [9±12]. Amongst the aforementioned methodologies, the fuzzy-parallel-distributed-compensation (fuzzyPDC) design approach [12] is the most attractive due to its conceptually simple natural. The fuzzy-PDC control approach used in model-based systems has been proven to be an e�cient and systematic method to guarantee the system to be globally stable. For robotic design, the system models are based on the error dynamics. In [3], the error dynamics are derived and the neuro-network is used to guarantee the H 1 performance. In [4], the robotic performance is upgraded by tuning the fuzzy membership functions based on the robotic dynamic behavior. However, all these methods have the disadvantages such as time-consuming neural-network training and complex tuning parameters. Besides, in [3], the parameter tuning processes yield a slow response. On the other hand, although the PD control approach has been proven to be a suitable approach for robotic systems [1], its transient response is not good. In this paper, the fuzzy-PDC scheme is applied to a stable system to perform as a nonlinear regulator. Since the fuzzy-PDC scheme separates the nonlinear system into several parallel linear systems, the feedback gains that can be obtained from any conventional methodology for every linear system can be inferred from the fuzzy-PDC methodology, to ®nd the fuzzy feedback gain of the nonlinear system. Essentially, the fuzzy-PDC compensation is an adaptive scheme. The main advantage of this approach is that the traditional control methodologies and the fuzzy-PDC schemes can work together and compensate for each other e�ciently. The proposed nonlinear regulator not only can improve the system performance but also can avoid the convergence problem and the troublesome fuzzy membership functions that are involved in the trial-anderror methods. Besides, this method can be expanded to combine with any traditional stable controller, and can also cope with unknown or uncertain systems. In the simulations, the proposed nonlinear regulator is combined with the PD control approach to investigate the position and tracking control of a two-link robot. The results demonstrate that the system performances are considerably improved and the system also exhibits desired stability and robustness. 2. Fuzzy-PDC control The fuzzy-parallel-distributed-compensation (fuzzy-PDC) design approach consists of three steps [12]. The ®rst step is to use the main feature of the
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Takagi±Sugeno fuzzy model to express the local dynamics of each fuzzy implication rule by a linear model. The overall fuzzy model of the system is achieved by fuzzy ``blending'' of the linear models. The second step is implementation of the so-called parallel distributed compensation (PDC) scheme on the fuzzy models. And the last step is to check whether the stability conditions are satis®ed by using the linear matrix inequality (LMI) analysis. Throughout the paper, the indeterminate t is omitted for the sake of notational simplicity. The Takagi±Sugeno fuzzy system is described by fuzzy IF±THEN rules, which locally represent the linear input±output relations of the system. The fuzzy system is of the following form: Rule i : IF x1 is Mi1 . . . and xn is Min ; THEN x_ ˆ Ai x ‡ Bi u; where xT ˆ ‰x1 ; x2 ; . . . ; xn Š; uT ˆ ‰u1 ; u2 ; . . . ; um Š; and i ˆ 1; 2; 3; . . . ; r and r is the number of IF_THEN rules; and Mij are the fuzzy sets. Given a pair of …x; u†, the ®nal output of the fuzzy system is inferred as follows: Pr wi fAi x ‡ Bi ug x_ ˆ iˆ1 Pr ; …1† iˆ1 wi Q where wi ˆ njˆ1 Mij …xj †; Mij …xj † is the grade of membership of xj in Mij . The open-loop system of (1) is Pr iˆ1 wi Ai x x_ ˆ P ; …2† r iˆ1 wi where it is assumed that r X wi > 0; iˆ1



wi P 0;



i ˆ 1; 2; . . . r; for all k:



Each linear component Ai x is called a subsystem. A su�cient stability condition derived by Tanaka and Sugeno [11], for ensuring stability of (2), is given as follows. Theorem 1. The equilibrium of a fuzzy system (2) is asymptotically stable in the large if there exists a common positive definite matrix P such that ATi P



PAi < 0;



i ˆ 1; 2; . . . ; r;



i.e., a common P has to exist for all subsystems.



…3†
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This theorem reduces to the Lyapunov stability theorem for linear systems when r ˆ 1. The stability condition in Theorem 1 can be derived by using a quadratic function V …x† ˆ xT Px. If there exists a P > 0 such that V …x† ˆ xT Px proves the stability of system (2), then system (2) is also said to be quadratically stable and the function V is called a quadratic Lyapunov function. Theorem 1 thus presents a su�cient condition for quadratic stability of system (2). The PDC design method can be employed to stabilize a nonlinear feedback system. The procedure is as follows. Firstly, the nonlinear plant is represented by a Takagi±Sugeno type fuzzy model. In this type of fuzzy model, local dynamics in di€erent state space regions are represented by linear models. Next, the overall model of the system is achieved by fuzzy ``blending'' of these linear models. The control design is then obtained, based on this fuzzy model, using the so-called parallel distributed compensation (PDC) scheme. The idea is that, for each local linear model, a linear feedback control is designed. The resulting overall controller, which is nonlinear in general, is again a fuzzy blending of each individual linear controller. The concept of PDC is applied to fuzzy controller's design to stabilize the fuzzy system (1). The fuzzy controller shares the same fuzzy sets with fuzzy system (1) such that Rule i :



IF x1 is Mi1 . . . and xn is Min ; THEN u ˆ Fi x;



where i ˆ 1; 2; 3; . . . ; r. Hence, the fuzzy controller is Pr w i Fi u ˆ Priˆ1 x: iˆ1 wi Substituting (5) into (1), the closed-loop system can be obtained Pr Pr wi wj fAi Bi Fj g iˆ1 Prjˆ1 Pr x: x_ ˆ iˆ1 jˆ1 wi wj



…4†



…5†



…6†



By applying Theorem 1, the following su�cient condition for (quadratic) stability can be achieved. Theorem 2. The equilibrium of a fuzzy control system (6) is asymptotically stable in the large if there exists a common positive definite matrix P such that fAi



T



Bi F j g P



for wi  wj 6ˆ 0;



P fAi



Bi F j g < 0



i; j ˆ 1; 2; . . . ; r.
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The system (6) can be also written as # " r X 1 X wi wi fAi Bi Fi gx ‡ 2 wi wj Gij x ; x_ ˆ W iˆ1 i 
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