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Abstract Due to computational burden and dynamic uncertainty, the model based decoupling control approach is hard to be implemented in a multivariable robotic system. Here, a model-free model reference adaptive fuzzy sliding mode controller (MRAFSC) is proposed to control a ﬁve degree-of-freedom (DOF) robot. MRAFSC drives the system state variables to hit a user-deﬁned sliding surface and then slide along it to approach a reference model. Consequent parameters of the fuzzy control can be initialized at zero, and then adjusted by using a novel online parameters tuning algorithm derived from the Lyapunov stability theory. A boundary layer function is introduced into the updating law to eliminate the chattering phenomenon which is inherent to the sliding mode control. The state errors converge into a speciﬁed error bound which depends on the boundary layer, parameter errors and modeling errors. The experimental results show that this novel controller has good control performance, stability and robustness. Ó 2004 Elsevier Ltd. All rights reserved. Keywords: Model reference adaptive fuzzy sliding mode controller; Boundary layer; Robotic system; Lyapunov stability theory and e-modiﬁcation
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1. Introduction Robot is one of the most important machines for industrial automation. Multipurpose manipulators can be applied in hazardous environments to substitute manual labors for routine works. To achieve a high-precision performance, its controller must eﬀectively and accurately manipulate the robot motion trajectory. However, a manipulator is a multivariable nonlinear coupling dynamic system with certain uncertainties; as a result, it is diﬃcult to design an eﬀective control algorithm based on an exact mathematical model. Adaptive control algorithms have been proposed for this type of control systems. Generally, most of the existing adaptive algorithms are proposed to control the speciﬁc systems with known model characteristics and unknown parameters. For certain complex physical systems (typically nonlinear), not only their system parameters but also their model type may be unknown, it is diﬃcult or even impossible to design an adaptive control laws for multivariable systems based on existing adaptive control algorithms and procedures. Hence, how to develop a really model-free adaptive control structure has become an interesting research topic. For dealing with nonlinear eﬀects, uncertainties and other imperfections of such a nonlinear system, various approaches have been proposed. Among them, slidingmode control and fuzzy control draw much attention due to the applicability for highly nonlinear systems. The fuzzy logic controller (FLC), requiring relatively low computational and programming capacity to represent human control behavior, has been widely used in many engineering applications in recent years [1,2]. Since, the fuzzy controller is an approximate reasoning-based system without an analytic model for stability and robustness evaluation, the commercial industrial application is hesitated. This problem can be solved by introducing a sliding-mode control (SMC) [3,4]. When the upper bound values of the system model uncertainty, parameter ﬂuctuation and disturbance are known, this control method can be used to deal with the parameters variation problem of robotic system for obtaining good tracking control. However, the control input has high frequency oscillation phenomenon. This defect can be improved by introducing a boundary layer along the switching surface to ﬁlter out the chattering behavior. The system output error can be proved to converge into the boundary layer in ﬁnite time. Hence, the stability and robustness of these control systems can be guaranteed by priori determining the upper bounds of the model uncertainties. Some researchers [5–7] had investigated the analogy between a simple FLC and SMC with a boundary layer. Hwang and Lin [5], and Palm [6] combined the attractive features of FLC and SMC and proposed a fuzzy sliding mode controller (FSMC) for a second order nonlinear system. They had proved that the chattering phenomenon inherent with SMC can be improved by using FSMC, and the ultimate error bound of states is obtained asymptotically under existing system dynamic uncertainties. They used the error and the change rate of the error to synthesize fuzzy reasoning rules without mathematical expression. But the number of rules increases exponentially with respect to the number of the input vector. In addition, it is diﬃcult to analyze the stability properties of this control system. To eliminate these
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drawbacks, Kim and Lee [7] introduced a variable (s ¼ e_ þ ke) to reduce half of the dimension of the input vector and the number of fuzzy rules. Since, this approach can signiﬁcantly reduce the computational eﬀorts, it is suitable for a microcomputer online implementation of MIMO robotic system. However, how to establish appropriate fuzzy rules remains unsolved in FSMC. An eﬀective tuning mechanism for these membership function parameters is critical to the control performance of a FLC. The appropriate parameters need be searched by a time-consuming trialand-error procedure. Adaptive fuzzy controllers (AFC) [8–11] provided an attracting approach to obtain the fuzzy parameters of a FLC by using a tuning algorithm. This kind of controller is based on the assumption that a fuzzy system can be represented by a linear combination of fuzzy basic functions [12] and an adaptive mechanism can be used to adjust the consequent parameters of a FLC. Wang [8] ﬁrst proposed a globally stable adaptive fuzzy controller which is synthesized from a collection of fuzzy IF–THEN rules, based on the concept that a fuzzy system can approximate any continuous function on a compact set to any degree of accuracy [13]. This fuzzy system was used to approximate an optimal controller and adjusted by an adaptive law based on the Lyapunov stability theory. However, this kind of direct adaptive law is limited to the nonlinear system with constant control gain, and free of the disturbances. The tracking error convergence depends on the assumption that e(t) 2 L2, which may not be easy to check. Su and Stepanenko [10] developed a stable adaptive fuzzy controller based on WangÕs ideal to release the requirement of e(t) 2 L2. However, this controller belongs to an indirect adaptive fuzzy controller in terms of Wang [8] and it is only suitable for a class of nonlinear systems with constant control gain. After that, Chai and Tong [11] proposed a fuzzy direct control scheme by using a fuzzy system to approximate an optimal controller that was designed based on the assumption that all the dynamics in the system were known. Then a fuzzy sliding controller was added into the adaptive controller for compensating the uncertainties and smoothing the control signal. Yin and Lee [14] proposed a fuzzy model-reference adaptive control structure by using the fuzzy basis function expansion [8] to represent the parameter information of the system model. Hence how to synthesize the advantages of previous works, and release the strictly inherent limitations for handling system unknown disturbances and quickly time-varying parameters in designing a novel MRAFSC controller is the objective of this research. Most of previous literatures dealt with SISO systems, rather than MIMO systems. Wang and Tsuchiya [15] developed a fuzzy control strategy for a MIMO control system based on SISO system consideration disregarding the dynamic coupling eﬀect inherent to the MIMO system. Huang and Lian [16] proposed a hybrid fuzzy logical and neural network controller to overcome this coupling problem. However, the weights converging speed of the back-propagation training rule is not fast enough to compensate for the coupling variation rate of a MIMO system when the weights initial errors are too large. Hence, the selection of the initial NN weight values requires a preliminary oﬀ-line tuning. Here, a FLC based controller with direct adaptive control strategy is proposed, the control law is generated directly from the outputs of MRAFSC. In order to
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release the requirement of supervisory control of WangÕs approach [8], a novel online parameter tuning algorithm is developed based on the Kalman–Yacubovich lemma and Lyapunov stability theory. The consequent parameters of MRAFSC can be initialized at zero, then, the parameter tuning algorithm is used to adjust the consequent parameters for manipulating the system to hit a user-deﬁned sliding surface and then slide along it to track an ideal reference model. A thin boundary layer [17] along the sliding surface is introduced into the updating law to improve the chattering phenomenon of control inputs. The state errors can be driven into a speciﬁed error bound that depends on the parameter errors and modeling errors. In addition, if the MRAFSC cannot exactly reconstruct a corresponding nonlinear function, the standard delta rule tuning technique may yield unbounded consequent parameters for a FLC [18,19]. Hence, an extra e-modiﬁcation term was added into the modiﬁed adaptive law [20] to release the assumption of persistent excitation, and guarantee the bounds of the tracking errors and consequent parameters of the MRAFSC. The important characteristics of employing MRAFSC are summarized as: (1) it does not require the mathematical model of the system; (2) its adaptive law can reduce expertise dependency; (3) it can alleviate the chattering behavior while maintaining the robustness of SMC; (4) it can guarantee the stability of the closed-loop system by means of the Lyapunov stability theory; (5) it can guarantee the bounds of the tracking errors and consequent parameters of the MRAFSC. Finally, this novel controller is implemented on a ﬁve DOF robot. Since the position of the robotic end-eﬀector is determined by the ﬁrst three arms, the experimental results of the ﬁrst three arms by using this MRAFSC controller are presented and discussed. In addition, the performance of the MRAFSC is compared with that of the SISO-based adaptive fuzzy sliding mode controller.



2. Model reference adaptive fuzzy sliding mode controller The nonlinear time-varying dynamic model of a multi-degree robotic system is so complicated that a conventional model-based controller is diﬃcult to design and implement. Generally, the controllers of industrial robots are designed based on the SISO concept for each joint, disregarding the coupling eﬀect among joints. Hence, the operation speed and payload are limited to suppress the operation uncertainty. Therefore, the application occasions of industrial robots are strictly limited. Some hybrid control strategies [16,21] were proposed to tackle this coupling problem inherent to the MIMO system. In those hybrid controllers, the fuzzy controllers were used to control each joint of the multi-joint robotic system based on SISO concept. Then, a coupling neural controller was introduced to compensate the coupling eﬀect among each joint of the multi-joint robot. However, the stability analysis is very difﬁcult for this type of hybrid controller. In this paper, an unmixed MRAFSC directly derived from MIMO structure, rather than a hybrid controller from SISO concept is developed to control a robotic system. Based on this approach, the coupling eﬀect can be tackled and the stability problem can be evaluated using the Lyapunov stability theory. The schematic diagram of a FLC based MRAFSC with n input vari-
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Fig. 1. The control block diagram of MIMO system.



ables, m rules and n output units is shown in Fig. 1. The MRAFSC control algorithm for nonlinear MIMO systems, the adapting rule, and the stability analysis will be derived and discussed in following section. 2.1. (A) Fuzzy control strategy The function of the fuzzy logic system in this MRAFSC control structure is to approximate a virtual optimal controller, which is designed based on the assumption that all the dynamics in the system are known. Then, a novel adaptive law is developed to compensate the plant uncertainty. Here, the variable si ¼ e_ i þ kei is selected as the ith input variable of the fuzzy control system to reduce half of the dimension of the input vector and the number of fuzzy rules [7]. For a MIMO system, a typical FLC consists of a collection of fuzzy IF–THEN rules in the following form: kth rule: IF s1 is A1k and . . . and sn is Ank THEN u1 is Bk1 and . . . and un is Bkn



k ¼ 1; . . . ; m



ð1Þ



where m is the total rules number, s = [s1, . . . , sn]T is the input vector of the fuzzy inference system with each of its component si normalized to [1, 1], u = [u1, . . . , un]T is the output vector of the fuzzy system, while Ak = [A1k, . . . , Ank]T and Bk = [Bk1, . . . , Bkn]T (k = 1, . . . ,m) are input and output fuzzy subsets deﬁned on the corresponding universes of discourse, respectively. The matching degree denoted by Wk(s) 2 [0, 1] between s and the kth rule pattern is evaluated by Wk ðsÞ ¼



n Y i¼1



lAik ðsi Þ



ð2Þ
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where k = 1, 2, . . . , m, n is the number of input variables, and lAik ðsi Þ is a Gaussian membership function, deﬁned as "  2 # si  cik lAik ðsi Þ ¼ exp  ð3Þ rik where cik and rik are the center and width of the Gaussian membership function of the fuzzy set Aik, respectively. Since the input variables had been normalized to [1, 1], rik can be set to rk for any i (i = 1, . . . , n). The center vector of the Gaussian membership function for the kth rule pattern is deﬁned as Ck = [c1k, . . . , cnk]T. Substituting Eq. (3) into Eq. (2) yields " P # n 2 i¼1 ðsi  cik Þ Wk ðsÞ ¼ exp  ð4Þ r2k Once the matching degree Wk(s) is derived from (4), the jth output of the fuzzy inference system can be derived from the following weighted average defuzziﬁcation [9]: Pm k¼1 hkj Wk ðsÞ j ¼ 1; . . . ; n ð5Þ uj ¼ P m k¼1 Wk ðsÞ where uj is jth output of the fuzzy inference system (control input), hkj is the center (consequent part) of the Gaussian membership function of the fuzzy subset Bkj. Deﬁne fuzzy antecedent-function (fuzzy basis function) as Wk ðsÞ wk ðsÞ ¼ Pm k¼1 Wk ðsÞ



ð6Þ



The fuzzy system output u can then be expressed as fuzzy basis function expansion [13] Xm uj ¼ hkj wk ðsÞ ¼ hTj w ð7Þ k¼1 where hj = [h1j, h2j, . . . , hmj]T is the center (consequent part) of the fuzzy subset Bkj, and w = [w1, w2, . . . ;wm]T is fuzzy antecedent-function (fuzzy basis function). 2.2. Adaptive law For a MIMO robotic manipulator, the dynamics model can be described as the standard form [23,24] _ þ sd ¼ s MðqÞ€ q þ Nðq; qÞ



ð8Þ



where M(q) is the inertial matrix which is symmetric positive deﬁne, q is the joint _ is a nonlinear Coriolis/centripetal/gravity vector terms, coordinate vector, Nðq; qÞ sd is the disturbance vector, and s is the input torque vector. This dynamic equation can be rewritten as the form of Eq. (9) [22,25] with q = [q1,P . . ., qn]T = [x1, . . ., xn]T, Pn 1 1 _ gij ðxÞ ¼ Mij ðqÞ, and d i ¼  nj¼1 M1 fi ðxÞ ¼  j¼1 Mij ðqÞNj ðq; qÞ; ij sdj .
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yi



¼ fi ðxÞ þ



n X



gij ðxÞuj þ d i



i ¼ 1; . . . ; n



j ¼ 1; . . . ; n



7



ð9Þ



j¼1



where ni is the order of the diﬀerential equation governing the motion yi, the control ðn 1Þ T input vector u is composed of components uj, x ¼ ½y 1 ; . . . ; y 1 1 ; . . . ; y n ; . . . ; y nðnn 1Þ  is composed of yiÕs and their ﬁrst (ni  1) derivatives, fi(x) is an unknown nonlinear function, di is the external disturbance, and yi is the system output. Deﬁne 2 3 g11 ðxÞ g1n ðxÞ 6 . .. 7 .. 7 ð10Þ GðxÞ ¼ 6 . 5 . 4 .. gn1 ðxÞ gnn ðxÞ Then Eq. (9) can be rewritten as 2 ðn1 Þ 3 2 2 3 2 3 3 f1 ðxÞ d1 u1 y1 6 . 7 6 . 7 6 . 7 6 . 7 6 . 7 ¼ 6 . 7 þ GðxÞ6 . 7 þ 6 . 7 4 . 5 4 . 5 4 . 5 4 . 5 ðnn Þ un dn fn ðxÞ yn



ð11Þ



The matrix G(x) derived from the inertial matrix M(q) is typically a symmetric and positive deﬁnite matrix for the MIMO robotic system with the same number of inputs and outputs. The reference models of this control strategy are chosen as y mðn11 Þ þ a1ðn1 Þ y mðn11 1Þ þ a1ðn1 1Þ y mðn11 2Þ þ þ a12 y mð1Þ1 þ a11 y m1 ¼ r1 .. . y mðnnn Þ



þ



anðnn Þ y mðnnn 1Þ



þ



anðnn 1Þ y mðnnn 2Þ



ð12Þ þ þ



an2 y mð1Þn



þ an1 y mn ¼ rn



where y m1 ; . . . ; y mn are the model outputs, r1, . . . , rn are the reference inputs, and a1ðn1 Þ ; . . . ; a11 ; . . . ; anðnn Þ ; . . . ; an1 are design parameters to achieve stable dynamics and the desired eigenvalues of the following Eq. (13) ‘n1 þ a1ðn1 Þ ‘n1 1 þ a1ðn1 1Þ ‘n1 2 þ þ a12 ‘ þ a11 ¼ 0 .. . nn nn 1 ‘ þ anðnn Þ ‘ þ anðnn 1Þ ‘nn 2 þ þ an2 ‘ þ an1 ¼ 0



ð13Þ



where ‘ is the variable of Laplace transform. If fi(x), gij(x) and di are known and G1(x) exists, the optimal control law can be deﬁned as [8,22] 2 3 3 2 31 0 2 u1eq f1 ðxÞ R1 6 7 6 7 B 6 7C 6 .. 7 . 1 6 7 6 . 7C ð14Þ 6 . 7 ¼ G ðxÞB @4 .. 5  4 .. 5A 4 5 uneq



fn ðxÞ



Rn
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where ðn 1Þ



R1 ¼ a1ðn1 Þ y 1 1



þ þ a11 y 1  r1 þ d 1 .. .



ð15Þ



Rn ¼ anðnn Þ y nðnn 1Þ þ þ an1 y n  rn þ d n Substituting Eq. (14) into Eq. (11), and subtracting them from Eq. (12), and deﬁning e1 ¼ y m1  y 1 ; . . . ; en ¼ y mn  y n , the following error equations can be derived. ðn Þ



ðn 1Þ



e1 1 þ a1ðn1 Þ e1 1



ðn 2Þ



þ a1ðn1 1Þ e1 1



ð1Þ



þ þ a12 e1 þ a11 e1 ¼ 0



.. .



ð16Þ



enðnn Þ þ anðnn Þ enðnn 1Þ þ anðnn 1Þ enðnn 2Þ þ þ an2 eð1Þ n þ an1 en ¼ 0 If aij are chosen to match the Hurwitz requirement of all polynomials in Eq. (16), e1, . . . , en will approach to zero gradually. If fi(x) and gij(x) in system Eq. (9) are unknown, a FLC is designed to approximate the optimal control law  ujeq . It can be expressed as optimal weighting hkj  hj Þ ¼ uj ð 



m X k¼1



 2 ! ks  ck k  hkj wk  r



ð17Þ



where m is the total rules number, j hkj j 6 hmax are the FLC adjustable consequent parameters, wk(ks  ckk), k = 1, . . . , m, are fuzzy antecedent-functions with center ck 2 Rm, and k k denotes the Euclidean distance. It had been shown that the FL systems can approximate any well-behaved nonlinear function to any desired accuracy [13]. Therefore, the following assumption is made. Assumption [13]. For j = 1, . . . ,n, there exist parameters hj ¼ ½h1j ; . . . ; hmj  such T j ð  that u hj Þ ¼  hj w approximate the continuous function ujeq to an accuracy e over a compact set S Rn. That is, for j = 1, . . . ,n, 9 h ¼ ½ h1 ; . . . ;  hn ,     sup  uj ðs;  hj Þ  ujeq ðsÞ 6 e; 8s 2 S ð18Þ hj , and the parameter error vector is deﬁned Let hj denotes the estimated values of  as ~ hj  hj hj ¼  Substituting the control law uj ðhj Þ ¼ ing it from Eq. (12), obtain



ð19Þ Pm



k¼1 hkj wk ðxÞ



into Eq. (11), and then subtract-
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2 6 6 6 4



ðn Þ



ðn 1Þ



e1 1 þ a1ðn1 Þ e1 1



þ þ a11 e1



.. .



3



2



7 6 7 6 7 ¼ Gðx; tÞ6 5 4



u1eq  u1 .. .



3



2



7 6 7 6 7 ¼ Gðx; tÞ6 5 4



uneq  un



nÞ eðn þ anðnn Þ enðnn 1Þ þ þ an1 en n



2 6 6 ¼6 4



9



~hT w þ e1 1 .. . ~hT w þ en n



3 7 7 7 5



g11 ð~h1 w þ e1 Þþ







þg1n ð~hn w þ en Þ



T



3



.. .



..



.. .



7 7 7 5



T



T gn1 ð~h1 w þ e1 Þþ



.







T þgnn ð~hn w þ en Þ



ð20Þ where jeij 6 e, for i = 1, . . . ,n Deﬁne the augmented error as ðni 1Þ



eis ¼ biðni Þ ei



þ þ bi1 ei ;



for



i ¼ 1; ; n



ð21Þ



The parameters aiðni Þ ; . . . ; ai1 in Eq. (20) and biðni Þ ; . . . ; bi1 in Eq. (21) should be selected to meet the condition that [22] M i ð‘Þ ¼



biðni Þ ‘ni 1 þ þ bi1 ni



‘ þ aiðni Þ ‘



ni 1



þ þ ai1



¼



N i ð‘Þ Di ð‘Þ



ð22Þ



are strictly positive transfer functions and Ni(‘) and Di(‘) are coprime. P real (SPR) T Then, eis and nj¼1 gij ð~ hj w þ ej Þ can be related as ( ) n  T  X ~ w þ ej ; for i ¼ 1; . . . ; n Lfeis ðtÞg ¼ M i ð‘ÞL gij h ð23Þ j j¼1



where L is Laplace transform, and ‘ is the variable of Laplace Transform. Deﬁne T ei ¼ ½ei ; . . . ; eini 1  as the state variables of Eq. (23), then Eq. (23) can be realized as [22] " # n  T  X e_ i ðtÞ ¼ Ai ei ðtÞ þ bi gij ~ hj w þ e j ð24Þ j¼1 eis ðtÞ ¼ cTi ei ðtÞ where 2 6 6 6 Ai ¼ 6 6 6 4 cTi







0 0 .. . 0



0



ai1



ai2



¼ bi1



1 0



0 1
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. 



0



0 0 .. . 1



3 7 7 7 7; 7 7 5



aiðni 1Þ aiðni Þ  biðni Þ ; for i ¼ 1; . . . ; n



2 3 0 607 6 7 6.7 .7 bi ¼ 6 6.7 6 7 405 1



ARTICLE IN PRESS 10



K.-C. Chiou, S.-J. Huang / Mechatronics xxx (2004) xxx–xxx



Since Mi(‘) is SPR, based on the Kalman–Yacubovich lemma [18], there exist symmetric and positive deﬁnite matrices Pi and Qi such that Pi Ai þ ATi Pi ¼ Qi P i bi ¼ c i ;



ð25Þ



for i ¼ 1; . . . ; n



If modeling errors ej does not exist in Eq. (23), the adaptive law can be derived based on Lyapunov stability theory [17]. h_ i ¼ gi eis w;



for



i ¼ 1; . . . ; n



ð26Þ



Since, the FLC cannot exactly reconstruct a corresponding nonlinear function, a boundary layer function is introduced into the adaptive law to eliminate the chattering phenomenon. In addition, an extra e-modiﬁcation term is added into the modiﬁed adaptive law to release the assumption of persistent excitation, and guarantee the bounds of the tracking errors and consequent parameters of the FLC. Then, the modiﬁed adaptive law can be expressed as, h_ i ¼ gi eis w satðeis =Ui Þ  li gi jeis jhi ;



i ¼ 1; . . . ; n



for



ð27Þ



satðeis =Ui Þ ¼ eis =Ui if jeis j < Ui ¼ signðeis =Ui Þ if jeis j P Ui



where gi and li are positive constants representing the learning rate and e-modiﬁcation [20] rate, respectively, and Ui is the boundary layer width [17]. If cT ¼ ½ b 1 , the augmented error eis deﬁned in (21) is the same as sliding surface variable (s). The consequent parameter of MRAFSC can be initialized at zero, then, the parameter tuning algorithm is used to adjust the consequent parameters for manipulating the system to hit a user-deﬁned sliding surface and remain inside a thin boundary layer Ui neighboring the sliding surface, then slide along it to converge into the errors bound which is speciﬁed by the union of two constraints eTi Pi ei < /2 [22] and jeisj < Ui [17]. Given 1
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Fig. 2. The phase plane of the control system.
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ei ¼ ½ e i



T e_ i  ;



 Pi ¼



P 11



P 12



P 21



P 22



11







and eis ¼ si ¼ e_ i þ bi ei , this leads to a guaranteed tracking error converging bound jei j 6 maxðp/ﬃﬃﬃﬃﬃ ; U Þ. The intuitive dynamics of this control algorithm in phase plane P 11 bi is illustrated in Fig. 2. In order to explain the operating procedure of this MRAFSC controller, the input and output membership functions, the fuzzy rules and the adjusting of output consequent parameters of a 2D case are illustrated in Fig. 4. The membership functions of input variables (s1, s2) are shown in Fig. 4a and b, respectively. The matching degree between s1 and s2 is plotted in Fig. 4c. The consequent parts of the fuzzy rule base (25 rules) are initialized at zero (Fig. 4d). The updated membership functions of fuzzy system output u are shown in Fig. 4e. According to the weighted average defuzziﬁcation, the fuzzy antecedent-functions and consequent parts are linearly combined as the fuzzy system outputs: uj ¼



25 X



hkj wk ðsÞ



for



j ¼ 1; 2



k¼1



where the consequent parts hkj are the centers of the Gaussian membership functions shown in Fig. 4d and e. 2.3. Stability analysis The Lyapunov function candidate is chosen as



Fig. 3. The experimental setup of the robotic control system.
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Fig. 4. Fuzzy control parameters: (a) membership function of s1. (b) Membership function of s2. (c) 25rule matching degree between s1 and s2. (d) Consequent parameters initialized at zero. (e) Consequent parameters updated after transient response.
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V ðe; ~ hÞ ¼



n X



T gi eTi Pi ei þ ~ h T~ h



13



ð28Þ



i¼1 T h1m ; . . . ; ~ hn1 ; . . . ; ~ hnm  , and where ~ h ¼ ½~ h11 ; . . . ; ~ 2 3 g11 I m g1n I m 6 . .. 7 .. 7 T¼6 . 5 . 4 .. gn1 I m gnn I m nmnm



is a symmetric and positive deﬁnite matrix. Where gij(x) is the element of G(x) used in Eq. (10). Then, if eTi Pi ei > /2 and jeisj > Ui n X ! T _ V_ ¼ gi e_ Ti Pi ei þ eTi Pi e_ i þ 2~ h TðhÞ i¼1



¼



Xn



g eT Q i ei i¼1 i i



þ2



n X



gi eTi Pi bi



i¼1



2



n X



gi eTi Pi bi



i¼1



þ2



n X



n X j¼1



¼



gi eTi Qi ei



i¼1



þ2



j¼1



n X



þ2



n X



n X



i¼1



T gij ~hj w



þ ej







!



!



k¼1



gi eTi ci







j¼1



n m X   X ~ hkj hki gi li eTi Pi bi  gij



i¼1 n X



!  T  ~ gij hj w



n X



! gij ej



j¼1
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ð29Þ
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where kmin(Qi) is the minimum eigenvalue of Qi Given li > 0, there exists / > 0, such that " ") " " ( " " "X "X n n /kmin ðQi Þ " " " 2 " min pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ  2kci k" gij ej "  2li kci k" gij mhmax " > r " " " j¼1 " j¼1 kmax ðPi Þ



ð30Þ



/ where r > 0, kmax(Pi) is the maximum eigenvalue of Pi, and pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ < kei k, then Eq. kmax ðPi Þ (29) leads to n X V_ <  gi kei kr; if eTi Pi ei > /2 and jeis j > Ui ð31Þ i¼1



Base upon Lyapunov stability theory, and the result of Eq. (31), it can concluded ; U Þ, that the state errors will converge into a guaranteed precision jei j 6 maxðp/ﬃﬃﬃﬃﬃ P 11 bi where / depends on the approximating error ej.



3. Robotic system dynamics and Experimental results In order to evaluate the control performance of the proposed controller, a PCbased control ﬁve DOF robot in our laboratory [16] is selected for implementation. The structure of this robotic manipulator control system is shown in Fig. 3. Each joint is driven by an a.c. servo motor through a harmonic drive transmission system. The drivers of these a.c. motors are of voltage input control type. The encoders of each servomotor can generate 4000 pulses per revolution. This robotic system is controlled by an IBM PC 486-DX2-66, which is used as the central processing unit to handle all the input-output data for the whole system and to calculate the control parameters. The requisite interface cards consists of one piece of PCL-726 card with ﬁve channels digital to analog converter, one piece of PCL-711 digital input and digital output card with 16 channels and two pieces of PCL-833 cards with total six channels of decoders. These decoders are used to convert the signals of the motor encoders into the available codes for computer control. The control software is written in C language, and the sampling frequency is chosen as 200 Hz. The dynamic model of this robotic system is complex and nonlinear time-varying. In addition, the system dynamics exists inherent nonlinear behaviors such as backlash, friction, Coriolis coupling and gravity force during operation. The traditional model-based control theory is diﬃcult to implement on this complicated robotic system. Here, the proposed model-free MRAFSC is employed to implement on this nonlinear time-varying robotic motion control system. Since, the position of the robot end-eﬀector is determined by the ﬁrst three joints, the experimental results of the ﬁrst three arms are described and discussed. The initial values of the joint angles and the consequent parameters are set as qð0Þ ¼ T ½ 0 0 0  and ^ hð0Þ ¼ 0, respectively. The center of the k-th kernel of the membership function of the FLC for the input variable is ck ¼ ½ ck1 ck2 ck3 ; 1 6 k 6 27, with elements ckl ð1 6 l 6 3Þ 2 ½ 1 0 1 . Since there have three linguistic labels
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in each rule (positive (P), zero (Z), and negative (N)), 27 fuzzy rules will appear. They can be described by a collection of fuzzy IF–THEN rules: kth rule: IF s1 is Ak1 and s2 is Ak2 and s3 is Ak3 k ¼ 1; . . . ; 27



THEN u1 is Bk1 and u2 is Bk2 and u3 is Bk3



where si ¼ e_ i þ kei (i = 1, 2, 3), ei = qim  qi are the tracking errors of the ﬁrst three joint angles, qim is the desired reference model output deﬁned in Eq. (12), and qi is the ith actual joint angles. If seven linguistic labels are adopted for each input variables in FLC, it need 73 = 343 rules to construct the fuzzy rule bank. The computational burden will increase exponentially. Fortunately, it has been proved that the number of the linguistic label is not a critical factor to the control performance of AFC system [9]. Here, only three linguistic labels (P, Z, N) are chosen, and the width of Gaussian functions for the FLC is r = 1. Thus, the ith control output of MRAFSC can be derived from the following weighted average defuzziﬁcation: uj ¼



27 X k¼1



2



2



2



eððCk1 s1 Þ þðCk2 s2 Þ þðCk3 s3 Þ Þ ^ hkj P27 ; ððC k1 s1 Þ2 þðC k2 s2 Þ2 þðC k3 s3 Þ2 Þ k¼1 e



for



j ¼ 1; 2; 3



ð32Þ



where ^ hkj is the center (consequent part) of the fuzzy subset Bkj, which is linearly combined with fuzzy basis function to generate the voltage input control signal for the ith joint of the robot. The initial value of hkj is set as zero, and the adaptive updating law is: 2



2



2



eððCk1 s1 Þ þðCk2 s2 Þ þðCk3 s3 Þ Þ satðsi =Ui Þ  li gi jsi jhi ; h_ i ¼ gi si P27 ððC k1 s1 Þ2 þðC k2 s2 Þ2 þðC k3 s3 Þ2 Þ k¼1 e satðsi =Ui Þ ¼ si =Ui



if jsi j < Ui ¼ signðsi =Ui Þ



for



i ¼ 1; . . . ; 3



if jsi j P Ui ð33Þ



The upper bounds of the unknown consequent parameters are speciﬁed as hmax = 2. The SPR transfer functions for each joint output is chosen as Mð‘Þ ¼



‘ þ 10 ‘ þ 40‘ þ 400



ð34Þ



2



The state space realization of M(s) is     0 1 0 A¼ ; b¼ ; 400 40 1



 c¼



10 1



 ð35Þ



Based on the above expressions of b, and c, P matrix can be derived from Pb = c, it can be described as [22]   P 11 10 P¼ ð36Þ 10 1 In order to obtain a positive deﬁnite matrix Q, P11 is limited within the range 107.2 < P11 < 907.2. It has been proved that the variation of P11 value within this
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range has not signiﬁcantly inﬂuenced the tracking accuracy [22]. Here, P, Q are speciﬁed as     400 10 8000 400 P¼ ; Q¼ ð37Þ 10 1 400 60 In order to investigate the inﬂuence on the control performance of introducing boundary layer and e-modiﬁcation into updating law, the robotic system dynamic responses are plotted for comparison. In case 3, the robot is manipulated at diﬀerent
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speeds and payloads using the proposed algorithm to verify the controller adaptability and robustness. The performances of the MIMO based MRAFSC are compared with that of the SISO-based MRAFSC, too. The following control parameters are used for these following experiments, li = 0.02, gi = 0.01, Ui = 0.1, bi = 10. The consequent parameters of the AFC are initialized at zero. The desired trajectories are selected as: q1d ðtÞ ¼ sinð8tÞ q2d ðtÞ ¼ sinð8tÞ and q3d ðtÞ ¼ sinðp þ 8tÞ in cases 1 and 2.



Fig. 6. The joint-space control voltage histories. (—), with boundary layer; (. . .), without boundary layer.
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Case 1. The inﬂuence of boundary layer in the adaptive law. The time histories of the angular tracking errors and the control inputs for each joint without and with a boundary layer function in the adapting law are shown in Figs. 5 and 6, respectively for comparison. It can be observed from Fig. 6 that the control input chattering can be attenuated eﬀectively by the introducing of boundary layer function. It can be proven that the control smoothing of the discontinuity chattering inside U is in essence to assign a low pass ﬁlter structure to the local dynamic
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variable s [17]. If a larger boundary layer is selected, a smoother control input will be obtained. However, the price which has to pay is tracking error increasing as shown in Fig. 5. Hence, the control law needs to be tuned up appropriately to achieve a good compromise between the tracking error precision and the smoothing control law for system robustness. In addition, the control performance depends on the control bandwidth b. A large b may lead to respectable tracking performance, and conversely, large modeling eﬀorts produce only minor absolute improvements in tracking accuracy. The bandwidth, b of mechanical systems is limited by three factors [17]: (1) b must be smaller than the frequency of the lowest unmodeled structural
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resonant mode; (2) b 6 3T1 d , where Td is the largest unmodeled time-delay; (3) b 6 15 msampling , where msampling is the sampling rate. Case 2. The eﬀect of e-modiﬁcation in the adaptive laws. A well-designed controller should be capable of gracefully handing expectable disturbances. In addition, a good controller should have appropriate robustness to tackle the un-expectable external disturbance. For instance, an industrial robot may get jammed by the failure of other machine; an actuator may saturate due to an unfeasible desired trajectory speciﬁcation. If an integrator-like adaptive law



Fig. 9. The joint-space control voltage histories. (—), with e-modiﬁcation; (. . .), without e-modiﬁcation.
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(26) is used in such cases, the integral eﬀect in the control loop may cause unreasonably large control law. That will induce the actuator saturation and large amplitude oscillations in dynamic responses. This phenomenon, known as integrator windup, is a potential instability factor due to the actuators saturation and physical motion limits. It can be avoided by introducing an additional term ligijeisjhi (e-modiﬁcation [20]) into the adaptive law (27). Then this modiﬁed adaptive law can be rewritten as h_ i þ li gi jeis jhi ¼ gi eis w satðeis =Ui Þ;



for



i ¼ 1; . . . ; n



ð38Þ



This adaptive law is a ﬁrst order stable system attempts to keep the parameters hi bounded [20,26].
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ARTICLE IN PRESS 22



K.-C. Chiou, S.-J. Huang / Mechatronics xxx (2004) xxx–xxx



For verifying the inﬂuence of e-modiﬁcation, the time histories of the consequent parameters, the joint angular tracking errors, and the control voltage of the adaptive fuzzy controller with or without e-modiﬁcation in the parameters tuning rules are shown in Figs. 7–9, respectively. It can be observed in Fig. 7 that the parameters values of the controller with e-modiﬁcation remain bounded while those of without emodiﬁcation have the tendency to grow up unbounded. This will result in poor
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tracking control accuracy, and obvious control inputs chattering, as shown in Figs. 8 and 9. Case 3. The adaptability and robustness of MRAFSC and SISO-based controller Most adaptive control applications are designed to deal with slowly time-varying parameters uncertainties. However, many types of nonparametric uncertainties exist in physical systems. It may lead to performance degradation or system unstable. Usually, industry robots have to manipulate within a wide range of speeds. If the
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payload has obvious change, the system parameters will have large variations. Unless such parameter uncertainty can be rapidly estimated by using an on-line adaptation mechanism, it may cause the performance deterioration or system instability. Hence, the commercial robot has a strict payload/weight ratio limitation. The proposed MRAFSC has inherent features to deal with system disturbances, quickly
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time-varying parameters, and unmodeled dynamics by introduces two robust terms (e-modiﬁcation and boundary layer) in the adaptive law. To verify the robustness of MRAFSC, some robotic motion control experiments with diﬀerent speeds and payload variations are executed, the control performance of MRAFSC is compared with that of the SISO-based controller under the same operation conditions. (A) The robotic motion path is divided into two phases with diﬀerent speeds. In the ﬁrst phase, the desired trajectories are q1d(t) = sin(3t), q2d(t) = sin(3t) and q3d(t) = sin(p + 3t), and the parameters in both the MRAFSC and the SISO-based controllers are automatically tuned by using the adaptive laws to achieve equal tracking errors during 0 6 t 6 8. In the second phase, the robotic speed is doubled to q1d(t) = sin(6t), q2d(t) = sin(6t) and q3d (t) = sin(p + 6t) for 8 < t 6 12. The angular tracking errors and the robotic end-eﬀector position errors are shown in Figs. 10, and 11, respectively. It can be observed that the adaptability of the MRAFSC is better than SISO-based controller with a smaller tracking error variation. (B) The robot is subjected to large variations in loading conditions. The time histories of the robotic end-eﬀector position errors in x, y, it z-directions with MRAFSC and SISO-based controller are shown in Figs. 12 and 13 respectively. It can be observed that the proposed MRAFSC still can achieve desirable control performance under large payload variation. However, the performance of SISObased controller is deteriorated with respect to the payload variation. In this work, the SISO-based controller is designed based on SISO system consideration disregarding the dynamic coupling eﬀect inherent to the MIMO system. The dynamic coupling eﬀect is regarded as an unknown disturbance, then a larger parameter approximating errors e is introduced (it can be regard as nonparametric uncertainties). Generally, small nonparametric uncertainty induces small tracking error. This relation is intuitively understandable in control systems. It can be predicted that the SISO-based control system will become unstable for a too large nonparametric uncertainty. Conversely, the proposed MRAFSC takes account of the dynamic coupling eﬀect in designing a MIMO controller, the better parameter approximating accuracy, control performance and robustness are expected.



4. Conclusions The fuzzy-logic-based adaptive controller has eﬀectively implemented on a MIMO robotic system without mathematical model information. This novel control strategy has following attractive features. The information of the mathematical model and the upper bounds of the plant uncertainties are not required for the controller design. The only requirement for designing this controller is that the control matrix G(x) must be symmetric positive deﬁnite. It is not a strict condition for a MIMO system with the same number of inputs and outputs. Since the ﬁlter errors si are selected instead of the state variables as the input of fuzzy controller, the number of input variables is reduced from 6 to 3. Accordingly, the rules number of FLC is reduced signiﬁcantly (36 = 729 ! 33 = 27). The chattering phenomenon inherent with a sliding mode control has been attenuated eﬀectively by introducing
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a boundary layer function. The consequent parameters of the FLC can be initialized at zeros. An adaptive tuning law is employed to adjust those parameters automatically instead of expertise dependency. This can release the tried-and-error eﬀort in designing the fuzzy control rules. Additionally, the adaptive law is derived directly from Lyapunov stability criterion. Hence, this novel controller can be implemented easily, and the stability and the bounded state errors can be guaranteed.
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