Observer-Based Controller Synthesis for Model-Based Fuzzy Systems via Linear Matrix Inequalities

Ali Jadbabaie^†, Mohammad Jamshidi^∗, Andre Titli^‡, and Chaouki T. Abdallah^∗ † Control and Dynamical Systems Mail Code 107-81, California Institute of Technology, Pasadena, CA 91125 ∗Department of Electrical and Computer Engineering University of New Mexico, Albuquerque, NM 87131 ‡ LAAS du CNRS and INSA, Tolouse, France

alij@cds.caltech.edu

Abstract In this chapter, we extend some recent results regarding the stability of continuous-time and discrete-time Takagi-Sugeno (T-S) fuzzy systems to the case where the system’s states are not available for measurement. We introduce the notion of a fuzzy observer, and show that the separation of closed-loop observer/controller holds. In other words, we show that the observer and controller design problems can be formulated as two separate LMI feasibility problems. Finally, we present a numerical example to show the effectiveness of our approach and discuss some future research directions.

Key words: Takagi-Sugeno, fuzzy systems, LMIs, observer, separation property.

1 Introduction

There has recently been a rapidly growing interest in using Takagi-Sugeno (T-S) fuzzy models to approximate nonlinear systems. This interest relies on the fact that dynamic T-S models are easily obtained by linearization of the nonlinear plant around different operating points. Once the T-S fuzzy models are obtained, linear control methodology can be used to design local state feedback controllers for each linear model. Aggregation of the fuzzy rules results in a generally nonlinear model, but in a very special form known as a Polytopic Linear Differential Inclusion (PLDI) [1]. Fortunately, the stability conditions for these type of systems can be formulated in a Linear Matrix Inequality framework, which can then be solved using convex optimization methods. However, the resulting stability conditions might be conservative, because they require the existence of a common Lyapunov matrix.

In a recent paper, Petterson and Lennartson [2] have studied a similar problem and have come up with stability conditions that do not require a single Lyapunov matrix for the solution of the Linear Matrix Inequalities (LMIs), but has some extra assumptions on the different Lyapunov functions.However, these are analysis results only. Our approach is based on the LMI formulation of the stability conditions for closed-loop T-S systems given in [7, 3]. We extend these results to the case when states are not available for measurement and feedback by introducing the notion of a fuzzy observers.

This chapter is organized as follows: In Section 2, we give an overview of Takagi-Sugeno fuzzy systems and sufficient stability conditions for both continuous-time and discrete-time cases. Section 3 deals with the LMI formulation of the stability results given in Section 2. In Section 4, we introduce the notion of a fuzzy observer for both continuous-time and discretetime systems. We also state and prove the separation property of the closed-loop observer and controller, i.e., we show that in both continuous-time and discrete-time cases, we can design the observer and controller gains by solving two separate sets of LMI feasibility problems. We present a numerical example in Section 5, to illustrate our approach. Finally, we present our conclusions in Section 6.

2 Takagi-Sugeno Models

2.1 Continuous-Time T-S Models

A continuous-time T-S model is represented by a set of fuzzy If · · · Then rules written as follows :

i^{th} Plant Rule: IF x_1(t) is M_{i1} and . . . , x_n(t) is M_{in} THEN ẋ = A_ix

where x ∈ IRn^×1 is the state vector, i = {1, · · · , r}, r is the number of rules, M_{ij} are input fuzzy sets, and the matrices A_i ∈ IRn^×n .

Using singleton fuzzifier, product inference and weighted average deffuzifier [4, 5], the aggregated fuzzy model can be written as follows:

ẋ = ∑_r i=1 w_i(x)(A_ix) ∑_r i=1 w_i(x) (1) and w_i is defined as

w_i(x) = n∏ j=1 μ_{ij} (x_j ) (2)

where μ_{ij} is the membership function of jth fuzzy set in the ith rule. Now, defining

α_i(x) = w_i(x) ∑_r i=1 w_i(x) (3) we can write (1) as

ẋ = r∑ i=1 α_i(x)A_ix; i = 1, · · · , r (4) where α_i(x) > 0 and_r ∑ i=1 α_i(x) = 1

The interpretation of equation (4) is that the overall system is a “fuzzy” blending of the implications. It is evident that the system (4) is generally nonlinear due to the nonlinearity of α_is. In the next section, we present sufficient conditions based on Lyapunov stability theory for the stability of open-loop system (4). The following theorem, due to Sugeno and Tanaka, is first presented [6]:

Theorem 1 The continuous-time T-S system (4) is globally asymptotically stable if there exists a common positive definite matrix P > 0 which satisfies the following inequalities:

A^T_i P + P A_i < 0; ∀ i = 1, · · · , r (5)

where r is the number of T-S rules.

2.2 Continuous-Time T-S Controllers and Closed-Loop Stability

In the previous section, we discussed the open-loop T-S fuzzy systems as well as sufficient conditions for the stability of the open-loop system. Now, we introduce the notion of the Takagi- Sugeno controller in the same fashion as the T-S system. The controller consists of fuzzy If ... Then rules. Each rule is a local state-feedback controller, and the overall controller is obtained by the aggregation of local controllers. A generic non-autonomous T-S plant rule can be written as follows:

i^{th} Plant Rule: IF x_1(t) is M_{i1} and . . . x_n(t) is M_{in} THEN ẋ = A_ix + B_iu

The overall plant dynamics can be written as

ẋ = r∑ i=1 α_i(x)(A_ix + B_iu) (6)

in the same fashion, a generic T-S controller rule can be written as:

i^{th}Controller Rule: IF x_1(t) is M_{i1} and . . . x_n(t) is M_{in} THEN u = −K_ix

The overall controller, using the same inference method as before, is given as u(t) = − r∑ i=1 α_i(x)K_ix(t) (7) where the α_is are defined in (3). Note that we are using the same fuzzy sets for the controller rules and the plant rules. Replacing (7) in (6), and keeping in mind that r∑ i=1 α_i(x) = 1

we can write the closed-loop equation as follows: ẋ = r∑ i=1 r∑ j=1 α_i(x)α_j (x)(A_i − B_iK_j )x (8)

The following theorem presents sufficient conditions for closed-loop stability [7]. Theorem 2 The closed-loop Takagi-Sugeno fuzzy system (8) is globally asymptotically stable if there exists a common positive-definite matrix P which satisfies the following Lyapunov inequalities:

(A_i − B_iK_i)^T P + P (A_i − B_iK_i) < 0 ; ∀ i = 1, · · · , r G^T_{ij} P + P G_{ij} < 0 ; j < i ≤ r (9) where G_{ij} is defined as G_{ij} = A_i − B_iK_j + A_j − B_j K_i ; j < i ≤ r (10) Proof: The proof can be easily obtained by multiplying the first set of inequalities in (9) by α^2_i and the second set of inequalities by α_iα_j and summing them up.

2.3 Discrete-Time T-S Controllers

We can define the non-autonomous discrete-time T-S system in the same fashion as the continuoustime. The non-autonomous discrete-time T-S system can be written as: x(k + 1) = r∑ i=1 α_i(x)(A_ix(k) + B_iu(k)) (11)

We define the discrete-time T-S controller as a set of fuzzy implications. A generic implication can be written as i^{th} Controller Rule: IF x_1(k) is M_{i1} and . . . x_n(k) is M_{in} THEN u(k) = −K_ix(k)

where K_i ∈ IRm^×n . The overall controller will be u(k) = − r∑ i=1 α_i(x)K_ix(k) (12)

Replacing (12) in (11) we obtain the following closed-loop equation x(k + 1) = r∑ i=1 r∑ j=1 α_i(x)α_j (x)(A_i − B_iK_j )x(k) (13)

Sufficient conditions for the stability of the closed-loop system are given by the following theorem [7].

Theorem 3 The closed-loop system (13) is globally asymptotically stable if there exists a common positive-definite matrix P that satisfies the following matrix inequalities: (A_i − B_iK_i)^T P (A_i − B_iK_i) − P < 0 ; i = 1, · · · , r G^T_{ij} P G_{ij} − P < 0 ; i < j ≤ r (14) where G_{ij} is the same as in (10).

Proof: The proof is similar to that of Theorem 2.

3 LMI Stability Conditions for T-S Fuzzy Systems

3.1 Continuous-Time Case

Sufficient stability conditions for open-loop continuous time T-S systems were derived in Theorem 1. These conditions, as discussed earlier, are LMIs in the matrix variable P . Note that equation (4) is the equation for a Polytopic Linear Differential Inclusions. [1].

On the other hand, the closed-loop case is different. Theorem 2 provides sufficient conditions for the stability of the closed loop. But these Lyapunov inequalities are not LMIs in P and K_i, since they contain the product of P and K_i. However, using a clever change of variables due to Bernussou et. al. [8], we can recast the matrix inequalities in (9) as LMIs. In fact, let: P^{−1} = Y X_i = K_iY. (15) Then pre-multiplying and post-multiplying the inequalities in (9) by Y and using the above change of variable, we obtain the following LMIs [7]: 0 < Y 0 < Y A^T_i + A_iY − B_iX_i − X^T_i B^T_i ; ∀ i = 1, · · · , r (16) 0 < Y (A_i + A_j )^T + (A_i + A_j )Y − (B_iX_j + B_j X_i) − (B_iX_j + B_j X_i)^T ; j < i ≤ r If the above LMIs have a solution, stability of the closed-loop T-S system is guaranteed. We can find the T-S controller gains by reversing the transformations in (15), i.e. K_i = X_iY^{−1} Again, we point out the fact that the resulting T-S controller is conservative, because we are searching for a common quadratic Lyapunov function. In the next section we derive the LMI conditions for stability of discrete-time T-S fuzzy systems.

3.2 Discrete-Time Case

The closed-loop stability conditions in (14) can be recast as the following LMIs [7, 3]. Y > 0 Y (A_iY − B_iX_i)^T (A_iY − B_iX_i) Y > 0 ; i = 1, · · · , r

Y [(A_i + A_j )Y − M_{ij} ]^T (A_i + A_j )Y − M_{ij} Y > 0 ; j < i ≤ r (17)

where, Y , and X_i are defined in (15), and M_{ij} is given by M_{ij} = B_iX_j + B_j X_i (18)

If the LMIs are feasible, the controller gains can be obtained from K_i = X_iY^{−1}.

Once the controller gains are obtained, we can write the control action as (7) for the continuoustime case and as (12) in the discrete-time case. In the next section, we generalize our design methodology and present T-S output feedback controllers using an asymptotic observer methodology.

4 Fuzzy Observers

4.1 Why Output Feedback?

So far, we have developed a systematic framework for the design of T-S state feedback controllers. An implicit assumption in all previous sections was that the states are available for measurement. However, we know that measuring the states can be physically difficult and costly. Moreover, sensors are often subject to noise and failure. This motivates the question:“How can we design output feedback controllers for T-S fuzzy systems?”

We already know from classical control theory that using an observer, we can estimate the states of an observable LTI system from output measurements the output. In fact, we even know how to estimate the states of linear time-invariant (LTI) system in the presence of additive noise in the system, and measurement noise in the output, using a Kalman filter [9]. Our attempt is to generalize the observer methodology to the case of a PLDI instead of a single LTI system, or more specifically, to the case of T-S fuzzy systems. We present a new approach, which is to design an observer based on fuzzy implications, with fuzzy sets in the antecedents, and an asymptotic observer in the consequents. Each fuzzy rule is responsible for observing the states of a locally linear subsystem. The following section will describe the observer design in the continuous-time case [10]

4.2 Continuous-Time T-S Fuzzy Observers

Consider the closed-loop fuzzy system described by r plant rules and r controller rules as follows: ẋ(t) = r∑ i=1 α_i(y)(A_ix(t) + B_iu(t)) y(t) = r∑ i=1 α_i(y)C_ix(t) (19) We define a fuzzy observer as a set of T-S If · · · Then rules which estimate the states of the system (19). A generic observer rule can be written as

ith Rule: If y_1(t) is M_{i1} and · · · y_p(t) is M_{ip} THEN: ^̇x = A_ix̂ + B_iu + L_i(y − ŷ)

where p is the number of measured outputs, y_i = C_ix is the output of ith T-S plant rule, ŷ is the global output estimate, and L_i ∈ IRn^×p is the local observer gain matrix. The deffuzified global output estimate can be written as: ŷ(t) = r∑ j=1 α_j (y)C_jx̂(t) where α_is are the normalized membership functions as in (3). The aggregation of all fuzzy implications results in the following state equations: ^̇x =^r ∑ i=1 α_i(y)(A_ix̂ + B_iu) + r∑ i=1 r∑ j=1 α_i(y)α_j (y)L_iC_j (x − x̂) (20) Since ∑_r j=1 α_j (y) = 1, we can write equation (20) as ^̇x =^r ∑ i=1 r∑ j=1 α_i(y)α_j (y) [(A_i − L_iC_j )x̂ + B_iu + L_iC_j x] . (21) Note that we wrote the normalized membership functions as a function of y instead of x since the antecedents are measured output variables, not states. The controller is also based on the estimate of the state rather than the state itself, i.e., we have u(t) = − r∑ j=1 α_j (y)K_jx̂(t) (22) Substituting (22) in (4) we get the following equation for the closed-loop system ẋ = r∑ i=1 r∑ j=1 α_i(y)α_j (y)(A_ix − B_iK_jx̂) (23)

Defining the state estimation error as x̃ = x − x̂ and subtracting (23) from (21) we get ˙x̃ = r∑ i=1 r∑ j=1 α_i(y)α_j (y)(A_i − L_iC_j )x̃ (24) To guarantee that the estimation error goes to zero asymptotically, we can use theorem 2. The observer dynamics is stable if a common positive-definite matrix P_2 exists such that the following matrix inequalities are satisfied:

(A_i − L_iC_i)^T P_2 + P_2(A_i − L_iC_i) < 0 ; i = 1, · · · , r H^T_{ij} P_2 + P_2H_{ij} < 0 ; j < i ≤ r (25) where H_{ij} is defined as:

H_{ij} = A_i − L_iC_j + A_j − L_j C_i. (26) Although the inequalities in (25) are not LMIs, they can be recast as LMIs by the following change of variables:

W_i = P_2L_i (27) Using the above variable change in (25) and utilizing the LMI Lemma [12], we obtain the following LMIs in P_2 and W_i: P_2 > 0 A^T_i P_2 + P_2A_i − W_iC_i − C^T_i W^T_i < 0 ; i = 1, · · · , r (A_i + A_j )^T P_2 + P_2(A_i + A_j ) − (W_iC_j + W_j C_i) − (W_iC_j + W_j C_i)^T < 0 ; j < i ≤ r (28) The observer gains are obtained from:

L_i = P^{−1}_2 W_i (29) By augmenting the states of the system with the state estimation error, we obtain the following 2n dimensional state equations for the observer/controller closed-loop system: ẋ ˙x̃ = ∑_r i=1 ∑_r j=1 α_iα_j (A_i − B_iK_j ) ∑_r i=1 ∑_r j=1 α_iα_j B_iK_j 0 ∑_r i=1 ∑_r j=1 α_iα_j (A_i − L_iC_j ) x x̃ y = [ ∑_r j=1 α_j C_j 0 ] x x̃ (30)

We then have the following theorem for the stability of the closed-loop observer/controller system.

Theorem 4 The closed-loop observer/controller system (30) is globally asymptotically stable, if there exists a common, positive-definite matrix P̃ such that the following Lyapunov inequalities are satisfied: A^T_{ii}P̃ + P̃ A_{ii} < 0 ; i = 1, · · · , r (A_{ij} + A_{ji})^T P̃ + P̃ (A_{ij} + A_{ji}) < 0 ; j < i ≤ r (31)

where A_{ij} can be defined as

A_{ij} = A_i − B_iK_j B_iK_j 0 A_i − L_iC_j (32)

Proof: The proof follows directly from Theorem 2.

Note that the above matrix inequalities are not LMIs in P̃ , K_is, and L_is. We would like to know if, with the same change of variables as in (15) and (27), we can rewrite the inequalities in (31) as LMIs. In fact, we would like to check if we can extend the separation property of the observer/controller of a single LTI system to the case of (30). We will show in the next section, that in the case of (30), we indeed have the separation property, resulting in two separate sets of LMIs for the observer and the controller [10].

4.3 Separation Property of Observer/Controller

To show that the separation property holds, we have to prove that P̃ , the common positivedefinite solution of the inequalities in (31), is a block diagonal matrix with λP = λY^{−1} and P_2 as diagonal elements. Where P is the positive-definite solution of inequalities in (9), and P_2 is the solution of (25), and λ > 0. We now express our main result as the separation property in the following theorem:

Theorem 5 (Main Result: Separation Theorem for T-S fuzzy systems): The closed-loop system (30) is globally asymptotically stable if the inequalities in (9) and (25) are satisfied independently. Proof: We choose P̃ as a block diagonal matrix with λP and P_2 as the block diagonal elements, i.e. we have the following:

P̃ = λP 0 0 P_2

(33)

We show that there always exists a λ > 0 such that P̃ satisfies the inequalities in (31), provided (9) and (25) are satisfied. Substituting for P̃ and A_{ij} in (31) we obtain the following: λ [ (A_i − B_iK_i)^T P + P (A_i − B_iK_i) ] λP (B_iK_i) λ(B_iK_i)^T P (A_i − L_iC_i)^T P_2 + P_2(A_i − L_iC_i)

< 0 (34)

Using the LMI lemma [12], (34) is negative-definite if and only if the following conditions are satisfied: λ [ (A_i − B_iK_i)^T P + P (A_i − B_iK_i) ] < 0 λP (B_iK_i) [ (A_i − L_iC_i)^T P_2 + P_2(A_i − L_iC_i) ]_{−1} (B_iK_i)^T P − [ (A_i − B_iK_i)^T P + P (A_i − B_iK_i) ] > 0 (35)

Since (9) is satisfied, the first inequality is already true. The second condition is satisfied for any λ > 0 such that λ min_{1≤i≤r} μ_i > max_{1≤i≤r} ν_i where μ_i = λ_{min}{P (B_iK_i) [ (A_i − L_iC_i)^T P_2 + P_2(A_i − L_iC_i) ]_{−1} (B_iK_i)^T P } and

ν_i = λ_{max} [ (A_i − B_iK_i)^T P + P (A_i − B_iK_i) ] and where λ_{min}, λ_{max} are the minimum and maximum eigenvalues. Since (9) and (25) are already satisfied, such λ always exists. Using the same argument, we can show also show that the second set of inequalities in (31) is satisfied. Therefore, the two sets of inequalities can be solved independently, and the separation property holds.

In the next section, we present the dual case of discrete-time Takagi-Sugeno observers.

4.4 Discrete-Time T-S Fuzzy Observers

We can define the T-S fuzzy observer in the same fashion as the continuous-time [11]. A generic rule for the discrete-time T-S fuzzy observer is:

ith Rule: IF y_1(k) is M_{i1} and · · · y_p(k) is M_{ip} THEN: x̂(k + 1) = A_ix(k) + B_iu(k) + L_i(y(k) − ŷ(k))

where p is the number of measured outputs, and y_i(k) = C_ix(k) is the output of each T-S plant rule, ŷ is the global output estimate, and L_i ∈ IRn^×p is the local observer gain matrix. The deffuzified output estimate can be written as: ŷ(k) = r∑ j=1 α_j C_jx̂(k) where α_i are the normalized membership functions as in (3). The overall output can also be written in a similar manner: y(k) = r∑ j=1 α_j C_j x(k) The aggregation of all fuzzy implications results in the following state equation: x̂(k + 1) = r∑ i=1 α_i(y)(A_ix̂ + B_iu) + r∑ i=1 r∑ j=1 α_i(y)α_j (y)L_iC_j (x − x̂). (36) Since_r ∑ j=1 α_j (y) = 1 we can write equation (36) as x̂(k + 1) = r∑ i=1 r∑ j=1 α_i(y)α_j (y) [(A_i − L_iC_j )x̂ + B_iu + L_iC_j x] (37) By defining the estimation error as before, we can write the estimation error x̃(k) as follows: ˙x̃ = r∑ i=1 r∑ j=1 α_i(y)α_j (y)(A_i − L_iC_j )x̃ (38)

To guarantee that the estimation error goes to zero asymptotically, we can use Theorem 3. The observer dynamics is stable if a common positive-definite matrix P_2 exists such that the following matrix inequalities are satisfied: (A_i − L_iC_i)^T P_2(A_i − L_iC_i) − P_2 < 0 ; i = 1, · · · , r H^T_{ij} P_2H_{ij} − P_2 < 0 ; j < i ≤ r (39) where H_{ij} is defined as in (26). Although the inequalities in (39) are not LMIs, they can be recast as LMIs using the change of variables of equation (27). Using the above variable change and also utilizing the LMI lemma, we obtain the following LMIs in P_2 and W_i: P_2 > 0 P_2 (P_2A_i − W_iC_i)^T P_2A_i − W_iC_i P_2 > 0 ; i = 1, · · · , r

P_2 (P_2(A_i + A_j ) − W_iC_j + W_j C_i)^T P_2(A_i + A_j ) − W_iC_j + W_j C_i P_2 > 0 ; j < i ≤ r (40) The closed-loop observer/controller system can be written as:

x(k + 1) x̃(k + 1) = ∑_r i=1 ∑_r j=1 α_iα_j (A_i − B_iK_j ) ∑_r i=1 ∑_r j=1 α_iα_j B_iK_j 0 ∑_r i=1 ∑_r j=1 α_iα_j (A_i − L_iC_j ) x(k) x̃(k) y = [ ∑_r j=1 α_j C_j 0 ] x(k) x̃(k) (41)

Using Theorem 3, the system (41) is globally asymptotically stable, if there exists a positive definite matrix P̃ > 0 such that : A^T_{ii}P̃ A_{ii} − P̃ < 0 ; i = 1, · · · , r (A_{ij} + A_{ji})^T P̃ (A_{ij} + A_{ji}) − P̃ < 0 ; j < i ≤ r (42) where A_{ij} is the same as in (32).

As in the continuous-time case, we can show that the Lyapunov matrix P̃ is indeed block diagonal, i.e., the discrete-time version of Theorem 5 holds, and the observer and controller gains can be found via separate LMI feasibility problems. A proof of the separation property in the discrete-time case is given in [11].

5 Numerical Example

We present a numerical example to illustrate the results obtained in this paper. We use a tworule T-S fuzzy model which approximates the motion of an inverted pendulum on a cart. This system has been studied in [7, 13]. The T-S fuzzy rules are obtained by approximation of the nonlinear system around 0^∘ and 88^∘. The T-S rules can be written as: Plant Rule 1: If y is around 0 Then ẋ = A_1x + B_1u Plant rule 2: If y is around ±π/2 Then ẋ = A_2x + B_2u Controller Rule 1: If y is around 0 Then u = −K_1x Controller Rule 2: If y is around ±π/2 Then u = −K_2x Observer Rule 1:If y is around 0 Then ^̇x = A_1x̂ + B_1u + L_1C(x − x̂) Observer Rule 2: If y is around ±π/2 Then ^̇x = A_2x̂ + B_2u + L_2C(x − x̂) where y = x_1 is the measured angle from the vertical point and A_1, A_2, B_1, B_2, C are given as follows:

A_1 = 0 1 17.3 0

B_1 = 0 −0.177 A_2 = 0 1 9.45 0

B_2 = 0 −0.03 (43)

C = [ 1 0 ] (44)

The membership functions μ_1 and μ_2 for the two fuzzy sets close to zero, and close to ±π/2 are plotted in Figure 1. We design the observer and controller gains by local pole placement, and look for common Lyapunov matrices P , and P_2. We place the closed-loop poles of the system at −2, −2, and the poles of the observer dynamics at −6, −6.5 respectively. The observer and controller gains are:

K_1 = [ −120.67 −66.67 ] K_2 = [ −2551.6 −764.0 ]

L_1 = [ 12.5 57.3 ]_T L_2 = [ 12.5 50.0 ]_T (45)

Fortunately, the LMIs are feasible and we can find positive-definite Lyapunov matrices P and P_2 as solutions to the LMIs in (16) and (28). The simulation results for the states of the system

Figure 1: Membership functions for for the angle.

x(1) and x(2) as well as the estimation error x(3), and x(4) are depicted in Figures 2 through 5. Although we were able to solve for positive-definite Lyapunov matrices P and P_2 using local pole placement, this might not always be possible. This is the reason why we need to design for performance in addition to stability. The details are discussed in [13]

6 Conclusion

The purpose of this chapter was to extend the current methods of designing stabilizing state feedback controllers for T-S fuzzy systems to the output feedback case for continuous-time and discrete-time. We stated and proved a separation theorem which makes it possible to design for the observer and controller gains separately. Future research can be done in this area by extending these results to the case where performance is needed in addition to stability. Using a guaranteed-cost framework developed in [13], we can design an observer/controller system which minimizes an upper bound on a quadratic performance index . Another extension would be to include additive noise and develop a Kalman filter for T-S fuzzy systems.

Figure 2: Initial condition response of the pendulum angle.

Figure 3: Initial Condition response of the angular velocity.

Figure 4: Estimation error for angle.

Figure 5: Estimation error for angular velocity.

References

[1] S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix Inequalities in System and Control Theory, SIAM Studies in Applied Mathematics, Vol. 15, Philadelphia, PA., 1994.

[2] S. Petterson, and B. Lennartson, “An LMI Approach for Stability Analysis of Nonlinear Systems,” Proc. of European Control Conference, ECC’98, Brussels, Belgium, July 1997.

[3] J. Zhao, V. Wertz, and R. Gorez, “Fuzzy Gain scheduling Controllers Based on Fuzzy Models,” Proc. Fuzz-IEEE ’96, pp. 1670-1676, New Orleans, LA, 1996.

[4] M. Jamshidi, N. Vadiee, and T. J. Ross, (Eds.), Fuzzy Logic and Control: Hardware and Software Applications, Prentice Hall, Englewood Cliffs, NJ, 1993.

[5] T. J. Ross, Fuzzy Logic With Engineering Applications, McGraw Hill, New York, NY, 1995. [6] K. Tanaka, and M. Sugeno, “Stability Analysis and Design of Fuzzy Control Systems,”Fuzzy Sets and systems, Vol. 45, No. 2, pp. 135-156, 1992.

[7] H. O. Wang, K. Tanaka, and M. F. Griffin, “An Approach to Fuzzy Control of Nonlinear Systems: Stability and Design Issues, ” IEEE Trans. Fuzzy Syst, Vol. 4, No.1, pp.14-23, 1996.

[8] J. Bernussou, P. L. D. Peres, and J.C. Geromel, “ A Linear Programming Oriented Procedure For Quadratic Stabilization of Uncertain Systems,”Syst. Control Letters, Vol. 13, pp. 65-72, 1989.

[9] R. E. Kalman, “ A New Approach To Filtering and Prediction Problems,” TRANS. ASME J. Basic Eng., Vol. 82D, No. 1, pp. 35-45, March 1960.

[10] A. Jadbabaie, A. Titli, and M. Jamshidi, “A Separation Property of Observer/Controller for Continuous-Time Fuzzy Systems,” Proc. 35th Allerton Natl. Conf., Allerton House, Il, September 1997.

[11] A. Jadbabaie, A. Titli, and M. Jamshidi, “Fuzzy Observer Based Control of Nonlinear systems” To be Presented at IEEE CDC’97, San Diego, CA., December 1997.

[12] P. Dorato, C.T. Abdallah, and V. Cerone, Linear Quadratic Control: An Introduction, Prentice Hall, Englewood Cliffs, NJ, 1995.

[13] A. Jadbabaie, M. Jamshidi, and A. Titli, “Guaranteed Cost Design of Continuous-Time Takagi-Sugeno Fuzzy systems,” Submitted to Fuzz-IEEE’98, Anchorage, Alaska, 1998.