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A novel state-dependent control approach for continuous-time nonlinear systems with general performance criteria is pre-
sented in this paper. This controller is optimally robust for model uncertainties and resilient against control feedback gain
perturbations in achieving general performance criteria to secure quadratic optimality with inherent asymptotic stability
property together with quadratic dissipative type of disturbance reduction. For the system model, unstructured uncertainty
description is assumed, which incorporates commonly used types of uncertainties, such as norm-bounded and positive real
uncertainties as special cases. By solving a state-dependent linear matrix inequality at each time, sufficient condition for the
control solution can be found which satisfies the general performance criteria. The results of this paper unify existing results
on nonlinear quadratic regulator, H, and positive real control. The efficacy of the proposed technique is demonstrated by
numerical simulations of the nonlinear control of the inverted pendulum on a cart system.

Keywords: robust control; nonlinear systems; optimal control

1. Introduction

Optimal control of nonlinear systems is traditionally char-
acterized in terms of Hamilton Jacobi Equations (HJEs).
The solution of the HJEs provides the necessary and suf-
ficient optimal control condition for nonlinear systems.
Furthermore, when the controlled system is linear time-
invariant and the performance index is linear quadratic
regulator (LQR), the HJEs reduced to Algebraic Riccati
Equations (AREs). As for H,, nonlinear control problem,
the optimal control solution is equivalent to solving the cor-
responding Hamilton Jacobi Inequalities (HJIs) Basar and
Bernhard (1995). However, HIEs and HJIs, which are first-
order partial differential equations and inequalities, cannot
be solved for more than a few state variables. In the past
few years, it has been shown that the problems of quadratic
regulation and Hy, nonlinear control can be approached by
the state-dependent Riccati equation (SDRE) and nonlin-
ear matrix inequality (NLMI) techniques (Cloutier, 1997;
Cloutier, D’Souza, & Mracek, 1996; Huang & Lu, 1996).
The state-dependent linear matrix inequality (LMI) con-
trol of nonlinear systems, as pointed out in Wang and Yaz
(2009), Wang, Yaz, and Jeong (2010), and Wang, Yaz, and
Yaz (2010, 2011) synthesizes a controller to achieve mixed
nonlinear quadratic regulator (NLQR) and H, control
objectives.

Dissipative control for linear systems has also received
considerable attention over the past two decades. The con-
cept of dissipative systems was first introduced by Willems
(1972a, 1972b), and further generalized by Hill and Moylan
(1975, 1976, 1980), playing an important role in systems,
circuits and controls. The theory of dissipative systems gen-
eralizes the basic tools including the passivity theorem,
bounded real lemma, Kalman—Yakubovich lemma and cir-
cle criterion. Dissipativity performance includes H, per-
formance, passivity, positive realness and sector-bounded
constraint as special cases. Research addressing the prob-
lems of H., and positive real control systems can be
found in Zhou and Khargonekar (1988) Doyle, Glover,
Khargonekar, and Francis (1989), Haddad and Bernstein
(1991), Sun, Khargonekar, and Shim (1994), Safonov,
Jonckheere, Verma, and Limebeer (1987) and Shim (1996).
Control of uncertain linear systems with L,-bounded struc-
tured uncertainty satisfying H., and passivity criteria has
been tackled in Khargonekar, Petersen, and Zhou (1990)
and Petersen (1987). More recent development involving
the quadratic dissipative control for linear systems problem
has been tackled in Tan, Soh, and Xie (2000) and Xie, Xie,
and De Souza (1998).

In this paper, we further consider the problem of opti-
mal, robust and resilient LMI control of continuous-time
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nonlinear systems with general performance criteria. The
controller is robust for model uncertainties and resilient for
control gain perturbations. As for uncertain nonlinear sys-
tems, we consider a general form of L,-bounded uncertainty
description, without any standard structure, incorporating
commonly used types of uncertainty, such as norm-bounded
and positive real uncertainties as special cases. The purpose
behind this novel approach is to convert a nonlinear system
control problem into a convex optimization problem which
is solved by state-dependent LMI. The recent development
in convex optimization provides very efficient means for
solving LMIs. If a solution can be expressed in a LMI
form, then there exist optimization algorithms providing
efficient global numerical solutions (Boyd, Ghaoui, Feron,
& Balakrishnan, 1994). Therefore, if the LMI is feasible,
the LMI control technique provides asymptotically stable
solutions satisfying various general performance criteria.
We further propose to employ general performance criteria
to design the controller guaranteeing the quadratic sub-
optimality with inherent stability property in combination
with dissipativity type of disturbance attenuation. The gen-
eral performance criteria are a generalization of the NLQR,
H,, positive realness and sector-bounded constraint; there-
fore, the results of the paper unify existing control results
and provide a more general control design framework.

The paper is organized as follows. In Section 2, we
present the general performance criteria including the
performance of NLQR, H,, positive realness and sector-
bounded constraint. Section 3 presents the state-dependent
LMI-based control for nonlinear systems achieving general
performance criteria. Finally, the inverted pendulum on a
cart is used for applying the algorithm to an under-actuated
robot with nonlinear dynamics to examine the effectiveness
and robustness of the new approach in Section 4.

2. System model and general performance criteria
analysis

The following notation is used in this work: M stands
for the set of non-negative real numbers and R" stands
for the n-dimensional Euclidean space. x € )" denotes
n-dimensional real vector with norm ||x|| = (x"x)!/?, where
()7 indicates transpose. R"*" is the set of n x m real
matrices. [, is the n x n identity matrix. 4 > 0 for a sym-
metric matrix denotes a positive semi-definite matrix. L, is
the space of finite dimensional vectors with finite energy:
Jo7 Ix([*dr < co. Let L3, be the extended space of L,
space defined by

L3, = {f : f is a measureable function : %, — N, with

x property that Fpf € L, for all finite 7' € N }

f@0, 0=<t=T
0, T <t
function on M, with values in N”. The inner product in

where Frf (t) = is called the truncation

this space is defined as (u(¢), v(¢))r = fOT u(t)v(t)dt, for u,
vell,

Consider the following nonlinear dynamical system
equation and performance output equation

X =f(x@®),u(®), w()),
= (A, 1) + Ay (e, ))x(t) + (B(x, ) + Ap(x, 1)u(t)
+ (E(x,t) + Ap(x, ))w(t),
= A+ A)x+ (B+ Ap)u+ (E + Ap)w, )
z(t) =gx@),w) =C-x+D-w, 2)

where x(f) € R”" is the state variable of the dynamical sys-
tem, u(¢) € N the applied input, w(t) € NP the L, type of
disturbance, z(¢) € N the performance output function, /', g
the smooth real vector functions, 4 € W"*", B € W E €
NP C e N and D € NP the state-dependent coeffi-
cient matrices,and A4 € R Ap € W™ and A € NP
the time-varying uncertainty matrices.

It is assumed that the state feedback is available and the
state feedback control input is given by

ut) = (K(x, 1) + Ax (x, ))x(@) = (K + Ag)x.  (3)

Introducing the following quadratic energy supply func-
tion E: L5, x L5, x W — N associated with the system
equations, defined in Hill and Moylan (1975, 1976, 1980):

Ecz,w,T)=(z,0z)r + 2{z, SW)t + (W, Rw)1, (4)

where Q € N>, § € R*P, R € RP*P are the chosen weigh-
ing matrices. Next, from the definition of dissipativity (Hill
& Moylan 1975, 1976, 1980), we have

DEFINITION 1 Given matrices Q € W', S e W>*P, R e
NPXP with Q, R symmetric, the system (1) and (2) with
energy function (4) is said to be (Q, S, R) dissipative if for
some real function B(-) with B(0) = 0. The physical mean-
ing for B(-) is the stored energy at the initial time, given by
the initial condition x.

E@z,w,T)+ B(xo) > 0,Yw € Ly, YT > 0. (5)
Furthermore, if for some scalar o > 0,

E@z,w,T)+ B(xo) = a{w,w)r,Vw € Ly,,YT > 0. (6)

The system (1) and (2) is said to be strictly (Q,S,R)

dissipative.

THEOREM 1  Consider the quadratic function V. = x"Px >
0, matrices Q € W™, § € WP, R € RP*P with Q, R sym-
metric,c M € W', M >0, N €e W, N > 0 with M, N
symmetric, the control of nonlinear system (1) and (2) will
achieve mixed NLOR and dissipative performance if the
following condition holds:

V 4+ x"™Mx + u"Nu
— "0z +22"Sw+ wlRw) < 0,VT > 0. (7)
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Proof By integrating Equation (7) from 0 to 7', we have

T
/ "0z + 2z"Sw + wiRw) dt >,
0

T T
/ x T Mxdt + / u"Nudt + V (x(T))
0 0

— V(x(0)),YT > 0. (8)

Let B(xo) = V (x(0)), V (x) = x"Px, V(x(T)) > 0, Equation
(8) implies

T
/ "0z + 2z'Sw + wiRw)dr + B(xo) > 0,YT > 0,
0

)
which is the condition of (Q, S, R) dissipative. By adding
the terms xT Mx + u" Nu, we include the NLQR control per-
formance into the original (Q, S, R)-dissipative criteria. W

Remark I Notice that both Hy, and passivity are spe-
cial cases of (Q, S, R) dissipativity. The special cases are
summarized as follows:

Case ] Q= —I,8 =0, R =y?I, the strict (0, S, R) dis-
sipativity reduces to H, design (Doyle et al.,
1989). The overall control design satisfies mixed
NLQR—H, performance.

Case2 Q=0,S8 =1, R =0, the strict (0, S, R) dissipa-
tivity reduces to strict positive realness (Sun et al.,
1994). The overall control design satisfies mixed
NLQR-strict positive realness performance.

Case3 Q= —0I, S = (1—0)I,R=6y?I, the strict (O,
S, R) dissipativity reduces to mixed Hy, and posi-
tive real performance design, when 6 € (0, 1). The
overall control design satisfies mixed NLQR—H—
positive real performance.

Case4 Q= —1, S=5(K +K)", R= — (K[ Ky + K]
K,), where K; and K, are constant matrices of
appropriate dimensions, the strict (Q, S, R) dis-
sipativity reduces to a sector-bounded constraint
(Gupta & Joshi, 1994). The overall control design
satisfies mixed NLQR—sector-bounded constraint
performance.

Before introducing the main result of the paper, the
following model of unstructured uncertainties is introduced.

ASSUMPTION 1  The following general form of Ly-bounded
unstructured uncertainties is considered:

A4A] <y,
ApAj < vBl,
(10)
ApA} < yel,
AKA}; < )/KI,

forVx e Wandt > 0.

3. State-dependent LMI control
LeEmmA 1

AB" 4+ BA" < wA4A" + o~ 'BB". (11)
This can be proven easily by considering
(@'?4 —a 2By (@'?4 —a~'?B)T > 0. (12)

Also, by choosing A and B matrices as A = [aOT] and B =
[ bOT ] we have

0 d'p ta'a 0

LEMMA 2 Denote X = P! for positive definite matrix
P > 0, then the following equality always holds:

XPX = —X. (14)

This can be proven easily by considering

Y =Yery =Y prap. Y
0= ()= (PP )= (P)- P! +P (P ()1.5)

Remark 2 Since in the presentation below, P will be used
to describe the energy content, which needs to decrease due
to the asymptotic stability requirement, X = P~ matrix
will be increasing in time. Therefore, we have XPX =
-X <0.

The following theorem summarizes the main results of
the paper:

THEOREM 2  Given the system Equation (1), performance
output Equation (2) and control Equation (3), if there exist
matrices X =P~' > 0 and Y for all t > 0, such that the
following state-dependent LMI holds:

T Y X YT
* Tzz 0 0
% * T33 0
* * ¥ Y

<0, (16)

where
Yy, =XA" + 4X + Y'B" + BY + BB"
+ [va +2ys + vell,
Y, =E — XC'OD — XC's,
Yy = —D'OD —2D'S —R+1,
Y33 = —{I + [3 + Amax(N)1yxI + M + CTQC} ™,
Y44 = —{I +N*+N}". (17)

Then the inequality (7), which guarantees mixed NLOR
and dissipative performance, is satisfied. The nonlinear
feedback control gain is given by

K=Y-P. (18)
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Proof Inthe proof below, the time and state argument will
be dropped for notational simplicity. By applying system
and performance output Equations (1) and (2), and state
feedback input Equation (3), the performance index can be
formed as follows:

XA+ Ay + B+ Ap)(K + Ag)) T Px +wl[E + Ag]"Px
+x"P{A+ Ay + (B+ Ap)(K + Ag)lx
+x"P[E + Aglw
+ xTPx + x"Mx + x"[K + Ax]"N[K + Aglx
— [Cx + Dw]"Q[Cx + Dw] — 2[Cx + Dw]"Sw
—wlRw < 0. (19)

Equivalently,

T v ' X
[xT WT] v [x w] = [xT wT] [ *” ‘I’Z] |:w] < 0,
where

U =P+ [Ad+ A+ B+ Ap)K + Ag)]'P
+PA+ A4+ B+ApK+ A+ M
+ K + AxI'NIK + Al + CTOC,

W, = PlE+ Ag] — C'OD — CTs,

Wy, = —D'OD — 2D'S — R. (1)

Pre-multiplying and post-multiplying the matrix ¥ with
the block diag{X,I},whereX =P~ Y =K . P~! = KX.
Then the following matrix inequality holds:

A A
[ ! Azz] <0, (22)

where

A =X[A+ A+ B+ Ap)K + Ap)]

+ 4+ Ay + B+ Ap)(K + Ag)IX + XPX

+ XMX 4+ X[K + Ag]"N[K + Ag]X +XCTOCX,
A =[E+ Ag] —XCTOD — XC's,
Ay = —-D'QOD —2D'S — R. (23)

Applying Lemma 2 and Remark 2, we have X PX < 0.

Denote W =XA" +AX + Y'B" + BY. (24)

The sufficient condition for matrix inequality (22) to be held
is to change term A as follows:

Ay =XAT + AX + Y"BT + BY + X{A, + ApK + BAk
+ ApAx)T + (A4 + ApK + BAx + ApAg)X
+ XMX + Y'NY + XARNY + YINAgX
+XAENAgX + XCTOQCX
=W + {A4+ ApK}X + X{A4 + ApK)T
+ X{BAg + AgAg)T + {BAg + AgAglX
+ {(XALNY + YINAX) + (XMX + YTNY
+ XAENAxX + XCTOCX}, (25)

By applying Lemma 1 to Equation (25) and using Assump-
tion 1, we obtain

{A4+ AgKYX + X{A, + ApK)T

=X[I KT] [iﬂJr[AA AB][][(]X

S .y
<a[As Ap] |:A1T;| +o7'X[I K ][K]X
<ai(a+yp) +o7'X[I KT] [II(] X,

XALBT + BARX < anX Af AxX

+0;'BB" < ayyxX? + ;' BB,
XALAL + ApAxX < asX Ax ALX

+a3_1ABA1T9 < a3yKX2 +a3_1y31,
XAENY + YINARX < ayX AR AxX

+a; ' YIN?Y < aqyxX* + o ' YTN?Y,

XA};NAKX < XA};AKX : )"max(N) = )\max(N)VKX2-
(26)

Therefore, we have

_ 1
An W +ai(va+y) +o]' X[I K] [K:|X

+ azyKXz + ozz_lBBT + ot;yKX2 + a;lygl
+ o vk X2 + o 'YIN?Y + (XMX 4+ Y'NY

+ dmax (V) v X + XCTOCX), 27)
A =[E+ Ag] — XCTOD — XC's,
Ay = —-D'OD —2D'S —R. (28)

Using Lemma 1 and Assumption 1, we have

0 AE < (XSAEAE 0 < Oljj/EI 0
AL 0|~ 0 o' T 0 el

(29)
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Therefore, by applying the results of Equations (24)~29)
to Equation (22), we find:

O Op
[ ; @22} <0, (30)

where

On =W+ [arya+orys+asye +o3 ' ys] 1

1

+o;'X[I K"] [K]X +ao; ' YN?Y

+ [z 4 @3 + g + Ao (V)] yx X?
+ o5 'BBT + {XMX + Y'NY + XCTQCX}
=W +[aiys +o1ys +asye + o3 vl
+ Xy '+ [ + @3 + @ + Amax (N Iy d
+ M+ CTOC)X
+ Yo' + 0o, 'N* + N}Y + a5 'BBT,
O, =E —XCT'OD — XC's,
©n = —-D'OD —2D'S — R+ a5l (31)

By applying the Schur complement, we conclude the final
LMI solution as

Y Y X YT
% Tzz 0 0
* * T33 0
* * ¥ Yy

<0, (32)

where

i =W+ [ays+aiys +asye + o3 ysll + o3 'BBT
=XA" + 4X + Y"B" + BY + «; 'BB"
+ [o1ya + o1y + asyp + o5 sl
Y, = E—XCTOD — XC'S,
Yy =—D'OD —2D'S — R+ 51,
Ti3 = —{oy T+ [0 + o5 + o4 + Amax (V) 1k ]

+M +CTocy !,
Yy = —fo;' +a;' N>+ N} (33)
Since positive constants «j,...,«s are arbitrary, choos-

ing all of them as 1, we obtain Equation (16). Therefore,
if LMI (16) holds, the inequality (7) is satisfied. This
concludes the proof of the theorem. |

Remark 3 At this point, it is to be noted that other choices
of positive constants o1, . . ., a5 are possible and can be tried
if the value 1 for all these constants does not work.

4. Application to the inverted pendulum on a cart

The inverted pendulum on a cart problem (Wang & Yaz,
2010) is used for testing the novel robust and resilient
state-dependent LMI approach to compare the performance.
Using the Euler—Lagrange equation technique, the complete
equations of motion for the inverted pendulum on a cart can
be reached as

(M + m)X + bx + mL6 cos(0) — mLO sin(9) = F, 34
(I + mL*»)6 + mgL sin(0) + mLx cos(6) = 0.

The following system parameters are assumed:

M =05ke, m=05kg, b=0IN>,
m

L=03m, ] =0.06kgm?,
Sampling time: 7 = 0.01 s.

Denote the following state variables:
x1 =x(0),x = x(t),x3 = 0(£), x4 = O(¢).
The following initial conditions are assumed:
x1=Lx=0,x3=m/4,x4=0.

The following design parameters are chosen to satisfy
different mixed performance criteria:
Mixed NLQR—H,, design (predominant NLQR)

C=[0.01 0.01 001 001], D=[0.01], M =L,
N=1,0=1,8=0R=—1.

Mixed NLQR—H,, design (predominant Hy)

C=[1 1 1 1],D=[11, M =001 x Is, N = 0.01,
0=1,5=0,R=-10.

Mixed NLQR—H—positive real design (NLQR passivity)

C=[1 11 1],D=[1],M=1L,N=1,
0=001,5=1,R=00l

All of the above mixed criteria control performance results
are shown in Figures 1-5, in comparison with the tradi-
tional LQR technique based on linearization. From these
figures, we find that the novel state-dependent LMI control
has better performance compared with the traditional LQR
technique based on linearization. Especially, Figures 3 and 4
show that the traditional LQR technique loses control of the
angle and angular velocities of the pendulum, respectively.
Figure 5 shows that the highest magnitude of control is
needed by the predominant H,, control and the lowest con-
trol magnitude is needed by the linearization-based LQR
technique.
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5. Conclusions

This paper addresses nonlinear system control design
with general NLQR and quadratic dissipative criteria to
achieve asymptotic stability, quadratic optimality and strict
quadratic dissipativeness. For systems with unstructured
but bounded uncertainty, the LMI-based sufficient condi-
tions are derived for the solution of general performance cri-
teria control. Our results unify the existing results on SDRE
control, robust H,, positive real control and sector-bounded
control. The relative weighting matrices of these criteria
can be achieved by choosing different weighing coefficient
matrices. The optimal control can be obtained by solving
LMI at each time step. The inverted pendulum on a cart con-
trol, which is a benchmark under-actuated nonlinear control
system, is used as an example to demonstrate its effective-
ness and robustness of the proposed method. The simulation
studies show that the proposed method provides a satisfac-
tory alternative to the existing nonlinear control approaches.



40 X Wang et al.

Acknowledgements

We thank the reviewers for their remarks, which have improved the
quality of the paper. This research has been financially supported
by a grant from NITC (National Institute for Transportation and
Communities), which is gratefully acknowledged.

References

Basar, T., & Bernhard, P. (1995). H-infinity optimal control
and related minimax design problems — A dynamic game
approach (2nd ed.). Boston: Birkhauser.

Boyd, S., Ghaoui, L. E., Feron, E., & Balakrishnan, V. (1994).
Linear matrix inequalities in system and control theory, SIAM
Studies in Applied Mathematics. Philadelphia, PA: SIAM.

Cloutier, J. R. (1997). State-dependent Riccati equation tech-
niques: An overview. Proceedings of the 1997 American
Control Conference, pp. 932-936, Albuquerque, MN.

Cloutier, J. R., D’Souza, C. N., & Mracek, C. P. (1996). Nonlinear
regulation and nonlinear H-infinity control via the state-
dependent Riccati equation technique: Part 1 theory, part
2 examples. Proceedings of 1st international conference on
nonlinear problems in aviation and aerospace, pp. 117—141,
Daytona Beach, FL.

Doyle, J. C., Glover, K., Khargonekar, P. P., & Francis, B. A.
(1989). State space solution to the standard H2 and H-infinity
control problems. /EEE Transactions on Automatic Control,
34, 831-847.

Gupta, S., & Joshi, S. M. (1994). Some properties and stability
results for sector bounded LTI systems. Proceedings of 33rd
IEEE conference on decision and control, pp. 29732978,
Orlando, USA.

Haddad, W. M., & Bernstein, D. S. (1991). Robust stabilization
with positive real uncertainty, beyond the small gain theorem.
Systems and Control Letters, 17, 191-208.

Hill, D. J., & Moylan, P. J. (1975). Cyclo-dissipativeness, dissi-
pativeness and losslessness for nonlinear dynamical systems
(Technical Report EE7526). Department of Electrical and
Computer Engineering, University of Newcastle, Australia.

Hill, D. J., & Moylan, P. J. (1976). Stability of nonlinear dissipa-
tive systems. /EEE Transactions on Automatic Control, 21,
708-711.

Hill, D. J., & Moylan, P. J. (1980). Dissipative dynamical sys-
tems: Basic input-output and state properties. Journal of the
Franklin Institute, 309, 327-357.

Huang, Y., & Lu, W-M. (1996). Nonlinear optimal control: alter-
natives to Hamilton-Jacobi equation. Proceedings of 35th
conference on decision and control, pp. 3942-3947, Kobe,
Japan.

Khargonekar, P. P, Petersen, 1. R., & Zhou, K. (1990). Robust
stabilization of uncertain linear systems: quadratic stabiliz-
ability and H-infinity control theory. IEEE Transactions on
Automatic Control, 35,356-361.

Mohseni, J., Yaz, E., & Olejniczak, K. (1998). State dependent
LMI control of discrete-time nonlinear systems. Proceed-
ings of the 37th IEEE conference on decision and control,
pp- 46264627, Tampa, FL.

Petersen, I. R. (1987). A stabilization algorithm for a class of
uncertain systems. Systems and Control Letters, 8, 181—188.

Safonov, M. G., Jonckheere, E. A., Verma, M., & Limebeer,
D. J. N. (1987). Synthesis of positive real multivariable
feedback systems. International Journal of Control, 45,
817-842.

Shim, D. (1996). Equivalence between positive real and norm-
bounded uncertainty. /[EEE Transactions on Automatic Con-
trol, 41, 1190-1193.

Sun, W., Khargonekar, P. P., & Shim, D. (1994). Solution to
the positive real control problem for linear time-invariant
systems. [EEE Transactions on Automatic Control, 39,
2034-2046.

Tan, Z., Soh, Y. C., & Xie, L. (2000). Dissipative control of
linear discrete-time systems with dissipative uncertainty.
International Journal of Control, 73(4), 317-328.

Van der Shaft, A. J. (1993). Nonlinear state space H-infinity con-
trol theory. In H. J. Trentelman & J. C. Willems (Eds.),
Perspectives in control, pp. 153—190. Groningen: Birkhauser.

Wang, X., & Yaz, E. E. (2009). The state dependent control
of continuous time nonlinear systems with mixed perfor-
mance criteria. Proceedings of IASTED international confer-
ence on identification and control applications, pp. 98—102,
Honolulu, HI.

Wang, X., Yaz, E. E., & Jeong, C. S. (2010). Robust nonlinear
feedback control of discrete-time systems with mixed perfor-
mance criteria. Proceedings of American control conference,
pp. 6357—6362, Baltimore, MD.

Wang, X., Yaz,E.E., & Yaz, Y. 1. (2010). Robust and resilient state
dependent control of continuous time nonlinear systems with
general performance criteria. Proceedings of the 49th IEEE
conference on decision and control, pp. 603—608, Atlanta,
GA.

Wang, X., Yaz, E. E., & Yaz, Y. L. (2011). Robust and resilient
state dependent control of discrete time nonlinear systems
with general performance criteria. Proceedings of the 18th
IFAC congress, pp. 10904—10909, Milano, Italy.

Willems, J. C. (1972a). Dissipative dynamical systems — Part
1: General theory. Archives for Rational Mechanics and
Analysis, 45, 321-351.

Willems, J. C. (1972b). Dissipative dynamical systems — Part 2:
Linear systems with quadratic supply rates’. Archives for
Rational Mechanics and Analysis, 45, 352-393.

Xie, S., Xie, L., & De Souza, C. E. (1998). Robust dissipa-
tive control for linear systems with dissipative uncertainty.
International Journal of Control, 70(2), 169—191.

Zhou, K., & Khargonekar, P. P. (1988). An algebraic Riccati
equation approach to H-infinity optimization. Systems and
Control Letters, 11, 85-91.



	Introduction
	System model and general performance criteria analysis
	State-dependent LMI control
	Application to the inverted pendulum on a cart
	Conclusions
	Acknowledgements
	References

