1116 IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 48, NO. 6, JUNE 2003

Book Review

Control Systems with Actuator Saturation: Analysis and De- descriptions of the null controllable region of a continuous-time linear
sign—Tingshu Hu and Zongli Lin (Boston, MA: Birkh&user, 2001).system with the bounded controls delivered by saturating actuators.
Reviewed by Derong Liu The boundaries of the null controllable region are expressed both by

. . analytical formulas and as trajectories of the time-reversed system

Research in control systems has long been recognized to have Plder certain bang-bang type controls. Several examples are worked

tical origins. One such example is the subject of the book: control sy%-t toillustrate thegsha gs )c/)?null controlllable regions CF:)ha ter 3 is the
tems with saturating actuators. A recent survey article [1] on this '[opcf(%I P 9 ’ P

elaborated thatthe control engineer armed with linear analysis anddlscrete-tlme counterpart of Chapter 2 for continuous-time systems.

design techniques soon encounters a fundamental nonlinear probler;rhe second major theme of the book concerns the stabilizability

that threatens the operation of otherwise sound designs: unexpect 9 )(?r the null controllable region which is addressed in Chapters 4,

large amplitude disturbances can push a system’s actuators into sa] U_and 6. Chapters 4 and 5 study the stabilizability at the origin of

ration, thus forcing the system to operate in a mode for which it was nye?rnsyjttems; V;'th satu(jra:nr]ngginactfueltttcr)rs.tiSLaiJrl]llztl?g ff;?rbsz I?ws a;re
designed and from which it may not be able to recovErtlier works esigned to produce a domain of attraction fhat IS arbitrarily ¢lose fo

related to actuator saturation have dealt with control systems with ccgrr]f-e null controllable region. Such a stabilization problem is referred to

strained or bounded controls (e.g., [5], [6], and [8]-{10]). The boo s semiglobal stabilization over the null controllable region. Chapter

together with several other books [3]-[5], [7], represents the most ré:_deals V.V'th continuous-time systems, \.Nh'le Chapter 5 d_eals .W'th
. ) . . . . |tscrete-t|me systems. Chapter 6 considers continuous-time linear
cent development in dealing with such a practically imperative and ye . : ; o
: . systems that are subject to both actuator saturation and input-additive
theoretically challenging problem. ounded disturbances. Feedback laws are constructed that cause all
All control actuation devices are subject to amplitude saturatloﬂ. :

f_ajectories starting from within ang priori specified (arbitrarily

Every conceivable physical control input in every conceivable appli .
cation is ultimately limited. Examples of such control input includ arge) compgct_ subse_t_ of the qull (_:ontrollable region to converge to
force, torque, thrust, stroke, voltage, current, and flow rate. In fact, tﬁgo_thera priort sp_ecmed (arblt_rarlly small) nelghbo_rhood of th?
importance of actuator saturation was recognized and reflected in gan. SL.JCh a design problem is referreq to as semiglobal practical
original formulation of many fundamental control problems, includinﬁtab'hzat'on over the_null controllable_ region. .
controllability and optimal control. Control problems that involve har C_O”Fm' design for linear _system§ with _saturatlng actuators using op-
nonlinearities such as actuator saturation, however, turn out to be ﬁr_uza.tlon-bqsed methods is the third njajorthemg of th? bO.OKWh'Ch IS
ficult to deal with. As a result, even though there have been contindgiYes't'g"jlteOI n _Chapt_ers /11 Analy§|s and design Ob.JeCt'V?S are for-
efforts in addressing actuator saturation (see the chronological bibli rﬁglgted asl_optlmlzatlon probr:ems WtT'Ch :re solvedhusmg a linear ma-
raphy [1] and the references cited in the present book), its effects hiYé Inequa ity (LMI) approach. LMI- ased approaches are very pop-
not been addressed thoroughly in modern control literature. ular in the study of control systems with actuator ;aturatlon (_s,ee, eg.,
The book by Hu and Lin examines some fundamental control pro@-]).' Aremarkable feature of the results presented in the book is that_the
lems in a systematic manner. Unlike [4] and [7] which treat semistal (P(%)jlmlzat.lo'n problems are convex anq can b.e exactly transformed into
systems (a linear system is said to be semistable if none of its poleg‘l els' This is made possible by some mnovatlv_e t.00|§ developed by the
%thors. These tools not only simplify the optimization problems, but

in the open right-half plane), it deals with general systems that could . . .
strictly unstable. The book starts with an explicit description of the mfllso lead to less conservative results. Chapter 7 is devoted to the estima-

controllable region: the set of states that can be driven to the origini A qfthe dpma_ln of att_ract_lon under a saturated linear fec_edback, using
invariant ellipsoids. It first introduces a powerful tool which embeds

finite time by a bounded control delivered by the saturating actuatorls. . .
y y g fie saturated feedback control into the convex hull of a group of linear

Itis important to note that, for a semistable system that is controllali edback controls. Using this tool, some criteria for the invariance of
in the usual linear sense, the null controllable region is simply the en- ' Y '

tire state—space. With the null controllable region explicitly described Ilpsmds are estgbl_lshed_. These criteria are sh_owr_1 o be less conser-
véﬁtlve than the existing criteria, e.g., the circle criterion and the vertex

the book proceeds to address various control problems within the null ™~ . - . .
controllable region. criterion. More importantly, the (_:opdltl_ons of the criteria are equiva-
Chapter 1 provides an introduction to the book. A brief discussion (I)%nt to LMis and, hence, the optimization problem of maximizing the

the problem of actuator saturation and the state-of-the-artin addresdffyiant ellipsoids can easily be solved. This analysis method is then

the problem leads to the following two fundamental questions to Whiﬁ%'ﬁzed in Chapter 8 t_o arrve _at a method for Qe5|gn|ng Ime_ar state
the entire book is devoted. eedback laws that will result in the largest estimated domain of at-

. ) . . traction. Each of these two chapters treats both continuous-time and

* Forageneral, not necessarily semistable, linear system with Sgkcrete time systems. Chapter 9 develops a design method for arriving
urating actuators, vv_hat is the null controllable region? at simple nonlinear feedback laws that achieve semiglobal stabilization

* How doeg one design feedback l"’_‘WS that work over the _ent% the null controllable region and, at the same time, guarantee regional

asymptotically null controllable region or a large portion of it? oo mance. Both continuous- and discrete-time systems are consid-

The first major theme of the book concerns null controllabilitye e chapter 10 addresses the problem of controlling linear systems
which is covered in Chapters 2 and 3. Chapter 2 gives exm'@ﬂbject to both actuator saturation and disturbances. Unlike Chapter 6,

here the disturbances are not input additive and can enter the system

The reviewer is with Department of Electrical and Computer Engiz-it any point. Design'problems that cz’.ipture bOt.h large domains of at-
neering, University of lllinois at Chicago, Chicago, IL 60612 USA (e-mail?racnon and st.ro!ﬂg clilsturbance rejelctlon capability gre formulated.and

dliu@ece.uic.edu). solved as optimization problems with LMI constraints. Both contin-
Digital Object Identifier 10.1109/TAC.2003.813146 uous- and discrete-time systems are considered. Chapter 11 examines
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the problem of maximizing the convergence rate inside a given elliplexity and subtlety embedded in seemingly simple linear systems cou-
soid for both continuous- and discrete-time systems subject to aghled with saturation nonlinearities.

ator saturation. Simple methods are also proposed for determining th&he book reads very well. The topics chosen are fundamental con-
largest ellipsoid of a given shape that can be made invariant with a sadl problems and are all treated in great depth. Results presented in the
urated control. For continuous-time systems, the maximal convergema®k represent a significant contribution to the important research area
rate is achieved by a bang-bang type control with a simple switchin§ control systems with actuator saturation. The results, along with an
scheme. A suboptimal convergence rate can be achieved with saturatadnsive bibliography, will prove to be an important resource for re-
high-gain linear feedback. For discrete-time systems, the maximal caearchers in this area as well as researchers interested in entering this
vergence rate is achieved by a coupled saturated linear feedback. area. In this regard, | would have liked to see the authors include a

The fourth major theme of the book deals with the problem afhapter discussing future research topics. It is also noted that many re-
output regulation. Chapters 12 and 13 formulate and solve the classmats developed in the book may have applications in the study of a
problem of output regulation for continuous- and discrete-time lineatass of recurrent artificial neural networks [5].
systems with saturating actuators. The problem is to design stabilizingrhe book will prove equally valuable to practicing engineers. The
feedback laws that, in the presence of disturbances, cause the plastltsincluded in the book are applicable to general systems, including
output to track reference signals asymptotically. Both the referensgictly unstable ones. Although the mathematics involved are on the
signals and the disturbances are modeled by a reference systeeavy side, all of the analysis and design algorithms are explicit, and the
called the exosystem. The asymptotically regulatable region, the sptimization problems involved are convex and can readily and reliably
of all initial conditions of the plant and the exosystem for which thee solved using the Matlab LMI Toolbox. Moreover, all of the results
output regulation is possible, is characterized. Feedback laws thee illustrated with fully worked out examples and simulations.
achieve output regulation on the asymptotically regulatable region are
constructed.

Finally, Chapter 14 summarizes results on the analysis and design
of linear systems subject to sensor and state saturation. In particulafl] D.S. Bernstein and A. N. Michel, “A chronological bibliography on sat-
it is established that a linear stabilizable and detectable system can be T;agglg actuators,fht. J. Robust Nonlinear Contrplol. 5, pp. 375-380,
232:%'2:?2;’ Isotglblllzed by linear Teedback of the saturated outpu.t mea-@ L Hou and A N. Michel, “Asymptotic stability of systems with satura-

g as the system in the absence of output saturation do€s (o constraints,IEEE Trans. Automat. Contwol. 43, pp. 1148-1154,
not have any pole in the open right-half plane. The stability properties  Aug. 1998.
of both continuous- and discrete-time linear planar systems with satu{3] V. Kapila and K. M. Grigoriadis, Eds.Actuator Saturation Con-
ration nonlinearities are analyzed. Necessary and sufficient condition " tzm:_'in ’\I‘_%‘(‘/’v\g’;'l‘n M:éggg?fklﬁz\r,ﬁ(%?ﬁ Soringer-Verlag. 1998
for g_IobaI asymptotic stability of such ;yste_ms are established. qu th_ 5] D. Liu and A N. Michel, Dynamical Systgmsgwnh Sat%’ration'NonIin—
continuous-time systems considered in this chapter, the saturation is ~ earities: Analysis and Design New York: Springer-Verlag, 1994.
imposed on the derivative of the state, which is equivalent to a satura{6] L. Pandolfi, “Linear control systems: Controllability with constrained
tion nonlinearity acting on the state vector itself. In this case, the state  controls,”J. Optim. Theory Applicatvol. 19, pp. 577-585, 1976.
trajectories of such a system may not be bounded. This is in contrast”) A: Saberi, A. Stoorvogel, and P. Sann@ijtput Regulation and Control

. . L Problems With Regulation ConstraintsNew York: Springer-Verlag,

to the systems considered in [2] and [5], where the derivative of the 1999
state is set to zero whenever the state saturates, resulting in boundgé] w. E. Schmitendorf and B. R. Barmish, “Null controllability of linear
state trajectories. On the other hand, for the discrete-time systems con-  systems with constrained controls§IAM J. Control Optim.vol. 18,
sidered here, the saturation is imposed directly on the state and, thuig] Epsz;—oi?:é l‘gfr?.algebraic approach to bounded controllabily of
can be V|eweq as the_ discrete-time counterpart qf the cont]nuous-tlm linear systemé,l’nt. 3. Control vol. 39, pp. 181188, 1984.
systems considered in [2]. Thus, the results in this concluding chaptefio] R. p. van Til and W. E. Schmitendorf, “Constrained controllability of
along with those of [2] and [5], provide a good illustration of the com- discrete-time systemsliit. J. Contro| vol. 43, pp. 943-956, 1986.
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