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Abstract— We consider the output regulation problem for
linear systems subject to actuators saturation. A state-fedback
unconstrained regulator is transformed into an error-feedback
bounded regulator by introducing an observer which is then
decomposed into the sum ofunconstrained and antiwindup
dynamics. The unconstrained dynamics are regulated towarsla
predefined reference trajectory, by a control signak. which may
violate the saturation bounds during transients. The antivindup
dynamics transiently store the mismatch between unconstiaed
and constrained dynamics. The antiwindup design also appdis
to a predefined error-feedback dynamic regulator for the
unconstrained system, as in standard antiwindup setting. A
a particular case of distinct interest, the design providesa
new global asymptotic stabilizer for saturated null-controllable
systems.

I. INTRODUCTION

the transient mismatch between the constrained and uncon-
strained trajectories.

The present paper proposes an antiwindup solution to
the constrained linear regulation problem (i.e. the regula
tion problem for systems with input saturation,(-) of
magnitude M € R-). The approach is based on the
introduction of a dynamic controllef, a typical step in the
general solution of the regulator problem via error fee#tbac
[7, Chapter 8]. Mimicking the solution proposed in [15],
the controller dynamics are decomposed as the sum of the
unconstrained dynamics and thentiwindup dynamics, a
typical step in antiwindup approaches. This decomposition
tailored to regulation problems: the unconstrained dyicami
are regulated towards the desired trajecto(y) (w is the
state of the exogenous dynamics), by a sigmakhich is

The performance of any control methodology is limitecallowed to violate the saturation constraints during tiems,
by the finite range of the actuators. This issue is partibularwhile the antiwindup dynamics are stabilized to zero, to en-
relevant for regulation problems in the presence of mageitu sure asymptotic regulation of the overall closed-loopesyst
saturated inputs. The dependence of the feedforward dontro By initializing the antiwindup dynamics at zero, the
action on exogenous reference or disturbance signals, coproposed design recovers the classical antiwindup feature
bined with input saturations, may reduce or invalidate thef preserving locally, that is, as long as the control does

regulation action of the controller.

not saturate, the unconstrained response, while it gusgant

Several solutions to the regulation problem for saturateglobal regulation through the stabilization of the antidp
linear systems can be found in the literature. Semiglobalynamics.
and global solutions to the regulation problem for satutate State feedback stabilization is a particular case of specia
null controllable linear systems are provided in [10], [6].interest of bounded regulation theory. Our general constru
[19], [3]. They rely on a low-gain approach [10], [6], [19], tion provides a new dynamical state-feedback global sta-
or on a predefined global bounded stabilizer [3]. A slowbilizer for saturated null-controllable linear systemdjioh
convergence rate to the desired output is the main drawbadifers from earlier contributions in the literature ([211.8],
of these constructions. Approaches that combine low-ga[@2], [5], [11], [25]). The proposed stabilizer has the adlva
and high-gain controllers [13], [14], [2], [24] take into tageous feature of allowing for an arbitrary state feedback
account saturation bounds while improving the convergendge the nonsaturated region of the state-space, augmented

rate.

with antiwindup dynamics that depend on a single tuning

A different perspective is provided by antiwindup methodgarameter.
(see for example [9], [20], [23]), which address constrdine The paper is organized as follows. In Section II, we trans-
stabilization through augmentation of the closed-loopesta form a state-feedback unconstrained regulator into arr-erro

by way of the so-called “antiwindup dynamics”. Antiwindupfeedback bounded regulator by introducing and decomposing
methods secure a controller that performs well in the atan observer/dynamic controller. An antiwindup schemes is
sence of saturation (the so-called “unconstrained cdetil provided in Section Ill, for null-controllable saturateéddar
against performance degradation in the presence of inpsiistems. The approach directly applies to observer based

saturation. They do so by “storing” in the antiwindup statestabilizing controllers. In Section IV we extend the anti-
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windup design to closed loops for which a predefined error-
feedback regulator is provided. The design is illustrateco

Pl controller. In Section V we show how to transform a state-
feedback unconstrained stabilizing controller into a Isagd
(global) stabilizing controller. The design is illustredten a

triple integrator. Conclusions follow.
Notation: For a given vectors, s; denotes theith element of
s, |s] = VsTs, and |s|« = max;(|s;|). For any given bound



M € Rsq, the saturation function oy @ R" — R® satisfies
o (s) = [min(M,[s1) 2k - min(M,|snD)1221 |7, for eachs € R™.
o(u) denotes the saturation function witf = 1. o (u) = u for
eachu € R". dzy denotes the functiodza (u) = u — on (u).
Matrices are denoted by capital lettets, denotes the identity
matrix of dimensionn. For simplicity of the exposition, the main

quantities adopted in the paper are summarized in the nibe. ta

Symbol Meaning
x controlled plant state
w exogenous system state
= (z,w) aggregate state
£=(2,0) observed states

unconstrained states
Caw = (Taw, Waw antiwindup states
y,7,d output, reference, and disturbances
e mismatch between output and reference
u control input
v= (v ) v,e,vaw  OULPUL injection

ne = (xnmwnc)

A, S, B,C,W,Q plant and exogenous system matrices|
A B,C extended system matrices
LT solution of the regulator equation
K, L control and observer gains

Il. A GENERAL ANTIWINDUP REGULATOR

We introduce the notation used in the paper by recallin
the formulation of an observer-based regulator for the un-

constrained regulation problem [7M = o). Consider the
saturated linear system

& Az 4 Bopy(u) + Ww )
y Cr

wherez € R", u € RP, y € R? andw € R is an exogenous
signal. Following [7, Chapter 8] and [3], we assume that
is generated by a neutrally stable exogenous system

Then, assuming detectability of the pai€’, A), global
exponential stability of the mismatch— ¢ (for any input
u) is enforced by the output injection

v = Z(Ué —e) (7)

with A + LC Hurwitz. Finally, for M = oo regulation is
achieved by selecting the control inputas

a(f) =To + K(z — TIo) (8)

where K guarantees thgtd + BK) is Hurwitz. Explicitly,
usingdz = & — Il& and o (u) = u, we have

bx = A+ Wo + Ba(i,&) — TISG + v@) 4+ Tp®)
=(A+BK)éz+v® + Wo) + [Allo+ P+ BT o —T1SQ]

9)
Regulation ofz to Ilw is ensured by the convergence of
to &. In fact, (9) is input to state stable (ISS) and its state
converges to zero as the inputconverges to zero.
In order to account for the saturation constraint K o),
we decompose the observer dynamics ifte= &, — £aw
whereg,, = [«T, »7.]" and&q, = [«7, w7, |7 are, respec-

ively, the unconstrained and theantiwindup components.
heir dynamics are given by

énc = Zgnc + Eu + Upe
gaw = Zgaw + E[u - UI\I(U)] + Vaw (10)
u = O‘(&nc)
wherewv,,. andwv,,, are output injections that must satisfy
V= Une — Vgw (12)

to preserve the convergence betwger &, — q andé.
In what follows we characterize explicitly,.,, while v,,.. is

w = Sw (2) implicitly defined through (11) and (7).
ro= Qu The rationale for the design of the antiwindup is as fol-
with § = —S7 (skew symmetric). We consider the goal oflOWs. Forva, =0, u = a(&x.) regulates the unconstrained
asymptotically stabilize the regulation error dynamics towards the desired output while the mismatch
betweens, . and&, caused only for large enough transients
e=Cr— Qu. 3) by the presence of saturation, is stored within the state

The unconstrained regulator is obtained when a solutidry

exists to the regulator equations

IS Al + BT + W
0 CII - Q.

(4a)
(4b)

which, following [7, Chapter 8], guarantee respectivelgtth
the setZ = {(z,w) € R" x R™ |z = [lw} is invariant for
(1),(2), and that = 0 for each(z,w) € Z. The controller is
formulated by introducing the observer

Az + Boyr (u) + W + v®)

S+ vle), ©)

[SET I

that is compactly rewritten as

AE 4+ Boy(u) +v
¢

51, B

> M.

(6)

= (@)
A=[} =[5, C= o)

[c-@Q],wv

:{ }

» Of the antiwindup dynamics. Therefore, regulation of
the saturated closed loop is achieved by stabilizfng

to zero. Designing the stabilizer,,, to guarantee global
regulation can then be stated in terms of the overall dynsmic
(1),(2),(10),(7), whose state {§, &ne, Caw), With € = (2, w),

as the goal of stabilizing asymptotically the set

A= {(gagncagaw) ([ ]7[ ]’O)}' (12)

A block diagram of the closed loop is shown in Figure 1.

It is evident that whend is a Hurwitz matrix,v,, =
0 guarantees regulation: convergence betwéeand ¢ is
ensured byv, from any initial condition and control signal
u; assuming|Tw| < M (feasible feedforward term) and
initializing wqw = 0, we have thatu,,(t) = 0 for ¢ >
0, (Zne,wne) converges to(Tlw, w), and the control value
u = (&) eventually enters the saturation bounds; then, the
mismatch dynamics of,,. — & = x4, becomet,, = Ax g,
which converges exponentially to zero.

ITw
w

TTw
w



[8, Lemma A.1], which establish forward completeness of
the solutions tax; for any bounded; ().

A similar inductive argument proves the case of real
Jordan blocks with imaginary eigenvalues. We show only the
base case. Consider the subsystgre= [ ) §] z; — po(z;)

where nowz = [z« =s]" € R2 Take the function
Eig. 1.StAnti6\3/;indlép r(te_gglaéion for saturatted rEJII-contaﬂllIe linear systems: V; = %ZlTZz Then,V; = —po‘(zi’a)zi,a — po’(zi7b)zi,b which
nconstrained andantiwindup components(= |zne — Iwnel). establish GAS of the zero state. [ ]

1. M AIN RESULT
When A is not Hurwitz (or for initial values ofu,,, # 0),

Va1 1S USed to enforce asymptotic stability of the antiwindup Qutput fegdback global TeQU'at.'O” of saturated ngll-
dynamics. One may further wish to injectarrection signal conf[rollable linear systems is achieved by the following
¢ with the goal of modifying the unconstrained referencges'gn' ) . - N

dynamics to improve the transient behavior of the cIoseEi Theorem 1. Consider a m|n|rr_1al real|zat|ohA,B,Q) Qf
loop in the presence of saturation. A simple desigrufgr is 1) and suppose that all the elgepvalues,ébfn (1) I|e. n
based on the next lemma, which will be used in next sectiotrqe_dosfed left-half plane. For a givén< p < 1, consu_:ier

to achieve global regulation for null-controllable system an invariant sef? such that for eackv(0) € (2 the solution

: . to (2) satisfieslTw(t)| < pM for all ¢ > 0 (feasibility of
Lemma 1: Suppose thatl has no eigenvalue on the open . .
right half plane. Consider the transformatidh such that the feedforward term). Consider gaiASsuch thatd + BK

J — T-1AT is a matrix in real Jordan form. Then theis an Hurwitz matrix. Finally, consider a transformati@n

_ -1 ; i
systemi = Ax + ¢ is globally asymptotically stabilized at _Sl_l:]Ch th?t‘]“‘ =T }L\lf IS a T;]atnx n r;e;l Jo(r)dar]lf_fqrmﬂ
7610 byq = —pTo(T—1z), for any givenp > 0. en, givenany < M < oo, there existd; > 0 sufficiently

Proof of Lemma 1. Consider a coordinate transformationSmall such that, for ang, > 0 andy > 0, the selection

x =Tz such thatJ = T—'AT is a matrix in real Jordan —k1To(T  wq0)
form, that is, whose Jordan block$? have either the form Yaw = —ko0(Waw) (14)
Al DI C u = alne) = Twpe+ K(xpe — Hwpe)
N or b L | b= { -0 A } ensures global asymptotic stability gff in (12) restricted to
A D w € Q for the dynamics for (1),(2),(10),(7),(11),(14).

Using the coordinate transformation,.r.ewrite tlhe sysiem The design of Theorem 1 is an antiwindup design in the
Az +q asz = Jz — po(z). The stability of= is analyzed fo|lowing sense: for feasible feedforward teriiv(t)| <
by looking separately at each subsysteffl = J=() — 11 the regulator (7), (10), (11), (14) provides a solution to
po(z") associated to théth Jordan block. the bounded regulation problefd < M < o). Initializing

If J) has eigenvalues with negative real part, the inpuhe antiwindup dynamics at zero, the regulator preserves
—po(z(")) improves the speed of convergence to zero, prgocally, that is, as long as; (u) = u, the responses induced
serving the stability for any givep. Suppose that/) has on the plant by the unconstrained controller (7), (5), (8),
real eigenvalues at zero. Using) = [z1,...,2,]7, we have hile it guarantees global regulation through the stadiien
of the antiwindup dynamics.

T :pa(zlg i 2 Remark 1. The terms—kiTo(T  24.,) and —keo(wWaw)
2= polz2) + 23 (13) in (14) can be replaced by—kiTo(yT ‘z,,) and
. —koo(ywaw ) With v > 1 to improve the convergence to zero
2, =  —po(zn) -
near the origin. a
where we neglected the indéstor simplicity of the exposi- ~ Remark 2: Theorem 1 applies to (possible unstable) plants
tion, andv is the dimension of the Jordan blogk?. of the form

Asymptotic stability of the system above is established by
induction.e As a base case consider the subsysigngiven
by the z, dynamics. Take/, = 5z thenV, = —po(z,)z,  provided thaty(y)|-, < 6N, for some0 < & < 1, and that
which establishes GAS (and LES) af = 0. ¢ Suppose now 3 = Az + Boy(v) is an null-controllable system. In fact,
that the subsysterx;,,, whose states ar€;;1,...,2,) the precompensation = u — 1(y) transforms (15) into (1)
is GAS at0. SinceX;, : (zj4+1,...,%) IS the cascade of with M = (1—0)N. N
Yjt1p @and X Z; = —po(z;) + zj+1, we prove GAS of  Proof of Theorem 1 (sketch): We use the subvectors®),
¥, by showing that; is GAS and its solutions are forward (%) of dimensionn, and v(“), v\) of dimensionm, to

. . . . 1 ® (@

cor_nplete_[l_?]..To this aim, consider the functidh = 527 genotey — [58} andu,, = [U(é;% }
which satisfied/; = —po(z;)z;+2;2;+1. Then, forz; 11 =0 aw
¥, is GAS at zero, while/; < 27 +23,, <2V;+27,,, that

& = Ax + Bon (V) + B (y) + Ww, N € Rsg, (15)

(i) The dynamicse. = z,. — Ilw,. converges to a ball
J H By x By max max
is, V;(t) remains bounded for any bounded signal,(t) of radius Mple)] for X = dmetD) V imin((zlj))' In fact, v




converges to zero (by construction), and there exists-  overall closed loop. For example,(ﬁu) = —koo(waw) + ¢,

sl Pz, P = PT > 0, such that for any) < § < 1, ¢ = —ks|dz,n (Twpe)|wne, k3 > 0, enforces a dynamical

) , Neae(P) 1 (2) shift of the exosystem solutions whenever the feedforward

V< =dlze? i fae| > 2 (jogw [+ [0 |+ [TTo™)]).  constraintpM is violated. In fact, from the assumption on
16)  the feasibility of the feedforward terfiw(¢) in Theorem 1,

(if) wne asymptotically converges t@. Considerow = i |Ty,,.| > pM thenw,. is certainly an inaccurate estimate
Wne—w. FIOMwgy = wne — @ = 0w + (w — @), we get of w. A fast correction of this estimate is one of the goals
Sw = Séw— feao{Wa) + v a7 of the antiwindup scheme. For e_xample, the _estimation of an
= S6w — koo(dw + (w — @) + v, unknown constant disturbance in Pl regulation may exceed

the control authority, in which case the closed-loop dyrami

that is, an exponentially stable linear dynamics forced byyould benefit from an immediate reduction of the estimated
w— & andv@), both converging asymptotically to zero (by disturbance.

construction). r
(i) From (i) and (i), for any initial condition

(£(0), £0e(0), €4 (0)), there existt > 0 and (a sufficiently IV. ANTIWINDUP ON PREDEFINED REGULATORS

small) k; > 0, such thatu(t) — o (u(t)) = 0 for all t > 7. The error feedback antiwindup regulator of Section II

In fact, from (115\54)61£1‘)1), and from the fact thatonvergesto and Il is based on the decomposition of an observer into

0, taking k1 < === wherep)M is the bound orilw(f)|,  unconstrained and antiwindup dynamics. In this section

we getV < —6|az.|? for |z.| > k“‘figp)|/€1|- Thus, from We apply _the decomposition directly to an_error-feedbac_k
unconstrained dynamic regulator, thus showing the patenti

(i), z. converges asymptotically to a ball radiokis;. Since o~ ) )
ey < M(1-p)" there exists a timé > 0 such that of the antiwindup approach on predefined unconstrained

K1 controllers.
lu(®)] < [Tw(®t)|+ |K(xne(t) — Hwne(t))] (18) For the plant and the exogenous system (1), (2), (3),
< pM +|K|\ky < M for eacht > 1. suppose that the dynamic controller
(iv) For u — ap(u) = 0, &4 cONverges asymptotically n = Fn+Ge (19)
to zero. In fact, £|wl? < 71llaw|® + Y2ldzar(u)]? + w = Hn,

73lkz|?, for some~yi,y2,73 > 0, which establish forward \here 7 has no eigenvalues with positive real parts, is
completeness by [8, Lemma A.1]. By forward completenesg,, error-feedback regulator fa¥/ = co. The antiwindup

the fact thaw converges td), and eventually: —on(u) =0, yegulator is then constructed by introducing an antiwindup
&aw 1S GAS. In fact, it is the cascade of two asymptotlcallyaugmemaﬂOn for (1), (19) and by modifying the intercon-

stable systemsz,., satisfiesg;wi, waw = ~2k204,0(Waw),  nection between plant and controller, as follows:
andzx,,, asymptotically converges to zero by Lemma 1 (for
Waw = 0). Taw = Axgw + Blu—op(u))+ USZJ)

For w € Q, (i)-(iv) guarantee global asymptotic con- Naw = Faw + GCZauw + o$m (20)
vergence to the sefd. In fact, if &, converges to zero n = Fn+G(e+ Crayw)
then, from (16), alsox. converges to zero. Global con- u = Hn+ Naw)

vergence and local exponential stability (near the origin . _ )
(1),(2),(10),(7),(11),(14) is a linear closed loop) gudes In fact, con5|der|rlg the coordinate transformz(;ljtlon
that A restricted tow € Q is globally asymptotically stable. (Zne, Taws fncy Naw) 1= (2 + Zaw, Taw, Nnes Nlaw), 8N

n usinge,. = Cxpe — Qw = e + Cxyqy, We get

Remark 3: Replacing the vectowé”f,} =~k To(T  24)

. () . Tne = Axpe+ Bu+Ww+ Ut(li,)
in (14) by vgyy = — ma?c(k3|:vnc — Hwnlc |., k1) To(T :vaw-) fine = Fine + Geno + v((ﬂg
still guarantees regulation (féx , k3 sufficiently small) while . _ 4 Blu — (2) (21)
extending the control authority of\) for large feedback aw = Azew + Blu UM(%% + o
errors|z,. — Iw,.|. This improves the stabilization to zero Naw = Fnaw + GCTaw + Vaw
of the antiwindup dynamics. g u = Hipne
Remark 4: The vectorn') = —k20(waw) Of V4w In The-  which characterize a system having the structure of (10).

orem 1 asymptotically stabilizes the antiwindup subsystem For the analysis of the closed-loop system, the contrgller
Waw Whenw,,,(0) # 0. In fact, for .., (0) = 0, selecting is now replaced by),. which drives an unconstrained plant
vfﬁu) = 0 still guarantees regulation, sinee— o), (u) does in feedback from the errot,,. = e + Cz,,. Following [1],
not enter directly thev,,, dynamics, which remains at zerothis allows the controller to take into account saturations
for all ¢ > 0. effects when it computes the update of its stagg. may
The stabilizing role ofvfﬁu) can be generalized by addingrequire a transient control action very different from the
a correction term to it in order to modify the trajectories actual saturated control input applied to the plant. The
of &,. (stored in¢&,,, which is temporarily driven away induced excess of saturation is stored in the antiwindup
from zero), to improve the transient performance of thelynamics. Then, following Theorem 1, itis possible to desig



Vaw = (vfﬁu), vfﬂg) to stabilize(z ., 74w tO Zero, recovering

regulation.
Remark 5: The proof of Theorem 1 is adapted as follows.

The dynamic controller (19) guarantees that= [ 4t 5]

is Hurwitz and that there exists matricHsand X such that
All+BH+W —11S =0, CII-Q = 0, and X+ GCTI —
GQ — XS = F¥ — XS =0, [7, Chapter 8]. Therefore,
following the approach of Theorem 1, = (véﬁ,vé’]ﬁ)
stabilizes the (error) closed-loop dynamics given ay=

[””"“_H“} and&,,, = [72“ ], corresponding to:

Nne— 2w Naw
. 56 = J% —; /an B 10 20 . 30 40 50 7300 10 20 . 30 40 50
= U — opr(u v
gm‘fj B [S‘GC Pl &aw +[5]( 01 (1)) + +Vaw (22)  Fig. 2. UP:w,.; from 1 to —1, BOTTOM: w,..; from 4 to —4. Red
W= w line - no AW, black line - AW, dashed line - aw statey, = 0.5.
u = HXYXw+[oH]E

By assumptions, Lemma 1 applies §9, = [dh 91w +
vaw (F has no eigenvalues with positive real parts). .

Example 1. Consider the speed regulation problem of th
following simple motor model

null-controllable linear systems. For the case when thee sta
of the plant is available, the observer (5) is no longer ndede
%o achieve stabilization, and a straightforward applaanf

the proposed framework brings new insights on the clas-
w = —11 + o(u) (23) sical problem of achieving global asymptotic stability fwit

. . . bounded state feedback [21], [18], [22], [5], [12], [11]5]2
Whgrew Is the speed of the motod, IS the Input torque andl This problem has been long studied since the early paper
71, is the constant load torque. Without saturation, regu1at|o[16] where it was shown that global bounded stabilization

of w 10 the reference speeduwr., is achieved by the Pl i o pievaple if and only if the system is null controllable

controller u = —ky(w—wyes) + T with bounded inputs. Moreover, all the solutions providesl a
A —kj(w _ w::;). (24) necessarily nonlinear due to the result of [4] establistiirag
] global stabilization of a triple integrator cannot be aubik
We considerk, = 2 andk; :Ml- . by a saturated linear state feedback.
We assume thalr,| < 5 = 5 and we propose the " piterently from state-feedback results available inrlite
following antiwindup modification of the PI controller. ature, global stabilization is achieved here with a dynamic
Uaw = u—o(u)—+ o) state_-feedback, the antiwindup dynamics._lndeed, e_1rr_arjzait
Fow = —kithaw + U((lzj) nomlna.ll contrqllem = Kuxis aggmented Wlth an antiwindup
Fo= —hg(w + Waw — Wrey) (25)  dynamics which store transiently the mismatch between
B ! aw — Pref the unconstrained and constrained dynamics. We emphasize
u = —kp(w+ waw — Wrep) + T + Taw

that the stabilization of the antiwindup dynamics is not
where vl = —X\; max(1, |7 + Tau|)o(ywew) andvl) =  constrained by the control directions given by the matrix
—X20(v7aw) +c. Because the integral part of the PI control isB, which allows for a simpler global stabilizer, as show in
directly connected to the load torque estimation, we carsidLemma 1. As a consequence, instead of relying on a low
the correctionc = _)\3|dz%(|7'nc|)7'nc which dynamically gain stabilizer by nesting of saturations [21] or by summing
limits the estimationr,,. = 7 + 74, Of the torque within them [18], the proposed approach uses a simple low gain
[_%7 %]_ Finally, the setup of the gains follows Theorem 1jnjection on the whole state vector dynamics. Finally, the
with A; = 0.5 (sufficiently small),\» = 5, A3 = 5, and overall closed loop is stabilized indirectly by the comltioa
v = 10. of this global stabilizer of the antiwindup dynamics and a
A comparison between the two controllers is in Figuresuitable modification of the nominal controller fram= Kx
2. The effect of small saturation transients is reportedhan t into v = K (z + Taw)-
upper row: torque load;, = 0.5 and initial referencev,..; = The details of the construction are as follows: consider the
1. After 20 secondsw,.; switches to—1. Large saturation stabilization problem of (1) fow(t) = 0 for all ¢ > 0, and
transients are reported in the bottom row. For a constagensider an antiwindup dynamics given by, = Azg. +

load of 0.5, we consider an initial referenae,.; = 4, that B(u — on(u)) + vaw. Using the coordinate transformation

switches to—4 after 20 seconds. 3 (@ne, Taw) = (T + Zaw, Taw) We get the equivalent system
V. GLOBAL STABILIZATION WITH Tne = AZpe+ Bu+ vgyw (26)
BOUNDED CONTROL REVISITED Taw = ATgw + B(u— op(u)) + vaw-

Bounded regulation by error feedback entails bounderom Theorem 1 we obtain the following result.
stabilization by output feedback. Therefore, Theorem ¥-cha Corollary 1: Consider a minimal realizatiopd, B, C') of
acterizes a global output-feedback stabilizer for sadarat (1) and suppose that all the eigenvaluesAoin (1) lie in



the closed left-half plane. Suppose= 0 and consider a
transformatiorl” such that/4, = T-'AT is a matrix in real
Jordan form.

regulator problem suggest that the proposed approach is
valuable even in standard bounded regulator problems. When
the state of the plant is available, the proposed approach

Then, for any givenk such that{ A + BK) is Hurwitz, and

provides also a new global asymptotic stabilizer for sagara

for any 0 < M < oo, there exists a sufficiently small gain null-controllable linear systems, as shown in the staduiion

k > 0 such thatve, = —kTo(T '24,) andu = K.
(= K(x 4 z4w)) globally asymptotically stabilizes (26)..

of a triple integrator. Finally, the results reported in J[15
suggest to investigate extensions of the proposed antiysind

Clearly, asymptotic stability of (26) entails asymptotia-s approach to classes of port-Hamiltonian systems.

bilization of (1). Corollary 1 guarantees global asympoti
stability for any arbitrary linear controlle = Kz, by

a simple tuning of the scalar parameter Beyond its
simplicity, a particular (antiwindup) feature of the desiig
that it guarantees global stability while preserving lcal
the performance of the predetermined linear controllee Th
proposed approach is illustrated on the stabilization apéet
integrator in Example 2 below.

Example 2: Consider the stabilization problem of a sat- [4)
urated triple integrator. The dynamics is given by =
Az + Bo(u) with A = §§(1) , B = Ef) . The controller Bl
u = Kz locally stabilizes the system using the LQR gains
K = [-32-4.3 -29]. The eigenvalues ofA + BK) have
real part smaller thar-0.5.

Introducingx,., and using the coordinate transformation
(xncaxaw) = (x+xaw7xaw) we geti'nc = A:Enc'i_Bu'i"Ut(zfu)a
Taw = AZgw +B(u—a(u))+v§f,}. The control input is then
selected as = K, = K(z+x4, ). Finally, the antiwindup
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stabilizerv!?) is given byv') = —ko(y2ae), with &k = 0.5 [10]
and’}/ =10. [11]
Simulations in Figure 3 show the casg=[0105]. Re-

i i [12]
call that, according to [4], no saturated linear controian
globally stabilize the triple integrator, so it is not susamng
to see nonconverging red curves in Figure 3. o [
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Fig. 3. Control of a saturated triple integrator. Largeiahitconditions.
Red line - no AW black line - AW, dashed line - antiwindup state. [22]
VI. CONCLUSIONS [23]

The paper proposes an antiwindup approach to the con-
strained output regulation problem: the unconstrained cof?4]
troller dynamics is augmented with an antiwindup state that
transiently store the mismatch between the constrained ard]
the unconstrained dynamics. lllustration on a standard PI
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