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Less Conservative Antiwindup Synthesis for Time
Delay Systems

Vinicius BINOTTI and Fernando Augusto BENDER

Abstract—In this paper we address the problem of syn-
thesizing a static antiwindup compensator for linear systems
with saturating input, and input and state delays. Based on
the use of a Lyapunov-Krasovskii functional, a generalized
sector condition and the Finsler Lemma, we propose Linear
Matrix Inequalities (LMI) conditions for the synthesis of a static
antiwindup compensator that guarantees local (regional) input-
to-state stability, as well as asymptotic stability of the closed
loop system. The computation of the antiwindup compensator is
carried out from the solution of a convex optimization problem:
the maximization of the £2-norm upper bound on the admissible
disturbances for which the system trajectories are assured to be
bounded. A numerical example illustrates the effectiveness of our
methodology, which advances the previous related works towards
less conservative results.

Index Terms—Antiwindup, Time Delay, LMI, Continuous
Time

1. INTRODUCTION

HE antiwindup compensation is a well-known and ef-

ficient technique to cope with undesirable effects on
performance and stability which are produced by actuator
saturation in control loops. The first results regarding the
design of antiwindup compensators were motivated by the
degradation of the transient performance induced by saturation
in feedback control systems containing integral actions [1], [2].
More recently, the antiwindup problem has been considered in
a formal context and a large number of systematic synthesis
methods have been proposed [3], [4], [5]. In particular, some
of them are based on Linear Matrix Inequalities (LMI) (or
almost LMI) conditions [6], [7]. The advantage of the LMI-
based methods lies in the fact that the antiwindup design can
be carried out by solving convex optimization problems. In
this case, different optimal synthesis criteria, such as the Lo-
gain attenuation or the enlargement of the basin of attraction,
can be directly addressed in an optimal way.

Besides the actuator saturation, it is well-known that time
delays are present in many control applications and are also
source of performance degradation and even instability [8],
[9]. However, most of the antiwindup design methods deal
with only undelayed systems. The antiwindup compensation
for time delay systems, was addressed, for instance, in [10],
[11]. In [10], [12] plants subject to input and/or output delays
are considered. It should be pointed out that these results apply
only to stable open-loop systems and that the approach does
not consider systems presenting state delays. In [13], [11],
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LMI approaches to synthesize a stabilizing static antiwindup
compensator for such systems have been proposed. Differently
from the classical objective to recover performance, they use
the antiwindup compensation to enlarge the region of attraction
of the closed loop system. In particular, the action of distur-
bances and closed loop performance issues are not considered.
The dynamic antiwindup synthesis for state-delayed systems
has been recently addressed in [14], [15]. The approach in
[14] is based on congruence transformations, similar to the
ones proposed in [16]. From a Projection Lemma approach, it
is shown that the synthesis of a rational compensator can be
carried out by LMI conditions [15].

Recently the work [17] has proposed LMI conditions for
synthesizing a static antiwindup compensator that assures the
closed loop stability for systems with time delay in both input
and state, without considering the presence of disturbance
of any type on the system. The matrix representation of
the existence conditions of an antiwindup compensator is
obtained by augmenting its dimension through the insertion of
a redundant signal (first order time derivative from states), and
then associated with a Finsler multiplier. In fact the applied
technique implies forcing almost all of many elements of the
Finsler multiplier to be zero, which adds great conservative-
ness to the results. In [18] a static antiwindup compensator
on a delay independent framework was proposed. This means
that the delay can be arbitrarily long. Once the LMIs are
feasible, the resulting antiwindup compensator assures the
closed loop stability. The main drawback of this framework is
on the strength of the assurance, leading usually to an under
performing result when it exists. Yet later, in [19], a dynamic
antiwindup compensator on a delay dependent framework was
proposed. The advantages of a dynamic compensator reside on
the additional freedom degrees of the compensator to better
adjust the performance. The drawback resides on the imple-
mentation cost of memory-based antiwindup compensation.
In some applications as Active Queue Management (AQM)
for Transmission Control Protocol/Internet Protocol (TCP/IP)
Routers, the router processor is already busy with packet
routing and filtering, and thus it becomes prohibitive.

The present work proposes the synthesis of static anti-
windup compensators for input and state delayed systems,
with saturating input and subjected to Lo-norm bounded
disturbances. The proposed synthesis method exceeds the
ones proposed in the literature so far in being less con-
servative. This is achieved by redundantly representing the
closed loop system, equivalently representing its Lyapunov-
Krasovskii derivative with the usage of Finsler Lemma, and
carrying out the development of LMI representation preserving
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the freedom of its multipliers. Beyond the conservativeness
criteria, in a direct comparison with [17], we consider Lo-
norm bounded disturbances. Compared to [14], [15] and [18],
our framework is delay-dependent, which suits best systems
with time delays which are not indefinitely long. Compared to
[19], we propose a static antiwindup compensator, which as a
matter of implementation is memoryless, thus demanding less
resource than the dynamic one proposed in prior studies.

This paper is organized as follows: in Section 2 we present
formally the problem under study. In Section 3 we present
the lemmas and definitions used all over the development. In
Section 4 we ennounce and prove the main theorem of this
work. In Section 5 we illustrate the result with a numerical
example of interest. Finally, Section 6 casts the concluding
remarks of this work.

2. PROBLEM STATEMENT

The following notation is used - For two symmetric matrices,
A and B, A > B means that A — B is positive definite. A”
denotes the transpose of A. A(;, denotes the it" row of matrix
A. x stands for symmetric blocks. I denotes an identity matrix of
appropriate order. A(P) and \(P) denote the minimal and maximal
eigenvalues of matrix P, respectively. C, = C([—7,0], ®") is the
Banach Space of continuous vector functions mapping the interval
[-7,0] into R™ with the norm || ¢ |lc= sup || o) |

—7<t<0

|| - || refers to the Euclidean vector norm. C; is the set defined
by C7 = {¢ € C+;|| d|le<wv, v > 0}. For v € R™, sat(v) :
R™ — RN™ denotes the classical symmetric saturation function
defined as (sat(v))u) = sat(vy) = sign(vy) min(uee), [ve ),
Vi = 1,...,m, where u,;y > 0 denotes the ith magnitude bound.
blockdiag(---) is a block diagonal matrix whose diagonal blocks
are the ordered arguments. He{A} = A+ A7,
Consider the following plant model

&(t) = Ax(t) + Agz(t — 7) + Bu(t — 7) + B,w(t)
y(t) = Cya(t) (1)
2(t) = CLx(t) + D,u(t)

where vectors z(t) € R”, u(t) € R™, w(t) € N, y(t) € NP,
z(t) € R are the plant state, input, disturbance, measured
output and regulated output, respectively. The time delay 7 is
assumed to be constant. A, A4, B, B, Cy, C, and D, are
matrices of appropriate dimensions.

The plant inputs are supposed to be bounded as follows

—Uo;y S UG S Uoys Uoyy >0, 1=1,....m (2)

The disturbance vector w(t) is assumed to be limited in energy,
that is, w(t) € L2. Hence for some scalar §, 0 < % < 00, the
disturbance w(t) is bounded as follows
e 1
(ol = [ i) < ; G)
0

In order to control plant (1), we assume that the following
controller has been designed for stabilizing the system disre-
garding the control bounds given in (2)

Go(t) = Aewe(t) + Acqze(t — ) + Beuo(t)

Ye(t) = Cowe(t) + Deuc(t) )

where x.(t) € 1", u.(t) € R and y.(t) € R™. Matrices A,
Ac,d, Be, Cc and D, are matrices of appropriate dimensions.
The nominal interconnection of controller (4) with plant (1) is
given by u.(t) = y(t) and u(t — 7) = y.(t — 7). Because of
the control bounds, the de facto control signal to be injected
in the system considering the controller output y.(t) is

u(t — 1) = sat(y.(t — 7))

To mitigate the effects of the windup caused by saturation,
we add to the state of the previously designed controller an
antiwindup signal, thus the controller ends up being described
as follows

Te(t) = Acwe(t) + AC,dxC(t —7) + Beue(t) + Ec(yc(t))
Ye(t) = Cexo(t) + Deoue(t)
(5
where
V(ye(t) = sat(ye(t)) — ye(t)
w(yC(t - T)) = Sat(%(t - T)) - yc(t - T)

Comment 1: This paper copes with for antiwindup syn-
thesis, and we are not concerned with the computation of
nominal controller (4). We assume that it has been previ-
ously computed and it would ensure the global asymptotic
stability of the closed loop system (1) under the connection

u(t —7) =y (t — 7).

3. PRELIMINARIES

Through the following matrices

_ A 0 _ Ad+BDcCy BCC
A=\p.c, 4 | M= 0 A
B B,]: [0 3
]B_ 0 :|7Bw— 0 :|’I_|:Inc 7]D)Z_Dz
C.=[C.+D.D.C, D.C.],K=]D.C, C.]

the closed loop system can be represented as follows

§t) = AL(t) + Add(t — 7) + IE(ye(t))
+BY(y.(t — 7)) + Bow(t) (6)
(1) =

C&(t) + Db (ye(t) + D2 ww(t)
where £(t) = [ #(t)” 2.(1)T ]" and y.(t) = K&(1)
The initial condition of system (6) is denoted by function
¢¢, defined in the interval [—7, 0], that is

¢e(0) = [ x(0)" z(0)" ]
[ 62(0)" 6..(0) |7, V6 € [—7,0],
(to, 6¢) € R¥ x C?

T

Considering matrices G, G, € gRmx(n+ne) and the sets

S(uo) = {f(t) € Rtne;
(K@) + G@)E()] < wog,yri =1,
Sr(uo) = {f(t —7)€ Rrtne.
(K i) + G JE(E = T)| < ttog,ysi =1,

.m)

,m}

we can define now the following lemmas which shall be used
along our development.
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Lemma 1. Generalized Sector Condition [20]: If £(t) € where
S(uo) and £(t — 7) € S;(uo) then the relations

Gye ()T ((ye(t) — GE®)) <0 o TQ-Fn - Fj
D(ye(t = )T (lye(t — 7)) — GoE(t— 7)) <0 P— B+ (A+ o) Fl — F,
—F31 + Fiy

are verified for any diagonal positive definite matrices T', T, € -~ - ~
—Fuy = AGFY + )

pmxm = ~ S~
—Fs51 + ETTTF]
This Lemma is used as a S-procedure to reduce the con- —Fy +BT Fﬂ
servative of the results. It restricts the solution search from . Fn 4+ BT FlTl
R"F7e to a subset where the condition of this lemma is valid. 0

Lemma 2. Jensen Inequality[21]: For any scalar T > 0, pos-
itive definite matrix @ € R™*™ and function z : [0, 7] — R™
such that the integral is definite, the following inequality holds: *

. - T R+ For(A+Ag) — Foy
T > T ( z

T/O 207" Qa@)i > [ a0 an) @ ( [ ao)ao Ot AT~ P
This lemma is needed to represent matricially our proposed _ Fm(A+Ag) - Fyp +tFyn

) iy ) Yo=| Fu(A+Ay) —Fp—AYEL + FL
synthesis conditions. Since we have cross product of closed 2 AR T 42 7 Ba 21 e 2
loop system dynamic terms within an integral, we need to TG +~F51(A + Aq) _~F52 _fg; I
properly separate them, and this is done through this lemma. E 61(A+ Aq) — Feo + B I,
Fri(A+Ag) — Fro + BLFY
Lemma 3. Finsler Lemma[22]: If there exist a matrix M € C

Rmxm g vector x(t) € R™ and a matrix B € RP*™ such - -
that x(t)TM,z(t) < 0,Vz(t) # 0| Bx(t) = 0 is verified, then
there exists a matrix F € R™*P such that

M, +FB+BTFT <0 x
~—R + Fgg + Fég
Fio — ATF] + F,

In other words, both statements are equivalent.

This is the main tool of our development, and its applica- Y3 = Fro + ETTT FTI
tion comprises its main contribution, which is reducing the T+ F c IB%% BT
cosnervativeness of the synthesis conditions e

' Fro + BLF]
4. MAIN RESULT - 0 -

We derive now a result for synthesizing a local stabiliz-
ing static antiwindup compensator. Consider the Lyapunov- _ -
Krasovskii candidate *

*

V)= & )TPE +ft LE(0)" Re(0)db 7
+f ft+0 TQf (B)dpdo —1Q - FnAy +F42 ATFL + F

Y4
where P = PT >0, R=RT > 0and Q = QT > 0 ¢ _F51Ad+F52+ETITF41
R(ntne)x(ntne) Then, the following theorem can be stated. —Fo1Ba + Frp + BT Fy
—FnAg+ Fro + BUEL
Theorem 1. If there exist symmetric positive deﬁnzte P, 0
R Q S §R(n+nf)><(n+nr) matrices F12, FQQ, Fgg, F42 S
§R(n+nc)><(n+nc) F52 F62: G G c pmx n+nc), F72 c

Rax(ntne) sealars ~, o, ¢, and structured matrices Fi1, Fo, _ -

Fg,1, F41 eR n+nc)><(n+nc) Fr1 F61 S %mx(n—&-nc) where : :
Flla 0 Bo— l:jma 0 * *
Py al,, |77 Foy, b, * *
Ao — Fgla 0 fo_ | Fia O —2Ta + Fy1E, .
BT B ol |0 T | Fay dI, . L ETITER
F51 - [ F51a elmxnc ] ) F61 = [ F61a fIanC ] o IR & —QT.,-Oé—i-
F1E.+ =
F71 [ F71a quch } aT = Hlm; T = erlm T T Fe1 B+
B Fs5, BT T
and parameters a, b, ¢, d, e, f, g, 0, 0, are determined a .61
priori, such that the following LMIs are verified FA1E. + BT ng ( g Z}ET )
) “ +B, g1
(21 % %3 %y ¥ %6 | <0 ®) L D, 0 i
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_ N .
* *
* *
* *

Y = * *
* *

( —I,+ Fn B, >
+BTFY
L 0 -1 |
P *
oKy + é(i) Cugu) ] 20 0= Lm ©)

P *
[ OéK(Z) +(~;‘r(7¢) w2 (10)

O(i)

1 >0,1=1,...,m

then there exists a static antiwindup compensator E, €
R™X™ qs in (5) which ensures that

1) The trajectories of the system (6) are bounded for every
initial condition in the ball

B(B) = {¢e € C2, |loell2 < Bo}

B
AMP) 4+ 72X(Q) + TA(R)

with § = p=' = (1/6)/a, p = (o, P = Pla, Q =
Q/a and R=R/a

2) [l2(t)[15 < 4V (0) + Zlw(t)]3

3) When w(t) =0, for all initial conditions belonging to

Bo =

Bl = {de € € loell? < o f and

!

MP) + 720Q) + TA(R)

the corresponding trajectories converge asymptotically
to the origin.

Ho =

Proof. Function (7) satisties A(P) [|€(1)]|2 < V(t) < (A(P)+
2MQ) + TA(R)) |||, and &; denotes the restriction of &(t)
to the interval [t — 7, t] as in [8]. Hence, if the initial condition
¢¢ € B(B), it follows that V' (0) < f3. Define now the auxiliary
function 7 (t) = V() — 2w () w(t) + L2(t)2(t). If T (t) <
0, it follows that

i T(t)dt = V() -
+1 [0

Thus, for any ¢ belonging to B(3), the above relation
implies that V(T) < V(0) + o~ Hw(®)|3 < B+ (1/8)/a <

V(O) L () w(t)dt

11
)Tz dt<0 (D

1~ Hence, from (7) the satisfaction of (11) implies that
ET)TPET) < V(T) < p~t, that is, for all T > 0 the
trajectories of the system do not leave the set e(P,u~t) =
{€ e Rt ()T PE(t) < pt} for all w(t) satisfying (3)
and any initial condition belonging to 5(f). Moreover, for
T = +oo, (1) yields [|2(1)[5 < Z [lw(®)]3 +~V (0).

Now, from Lemma 1, provided that £(t) € S(u,) and &(t —
7) € S;(u,) an upper bound for 7 (t) becomes

T () < E(6)T PE(t) + ()T PE(E) + &(¢ )TRf(t)

—€(t = )T RE( = 7) + 76T QE(H) + L2(1)Tx(1)

- ft T (9 TQ& )d9 - 27/’(%(75 - T))TTT¢(yc(t - 7_))
Y (ye(t)) TGE(L) + E() " GTTY(ye(t )
=20y ()T TY(ye(t) + Y (ye(t — 7)) T G-E(t - 7)
HE(t = )T CT T (ye(t — 7)) — qw(t) w(?)

Applying Lemma 2 on the 1ntegral term on the right side of

the above inequality and defining j; LE(0)do = &(t) — &(t —
7), we have
o TQf (0)do < -
T Ty t g
(ft (o))" L (J)., é0)a0)

Thus, we have

(ft Td@) 1Q (ft; g’(e)do) _—
(60 — &t =) +Q(EW) — &t — 7))
and J(t) becomes bounded by

J(t) < EMTPEL) + E(0)TPE(t) + (¢t ) R¢(t)
—&(t — )T RE(t— 1) + TE(H) T QE(H) — ( )Tw(t)
—(&() =&t —7)" 2 Q(E() — &(t - T)) + 2207 2(t)
+"/’(?/C(t))TTG§(t) — 2¢(y(t - T))TT‘rw(yC(t - 7))
—=2¢(ye(t) " TP(ye(t) + P (ye(t — 7)) T-GE(t — 7)
HE(t =) GT T (ye(t = 7)) + E(OTCTTY(ye(?)

with a vector 7(t)

[0 @) €t—n)" (&) — &t~ TT))T
- Py Plyet =) w®)” ]

Since we want to ensure J(t) < 0, it suffices ensuring its
upper bound as negative definite. Once we can matricially
represent it as 7(t)TM;n(t) < 0, we now look forward to
ensure M < 0. M; is given as follows:

7Q 0 0 0 0 0 0
P iR 0 0 0 0 0
0 0 —3R 0 0 0 0
0 0 0 —-3+Q 0 0 0
0 TG 0 0 -T 0 0
0 0 T,G. 0 0 -7, 0
. 0 0 0 0 0 0 -1, |
+(x) +3C7C,
whereC,=[0 C. 0 0 D, 0 O]

We now apply Lemma 3, which shall reduce greatly the
conservativeness of our condition M; < 0, for as we do
not want to ensure M; < 0 for any 7(¢), but only for the
de facto trajectories of the closed loop system (6). Thus we
define matrix B as

- A+A; 0 —-A; 1IE. B B,

2
5= 0 —I I I 0 0 O



and from Lemma 3 we now look forward to ensure M; +
FB + BTFT < 0. We choose F to be

. . ,i=1,...,7

and we can write FB as

[ —Fi1 Fu(A+Ay) —Fio Fio —FinAg+ Fio
—Fy1 For(A+Ag) — Fay Fhy —FpiAg+ Fo
—F31 F31(A+Ag) —F3p Fzp —F51Ag+ Fao
—Fy Fu(A+Ag) — Fio Fio —FulAg+ Fy
—F51 Fsi(A+Aq) — Fso Fso —Fs1Ag+ Fry
—Fs1 Fe1(A+Ag) — Fso Fso —Fe1Ag+ Foo
—Fn_ Fn(A+Aq) —Fro Fra —FrAg+ Fr
Fhl1E. FiuB B, |
FnlE, FuB FyuB,
FaulE, FaB FuB,

- FnlE, FuB FuB,
F1E. FB FyiB,
FalE, FsB FaB,
Fn1E. FnB F;B, |

Let My = M + FB + BTFT, where M is as follows

Now, to assure J(t) < 0 it is sufficient to satisfy
M, < 0. Hence we multiply pre and post My by
blockdiag{+/c,- - - ,+/a}, thereby making the following vari-
able changes. By applying the Schur complement, we reach
(8), the first LMI condition of this theorem.

Iz’:aP, R=0aR, Q=0aQ, G=aG, G, =aG, (12)

FijZOéFij,’L.Zl,...,’?, ]:1,2
As stated in the beginning of this proof, if J (¢) < 0, from (11)
we can conclude that the trajectories of £(t) never leave the
ellipsoid (P, u~1) for all ¢ > 0, provided that £(t) € S(u,)
and £(t — 1) € S-(u,). Hence, the inclusion of e(P,u~t) C
S(uo) NSr(u,) assures that the conditions of Lemma 1 hold.
Thus we add to our LMI set the following

[ P s ]>0' 1
2 ,=1,...,M
Koy +Gay  pug,
[ P ol s0i=1
2 0 =1,...,M
Ky + Gr, pitl

Pre and post multiplying the above matrices by
blockdiag{\/c, - ,\/a}, considering ¢ = pa and the
variable changes pointed out in (12) we obtain LMIs (9) and
(10).

As the verification of (9) and (10) assures the validity of
Lemma 1, the simultaneous verification of (8)-(10) assures that
J(t) < 0, Yw(t) such that |[w(t)||3 < L and V¢¢ € B(B). This
concludes the proof of Theorem 1. O

5. NUMERICAL EXAMPLE

Consider the TCP/IP router queue model with a
proportional-integral (PI) controller from [23], [24]. The state
variables represent the congestion window and the queue
size, respectively, the disturbance accounts for User Datagram
Protocol (UDP) traffic, and the input is the packet discarding
probability. The setup is N = 60, 7 = 0.246, C' = 3750,
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po = 0.008 and gg = 175. Below is given the corresponding
plant model.

A { —0.2644  —0.0044 | [ —48047 }
243.9024 —4.065 |’ 0
—0.2644 —0.0044 0

aa=| O O] a1
Cy=C.=[0 1]; D.w=0; D,=0
A.=0; A.q=0; B.=1; C.=9.7811x10"°
D, =18.4972 x 107%; w, =0.991; 7 =0.246

The following parameters are found by grid search. The
obtained parameters are: a = 1.20, b = 0.50, ¢ = 0.50,
d =1.55, e = —1.00, f = —1.00, g = —0.20, § = 1.00 and
0, = 1.00. Resulting 3 = 3.7765x 10" and the corresponding
antiwindup compensator is £, = 6.8809 x 10*.

In the simulation, we apply a step function with amplitude
of 6 x 10°, being applied to the plant in the interval [5, 35].
The response of the system is depicted in Figure 1. Where
we compare the system response among PI controller, static
antiwindup and dynamic antiwindup compensator [19]. We
can clearly see that the queue size tracks the equilibrium point
much faster when our compensator is used.

It should be noted that our goal is to return to the equi-
librium point as fast as possible. We do not acknoledge other
metrics to be as effective as this one in delay control of data
networks.

x 10" Variation of a queue over average value
T T T T T T T
10 ”‘ static AW
\ dynamic AW
5r- \\ ———————— = = =without AW |q
i
l ______________ -
4
51
I I I I I I I I I I
0 10 20 30 40 50 60 70 80 920 100 110

Fig. 1. TCP/IP Router Queue Size X Discarding Probability

6. CONCLUSION

In this work we have presented a methodology for syn-
thesizing static antiwindup compensators for systems subject
to time delays and input saturation. Conditions in an LMI
form have been proposed in order to compute an antiwindup
compensator, ensuring that the trajectories are bounded for
Lo-norm bounded disturbances, while ensuring the internal
asymptotic stability of the closed loop system. A numerical
example illustrates our results. Clearly our methodology out-
paces the previous state of the art in this matter.

REFERENCES

[1] H. A. Fertik and C. W. Ross, “Direct digital control algorithm with
anti-windup feature,” ISA Transactions, vol. 6, pp. 317-328, 1967.



40 INTERNATIONAL JOURNAL OF INTELLIGENT CONTROL AND SYSTEMS, VOL. 18, NO. 2, JUNE 2013

M,

[4]
[5]

[6]

[8]
[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

- —Fio+
5Q — Fn Fiu(A + Ag) Fia
IR — Pyt
_ p)
P—Fx For(A+ Ay) Fz
—F3 F3(A+ Ag) — Fso —%R-l-Fsz
- —Fn Fu(A+Ag) — Fyo Fyo (
TG — Fso+
—F ( Fs1(A+ Ag) ) F52
—Fé1 Fs1(A+Ag) — Fso TrGr + Fs2
—Fn Fri(A+Ag) — Fro Fro

K. J. Astrém and L. Rundqwist, “Integrator windup and how to avoid
it,” in Proc. of the American Control Conference, Pittsburgh, PA, 1989,
pp. 1693-1698.

N. Kapoor, A. R. Teel, and P. Daoutidis, “An anti-windup design for
linear systems with input saturation,” Automatica, vol. 34, no. 5, pp.
559-574, 1998.

A. R. Teel, “Anti-windup for exponentially unstable linear systems,” Int.
J. of Rob. and Nonlin. Contr., vol. 9, no. 10, pp. 701-716, 1999.

S. Tarbouriech and M. C. Turner, “Anti-windup design: an overview
of some recent advances and open problems,” IET Control Theory and
Applications, vol. 3, pp. 1-19, 2009.

M. V. Kothare and M. Morari, “Multiplier theory for stability analisys of
anti-windup control systems,” Automatica, vol. 35, pp. 917-928, 1999.
C. Roos and J.-M. Biannic, “A convex characterization of dynamically-
constrained anti-windup controllers,” Automatica, vol. 44, pp. 2449—
2452, Jan 2008.

S.-I. Niculescu, Delay Effects on Stability. A Robust Control Approach.
Berlin, Germany: Springer-Verlag, 2001.

J. Richard, “Time-delay systems: an overview of some recent advances
and open problems,” Automatica, vol. 39, pp. 1667-1604, 2003.

J.-K. Park, C.-H. Choi, and H. Choo, “Dynamic anti-windup method for
a class of time-delay control systems with input saturation,” Int. J. of
Rob. and Nonlin. Contr., vol. 10, pp. 457488, 2000.

S. Tarbouriech, J. M. Gomes da Silva Jr.,, and G. Garcia, “Delay-
dependent anti-windup strategy for linear systems with saturating inputs
and delayed outputs,” Int. J. of Rob. and Nonlin. Contr., vol. 14, pp.
665-682, 2004.

L. Zaccarian, D. Nesic, and A. Teel, “L2 anti-windup for linear dead-
time systems,” Syst. & Contr. Lett., vol. 54, no. 12, pp. 1205-1217,
2005.

J. M. Gomes da Silva Jr., S. Tarbouriech, and G. Garcia, “Anti-windup
design for time-delay systems subject to input saturation. an LMI-based
approach,” European Journal of Control, vol. 12, pp. 622-634, 2006.
I. Ghiggi, F. A. Bender, and J. M. Gomes da Silva Jr., “Dynamic non-
rational anti-windup for time-delay systems with saturating inputs,” in
Preprint of the IFAC World Congress, vol. 17, Seoul, 2008, pp. 277-282.
J. M. Gomes da Silva Jr, F. A. Bender, S. Tarbouriech, and J.-
M. Biannic, “Dynamic anti-windup for state delay systems: an LMI
approach,” in Proc. of the IEEE Conf. on Decision and Control (CDC),
Shanghai, China, 2009.

C. Scherer, P. Gahinet, and M. Chilali., “Multiobjective output-feedback
control via LMI optimization,” IEEE Trans. Autom. Contr., vol. 42, no. 7,
pp. 896-911, 1997.

Y. Cao, Z. Wang, and J. Tang, “Analysis and anti-windup design for
time-delay systems subject to input saturation,” in Proceedings of the
2007 IEEE International Conference on Mechatronics and Automation,
Harbin, China, August 2007, pp. 1968-1973.

R. A. Borsoi and F. Bender, “Towards linear control approach to agm in
tep/ip networks,” The International Journal of Intelligent Control and
Systems, vol. 17, pp. 47-52, 2012.

F. Bender, “Delay dependent antiwindup synthesis for time delay sys-
tems,” The International Journal of Intelligent Control and Systems,
vol. 18, pp. 1-9, 2013.

J. M. Gomes da Silva Jr. and S. Tarbouriech, “Anti-windup design with
guaranteed regions of stability: an LMI-based approach,” IEEE Trans.
Autom. Contr., vol. 50, no. 1, pp. 106-111, 2005.

—F11Aq + Fi2 Fi1E, B F11By
—F51Aq + Foo Fou1E. B 1By
—F31Aq + F32 F51E, F3:B F31By

1
—5-Q + Fa2 3

27 Fu1E. Fu1B F41B.,

T Ay 41 41 41
—F51Aq + F52 ~T + F5i1E. F5:B F51By
—Fs1Aq + Fpso2 F61:I:Ec =T + Fe1B Fe1Bo
—FrnlAg+ Fra FrlE, FnB -3 + FrBy |

(21]
[22]

[23]

[24]

K. Gu, J. Chen, and V. Kharitonov, Stability of Time-delay Systems.
Birkhauser, 2003.

S. Boyd, L. Ghaoui, E. Feron, and V. Balakrisshnan, Linear Matrix
Inequalities in System and Control Theory. Siam, 1994.

C. V. Hollot, V. Misra, D. Towsley, and W. Gong, “A control theoretic
analysis of red,” in Proceedings of INFOCOM 2001, Anchorage, USA,
April 2001, pp. 1510-1519.

——, “On designing improved controllers for agm routers supporting
tep flows,” in INFOCOM 2001. Twentieth Annual Joint Conference of
the IEEE Computer and Communications Societies. Proceedings. IEEE,
vol.3,pp.1726-1734, 2001.

Fernando A. Bender was born in Porto alegre,
RS, Brazil. He has graduated with a BS in Elec-
tric Engineering from UFRGS in 2000. Attained
his MSc. in Electric Engineering in 2006 and his
PhD in 2010 also from UFRGS. Currently he is
at Universidade de Caxias do Sul, Caxias do Sul,
Brazil. His main research interest is linear control of
time delayed saturating systems, with applications in
Telecom Networks.

Vinicius Binotti was born in Caxias do Sul, Brazil.
Currently, he is an undergraduate student in Con-
trol and Automation Engineering at Universidade
de Caxias do Sul. His research interests include
control under restrictions, optimal control and robust
control.





