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ABSTRACT In this paper, we propose a control approach for the robust stabilization of linear time-
invariant (LTI) systems with non-negligible sensor and actuator dynamics subject to time-delayed signals.
Our proposition is based on obtaining an augmented model that encompasses the plant, sensor, and actuator
dynamics and also the time-delay dynamic effect. We make use of the Padé Approximation for modeling the
time-delay impact on the feedback loop. Since the actual plant state variables are not available for feedback,
the sensor outputs, which represent a subset of the augmented system state variables, are used for composing a
static output-feedback control law. The robust controller gains are computed by means of a two-stage strategy
based on linear matrix inequalities (LMI). For obtaining less conservative conditions we consider the use of
homogeneous-polynomial Lyapunov functions (HPLF) — and other decision variables — of arbitrary degree.
In our proposition, we also take into account the inclusion of a minimum decay rate criterion in order to
improve closed-loop system transient response. Disturbance rejection is also addressed through extensions
to 7% guaranteed cost minimization. The effectiveness of the proposed strategy is attested in the design of
a controller for the lateral axis dynamics of an aircraft and other academic examples.

INDEX TERMS Robust control, time-delay, linear time-invariant systems, static output feedback, linear
matrix inequalities.

In some situations, automatic control systems are com-
posed of sensors and actuators with non-negligible dynam-
ics as, for instance, in embedded controllers of modern
light-weight aircraft [1]. Due to the intrinsic aeroelastic
nature of such systems, we observe a strong interaction
between the aircraft structure and its control and actuator
systems. Such interconnection is referred in the specialized
literature as aeroservoelasticity [2]. As a consequence, for
properly representing the system in order to achieve desired
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aeroelastic characteristics, these additional dynamics must be
considered in system modeling [3], [4], [5].

In face of such practical issue, one may note that the
actual plant state variables are not available for composing
the feedback loop, but only the sensors outputs, hence hin-
dering the implementation of standard state-feedback control
techniques. Therefore, the employment of additional sensors,
which may also present non-negligible dynamics, might be
demanded. Moreover, ignoring such parasitic dynamics may
incur in performance loss and, in the worst case, compro-
mise the closed-loop stability, as been long known [6], [7].
This fact motivated the development of studies for robust
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control designs that may address the problem of actuators
and sensors dynamics. We may cite, for instance, contribu-
tions regarding observed-based design [8], [9], sliding mode
control (SMC) [10], and output feedback control [11].

In this paper, we particularly discuss the output-feedback
control and how it emerges as a convenient approach, which
can be employed by considering an augmented system rep-
resentation encompassing the plant, sensors, and actuators
dynamics. Then, only the sensor output signals are used in
the feedback loop, as presented in [12].

Output feedback is a relevant field of research in control
theory on its own, especially concerning the static output-
feedback (SOF) framework, which is still considered as a
major open problem [13]. No closed solution is available,
even in the case where the plant model is assumed to be
accurately known. In fact, the SOF stabilization is an NP-hard
problem [14]. Such challenging nature motivated the devel-
opment of studies on this subject over the past decades,
addressing several control problems, as the reader may see
in the survey [15] and references within. Notably, most of
the available contributions are based on severe restrictions
over the problem variables or even on the system model
matrices. It is not rare to find sufficient design conditions
in the literature that were obtained through the imposition
of restrictions on the system output matrix format [16], [17].
Conversely, in this paper we are focused on a design strategy
based on a two-stage method [18], [19] that does not impose
such constraints. We also consider that the output matrix
can be dependent on an uncertain parameter, which is also a
feature that is not available in many papers on the SOF control
[20]. Furthermore, the SOF design consists in a more simple
and direct solution when compared to observer-based control
systems. Indeed, SOF is based on the computation of a single
feedback gain matrix, which entails a simpler implementation
setup in practice [15].

However, the problem gets even more involved when the
sensor and actuator dynamics involve time-delay. Due to its
relevance, the effects of time delay have been investigated in
several areas of engineering, such as power [21], communica-
tion [22], and control systems [23]. In particular, the research
on network communication delay has been flagged as a rele-
vant issue for advanced aircraft data exchange systems [24].
Even more complicated problems arise in the case of uncer-
tain delays. As a matter of fact, the huge amount of data flow
in aircraft network buses implies in the uncertain behavior
of such systems. Furthermore, the relationship between time
delay and actuator dynamics have also raised interest to the
development of research on the stability margin in fighter
aircraft [25], for instance.

The practical relevance of the effects of time delay in
dynamic systems motivated the research on modeling and
control design strategies that are able to guarantee robustness
over the above mentioned issues [26], [27]. Many of the
available methods are related to predictor-like techniques
[28], [29], [30], which are intended to compensate the delay
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effect through the transformation of the delayed system into
a delay-free model through finite integrals over past control
input values. Predictor-based control results can be found
in the linear time-invariant scenario with [31] and without
considering model uncertainty [32]. Methods for nonlinear
systems can also be found, such as input delay and additive
disturbance compensation [33], and dealing with arbitrarily
large time delay [34].

Despite the fact that predictor-like techniques are consoli-
dated for addressing input delay (i.e., delay affecting the con-
trol input), they struggle to handle systems affected by state
delay, as the problem gets considerably more complicated to
be modeled in this particular framework. For instance, recent
works on this subject [35] managed to consider dynamic actu-
ators via backstepping control with input delay, but does not
include state delay nor sensor dynamics in the control design.
Also, the dependence on integral terms might be sensitive to
parametric uncertainty and delay mismatches [36].

The sliding mode control (SMC) [37], [38], [39] is also an
example of technique for dealing with time delay in control
systems, being particularly known for its robustness char-
acteristics. However, as a drawback, the presence of time
delay has a severe destabilizing effect in conventional SMC
systems. For a more complete background, we refer the reader
to the survey paper [36].

A more simple yet interesting approach is based on the
development of an approximation model of the delayed
dynamics. In such method, the infinite-dimension delayed
system is treated as a finite-dimensional one by means of the
truncation of an infinite series given in terms of a rational
polynomial [36]. The main downside of this approach is
that in some cases the rational approximation must be of
high order to obtain a good representation. However, finite-
dimension approximation has led to important contributions,
specifically for linear systems [21], [40], [41], [42].

Upon the presented background, we propose in this work a
control design strategy for dealing with uncertain linear time-
invariant (LTI) systems whose state information and control
input signals are obtained and applied by means of sensors
and actuators with non-negligible dynamics, differently from
most of the available strategies in the literature. Moreover,
we assume that the communication channels between sen-
sors, actuators and controller are susceptible to a delay in
time, which is also a novelty, since the literature is usually
concerned with the effects of either input or state delay,
and not the joint effect of both types of delay. Furthermore,
investigations on the synthesis of controllers for systems with
time delays and also non-negligible dynamics in sensors and
actuators are relatively scarce. In our paper, such practical
issues are handled by defining an augmented system, where
the time-delay effect is modeled using the Padé Approxi-
mation [43], [44]. The resulting overall system encompasses
the plant, sensors, actuators, and time-delay dynamic states.
By assuming that only the sensor outputs are available for
feedback, we employ a two-stage-based SOF design method
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defined in terms of a homogeneous-polynomial Lyapunov
function (HPLF) [45], [46]. Employing the SOF control for
addressing time-delayed systems with actuators and sensors
dynamics through an augmented system is a simple and
direct, yet innovative approach that, to the best of the authors’
knowledge, has not been considered so far. The new proposed
controller synthesis strategy is formulated in the linear matrix
inequalities (LMI) framework for including the specification
of a minimal performance index in terms of a lower bound on
the closed-loop system decay rate, with the purpose of achiev-
ing enhanced transient performance. Robustness in terms of
disturbance rejection is also taken into account by means of
the closed-loop 7% norm minimization. The validity and effi-
cacy of the proposed strategies are evaluated on illustrative
aircraft control design examples.

In the sequence, we summarize the main technical contri-
butions of the present paper:

« New system modeling for encompassing non-negligible
dynamics in both sensors and actuators, and also the time
delay over sensors measurements and control command
signals via Padé approximation. The new system model
consists in an augmented state-space representation that
can be employed in an LTI-SOF design encompassing
all the mentioned practical issues, differently from most
of the available works on the subject.

o« New LMlIl-based two-stage SOF controller synthe-
sis strategy for robust stabilization and transient per-
formance improvement of uncertain LTI systems in
terms of a lower bound on the closed-loop system
decay rate and % norm minimization, considering
homogeneous-polynomial Lyapunov functions.

o Study of the influence of the homogeneous polyno-
mial decision variables degree when considering the
SOF control design through the two-stage method. Our
investigation results show that despite the use of higher
polynomial degree in the second stage might improve
feasibility, it promotes a negative effect when consid-
ering parameter-dependent state-feedback design in the
first stage.

The notation is fairly standard: M > 0 (M < 0) implies
that M is a positive definite (negative definite) matrix; (7)
denotes the transpose of a matrix; R denotes the set of the
real numbers; M + (o) = M+ M7’ and (M*) represents
the complex conjugate of matrix M. Otherwise, when alone
in a partitioned matrix, (*) denotes the opposite symmetric
block.

I. PRELIMINARIES

In this section, we define the problem addressed in the present
paper. Important definitions for the development of the pro-
posed contributions are also presented.

A. PROBLEM STATEMENT
Consider the uncertain linear system described as

X(1) = Ae)x (1) + B(o)z(r) ey
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where x(t) € R”" is a vector with system states and
z(t) € R™ is a vector with control input signals. The
parameter-dependent matrices A(x) € R™" and B(a) €
R™ ™ belong to a polytopic domain & parametrized in terms
of a vector of uncertain time-invariant parameters o« =
(a1, ...,0yN)such as

N
7= [(A, B)(@): (A, B)@)=>_ (A, B)), OlEAN] ,2)

r=1

where (A, B,) denotes the r-th polytope vertex, and

N

AN = [a e]R”:Za,: 1; o 20;r=1,...,N]. (3)
r=1

The state information is measured through g sensors, with
dynamics described by

Vit) = ay i) — avi | D cip®) |, “)
j=1

where v;(¢) are the sensor outputs, composing the vector
v(t) = [vl(t) . vq(t)]T, a,; < 0 are time-invariant (but
possibly uncertain) parameters for i = 1,2,...,q, and ¢;;
are known constants forj =1,2,...,n.

Also, consider the existence of m actuators whose dynam-
ics are described by

P
(1) = azkzi(t) — azk (Z di.1up, (l)), &)
=1

composing the vector of control signals z(t) = [z1(¢)---
zm(®]F . Moreover, in (5), up,(t) are the actuator input com-
mands, forming the vector up(t) = [up,(t)--- qu(t)]T,
azx < 0 are time-invariant (but possibly uncertain) param-
eters for k = 1,2, ..., m, and di; are known constants for
[=1,2,...,p.

The overall control system block diagram, represented in
Figure 1, helps to illustrate the considered system and control
structure.

up(t) z(t) x(0) v(t)
g Actuators Plant
; u(t) vp(t)
Time-Delay Controller P Time-Delay
Tq Ts

FIGURE 1. Closed-loop block diagram.

Note that we assume that each sensor output v;(¢), used in
feedback, is available for the controller with time delay, ;,
in terms of a delayed sensor output signal vp,(7). Likewise,
each command signal produced by the controller, u;(¢) is
received by the actuator with time delay 7,,, in terms of a
delayed actuator command signal up, (¢).
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Under these definitions, the problem addressed herein con-
sists in designing a control law u(t) = Lvp(t) where vp(t) €
R? is the vector of time-delayed sensor outputs and L €
RP*4 is a gain matrix to be determined in order to ensure
the closed-loop asymptotic stability of the overall system.
Moreover, considering that the closed-loop system decay rate
is defined as the highest positive real scalar o such that

lim ¢”'[|x(2)|| =0 (6)
t—00

holds for all trajectories x(¢) # 0 of the system states [47],
the controller L must be designed in order to ensure that the
decay rate o is greater than a given lower bound y .

Remark 1: Note that, for an stable system, ||x(t)|| con-
verges to zero ast — 00. In that sense, the system decay
rate is related to the highest scalar o > 0 such that the
convergence of ||x(t)|| to zero is faster than the growth of
the exponential function €', as t — oo. Therefore, by the
enforcing a lower bound y, such that ¢ > y we can ensure
that the actual decay rate is greater than y. In these terms, y
represents a design parameter that establishes a performance
criteria regarding the closed-loop system settling time. With
a higher bound y, we have a higher system decay rate, and
thus a faster state convergence to zero. We refer the reader to
works [47] and [48] for a more complete background on the
decay rate definition.

B. IMPORTANT DEFINITIONS

The Finsler’s Lemma is crucial for obtaining the synthesis
conditions presented in this work and, therefore, it is formally
stated in the sequence.

Lemma 1 [49]: Consider w € R", S € R™" and R €
R™ " with rank (R) < n, and R with columns forming a
basis for the null space of R (i.e. RR+ = 0).

Then, the following conditions are equivalent:

(i)wI'Sw <0, Rw=0, V w#0,

(ii) R SR* < 0,

(iii)IneR:S—yRTR <0,

(iv)IX e R : S + XR + RTXT <0,

where n and X are additional variables (or multipliers).

The employment of Lemma 1 in our work is based on
deriving an equivalent stability and performance certificate
for (1). Such alternative representation allows for circum-
venting non-convex constraints, and then leading to tractable
convex conditions. For further reference in the text, Lemma
2 presents stability and performance certificate regarding the
minimum system decay rate.

Lemma 2: A sufficient condition for the robust stability of
A(w) is that there exist a positive-definite symmetric matrix
P(«) and matrices F(a) and G(«) such that

|:A(a)TF(a)T + (&) T+2yP(@) *

P(a) — F(@)T + G@A(@) —G(a) — G(a)T] <0, (M

holds for every a € Ay. Additionally, the system decay rate
has a lower bound y, i.e., max o > y in (0).
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Proof: Note that (7) can be rewritten as

F(x) 2yP(a) *
|:G(Ol):| [A(Ol) _I] + @+ [ P() 01| <0, (®

which corresponds to condition (iv) of Lemma 1 with
_[F@] o_[2vP@ *] or_[A@T"
X= |:G(a)i|’ S= |: P(x) 0:|’ R _|: -1 | ©)

Hence, by defining w = [x(t)T )'c(t)T]T in condition (i) of
Lemma 1, we have that (7) impliesl

.71 |2y P
s = [+ 57 [ Fee) o) ]

= xTP(a)x + x" P(e)x + 2yx P(a)x < 0, (10)

with Rw = 0 since, x(t) = A(a)x(t). By defining V(x) =
xTP(a)x, (10) becomes V(x) < —2yV(x), i.e., the Lya-
punov’s constraint for stability and minimum decay rate
y > 0[47]. ]

Il. PROPOSED STRATEGY

In this section, we present the contributions of our work
which are related to a system representation that allows
for encompassing plant and additional dynamics in a single
model, and a control synthesis strategy based on LMIs for
designing an SOF controller that guarantees closed-loop sta-
bility and minimum decay rate.

A. SYSTEM AUGMENTATION

For dealing with this control problem, we propose the def-
inition of an augmented system that encompass the plant,
actuators, and sensors dynamics, and also the time delay
effect. To this end, we first consider that the time delay is
modeled using the Padé approximation [43].

When analyzed in the frequency domain, a time delay T can
be represented by the transfer function e~ *%. Using the Padé
method, e~ ** can be approximated by a rational polynomial
function R(s) as

bo+bits+ -+ b(t5)°

e ARG = ,
ap+ajts+ -+ ap(rs)k

Y

where usually ¢ = k, and k denotes the order of the approxi-
mated model.

Considering that every sensor output signal v;(¢), i =
1,..., g, is received by the controller with time delay 7 = 7
(possibly uncertain), the function R(s) in (11) can be trans-
formed into an equivalent state-space model of order k = kg
that represents the delay effect on the sensor output signal by
using the following realization [43]:

(12)

8sa; (1) = Asa (@), (1) + Bygvi(t)
vp,(t) = Cya(@)8s4,(t) + Dygvi(t)

INote that in (10) the time dependence () was omitted for shortening the
notation.
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where 8,4,(t) € R%s is the vector of phase variables, vp,(t) is
the i-th time-delayed sensor output, and

0 1 0 cee 0
0 0 1 . 0
Ay (@) = : : : : ,
0 0 0 . 1
—ayr® —a MY —a N e
(lks Clkx Ll](x T lex
(13)
By, =[000---1]", (14)
1 _ _
Cygi(a) = p [(akxbo — apby,)Ts ks (ar,by — a1by,)ts bl
ks
s+ (akbr—1 — ag—1b) 7y '] (15)
by
Dy, = X, (16)
aks
with
(cs + ks — k! (cs + ks — f)les!
aj=——r = (1)
Jiks — ! flles =)
(17)
forj = 1,...,ks, and f = 1,...,c5, where ¢ is the

numerator degree for the sensor delay model approximation
in (11).

In that sense, we can model the sensor dynamics affected
by atime delay T = 7, by defining an augmented vector s(¢) €
R91+K) defined as

sty = )" sua’]",

with 844 (t) = [5sd. (1) -+ sy, (t)]T, which combines the sen-
sor dynamics (4) subject to a time-delay effect (12), yielding
the following augmented state-space model

5(1) = Ag(a)s(t) + By(a)x(?) (18)
vp(t) = Cy(a)s(?) ’
where
Av(a) Ogxgk, —Ay(a0)C
A — v qXgKs , B — ,
(@) |: B4 Asd(a)] s(@) |: quxxn i|
Cyla) = [Dsd Csd(a)]
with
Av(a) = d]ag {av,lv av,2» M) av,q} ’
1,1 €12 ... Cln
2,1 C22 ...Cp
Cq’] ngz . Cq’n
and

(Av Bs C? D)Sd(a) = dlag {(Av B1 Cv D)Sdl ’
(A,B,C, D)y, ..., (A,B,C,D)y,}
(19)
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with (A, B, C, D)y, as in (13) - (16) (with the subindex
“s” referring to the sensor time-delay), implying in Ag; €
Rksxaks By, € R4, Cyy € RI%%s, and Dyy € RI¥Y.
Similarly, we can model the actuator dynamics affected by
time-delayed command signals by considering a k,-th order
Padé approximation, incorporated in an augmented vector

a(r) € R™(1+k
a(t) = [z0)" 807",

with 84¢(1) = [8ad, (1) - - Saay, (t)]T, combining the actuator
dynamics (5) subject to a time-delay effect modeled as in
(12) (now with k = k, and T = 1,), yielding the following
augmented state-space model

a(t) = Ag(a)a(r) + By(a)up(t) 20)
2(t) = Cyla)a(?) ’
where
A (o) —A(x)DC,y
A — Z Z ,
() |:0mka xm Ana(a) :|
oy = [ 00D
ad
Cola) = [Imxm 0m><mkg]
A (a) = diag{az 1. az2. ..., azm},
d1’1 d1’2 dl,p
dg’l d2’2 dzu,,
D= . . )
A1 dnp ... dpp
and
(A,B, C,D),y = diag {(A, B, C,D)ug,
(A5 By C’ D)udzv sy (A’ Ba C’ D)adm} ’
(21)

with (A, B, C, D)4 as in (13) - (16) (with the subindex “a”
referring to the actuator time-delay), implying in A,y €
Rmkaxmka, B € Rmkaxm7 Cu € Rmxmka, and D,y € Rmxm

Remark 2: In this work, for simplifying the notation and
without loss of generality, we considered that every sensor
output signal is subject to the same amount of time delay
T5, likewise assumed for the actuator commands, with a time
delay t,. Therefore, the matrices in (12) will be the same
for each of the q sensor output signals and each of the m
actuator commands, respectively. However, note that a more
general approach can be directly employed by assuming that
the time delay t, and also its approximation model order k,
are different for every considered signal, defining parameters
such as t;, and kg, i = 1,...,q, and 7, and kg, for
l=1,...,p.

Next, to incorporate the time-delayed sensor and actuator
dynamics in the LTI system (1), we promote a system aug-
mentation, by defining the augmented state vector w(t) €

Rn+q(kx+1)+m(ka+l) as
w(t) = [x@) s@)" an)']". 22)
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Then, we have the following augmented state-space repre-
sentation

Ww(t) = A(e)w(t) + B(o)u(r) o3
y(t) = Clayw(?) ’
where
B A(a) 0n><q(ks+l) B(a)Ca(a)
A(a) = By(a) Ag(a) 0q(1+k;)><m(1+ka) s
L (1 +ka)xn Om(1+ka)xq(1+ks) Aa(@)
_ i OﬂXp
B(a) = | Ogk+1)xp | »
| Ba(®)
and

C(Ol) = [qun Cs(@) qum(l-‘rka)] :

The output vector y(¢) corresponds to the delayed-sensor
output vp(?) in (18), which is available for feedback, in con-
trast to the actual system state vector x(¢). Therefore,
the aforementioned problem may be addressed as a static
output-feedback control design with u(t) = Lvp(r) = Ly(¢).

Remark 3: At this point, we give emphasis to the first
main contribution of this paper. This new modeling strat-
egy, different from past results on this topic [12], is able to
represent, in a single set of matrices, not only the dynamics
associated to sensors and actuators but also the effect of delay
in the communication channels that deliver the information
generated in the sensors output and received in the actuators
input, respectively, enabling to address more complex and
general control problems.

Remark 4: It is also important to note that the polytopic
approach enables our strategy to easily cope with uncer-
tainties on sensors and/or actuators parameters, simply by
considering them as additional uncertain parameters along
with the plant uncertainties. The same procedure can be
employed to consider uncertain time delays t; and/or t,. This
is possible since these parameters will be part of the overall
system matrices, generating an augmented polytope encom-
passing plant, sensor, actuator and delay uncertainties.

Remark 5: Our method considers the Padé approximation
for modeling the time delay effect over the system dynam-
ics. The approximation error can be reduced by choosing a
higher-order rational polynomial function (11). With higher
values of ks we obtain a better approximation on the exact
dynamic effect of the delay e~ **. Note that the order of
the delay approximation kg is directly incorporated in our
proposed system augmented model. Of course, the direct
trade-off is that a higher-order state-space model is needed,
as the parameter ks will define the dimension of the sensor
delay model matrices (13)-(16), and similarly in the actuator
delay model given in (21).

B. CONTROL DESIGN

For the SOF controller design, we consider the use of a
two-stage SOF controller synthesis strategy, based on the
pioneer works of [18] and [19].
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The two-stage method employment in our work consists in
first computing a state-feedback gain K(«) such that

w(t) = (A(ar) + B(a)K(a)w(r),

i.e. the augmented system (23), is robustly stable in
closed-loop with u(t) = K(a)w(¢). In the sequence, this gain
matrix K(o) is fed to a second-stage controller syntheses,
in which the desired SOF stabilizing robust gain L is effec-
tively computed.

1) FIRST-STAGE DESIGN
The first-stage state-feedback design can be performed using
any available strategy in the literature. In this work, we con-

sider well-known conditions [47], based on the existence of
matrices W = W’ > 0 and Z(«) such that

A(@)W + WA(a)T
+B(@)Z(e) + Z(o) " B()T +28W <0 (24)

holds for every ¢ € Ap. In the synthesis conditions,
K(a) = W 1Z(«a) guarantees the robust state-feedback stabi-
lization of w(¢) = (A(«) + B(a)K(a))w(z) with lower bound
B on the closed-loop system decay rate.”

Clearly, the conditions presented in (24) are of infinite-
dimension, as they are dependent on the uncertain parameter
«. Therefore, some manipulation over these constraints have
to be performed to obtain an equivalent finite-dimension
problem. We leave this issue to be properly discussed more
ahead in the text, since the second-stage synthesis conditions
are also presented in terms of parameter-dependent LMIs.

2) SECOND-STAGE DESIGN

In this paper, we propose a generalization of the SOF syn-
thesis conditions proposed in [50] and adopted in [12] for
computing SOF gains for the stabilization of the augmented
system encompassing sensor and actuator dynamics. The
results in [50] are achieved by considering that the LMI
decision matrices have polytopic dependence on the uncer-
tain parameter «. In this work, we assume that the decision
variables have a homogeneous-polynomial dependence on
o of arbitrary degree g [45], and also extend the synthesis
conditions for enabling the enforcement of a minimum decay
rate criterion.

For applying such strategy, we first formally enunciate in
Theorem 1 a parameter-dependent LMI condition set that
encompasses the results presented in [50].

Theorem 1: Assuming that there exists a state-feedback
gain K(o) such that (A(oz) + I_S(ot)K(a)) is asymptotically
stable, then there exists a stabilizing static output-feedback
gain L such that 1_&(01) + B(a)LC(a) is asymptotically stable,
considering a decay rate greater than or equal to y >
0, if there exist a symmetric parameter-dependent matrix

2Note that here the lower bound on the closed-loop decay rate was denoted
as B instead of y, as defined in Section I. Due to the sufficient nature of the
two-stage method, different design constraints can be enforced in each stage,
as discussed at the end of this section.
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P(e) > 0, parameter-dependent matrices F(a), G(a), and
matrices H and J such that

(F(@)A(@) + F(e)B(@K(@)) + ()T + 2y P(e)
P(o) — F(@)" + G(a)A(@) + G(e)B(o)K ()
B(a)TF()T + JC(or) — HK(a)
ES ES
—G(@) - G@" <0. (25)
BT(«)G(e)* —H-HT

In the synthesis condition, the robust static output-feedback
gain is given by L = H™1]J.

Proof: Readily note that (25) implies in H being invert-
ible [47]. In the sequence, applying a transformation on (25)
with T(e) and T(ex)” [19], where

T(a) = [(I) (1) S(g)T] : (26)
by employing simple algebraic manipulation one can obtain
M e aat] <0 @
where
U11(@) = [A@) + Be)K(@) + S@) F@)"
+S()TIC(e) — HK (o) + S(oe)))]
+(0)T +2yP(a), (28)

and

Wy 2(@) = P(a) — F()
+(A(@) + B@)(K(@) + S@))'GT () (29)

By defining S(o) = H'JC(or) — K(a), and L = H"1J in
(28) and (29), and performing simple multiplication distribu-
tion, we have that (27) becomes

[[(A(a) + B(@)LC(@)TF(@)T] + ()T + 2y P(a)
%
P(e) — F(o) + (A(@) + B(a)LC()TGT () -0
—G(a) — G(a)T ’
(30)

which is a sufficient condition for the robust stabilization
with a lower bound y on the system decay rate according to
Lemma 2, with (1) = (A(@) + B(e)LC(a))w(?). ]

The result presented in Theorem 1 deserves some remarks.
Firstly, it is worth noting that the SOF gain matrix L is
not parameter-dependent, even though Theorem 1 involves
matrix variables that depend on the parameter vector «. Sec-
ondly, as those in (24), the LMI conditions given in (25) are
of infinite dimension. In order to make them computation-
ally tractable, we need to convert them into a finite set of
LMI conditions, by imposing some particular structure to the
decision variables. Following previous works on the subject,
by assuming that the parameter-dependent matrices are mod-
eled as homogeneous polynomials of sufficiently large degree
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g on the uncertain parameter o, we may obtain a finite set
of LMIs with no loss of generality [51]. This means that the
higher the degree g considered for the polynomial matrices,
the lesser is the conservatism introduced in the constraint
formulation. For a sufficient large g, the obtained finite set
of LMI will exactly represent the constraints in (25).

For an arbitrary degree g considered for the homogeneous
polynomial matrices in (25), we can obtain a finite set of
LMIs in order to solve the control design problem using
semidefinite programming tools. For the particular case of
g = 1, we have a polytopic parameter-dependent Lyapunov
function (PDLF) such as

P(a) = 1Py + P2 + - - - + ayPy.

In this case, sufficient conditions for the LMIs in Theorem 1
can be obtained by checking a finite set of LMI constraints
over the vertices of the polytopic parameter-dependent matri-
ces. This result is formally stated in the following corollary.
Corollary 1: By assuming that P(a), F(a), and G(a) in
Theorem 1 are homogeneous-polynomial matrices of degree
g = 1, as well as the state-feedback first-stage gain matrix
K(w), then a sufficient condition for (25) to hold is that there
exist symmetric matrices Py > 0, and matrices Fi, Gy, H, and
J such that
(FiA; + FiBiK;) + (o) + 2y P;
P; — FiT + GiAi + GiBiK;
BIFi" + JiCi — HK;
* *
-Gi - Gf * <0 (31)
BTGl -H-HT
holds fori=1,2,...,N,
& —2Gi +G)) - (Gj + G * <0,
g5 BNGI+G))+BIGI -3H+H")
(32)
with
&) = [ATES + ) + AVE] + K Byr ] + Byr k)
+KjTBTiFiT] + (o) +2y 2P + Py, (33)
B, = 2P + Py — QF] +F}) + Gi(A; +A))
+ GjA; + Gi(BiK; + BjK)) + G;BiK;i, (34)
and
gY = Ba(F] + F) + Bk +JQ2C; + C))
—H(CK; + Kj), (35)
holds fori,j=1,2,...,N andi # j, and

ik

S *..k *
oYK =l
N Sy I
=31 =23
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with

ik _ _ _ _ _ _

5if = [AF + ADFf + AT + ADF] + A + ADF +
+K{'B] + K{/B)Fy + (K{'B; +K{B]F{+
+(K}B_E + KEBJ-T)F?] + (o) +4y(P; + Pj + Py,

gV = 2P + Py + Py) — 2(Fi + Fj + Fy)’
+(Gi + Gj)Ak + (Gj + Gk)Aj +(Gj + GiA;
+Gi(BjKi + BkK;)) + Gj(BiKi + BiKi)
+Gi(BiK; + BjK),

—~ijk D R R R R R

g5y = B + BOF + B + BOF! + B] + BF]
+2J(Ci + Cj + Cy) — 2H(K; + K + Ky),

B = ~2Gi+GJ +Gj + G + G + G,

i _ - _ _ _ _

gy, = B +B)G} + B +BDG{ + B! +B)G],

holds fori = 1,2,.... N -2, j=i+1,...,N — 2, and

k=j+1,...,N.

Proof: Note that by multiplying (31) by «; and summing for
i=1,...,N,bymultiplying (32) by o; and «j, and summing
fori,j =1,2,...,N,i # j, and by multiplying (36) by «;,
aj, and o, and summing fori = 1,2,...,N = 2,j =i+
I,...,N—2,andk =j+1,..., N, bearing in mind that o €
AN, we directly obtain the parameter-dependent form (25). B

It is important to observe that both Theorem 1 and, con-
sequently, Corollary 1 encompass the conditions proposed
in [50], showing that this previous work is a particular case of
the LMI formulation proposed in the present work. Observe
that by considering a robust first-stage gain matrix (i.e.,
K(«) = K), the LMI conditions in Corollary 1 are reduced to
Theorem 2 in [50], as they will no longer have a cross-product

between three parameter-dependent matrices, and thus only
sums in i and j will be needed. This result is stated in

Corollary 2.
Corollary 2: By assuming that, in Theorem I, P(a), F(a),
and G(«) are homogeneous polynomials of degree g = 1,

and that the state-feedback first-stage gain matrix is such that
K(a) =K, then a sufficient condition for (25) hold is that
there exist symmetric matrices Py > 0, and matrices Fj, Gi,
H, and J such that

(FiAi + FiBig) + ()T + 2y P;
P; — F{ + GiA; + GiBik
BiTF;r-l-JiCi_HK

-G — Gf s <0 (37)

holdfori=1,2,...,N,

ok

&) —Gi+G6H - (G + 6 * <0,
g,  BIGI+BJGI  —2@H+H)

(38)
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with
£ = [ATH -+ AU BT 4 BIED)
+ (&) +2y(P; + Py, (39)
g) =P + Py — (F] +F) + GiAj g,A;
+ GiﬁjK+Gj Bik, (40)
and

23, = BIF + BIF + J(Ci + Cj) — H(K; + K;), (41)

holdfori=1,2,...,N—landj=i+1,i+2,...,N.

Proof: Note that by multiplying (37) by «; and summing
fori = 1,...,N, and by multiplying (38) by o; and «;j,
and summing fori = 1,2,...,N —landj =i+ 1,i +
2,...,N, bearing in mind that « € Ay, we directly obtain
the parameter-dependent form (25), with K(a) = K. [ |

As mentioned before, one can find a finite set of LMI
conditions that ensure (25) by assuming that the decision
variables are homogeneous-polynomial parameter-dependent
matrices. Corollary 1 presents the sufficient conditions for
(25) to hold for the case of g = 1. Progressively less
conservative conditions might be obtained with higher order
polynomials in «. However, deriving such finite set of LMI
could be a laborious task, as can be seen from the complex-
ity associated to the case of g = 1. Fortunately, one can
employ computational packages available in the literature to
computationally generate the finite set of LMI, as for instance
the specialized parser ROLMIP [52], which is adopted in the
present paper.

A final remark need to be made on how to define the
degree of the polynomial variables in the first-stage design
conditions (24). Note that the two-stage method consists of
sufficient conditions, since the first-stage design is performed
independently from the second stage, as long as the obtained
feedback matrix K(«) is a stabilizing one. Therefore, the
designer can impose different restrictions in the first stage,
either on the decay rate or on the degree of the polynomial
variables. This means it is not mandatory to impose 8 = y in
the design procedure, nor to specify the same degree on the
decision variables Z(w), P(«), F(«), or G(«). Nevertheless,
feasibility in the second stage is directly affected by these
choices, as illustrated by the examples in the next section.

C. EXTENSION TO .73 CONTROL
Now consider the state-space realization

x(1) = Ae)x(2) + B(e)z(r) + Ba(e)d (1)
(1) = Cyla)x(t) + Dy(a)z(r) (42)

where ¢(t) € R% and d(t) € R™ are the controlled out-
put and disturbance input vectors, respectively. Additionally,
Bg(x) € R™™4 is the disturbance input matrix to the system
dynamics, C,(@) € R%*" is the controlled output matrix,
and D,(«) € R%*" is the control input direct transmission
matrix.
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Assuming that sensor and actuator dynamics are modeled
as described in Section II, an augmented system can be
derived such as

W(t) = A(a)w(r) + B(a)z(t) + Ba(a)d(r)

¢(t) = Cala)w(t) + Dy(a)z(t)

() = Cla)w(k), (43)
where w(r) is defined as in (22) and A(«), B(«), and C(«) are
given as in (23), while

Ba(a)
0y (1+k5)xmg
0,121 -+ky) xmg

Ba(o) = , Dy(e) = Dy(e)

and

Co(@) = [Ca(@) Oy, xq(14k) Og. xm(1+ko)] -

In such fashion, the augmented system (43) models the
effect of an exogenous input signal d(¢) over the system
dynamics. Moreover, it indicates the vector ¢ (), which con-
sists of a linear combination of the original system state vector
x(t), defined according to the shape of the matrix Cz().

The % problem here considered consists in finding a
robust controller L such that the augmented system (43) is
asymptotically stable and also the the closed-loop %% guar-
anteed cost is bounded by . The system decay rate is also
imposed to have a lower bound y. Such performance criteria
are desired to be meet assuming a control law u(t) = Ly(¢).

For the matter considered in this work, the /% guaranteed
cost is defined as a positive scalar  such that

n = [H(e, 9)ll2

where ||H(a, s)||2 is the system (43) % norm, defined as
+00

1
|[H(et, )I13 = sup =— Tr(H(a, jo)* H(a, jo))dw

AEAN 2 0

and
H(e, s) = C(a)(sI — .A(oz)_l)B(ot), 44)

is the closed-loop system transfer matrix, defined over the
complex variable s, here considered as the complex frequency
variable s = jow, with

A@) = A@) + B(@)LC(@), B@) =Ba(@), and, (45)

C(a) = Cy(a) + Dy(a)LC(x). (46)

To give basis to our next proposed results, we consider the
following lemma, which represents a condition for minimiz-
ing the closed-loop 77 guaranteed cost as defined in this
section.

Lemma 3 [53]: For a Hurwitz stable matrix A(a),
[[H(e, 5)] |% < w if and only if there exists parameter-

dependent symmetric matrices P(a) > 0 and Y(«) > 0 such
that

trace(Y(@)) < ,u2 47
Y(a) — Be)"P(a)B(a) > 0 (48)
A@)P(a) + P(@)A(@) + C(@) C(a) < 0, (49)
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Now, based on the considered two-stage procedure,
we propose new sufficient LMI conditions for computing
the robust .74 controller L based on the state-feedback con-
troller K(«w) obtained in the previous stage, as enunciated in
Theorem 2.

Theorem 2: Assuming that there exists a state-feedback
gain K(«) such that (1_&(01) +I_3(oz)K(oz)) is asymptotically sta-
ble, then there exists a stabilizing static output-feedback gain
L such that A(«) + B(@)LC(«) is asymptotically stable, con-
sidering a decay rate greater than or equal to y > 0, if there
exist parameter-dependent symmetric matrices P(«) > 0 and
Y(a) > 0, parameter-dependent matrices F(«), G(«), and
matrices H and J such that are a solution to the following
optimization problem:

min v
subject to
trace(Y(a)) < v, (50)
Y(@) Ba(@)"P()
[P(a)ﬁdm) P(e) } -0 b
and

(F(e)A(e) + F(@)B()K(@)) + ()7 + 2y P(e)
P(a) — F(@)" + G(@)A(@) + G(o)B(o)K(@)

_ Cu(@) + Dy()K(a)
B(@)TF(@)T + JC(a) — H()K(a)
* * *
—G(@) - G)T  « *
0 _I ) <0 (52)

B(@)TG(@)T Dy(a) —H(x) — H()T

Then, at the optimal solution, system (43) in closed-loop with
u(t) = Ly(t), where L = H™1J, has a lower bound y > 0 on
the system decay rate and the closed-loop system 5 norm is
bounded by w such that i = /v > ||H(s)||2.

Proof: Assuming that (52) holds, we have that H is invert-
ible. Now, by pre- and post-multiplying (52) by U(«) and
U(w)T, where

I 0 0 ST
Uw =0 I 0 0 |, (53)
0 0 I 0

where S(o) = H 1JC(x) — K(x), we have after some
algebraic manipulation:

(F(@)(A(@) + B(@)H 1JC(@))) + (o)7 + 2y P(x)
P(e) — F(@)T + G() (A(e) + B(@)H 1JC())
Cy(e) + Dy(e)H1JC(a)
k ko ok
—G(a) — G(o)T <0. (54)
0 -1
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Defining L = H™1J comes

(F@)(A(@) + B(@)LC(@))) + ()" + 2y P(e)
P(a) — F@)" + G() (A(e) + B(a)LC(w))

C,(a) + Dy (a)LC(x)
£ Xk

—G(a) — G(a)T * <0. (55)
0 -1

And, following the definition given in (45) and (46),
we have

F(o)A(@) + ()" 4+ 2yP(a) * *
P(a) — F()T + G(o)A(@) —G(a) — G(@)T « | <0.
C(a) 0 -1

(56)

At this point, one should observe that the upper-left 2 x
2 block matrix in (56) represents the robust stability condition
for w(t) = Aw(t), as seen in Lemma 2. Therefore, (56) is
equivalently represented by

T T
[A(a) P(a)+I;(?la))A(Ot)+2VP(“) C(E‘I) } <0. (57)

Note that by applying the Schur complement on (57),
we have

A(e)"P(a) + P(a) A(a) + 2y P(a) + C(@)  C(a) < 0
= A(a)"P(a) + P(e) A(@) + C(a)' C(a) < =2y P(a) < O,

asP(o) > 0and y > 0.

Finally, also by means of the Schur complement, we have
that (51) is equivalent to Y(a) — B(e) "P(a)B(ct) > 0. There-
fore, according to Lemma 3, with v = u” we have u = /v >
[|H(e, s)||2, and by minimizing v and consequently the trace
of Y(«), we minimize the system’s % guaranteed cost. The
proof is then finished. [ |

It is important to stress that in the two-stage approach
the first-stage gain matrix K(«) can be designed using any
stabilizing state-feedback control synthesis. In this paper,
we consider the use of the conditions presented in (24).
Investigating the efficiency of the proposed robust SOF 743
controller synthesis with different first-stage control design
techniques are beyond the scope of this work.

Finally, as in Theorem 1, the LMI conditions in Theorem 2
are of infinite dimension. Therefore, the same proce-
dure of defining a finite set of LMI by considering a
homogeneous-polynomial structure for the decision variables
using the specialized parser ROLMIP [52] is adopted for
employing Theorem 2.

Ill. EXAMPLES

In this section, we present some examples in order to illustrate
the application and benefits of our proposed approach for
addressing the problem of robust stabilization of uncertain
LTI systems subject to non-negligible sensor and actuator
dynamics, and time delay, by means of the definition of
an augmented system and the employment of a two-stage-
based SOF control design. Also, we intend to show that the
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generalization of previous results proposed in this paper is
indeed relevant for addressing complex SOF designs as the
one exploited herein. The LMIs associated to the investigated
problems are coded in the MATLAB software, with YALMIP
interface [54], and the SDPT3 solver [55].

A. EXAMPLE 1

In this first example, we demonstrate the benefits of our
proposed method. For that, we consider the control design of
the lateral axis dynamics for an L-1011 aircraft. The system
state-space model is adapted from [56] as

—2.980 0 0 —-0.034
) -0 —0.210  0.035 —0.001
x(@) = 0 0 0 1 x()
0.390 —1.350—-360 0 —1.890
—0.032
+ 0 (1) (58)
o |“
—0

where the four state variables x(¢) = (x1(¢), x2(¢), x3(t), x4(1))
are the yaw rate, the sideslip angle, the bank angle and the
roll rate, respectively. The control input u(¢) is the aileron
deflection. Note that both system and input matrices are
affected by an uncertain parameter 6, such that

—-1.0<6<-05

which represents the airspeed.

We assume that only the state variables x3(¢) and x4(¢) are
measured on-line by means of two sensors with dynamics
described as in (4), with

Ay = diag(—1, —1) and C = |:O 0l O:|.

0001

The control input u(t) is applied through an actuator with
dynamics as in (5), with

A, =—1and D=1.

The sensors and actuator information channels are subject
to time delay in such way that the measured state information,
v(t), and actuator command, u(¢), present a time delay v =
Ty = 17, = 350 ms (a realistic value considering Avionics Full
Duplex Switched Ethernet (AFDX) aviation data buses [26])
before being delivered to the controller and to the system
actuator, respectively.

1) SYSTEM MODELING
To apply the proposed method, we start by modeling the time
delay effect using a Pad€ approximation of order 2. Therefore,
regarding (17) with ks = k, = 2 and 7 = t, = 7, = 350,
we have that the state-space matrices of (12) for the delayed
sensors and actuator are

o Sensor Channel 1

0 1 0
Asdy = [—59.2593 —13.3333}’ Bsa, = m
Cuay = [0 —26.6667]. Dy, = 1. (59)
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o Sensor Channel 2

Asdz = Asdla Bsd2 = Bsd1 ) Csdz = Csd1

and Dgq, = Dygq,. (60)
o Actuator Channel 1
0 1 0
Aoty = [—59.2593 —13.3333]’ Baa, = [1]
Cag, = [0 —26.6667], Dag, = 1. (61)

Firstly, by considering that & may only assume values
within the given interval, we can represent the uncertain sys-
tem (58) in terms of the convex combination of two vertices

o Vertex 1

[—2.980 —1 0 —0.0347 [—0.0327]

1 —0.210 0.035 —0.001 0

A= 0 0 0 1 Br = 0
| 0390 1.650 0 —1.890 | | 1.000 |

« Vertex 2

[—2.980 —0.500 0 —0.034] [—0.0327]

A, _ | 0500 —02100.035 —0.001 | o _ 0

2= 0 0 0 1 PP = 0
| 0390 0.150 0 —1.890 | 0.500 |

defined according to the minimum and maximum values of
0, following the polytopic definition (2).

Given the two vertices (A1, By), (A3, B3), as well as the
sensor and actuator matrices, and the Padé delay model,
a thirteenth-order augmented system is obtained as in (23).

2) CONTROL DESIGN

We now proceed to the design phase were we aim at comput-
ing a SOF gain L such that the augmented system A +BLC is
asymptotic stable, relaying only on the available sensors out-
put signal. For that, we apply the proposed two-stage HPLF-
based LMI strategy for searching the desired stabilizing gain
L with minimum decay rate specification.

To this end, we first design a stabilizing state-feedback
controller by solving the LMI problem under the conditions
given in (24). For this design, we consider a polynomial
parameter-dependent variable Z(«) with degree g = 2, and
also impose a minimum first-stage decay rate specification
B = 0.02. The obtained state-feedback controller is

K@) = oiK; + a100K; + 03K3 (62)
with
K =[-0.9624 —0.8310 —3.6782 —4.4970 0.5890 0.6020
0.1047 —0.0117 —0.0141 0.0199
—0.4611 —144.5650 14.4716]
K = [—0.8498 —1.3383 —6.8547 —7.4811 1.2836 0.8902
0.2097 —0.0216 —0.0279 0.0378 —0.6510
— 279.7175 29.5492] ,
K; =[0.0614 —0.76541 —3.4788 —2.8447 0.7254 0.2582
0.1071 —0.0111 —0.0135 0.0189 —0.5118
— 142.6304 14.3959] .
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In the sequence, we use K(x) (in terms of the vertex
matrices Ky, K3, and K3) in the second-stage LMIs of
Theorem 1, which are based on homogeneous-polynomial
functions. We set the polynomial Lyapunov function P(«) and
auxiliary polynomial variables F(«) and G(«) to be of degree
g = 2. In addition, by enforcing a minimum second-stage
decay rate y = 0.2, we find

L = [-0.5219 —0.3148]. (63)

Remark 6: The decay rate bound B imposed in the
first-stage design (and the resulting gain K(o)) directly
impacts the feasibility in the second stage. For this particular
example, by setting B = 0.02 we obtained feasibility in the
second-stage with y = 0.2. If desired, a search on B can be
employed for obtaining an “optimal” maximum value for the
second-stage decay rate bound vy, since with higher bounds
we enforce faster transient responses [47].

3) PERFORMANCE ANALYSIS

We begin analyzing this result by emphasizing the simplicity
of the obtained SOF gain. Since our method considers only
the available measured system information (which, in this
case, consists of the two sensors outputs), the designed feed-
back gain (63) is a 1 x 2 matrix. In a hypothetical full-state
feedback implementation, the gain matrix would be of dimen-
sion 1 x 13, as obtained in the first-stage design (62), in order
to encompass plant, sensors and actuators states, if they were
possible to be measured. Moreover, such a control law would
actually require the knowledge of the uncertain parameter
vector « to obtain the gain matrix K().

In Figure 2, we present the closed-loop time-response
of system (58), with its dynamic sensors and actuators as
given in (59)-(61), considering an initial condition x(0) =
[O 10 0], which represents the aircraft state after a gust
perturbation [57]. The solid lines represent each of the four
plant states. We can see that the SOF controller (63) enforced
a stable behavior, even in with sensor and actuator delayed
communication channels in T = 350 ms.

To illustrate the impact of neglecting the delay in the
control design, we also plotted (dashed lines) the tran-
sient response of the closed-loop system with an SOF gain
designed for an augmented system that only considers the
sensors and actuator additional dynamics, as considered
in [12].

Comparing both responses in this example, we can clearly
see a degradation in the system performance, observed in
terms of smaller damping during system transient, specially
with x3(¢) and x4(¢) state variables (the ones used in the
feedback loop).

For completing the analysis of our proposed method,
we illustrate the impact of the minimum decay rate y in
the control design. For that, we present a comparison of the
control design (63) — which considered a minimum decay rate
constraint y = 0.2 — with another design, carried out without
imposing restrictions on the decay rate of the closed-loop
system (i.e. y = 0).
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= With SOF controller (23)
===With SOF design approach in Sereni et al. (2020)

z1(t) 1 (1)

= 0 .
< -0 505
Z 02 —

. -0.5
0 10 20 30 0 10 20 30

Time (s) Time (s)

FIGURE 2. L-1011 lateral axis closed-loop dynamics with SOF design
neglecting [12] and considering transport delay (SOF controller (63)).

By employing the same procedure adopted in the syn-
thesis of the SOF gain matrix (63), but now considering
B =y = 0 we obtain

L = [-0.2332 —0.0502] . (64)

A comparison of the closed-loop responses obtained with the
SOF gains (63) and (64) is presented in Figure 3 in terms
of the state variables x3(¢) and x4(¢). One can clearly see
that without imposing a minimum decay rate constraint, the
closed-loop system exhibits a worse performance in terms of
a longer settling-time.

Remark 7: A final yet important remark regarding Exam-
ple 1 is that by considering a design approach via
Corollary 1 or 2 we obtain some interesting results. If we
consider a parameter-dependent first-stage design, by setting
Z(x) with degree g = 1 and use the obtained matrix gains
in Corollary 1 we do not find a feasible solution for the
same decay rate design parameters. Corollary 2 also fails in
obtaining feasibility in the second-stage design. These results

—y =02

@3(t)

20 40 60
Time (s)
FIGURE 3. L-1011 lateral axis closed-loop dynamics with SOF design

considering minimum decay rate y = 0.2 and without minimum decay
rate enforcement (y = 0).
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FIGURE 4. Simulation results obtained for Example 2 system considering
a conventional SMC controller [58].

illustrate the benefits of considering a higher-degree Polya’s
relaxation associated to the HPLF approach, when compared
to the polytopic method in [50], which will be more properly
discussed in Example 3.

B. EXAMPLE 2
In this second example, we give more emphasis to the impor-
tance of considering the delay effect in the control design.
To this end, we show that methods known for its robustness
characteristics, such as conventional sliding mode control
(SMC) techniques, suffers destabilization in the presence of
time delay.

Consider an uncertain linear system such as (1), described
in terms of the following vertex matrices:

o Vertex 1
—0.277 —32.980 —5.432 0
Ap=| 0365 —-0.319 —9490|,B1=] 0
0 0 -5 -5
« Vertex 2
—4.277 —-50 -—-5.432
A= 0365 —1.318 —9.490 | ,B; =By
0 0 -5

We consider the design of an sliding-mode controller in
terms of the control law
Nx(1)

w0 =R+ oo e

where R, M, and N are constant matrices, and o a constant
scalar. Such parameters are obtained through the employment
of the classic SMC as described in [58], well-known for
presenting robustness to several practical control issues. For
the considered example, one might obtain:

p=0.1, R=[-0.58 —-7.96 17.09],
N=[0.1-10.1], and M= [-0.1 1 —0.1].
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The constant parameter § is a small scalar included for avoid-
ing the chattering phenomenon, often present in sliding mode
control structures [59]. For this example, we set § = 1072,

In a simulation considering an arbitrary initial condition

= [0.150.15 O.IS]T, the SMC controller is able to
stabilize the considered system in closed-loop, yielding the
transient response presented in Figure 4 (top).

However, when a time delay t, = 0.02 is inserted in the
control signal channel, such that x = A(a)x(¢) + Bu(r — 1),
the same SMC controller is not able to maintain stability,
as the simulation results for the same initial conditions show
in Figure 4 (bottom).

In contrast, by employing our robust SOF method that
encompasses the input signal delay in the controller design,
we obtain a stabilizing controller

L =[—0.0484 —1.4265 2.2506]

with sensor and actuator models matrices’ Ay =
diag(—100, —100, —100), A, = —100, and a 2" order delay
Padé approximation model. The first- and second-stage LMI
variables degrees are set as degP = degF = degG = 2,
degZ = 0,and B = y = 0. As we can see in Figure 5,
in contrast to the SMC strategy, our method presents stability
robustness with respect to the presence of time delay in
the control input channel, since closed-loop transient when
input delay is considered exhibits only small variations when
compared to delay-free transient.

C. EXAMPLE 3
Now we aim at illustrating the efficacy of the %% control
strategy proposed in Theorem 2. To this, consider the uncer-
tain continuous-time system borrowed from [60], defined in
terms of polytope with vertex matrices:

o Vertex 1

AR

Ci=[10], Ca=[12], Day =1
o Vertex 2

o= [573) m=[}] ma= ]

C=[21]. Cx=[11], Dz =2

Adapting the example for employing our proposed method,
we also consider sensor and actuator with non-negligible
dynamics, which are modeled as described in Section I, with
Ay = —100, A; = —100. We also assume that the informa-
tion in both state and input channels are delayed in 30 ms,
whose dynamic effects are modeled using a 2"? order delay
Padé approximation model.

Now, applying our two-stage procedure over the conse-
quent augmented system, we first design a stabilizing state-
feedback gain K(«) using (24), with 8 = 0 and degZ = 0

3Note that we considered actuators and sensors with fast dynamics. With
that, only the delay effect will have a significant impact in the controllers
simulation responses, which is the objective in this comparison example.
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) Robust SOF Control Response (Wlthout input delay)
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FIGURE 5. Simulation results obtained for Example 2 system considering

a robust SOF controller using our proposed two-stage design via
Theorem 1.

for obtaining:

K(o) = [—1.9710 —0.1149 0.9088 —0.0047

—4.7203 x 1075 0.8105 —898.7575 —7.8539].

Then, by solving the minimization problem stated in
Theorem 2, with variables degrees set as degP = degF =
degG = degY = 1 and y = 0, we obtain a stabilizing robust
SOF controller

L = —4.3039,

which ensures a % guaranteed cost u = 6.9858. For
comparison purposes, observe that in [60], the proposed
6 control strategy achieved a more conservative guaranteed
cost © = 8.0343, even without the additional complexity
associated to our approach, which considers delay and sen-
sor/actuator non-negligible dynamics.

D. EXAMPLE 4

In this final example, we now aim at illustrating the benefits
of considering our proposed HPLF-based two-stage robust
SOF design strategy with minimum decay rate constraints for
uncertain LTT systems with sensor and actuator time-delayed
dynamics.

For that purpose, we performed a set of feasibility
tests, which consisted in attempting to find a feasi-
ble solution for the control design of the L-1011 lat-
eral axis dynamics (presented in Example 1) using the
polytopic parameter-dependent strategy considered in [12]
(Corollary 2) and the HPLF generalization proposed in this
work (Theorem 1).

Note that for different ranges for the uncertain parameter 6
and different values for the time delay t we have a differ-
ent control design problem. We consider that the uncertain
parameter 6 lies in the range specified by —1.0 — § <
0 < —0.5+ 6, with 1.0 < § < 2.5. At the same time,
we consider a range of test values for the time-delay defined
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by 0.05 < t <0.5. Therefore, for each pair (5, t) in the
specified ranges, we have a different problem in terms of
uncertain parameter and time delay. Moreover, observe that
for higher values of §, we are assuming that the uncertain
parameter belongs to a wider uncertainty range.

1) HPLF vs. Polytopic PDLF

In a first study, we assume that no minimum decay rate is
enforced in the control designs in both stages (i.e. 8 =
y = 0). Then, for each pair (8, 7) we seek to find a first-
stage state-feedback gain® using (24), and then we feed the
obtained controller information to the LMI problems stated in
Corollary 2 and Theorem 1. In Figure 6 we present for which
pairs (8, t) each strategy succeeded in finding a stabilizing
robust SOF gain L.

As we can clearly see, the HPLF strategy considered in
this paper (Theorem 1) outperforms the polytopic PDLF
approach used in [12], and proposed in [50] (Corollary 2), as
Theorem 1 is able to provide a feasible solution for a larger
number of problems. For this test, the variables (P, F, G)(«)
in Theorem 1 where assumed to be polynomials with degree
g = 2. In practical terms, the result presented in Figure 6
shows that Theorem 1 guarantees the robust SOF stabilization
of the L-1011 lateral axis dynamics for a wider range of
uncertainty on the airspeed parameter 6, by allowing the
decision variables to be defined as homogeneous polynomials
with degree higher than g = 1, as in [50].

In a second feasibility test, we now consider that a mini-
mum decay rate is imposed in both stages of design. Repeat-
ing the same procedure as in the first test, the feasibility
region in Figure 7 is obtained. Once again, we see that the
HPLF strategy outperformed the polytopic PDLF approach
used in [12]. However, a comparison with the results in
Figure 6 reveals that the additional constraint of a minimum
decay rates increases the difficulty of providing a stabilizing
SOF gain. Indeed, the feasibility region in Figure 7 covers a
smaller range of model uncertainty, which is defined by the
value of §.

2) INFLUENCE OF THE POLYNOMIAL MATRIX K(«) DEGREE
For completing the analysis of the results proposed in our
work, we present a study of the influence that the degree of
the polynomial matrix K(«), chosen in the first-stage design,
exerts over the feasibility in the second stage.

New feasibility tests — on the same basis of the two previ-
ous ones — where conducted, by combining different choices
for the polynomial degrees of the decision variables in both
first and second stages. In the first stage, three values were
tested for the degree degZ of the polynomial variable Z(«),
namely degZ = 0, degZ = 1, and degZ = 2. It is worth
recalling that degZ also corresponds to the degree of K(x),

4Since the second-stage design is sensitive to the state-feedback gain
designed in the first stage, we perform both tests assuming that the first stage
is executed considering the degree of Z(«) to be equal to 0 (degZ = 0),
enabling the use of the same gain K(«) = K in both second-stage synthesis
conditions of Theorem 1 and Corollary 2 [50].
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FIGURE 6. Feasibility region obtained for the L-1011 lateral axis SOF
stabilization problem without imposing a minimum decay rate when
applying the polytopic PDLF SOF design strategy [50] (O - Corollary 2);
and when using the HPLF extension proposed in Theorem 1 (O and [J).
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FIGURE 7. Feasibility region obtained for the L-1011 lateral axis SOF
stabilization problem imposing a minimum decay rate (8 = y = 0.025)
when applying the polytopic PDLF SOF design strategy [12] (O); and
when using the HPLF extension proposed in Theorem 1 (O and [J).

as K(@) = W~ 1Z(«). In the second stage, the polynomial
variables P(«), F(«), and G(«) were also chosen to be of
the same degree degPFG (i.e. degP = degF = degG =
degPFG), which was set to either 0, 1, or 2. For each pair
(degZ,degPFG) € {0,1,2} x {0, 1,2}, the feasibility of
the LMI (1) in Theorem (25) was assessed. The results are
presented in Figure 8.

As expected in light of the previous results, by allowing the
decision variables to be homogeneous-polynomially depen-
dent on the uncertain parameter we obtain a wider feasibility
region, which increases with higher polynomial degrees.

However, the inverse result is observed regarding the
polynomial degree established for the first-stage gain K(x).
As seen from both scenarios (with and without minimal
decay rate specification), the best feasibility results in the
second-stage design are obtained when the first-stage gain is
set to be independent from the uncertain parameter. More-
over, the higher degree set for the polynomial gain matrix
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FIGURE 8. Feasibility regions obtained for the L-1011 lateral axis SOF stabilization problem for different choices of the
polynomial degree of the decision variables associated to the first- and second-stage designs with (bottom charts) and without

(top charts) minimum decay rate constraints.

K(x), the smaller is the resulting feasibility region in the
second stage.

IV. CONCLUSION

The proposed strategy is able to address additional sensors
and actuator non-negligible dynamics subject to time delay
by means of an SOF control design applied to an aug-
mented system representation. The simulation results show
the importance of considering such practical issues in the
control design, attesting to the relevance of the synthesis
method presented in this work. In practical terms, the results
attest for the potential of the proposed approach to be applied
in the control design for others attitude angles in aircraft.

By confronting the results observed in Example 1, we see
that a minimum decay rate specification is valuable to
improve the closed-loop dynamics. However, enforcing this
specification may be a challenging issue, as the feasibility of
the LMIs involved in the synthesis of the robust controller
may be compromised. From Example 2, we see that even
techniques well-known for presenting robustness to several
practical control issues are susceptible to present undesired
dynamic characteristics when neglecting the presence of
time-delay effects. Furthermore, the proposed extensions for
dealing with disturbance rejection via % norm optimization
shows to achieve better results when compared to other strate-
gies available in literature, as exposed in Example 3.

Atlast, it is important to highlight that the polytopic system
modeling strategy considered in our paper not only enables

VOLUME 11, 2023

the designer to consider uncertain sensor and actuator param-
eters, and uncertain time delays, but also that these parameters
can be time-varying. Therefore, the proposed method can be
directly applied to address linear parameter-varying (LPV)
systems through a gain-scheduling control design. Addition-
ally, considering the practical relevance of the nonlinear sys-
tems case, the development of an extension of the proposed
LMI conditions to be applied to fuzzy Takagi-Sugeno models
are in progress.

REFERENCES

[11 A.K. Al-Jiboory, G. Zhu, S. S.-M. Swei, W. Su, and N. T. Nguyen, “LPV
modeling of a flexible wing aircraft using modal alignment and adaptive
gridding methods,” Aerosp. Sci. Technol., vol. 66, pp. 92-102, Jul. 2017.

[2] S.-B. Yang, L.-B. Wang, and D. Xu, “Computational analysis on actuator
failures of flexible aircraft,” Int. J. Comput. Mater. Sci. Eng., vol. 7, no. 2,
Jun. 2018, Art. no. 1850014.

[3] M. Tang, M. Boswald, Y. Govers, and M. Pusch, ‘“Identification and
assessment of a nonlinear dynamic actuator model for controlling an exper-
imental flexible wing,” CEAS Aeronaut. J., vol. 12, pp. 1-14, Apr. 2021.

[4] W. Tian, Y. Gu, H. Liu, X. Wang, Z. Yang, Y. Li, and P. Li, “Nonlinear
aeroservoelastic analysis of a supersonic aircraft with control fin free-
play by component mode synthesis technique,” J. Sound Vib., vol. 493,
Feb. 2021, Art. no. 115835.

[S] Y. Wang, A. Wynn, and R. Palacios, “Nonlinear modal aeroservoelas-
tic analysis framework for flexible aircraft,” AIAA J., vol. 54, no. 10,
pp. 3075-3090, Oct. 2016.

[6] G.Leitmann, E. P. Ryan, and A. Steinberg, “Feedback control of uncertain
systems: Robustness with respect to neglected actuator and sensor dynam-
ics,” Int. J. Control, vol. 43, no. 4, pp. 1243-1256, Apr. 1986.

[7] K.-K.-D. Young and P. V. Kokotovic, “Analysis of feedback-loop inter-
actions with actuator and sensor parasitics,” Automatica, vol. 18, no. 5,
pp. 577-582, Sep. 1982.

20783



IEEE Access

B. Sereni et al.: Output-Feedback Design Approach for Robust Stabilization of Linear Systems

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

H. K. Khalil, “A note on the robustness of high-gain-observer-based con-
trollers to unmodeled actuator and sensor dynamics,” Automatica, vol. 41,
no. 10, pp. 1821-1824, Oct. 2005.

H. Anfinsen and O. M. Aamo, ““Stabilization of a linear hyperbolic PDE
with actuator and sensor dynamics,” Automatica, vol. 95, pp. 104-111,
Sep. 2018.

A.T. Banza, Y. Tan, and I. Mareels, “Integral sliding mode control design
for systems with fast sensor dynamics,” Automatica, vol. 119, Sep. 2020,
Art. no. 109093.

J.-W. Wang, H.-N. Wu, and H.-X. Li, “Static output feedback control
design for linear MIMO systems with actuator dynamics governed by
diffusion PDES,” Int. J. Control, vol. 87, no. 1, pp. 90-100, Jan. 2014.

B. Sereni, R. K. H. Galvio, E. Assun¢do, and M. C. M. Teixeira, “Synthesis
of robust control systems with dynamic actuators and sensors using a static
output feedback method,” Anais da Sociedade Brasileira Automdtica,
vol. 2, no. 1, pp. 1-15, 2020.

A. Trofino-Neto and V. Kucera, “‘Stabilization via static output feedback,”
IEEE Trans. Autom. Control, vol. 38, no. 5, pp. 764-765, May 1993.

V. Blondel and J. N. Tsitsiklis, “NP-hardness of some linear control design
problems,” SIAM J. Control Optim., vol. 35, no. 6, pp. 2118-2127, 1997.

M. S. Sadabadi and D. Peaucelle, ‘“‘From static output feedback to struc-
tured robust static output feedback: A survey,” Annu. Rev. Control, vol. 42,
pp. 11-26, Jan. 2016.

J. C. Geromel, P. L. D. Peres, and S. R. Souza, “Convex analysis of
output feedback control problems: Robust stability and performance,”
IEEE Trans. Autom. Control, vol. 41, no. 7, pp. 997-1003, Jul. 1996.

J. X. Dong and G. H. Yang, “Robust static output feedback control
synthesis for linear continuous systems with polytopic uncertainties,”
Automatica, vol. 49, pp. 1821-1829, Jun. 2013.

D. Peaucelle, D. Arzelier, O. Bachelier, and J. Bernussou, “A new robust
‘D-stability condition for real convex polytopic uncertainty,” Syst. Control
Lett., vol. 40, no. 1, pp. 21-30, 2000.

D. Mehdi, E. K. Boukas, and O. Bachelier, *“Static output feedback design
for uncertain linear discrete time systems,” IMA J. Math. Control Inf.,
vol. 21, no. 1, pp. 1-13, 2004.

Z. Emedi and A. Karimi, “Fixed-structure LPV discrete-time controller
design with induced /-norm and H; performance,” Int. J. Control, vol. 89,
no. 3, pp. 494-505, Mar. 2016.

H. Wu, H. Ni, and G. T. Heydt, ““The impact of time delay on robust control
design in power systems,” in Proc. IEEE Power Eng. Soc. Winter Meeting.
Conf., Jan. 2002, pp. 1511-1516.

F. Gunnarsson, F. Gustafsson, and J. Blom, “Dynamical effects of time
delays and time delay compensation in power controlled DS-CDMA,”
IEEE J. Sel. Areas Commun., vol. 19, no. 1, pp. 141-151, Jan. 2001.

K. G. Shin and X. Cui, “Computing time delay and its effects on real-
time control systems,” IEEE Trans. Control Syst. Technol., vol. 3, no. 2,
pp. 218-224, Jun. 1995.

J. Wang, G. Peng, and Y. Yan, “A testing method of measuring time delay
of the flight test AFDX avionic system caused by data acquiring network,”
in Proc. Int. Telemetering Conf., vol. 54, 2018, pp. 1-6.

C.-S.Kim, C.-H. Ji, G.-O. Koh, and B. S. Kim, ““Stability margin and struc-
tural coupling analysis of a hybrid INDI control for the fighter aircraft,”
Int. J. Aeronaut. Space Sci., vol. 22, pp. 1-16, Oct. 2021.

T. Feng, “Ethernet-based AFDX simulation and time delay analysis,”
MSc Res. Thesis, School Aerosp., Transp. Manuf., Cranfield Univ.,
Cranfield, U.K., 2016. [Online]. Available: http://dspace.lib.cranfield.
ac.uk/handle/1826/10293

N. Benammar, F. Ridouard, H. Bauer, and P. Richard, ‘“Forward end-to-
end delay for AFDX networks,” IEEE Trans. Ind. Informat., vol. 14, no. 3,
pp. 858-865, Mar. 2017.

P. Albertos and P. Garcia, “Robust control design for long time-delay
systems,” J. Process Control, vol. 19, no. 10, pp. 1640-1648, Dec. 2009.

B. C. Torrico, M. U. Cavalcante, A. P. S. Braga, J. E. Normey-Rico, and
A. A. M. Albuquerque, “Simple tuning rules for dead-time compensation
of stable, integrative, and unstable first-order dead-time processes,” Ind.
Eng. Chem. Res., vol. 52, no. 33, pp. 11646-11654, Jul. 2013.

R. C. Sa Rodrigues, A. K. R. Sombra, B. C. Torrico, R. D. O. Pereira,
M. D. D. N. Forte, M. P. D. A. Filho, and F. G. Nogueira, “Tuning rules
for unstable dead-time processes,” Eur. J. Control, vol. 59, pp. 250-263,
May 2021.

S. I. Niculescu and R. Lozano, “On the passivity of linear delay systems,”
IEEE Trans. Autom. Control, vol. 46, no. 3, pp. 460-464, Mar. 2001.

20784

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

[40]

(41]

[42]

(43]

[44]

(45]

[46]

[47]

(48]

[49]

[50]

(51]

(52]

(53]

(54]

M. Fliess, R. Marquez, and H. Mounier, “PID-like regulators for a class
of linear delay systems,” in Proc. Eur. Control Conf. (ECC), Sep. 2001,
pp. 178-183.

W. Deng, J. Yao, and D. Wei, “Time-varying input delay compensa-
tion for nonlinear systems with additive disturbance: An output feedback
approach,” Int. J. Robust Nonlinear Control, vol. 28, no. 1, pp. 31-52,
Jan. 2018.

M. Kirstic, “Lyapunov tools for predictor feedbacks for delay systems:
Inverse optimality and robustness to delay mismatch,” Automatica, vol. 44,
no. 11, pp. 2930-2935, 2008.

W. Deng, J. Yao, Y. Wang, X. Yang, and J. Chen, “Output feedback
backstepping control of hydraulic actuators with valve dynamics compen-
sation,” Mech. Syst. Signal Process., vol. 158, Sep. 2021, Art. no. 107769.
J.-P. Richard, ““Time-delay systems: An overview of some recent advances
and open problems,” Automatica, vol. 39, no. 10, pp. 1667-1694, 2003.
H. R. Karimi, “A sliding mode approach to H« synchronization of
master—slave time-delay systems with Markovian jumping parameters and
nonlinear uncertainties,” J. Franklin Inst., vol. 349, no. 4, pp. 1480-1496,
2012.

J. Palraj, K. Mathiyalagan, and P. Shi, ‘“‘New results on robust sliding mode
control for linear time-delay systems,” IMA J. Math. Control Inf., vol. 38,
no. 1, pp. 320-336, Mar. 2021.

X. Sun and Q. Zhang, “Observer-based adaptive sliding mode control
for T-S fuzzy singular systems,” IEEE Trans. Syst., Man, Cybern., Syst.,
vol. 50, no. 11, pp. 4438-4446, Nov. 2020.

J.-Q. Sun, “A method of continuous time approximation of delayed dynam-
ical systems,” Commun. Nonlinear Sci. Numer. Simul., vol. 14, no. 4,
pp. 998-1007, Apr. 2009.

T. Soni, J. K. Dutt, and A. S. Das, “Dynamic behavior and stability
of energy efficient electro-magnetic suspension of rotors involving time
delay,” Energy, vol. 231, Sep. 2021, Art. no. 120906.

D. H. Shah and D. M. Patel, ““Design of sliding mode control for quadruple-
tank MIMO process with time delay compensation,” J. Process Control,
vol. 76, pp. 46-61, Apr. 2019.

X. Niu, H. Ye, Y. Liu, and X. Liu, “Padé approximation based method for
computation of eigenvalues for time delay power system,” in Proc. 48th
Int. Universities’ Power Eng. Conf. (UPEC), Sep. 2013, pp. 1-4.

D. Zhao, Y. Wang, L. Xu, and H. Wu, “Adaptive robust control for a class
of uncertain neutral systems with time delays and nonlinear uncertainties,”
Int. J. Control, Autom. Syst., vol. 19, no. 3, pp. 1215-1227, Mar. 2021.

C. M. Agulhari, R. C. L. F. Oliveira, and P. L. D. Peres, “Robust H, static
output-feedback design for time-invariant discrete-time polytopic systems
from parameter-dependent state-feedback gains,” in Proc. Amer. Control
Conf., 2010, pp. 4677-4682.

A. C. S. Paulino and G. I. Bara, “Homogeneous polynomial Lyapunov
functions for the analysis of polytopic parameter-dependent descriptor
systems,” Int. J. Control, vol. 95, no. 8, pp. 1-14, 2021.

S. Boyd, L. E. Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix
Inequalities in System and Control Theory. Philadelphia, PA, USA: STAM,
1994.

B. Sereni, E. Assun¢do, and M. C. M. Teixeira, “New gain-scheduled
static output feedback controller design strategy for stability and transient
performance of LPV systems,” IET Control Theory Appl., vol. 14, no. 5,
pp. 717-725, Mar. 2020.

R. E. Skelton, T. Iwasaki, and D. E. Grigoriadis, A Unified Algebraic
Approach to Control Design. Boca Raton, FL, USA: CRC Press, 1997.

B. Sereni, R. M. Manesco, E. Assungdo, and M. C. M. Teixeira, “Relaxed
LMI conditions for the design of robust static output feedback controllers,”
IFAC-PapersOnLine, vol. 51, no. 25, pp. 428433, 2018.

C. M. Agulhari, R. C. L. F. Oliveira, and P. L. D. Peres, “Static out-
put feedback control of polytopic systems using polynomial Lyapunov
functions,” in Proc. 49th IEEE Conf. Decis. Control (CDC), Dec. 2010,
pp. 6894-6901.

C. M. Agulhari, A. Felipe, R. C. L. F. Oliveira, and P. L. D. Peres,
“Algorithm 998: The robust LMI parser—A toolbox to construct LMI
conditions for uncertain systems,” ACM Trans. Math. Softw., vol. 45, no. 3,
pp. 1-25, Sep. 2019.

M. J. Lacerda, R. C. L. F. Oliveira, and P. L. D. Peres, “Robust H, and
Ho filter design for uncertain linear systems via LMIs and polynomial
matrices,” Signal Process., vol. 91, no. 5, pp. 1115-1122, 2011.

J. Lofberg, “YALMIP: A toolbox for modeling and optimization in
MATLAB,” in Proc. IEEE Int. Conf. Robot. Autom., Sep. 2004,
pp. 284-289.

VOLUME 11, 2023



B. Sereni et al.: Output-Feedback Design Approach for Robust Stabilization of Linear Systems

IEEE Access

[55] K.-C. Toh, M. J. Todd, and R. H. Tiitiincii, “SDPT3—A MATLAB soft-
ware package for semidefinite programming, version 1.3,” Optim. Methods
Softw., vol. 11, nos. 1-4, pp. 545-581, 1999.

[56] A.-T. Nguyen, P. Chevrel, and F. Claveau, “Gain-scheduled static output
feedback control for saturated LPV systems with bounded parameter vari-
ations,” Automatica, vol. 89, pp. 420424, Jan. 2018.

[57] A.AndryJr,J.C. Chung, and E. Y. Shapiro, “‘Modalized observers,” IEEE
Trans. Autom. Control, vol. AC-29, no. 7, pp. 669-672, Jul. 1984.

[58] V. L. Utkin, Sliding Modes and Their Applications in Variable Structure
Systems. Moscow, Russia: Mir, 1978.

[59] S. K. Bag, S. K. Spurgeon, and C. Edwards, ‘“Dynamic output feedback
sliding mode design for linear uncertain systems,” in Proc. 35th IEEE
Conf. Decis. Control, vol. 4, Dec. 1996, pp. 4613-4618.

[60] J. Dong and G. H. Yang, “Static output feedback control synthesis for
linear systems with time-invariant parametric uncertainties,” IEEE Trans.
Autom. Control, vol. 52, no. 10, pp. 1930-1936, Oct. 2007.

BRUNO SERENI was born in Sio José do Rio
Preto, Sdo Paulo, Brazil, in 1993. He received
the B.Sc., M.Sc., and D.Sc. degrees in electri-
cal engineering from Sdo Paulo State University
(UNESP), Ilha Solteira, Sdo Paulo, in 2016, 2019,
and 2023, respectively.

He concluded his B.Sc. course as the first stu-
dent of his class with UNESP. He also received
recognition for his symposium paper with the Sim-
posio Brasileiro de Automacao Inteligente (SBAI),
in 2019, distinguished as one of the best papers in the doctoral student
category. He is currently a temporary Professor with the Instituto Federal
de Sdo Paulo (IFSP), Presidente Epitdcio, Sdo Paulo. His research interests
include linear control of linear-parameter varying (LPV) systems, .75/.7¢5
control, and static output feedback (SOF) stabilization of linear systems via
linear matrix inequalities (LMI).

VOLUME 11, 2023

ROBERTO KAWAKAMI HARROP GALVAO
(Senior Member, IEEE) received the B.Sc. degree
(summa cum laude) in electronic engineering and
the M.Sc. and Ph.D. degrees in systems and con-
trol from the Instituto Tecnolégico de Aerondutica
N (ITA), Brazil, in 1995, 1997, and 1999, respec-
w . tively. Since 1998, he has been a Faculty Member
of the Electronic Engineering Department, ITA,
* /‘ where he is currently a Full Professor in systems
and control. In 2001, he spent a sabbatical leave
with the Cybernetics Department, University of Reading, U.K. He has pub-
lished more than 130 articles in peer-reviewed journals and has supervised or
co-supervised more than 50 M.Sc. dissertations and 20 theses. His research
interests include fault-tolerant control and model predictive control. He was
a recipient of the Montenegro Award for Teaching Excellence with ITA.

EDVALDO ASSUNCAO (Member, IEEE) was
born in Andradina, Sdo Paulo, Brazil, in 1965.
He received the B.Sc. degree from Sao Paulo State
University (UNESP), Ilha Solteira, Sdo Paulo,
in 1989, the M.Sc. degree from the Instituto Tec-
nolégico de Aerondutica, Brazil, in 1991, and
the D.Sc. degree from the Universidade Estad-
ual de Campinas, Brazil, in 2000, all in electrical
engineering.

\ In 1992, he joined the Department of Electrical
Engineering, UNESP, where he is currently an Assistant Professor. His
research interests include control theory and applications, linear matrix
inequality-based designs, and optimal and robust .75/.7%, control.

Dr. Assungdo received the Instituto de Engenharia de Sdo Paulo Award
from FEIS-UNESP, in 1989.

MARCELO CARVALHO MINHOTO TEIXEIRA
(Member, IEEE) was born in Campo Grande, Mato
Grosso do Sul, Brazil, in 1957. He received the
B.Sc. degree from the Escola de Engenharia de
Lins, Brazil, in 1979, the M.Sc. degree from the
Universidade Federal do Rio de Janeiro, Brazil,
in 1982, and the D.Sc. degree from the Pontificia
Universidade Catdlica do Rio de Janeiro, Brazil,
in 1989, all in electrical engineering.

In 1982, he joined the Department of Electrical
Engineering, Universidade Estadual Paulista (UNESP), Ilha Solteira, Sdo
Paulo, Brazil, where he has been a Full Professor, since 2005. In 1996 and
1997, he was a Visiting Scholar with the School of Electrical and Computer
Engineering, Purdue University, West Lafayette, IN, USA. His research
interests include control theory and applications, neural networks, variable
structure systems, linear matrix inequality-based designs, and fuzzy systems.

20785



