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ABSTRACT This paper deals with the design of an energy-to-peak reduced-order filter (also called Ly — L
filtering) for continuous-time Markov jump linear systems, assuming that the filter has only access to an
estimate of the Markov parameter, coming from the output of a detector device. To model this situation
we consider that the joint process formed by the Markov parameter and the detector information follows
an exponential hidden Markov model. The result is given in terms of Linear Matrix Inequalities (LMI) so
that the available numerical package tools can be readily implemented to solve the problem. The paper is

concluded with some numerical simulations.

INDEX TERMS Reduced-order filtering, energy-to-peak performance, switched systems, hidden Markov

models, linear matrix inequalities.

I. INTRODUCTION

The research on systems subject to sudden changes has been
the focus of a great deal of attention in the last decades.
Of special interest is the class of hybrid systems subject
to switching rules modelled by random processes, in which
Markov Jump Linear Systems (MJLS) arguably have been
the focal point of study, see, for instance, [1]-[3]. By now,
the use of MJLS as a tool for modeling and design has found
space in a wide range of applications, such as Networked
Control Systems (NCS) in [4], Active-Fault Tolerant Control
Systems (AFTCS) in [5], among others.
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The main goal of this paper is on the so-called energy-to-
peak reduced-order filtering problem, or Ly — Ly, reduced-
order filtering problem. The aim is to design a filter such
that the ratio between the peak value of the estimation
error and the energy of an L, external disturbance is less
than a fixed positive value y. As pointed out in [6], this
class of filters is less conservative than the Hy, filtering
in the sense that the bound restriction is imposed for all 7,
instead of the L, norm of the estimation error, and has been
applied in several types of applications such as electrical
circuits, navigation systems, communication systems, and
estimation in civil structures, see [7]. As an example of
application, we can mention the estimates of the velocity
or the sideslip angle of vehicles in which, as pointed out
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in [8], what usually matters is that the maximum value
of these variables are limited to ensure a safe drive (see
also [9]). Another application can be found in [6], which
proposes the design of a reduced-order L, — Lo, filter for
discrete-time systems subject to network-induced delays. The
design problem of energy-to-peak filtering can be dated back
as far as [10] and since then it has been an intensive area of
research. This problem has been analyzed by several authors
under different approaches as, for instance, the seminal
paper [11] which provides necessary and sufficient conditions
for the solution of the filter problem by using LMI and
coupling nonconvex matrix rank constraints. The problem
of robust energy-to-peak filtering for uncertain systems was
considered in [7], [12]-[14]. The energy-to-peak filtering
problem of Markov jump systems is investigated in [15],
[16], while singular semi-Markov jump systems with unideal
measurements was studied in [17]. For sampled nonlinear
systems, the paper [18] focus on the L, — L filtering problem
by using Takagi—Sugeno (T-S) fuzzy systems.

A key point related to MJLS is the (lack of) availability of
the Markov variable, denoted here by 6(¢) for the continuous-
time case. The case in which it is not possible to perfectly
measure 6(t) was treated, within the context of AFTCS,
in [5], [19]-[21]. According to [21], AFTCS consists,
essentially, in automatically detecting and identifying the
faulty components and then reconfiguring the control law
on-line in response to this decision. In this context, the fault
is modeled here by the Markov chain 6(¢) while the fault
detector, denoted by (1), plays the role of the signal coming
from a failure detection and identification (FDI) device. One
important example comes from networked control systems
(NCSs), which are inherently subject to packet dropouts and
imperfect characteristics of the communication channel.

More recently, in [22], [23], a more general exponential
hidden Markov model for the joint process it (1) = (6(1), é(t))
was proposed, allowing the study of the H, state-feedback
as well as the Hy, static output feedback control problems
for MJLS under the assumption that the controllers can only
have access to the unreliable information coming from the
detector é(t), and thus 6(¢) cannot be perfectly measured.
Other approaches which consider the case in which 6(¢) is
not available are the asynchronous case see, for instance,
[8], [24], and the e-dependent rate of jump case, which was
considered in [25].

Usually it is assumed in filtering problems that the
dimension of the filter state variable is the same as the
one of the original system (known as full-order filters).
However, when the original system has a high dimension as,
for instance, in meteorology and oceanography applications,
full-order filters can be difficult to implement in real
time (see, for instance, [26]). Due to that the study of
reduced-order filters (that is, when the filter’s dimension is
smaller than that of the original system) has been receiving a
great deal of attention. Regarding MJLS, we can mention the
papers [6], which studies the design of robust reduced-order
L, — L filters for a class of discrete-time systems subject to
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network-induced delays governed by a Markov chain; [27],
which addresses the reduced-order H, filtering problem
for continuous-time MJLS, where the jump parameters are
modelled by a discrete-time Markov process; and [28], which
deals with the robust H> and Hy, reduced-order mode-
dependent, partially mode-dependent, or mode-independent
filters for discrete-time MJLS under a parameter-dependent
LMI approach.

In this paper we focus on the design of L, — L, reduced-
order filtering problem for continuous-time MJLS within
the challenging context of the partial observation of the
Markov parameter. The main contribution is to provide a
design procedure, based on an LMI formulation, to obtain
a reduced-order filter which relies only on the detector 0 (1),
so that the Ly — Ly gain of the estimation error is smaller
than an upper bound y. On the one hand this set up makes
the problem more realistic and interesting from the practical
point of view but, on the other hand, it imposes new technical
challenges in the deduction of the LMIs, requiring some
special structures for the solution, as can be seen in the
proof of Theorem 1 below. We believe that this convex
approach for the reduced-order filter represents a challenging
and important open problem which, as far as the authors are
aware of, had not been previously analyzed in the literature
under this exponential hidden Markov formulation. Next,
we highlight the main novelties with respect to existing
results:

1) The papers [15], [17] tackle the L, — L filtering
problem for continuous-time jump systems for the
mode-dependent case, that is, the jump parameter is
accessible to the filter. Differently from that, in the
present paper we consider the more realistic case in
which only an estimate of this parameter is available
for the filter design.

2) When compared to [8], [24] it is important to stress that
our formulation for modeling the detector is different
from the one adopted in these papers, which is based
on a conditional probability restriction that must hold
for all time ¢ (Eq. (4) in [24] and Eq. (6) in [8]), and
also that, to avoid infinite jumps of 6(t) in a finite
time interval, there exists a minimum time interval for
the execution of the detector (see [8]). On the other
hand, under our formulation, the signal 0 (t) is modelled
as an exponential hidden Markov process, so that the
time evolution of the extended process g(t) is well
defined as a continuous-time Markov chain with no
extra conditions (see Section IV).

3) By using the hidden Markov formulation adopted in
this paper, it is not necessary to consider the rate of
jumps of é(t) as required in [25], which studied the H,
filtering problem, considering that the Markov chain
6(t) and the detector ¢ () jointly follow an exponential
hidden Markov chain model, with the parameter €
determining how fast 6¢(¢) will switch.

4) The formulation in the present paper encompasses the
detector model used in the context of AFTCS as well
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as the mode-dependent, mode-independent, and cluster
cases, which are different approaches regarding the
availability of 6(¢) (see Remark 4 for further details).

5) The papers [29], [30] tackle the control problem
of continuous-time MJLS under the aforementioned
exponential hidden Markov, being the H,, Hy and
mixed Hy/Hy filtering problems also studied in [30],
but not the Ly, — L, filtering problem, treated for the
first time in this paper.

6) The robust filtering problem, considering polytopic
uncertainties on the dynamic matrices of the system as
well as the detector rates, can also be handled under our
approach.

7) The developed procedure in this paper is illustrated
by means of a numerical example based on the stable
longitudinal dynamics of an unmanned aircraft derived
in [31] subject to faulty sensor readings and noise.

The paper is organized as follows. In Section II we present

the notation used in the paper. Section III introduces some
preliminary results that will be required along the paper.
The problem formulation is presented in Section IV. The
main result of the paper is in Section V, which provides
design conditions for obtaining a é(t)-dependent filter such
that the L, — L gain of the estimation error is smaller
than an upper bound y. The perfect information and robust
filtering problems are discussed in Subsections V-B and V-C
respectively. Section VI illustrates the obtained results
through some numerical examples. The paper is concluded
in Section VII with some final comments.

1. NOTATION
The real n-dimensional Euclidean space is denoted by R”.
The linear (norm bounded) space of all m x n real matrices is
represented by B(R", R"), and for simplicity, we set B(R") =
B(R", R™). The space of positive semi-definite n x n matrices
is represented by B(R""). The superscript ’ is the transpose
of a matrix. The identity matrix of size n x n is represented
by I, (or just I) and the null matrix of size m x n, by Oy xn
(or just by 0). For G € B(R") we set Her(R) £ R + R'. For
positive integers N and M, the sets N and M are given by
N£{1,2,3...,N}and M £ {1,2,3,..., M}, respectively.
On the probabilistic space (€2, F, P) with filtration F;,
E(-) is the expected value operator. The space of all
continuous-time signals F;-adapted processes w = {w(t) €
R, t € Rt} such that [lw]3 £ [ E(|w(r)|?dt < oo,
is represented by L} (2, 7, P), or just by Ly, for simplicity.
Similarly, by changing the subscript 2 by oo we have
that L., represents the space of processes w such that
w3 = sup,ep+ E(Iw®)]?) < oco.

Ill. PRELIMINARIES
We consider in this section the following MJLS defined on
(Q,F, Fi.P),

~ : i(1) = A (0) + T w(D)

1
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where x(t) € R”" is the state, z(t) € R’: is the estimated
output, and w(t) € R™ is the disturbance. 5(t) is a
homogeneous Markov chain taking values in a finite set N
with transition rate matrix A 2 [xw], ang 9~(O) = 50, where
6o is a random variable taking values in \V.

We present next the stochastic stability definition used
throughout this work.

Definition 1 (Stochastic stability, [32]): System (1) with
w() = 0 is said to be stochastically stable (SS) if
XI5 = fo E(lx®)|*)dr < oo, for every finite second
moment x(0) and every 8y € N.

The following Lyapunov equation result can be found in
Chapter 3 of [2]. _
Proposition 1: If there exist Py > 0, s € A/, such that

Her(PsA) + Y " hw Py <0, 2
ve N
then system (1) is stochastically stable.

Proof 1: See Theorem 3.21 in [2].

Remark 1: Ttis worth recalling that, as shown in Chapter 4

of [2], if system (1) is stochastically stable then, for
x = {x(t);t € R*} with x(¢) given by (1) we have that
x € Ly whenever w € L.
Before proceeding, we recall the Dynkin’s formula for the
MILS (1), shown in Chapter 4 of [2]. Set the function
V(s, x) = x'Pgx for matrices Py > 0,5 € N, xs = Agx +Jsw,
and £V (s, x, w) as:

LV(s.x,w) = x'Poxs + xiPox +x' | D aaPy | 2. (3)
veN

According to the Dynkin’s formula (see equation (4.16)
in [2]) we have the following equality:

E(x(t) Py, x(1) — E(x(0) Pyi,x(0))
t
= E(/ 2V(@(1), x(1). w(t))dr). )
0

In what follows, we consider that x(0) = 0. In the next
proposition we provide sufficient conditions to assure that
system (1) is stochastically stable and, for some y > O,
we have, for any t € R, that E(|lz(t)||?) < y?|lwl)3. Then,
itis clear that E(|2(0)1%) < llzll3, < »*[Iwl3.,

Proposition 2: If there exist Py > 0, s € A/, such that

Her(PsAs) + ZVEK/ xsvpv PgJs
JP; —y2I
P; C
[CS Sz ®©
then system (1) is SS and E(||z(1)[1?) < y2[lwlI3.
Proof 2: From (5) it is clear that (2) is satisfied and thus

from Proposition 1 we have that system (1) is stochastically
stable. Set

o 2 |:Her(PsAs) i APy sts}
s — .

:| < 0, ®)

JP; —y2I
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Consider any w € Ly, w # 0. From (5) we get that

[x0) W] D5, [fv(t)]

(t)
= x(t) Py, (Ag(l)x(t)
n Jg(,)w(t)) v (Ag(,)x(t) v Jg(t)w(t))/Pg(t)x(t)
- Zig(,)vxm’mx(t) — 72 Iw)]* <. (7
Ve

From (3) we have that (7) can be re-written as

LVE(@), x(1), w(®) — Y2 W@ < 0. ®)
Recalling that x(0) = 0 we get, after integrating (8) and
applying the Dynkin’s formula (4), that

(x(t) P(,(t)x(t) ( / V@), x(1), w(r))dt)

<y? /O E(|w(@)|Hdt < y2wl3. (9)

From (6) it follows that Py > C,Cs and thus
E(x(t)/Pg(t)x(t)) > E(||z(0)]?). By combining the previous
equation and (9) we get that E(]lz(1)[1?) < y2[wl|3.

IV. PROBLEM FORMULATION
We study the following MJLS on (2, F, F;, P),

X(1) = Agyx (1) + Joryw(t)
G (1) = Lo@yx (1) + Hoyw(t) (10)
2(1) = Cy(r)x (1),

where x(r) € R" is the state, y(t) € R™ is the measured
output, z(t) € R™ is the estimated output, w(t) € R™ is the
disturbance in Ly, and 8(¢) is a (homogeneous) Markov chain
taking values in the finite set N with transition rate matrix
A 2 [Aij], and 6(0) = 6y, where 6 is a random variable
taking values in N. We also assume that x(0) = 0.

We consider that the state of the Markov chain 6(t)
is not observable, and that the only information available
comes from some detector represented by (1) taking
values in M. By defining the extended hidden process as
5(t) £ 6, é(t)), we consider that {5(t)} is a homogeneous
Markov process with state space N x M and transition rate
V(i k)(j,¢) satisfying:

PO +h) =G0 | 00)= (i h)
_ ] T vinanh+oh), G, 6) = G k)
VG kyg,oh + o(h), G, ) # (i, k),

where, for (i, k) fixed, the transition rate parameters v ), ¢)
are defined as:

oA j#iLeM,
V)G = e j=it#k, (11)
Nit+dy. j=il=k,
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with Yy afy = 1,V € Nk € M; hy > Oforalli # j;
Qe = 0.0 # ko Mii = =X isidipy Qe = — 2ok Dt
We define V € N x M, an invariant set for 6(¢) (that is,
P@(t) € V) = 1 whenever §(0) € V).

Remark 2: Recalling that ;; represents the transition rate
of 6(t), we get that ak and qfd models simultaneous and

spontaneous jumps of Q(t) that is, for small h >0, P(9(t +
hy=4¢ 1] 06@+h =}, O(Z) = (ik)) = a + r(h) for some
funActlon such that lim;_.o r(h) = 0, and ] 7é i, £ € M, and
PO +h) =L | 6(t+h)=i,0(t) = (ik)) = g.,h + o(h),
for £ # k, see [22] and the references therein for further
details. As pointed out in [5], Chapter 4, depending on the
values of the indexes (i, k, £), different interpretations can be
assigned to qf{ ‘ such as detection delays, rate of false alarms,
rate of errors in detection and identification, etc. Examples
of that can be found in [5]. Moreover, as discussed in [5],
Chapter 4, Monte Carlo simulations and prior information can
be used to estimate the transition rates ¢;, and similarly for
the probability rates ¥ it

Remark 3: As mentloned in the introduction, the expo-
nential hidden Markov model considered in this paper has
a close connection with the AFTCS (see, e.g., [5] and
the references therein). The main idea in AFTCS is that
there is a fault detection and identification (FDI) device
which provides an estimate é(t) of the occurrence of a
fault, represented by 6(¢), in a dynamic system. Several FDI
approaches have been proposed in the literature, categorized
into signal-based and model-based techniques. As described
in [5], Chapter 2, signal-based methods detect faults by
testing specific properties of measurement signals, with
bandpass filters and spectral analysis being some examples
of the employed techniques, while model-based methods
are performed in two steps: the residual generation and
the residual evaluation. As pointed out in [21], the FDI
scheme can be interpreted as a stochastic hypothesis test,
which can be implemented using single sample tests, moving
window tests or sequential tests. As explained in [5], [21],
in single sample tests, the information used for the FDI tests
is gathered, processed, and discarded at each time sample.
In such cases, and if the noise statistics on the information are
white, then the FDI processing is memoryless, so that Markov
models can be used to characterize the transition behaviour of
the state of the FDI process conditioned on the fault status of
the components. In our work we follow a similar approach
and assume the existence of a detector that provides the
estimate é(t) so that the joint model 5(1) can be modeled
through a hidden Markov process. Although a discussion on
FDI devices and related algorithms is of great interest, this is
a major problem on its own and falls outside the scope of this
paper. We refer the interested reader to [5], Chapter 4, and the
references therein for a deeper discussion on this subject.
The main goal is to design the following filter structure,

Xf(l) = Afé(t)xf(t) + Bfé(,)y(t)

(12)
2 (8) = Cpg (1),
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that depends only on the observed variable é(t), such that,
for a given positive scalar y, we get that ||e||oo < ¥ [|W]|2, for
any w € Ly, w # 0, where e(t) = z(t) — z7(¢). We assume
that x¢(0) = O and that x7(r) € R, 0 < nf < n, that is,
a reduced-order filter (if ny < n).

Remark 4: By properly defining the parameters of the
detector we can retrieve several cases usually considered in
the literature, as presented next (see also [23] for further
details):

o Mode-dependent case: In this case we have 6 = 0,

which can be characterized in our model by taking
M =N, g, =0 a =1ada, =0forj # ¢
with invariant set V = {(i, i) € N x N}.

o Only Mutual (simultaneous) Jumps: This case is char-
acterized by taking ¢i, = O foralli € N, k, ¢ € M,
so that, whenever there is a transition of 9(¢), there is a
probability that (1) will jump as well.

e The Cluster Case: In this case the states of the Markov
chain can be written as the union of M < N disjoint sets
(clusters) N; so that N = U;cyN; and there is a function
g : N — M such that g(i) = j indicates that the state i is
associated to the cluster j. Under this approach at each
time ¢ the filter would have only access to g(6(¢)). This
is equivalent, under our approach, to take qf{ ;= 0and
oel'.‘g(,.) = 1, so that whenever 6(¢) jumps to i, é(t) also
jumps simultaneously to g(i).

o No Mutual Jumps: This case is characterized by taking
ozj’j( = land “jkz = O for k # £ (as in the AFTCS model),
and is useful for modelling detection delays and false
alarms (see [20]).

o Mode-independent case: In this case, Ml = {1}, qfd =0,
and o ,‘11 = 1. Thus 6(¢) does not provide any information
on 0(t).

Thus the results to be developed will hold for all these cases.

By combining (10) and (12) we get the extended system
given as follows:

G.: x(1) :Aa(t)é(t)x(t) +J9(t)(§(t)w(t) (13)
€(t) = C@([)é(t))’z(t)’
where X(1) £ [x(t)' x;(t)'] and for (i, k) € V,
o A; 0 o Ji
i = [BﬂcLi Aﬂ]’ Jie = [BﬂHi]’
c 7
Ci = [—CI}J . (14)

Thus, by setting N = V, AGK), GO = VaGk),Go)» As = Aik,
Js = Jir, and Cy = Cjk in (5)-(6), the main goal of this work
can be written as follows:

Problem I: Find Ag, By, Cp and Py > 0 such that (5)-(6)
hold.

Solving Problem I amounts to finding the solution set of
(5)-(6) involving the product of variables (P, A ) and (P,
Ji), which is non-convex. In the next section, we provide
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new convex design conditions formulated in an LMI set-up
in order to provide a convex solution to Problem L.

V. MAIN RESULTS
A. DESIGN RESULTS FOR PROBLEM I
In this sub-section we provide design results for solving
Problem I. Due to the possible mismatch between 6(¢) and
o (1), we need the time evolution of both state variables, x(t)
and x7(t), to obtain e(¢) (this kind of situation also occurs
in other problems, like in robust filtering, etc). Since the
filter does not affect the system’s dynamic in (10) we must
assume that system (10) is stochastically stable. Notice that
the conservatism can be reduced for the the case in which
0(t) is perfectly known (that is, é(t) = 0(t)) and ny = n. See
sub-section V-B for further details of this case.

In order to get the desired (possibly reduced-order) filter,
we need to define the following matrices:

v’ A [Inf Onfxn—nf] s for n > ny

Iﬂv forn = ng.

15)

In what follows we will consider matrices Gy with the
following structure:

Gix Gox , forn>ny
On—nf xng G4k ( 16)

le, forn = ny

with G € B(R') for all k € M. We introduce the next
inequalities,

Gy =

Py > 0, (17)
Hir + Her(Qu i) + Her(ExWir) < 0, (18)
Pi .
> 0, 19
o Mowyn.]zo 0
for (i, k) € V, where
2_G.0ev VioG.oPje

Hie = Pix 021520 : ;
Onw x2n Onw x2n - UInW
i = [R/lik Yie Ry Vi R/Sik]’
Dy £ [Ai Onxn =l Opxn Ji] >
l/k é [In In In Il’l Onxnw] ’
Wy £ [VFiLi VXV Owxn  —Gr  VFiHj).

We have that the variables in (17)-(19) are: v € R4, Pix > 0,
Pi € BR?*™), (i, k) € V, Fy € BR™,RY), X; € B(R™),
O € B(R"Y, R™), G € BR"), R1ix € B(R"), Roie € B(R"),
Rz € B(R", R™), Y1 € B(R"), Y2ix € B(R").

We present in the next theorem design conditions to obtain
a filter as in (12), with order 0 < nf < n, such that
lelloo < v Ilwll2 is satisfied.

Theorem 1: If there exist v, Py, Xi, Fr, Ok, Gk, Riik,
Ryik, R3ir, Y1ir, and Yoj; such that (17)-(19) hold, with G
as in (16), then, by setting y = vl/2, Ag = Gl_lek, By =
Gl_lek, and Cy = Oy, we get that |le|lcc < y[Iw]|2 holds.
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Proof 3: The goal of this proof is to show that (17)-(19)
imply that (5)-(6) hold so that, from Proposition 2, the result
follows. From (18) it is easy to see that —Her(Gy) < 0, and
therefore we have that Gy is non-singular so that Gy is also
non singular.

Since Xy = GxAp and Fy = G Bg, we get that (18) can
be re-written as

D
Hix + Her ([Qik EnGy | [qjﬂ) <0, (20)
12
and
®; ~ .
[®:Z:|=[Aik —bnxon Ji] s
where
A‘ L [ Al 0n><n 7., A& Jz
k= | vBgLi  VARV'|" YT | VBgH; |
[Rii Gy
Yiik Gy Gk
[Qik  EiaGi] = |Ruk Gk | = |Gk |,
Yoix Gy G3ik
_R3ik Onwxn

for Giix € B(R?), Goir € B(R?), and Gzjx € B(R?", R™).
Set

U 2 In 0n><nf Onx(nfnf) , (21)
Onf xn Inf Oﬂf x(n—ny)
A £ U'ARU, Ty 2 U'Jg, (22)

where Aj; and Jj are as in (14) and notice that
UuU' = n-tny -
We get that (20) can be re-written as follows

>_G.0ev VikG.oPje

P 0 .
0 0 —y2I,
Guir | _ _
+Her | | Goi | [Ax  —Dhn  Ja] ] <0. (23)
Giik

Define, for Ay and Ji as in (22), T as
53 Al 07
T L n Lik i| ,
+ |: 0 Jl/k Inw

sothat [Ag ~ —h, Jix]TL = 0. Multiplying (23) to the
left-hand side by 7" and to the right-hand side by its transpose
we have that

2_G.0ev VikG.oPje

Tj_ Pi 0 . T, =
0 0 —y2I,
[HeV(Pfk U'AiU) + 2 pyev V.o Pie ' } <0
(U'Ji) Pi —y?Iy,

By multiplying the last inequality by diag(U, I,,,) to the left-
hand side, and diag(U’, I,,,) to the right-hand side, we get that
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(5) is satisfied, after taking s = (i, k), v = (j, £), Zs = Ai,
Js = Jix, and Py = UP; U’ > 0. Notice now that (19) can be

written as
Pi
Cyp U

Multiplying (24) to the left-hand side by diag(U, I,,) and
its transpose to the right-hand side we get (6), after setting
C; = Cyp = [Ci —ka]. From Proposition 2, we get the
desired result.

From Theorem 1, the main goal in Problem I can be
re-written as follows: Problem II: Given v, find é € E(v),
where § = (Pix, Fi, Xk, Ok, Gk, Riik, Raik, R3ik» Y1ik, Yaik),
and E(v) is the solution set of (17)-(19) for a given v > 0.

From Problem II and the linear relation of v in
(17)-(19), we can write the following LMI optimization
problem for obtaining the lowest upper bound value v =
y? which ensures that |le]loc < ylwll2: ming g v,, where
& = (v, P, Fr, Xk, Ok, Gy, Riik, Roik» R3ik» Y1k, Y2ir) and
E is the solution set of (17)-(19) including v as a decision
variable.

Remark 5: Regarding the size of the optimization LMI
problem presented above we have, considering V = N x M,
that there are MN symmetric matrix variables, M (SN +4) full
matrix variables of different dimensions, one scalar variable,
and 3MN LMI conditions.

In] > 0. (24)

B. PERFECT INFORMATION

As previously mentioned, less conservative results can be
obtained for the case in which 6(¢) is perfectly known (that
is, é(t) = 6(#)) and ny = n. In this case one could work with
a filter in the observer-form as follows:

Xp(t) = Ageyxp(t) + Bron V(1) — Lo xr (1)),
77 () = Couyxr(1).

By defining X(t) = x(t) —x¢(¢) and e(?) = z(¢) —z7(¢), we end
up with the equations

X(t) = AgyX(t) + Joyw(t),
e(t) = Coipyx(1), (25)

where A; = A; — BsL;, J; = J; — BsH;, with no need to

consider the augmented system (13) neither that system (10)

is stochastically stable. We have the following result:
Proposition 3: If there exist P; > 0, V;, i € N, such that

I:Her(PiAi — Vili) + Y jen MiPj

PJ; — ViH; -0
];P,' — H;Vi/ ’

—)/21

P, C

then, by taking Bj; = P;lVi, we have that system (25) is SS
and [le]| = y (w2

Proof 4: The result follows from Proposition 2 after
noticing that P;A; = P;A; — V;L; and that P;J; = P;J; — V;H;.
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FIGURE 1. y* against a € [0.5, 1] in (27) for nf = 4.

C. ROBUST FILTERING

In this section we study the robust filtering case, considering
polytopic uncertainties on A;, J;, L;, H;, C; as well as on the
detector rates ozjke and q}; ;- Firstof all, note that the summation
in v k)(j,¢) in (18), considering (11), can be rewritten as

Z Wi 0G.0Pje = (i + @y )Pi

G.0)eV
+ >

G.0eV, £k

+ ) Py (26)
(. O)eV, j#i

qhoPie

for all (i, k) € V. Note that the rates ozjkZ and q;'( ¢ are affine in
(26). Set V; = (A;, J;, L;, H;, C;) and
i ; Y
4, = 4 dr] €RY. Mo £ ol
We assume that there are W;(s), a]’fe(s) and q}; ((9), for
s=1,...,0,such that

(G}, 1) =Y ns(gl(s), Te(s)),

s=1

o
Wi =) 0 Wis),

s=1

for some g > 0, s = 1,...,0, > .o ns = 1 Then, since
(18) is affine in W;, aj’; and ¢t,, by setting ¥; = Wi(s),
ocjke = j’;(s) and ¢}, = ¢4 ,(s) and solving (17)-(19) for each
vertex s € {1, ..., o}, we also get that ||e|loc < y|w|l2 With
the filter matrices given as in Theorem 1.

Remark 6: Notice that from (26) we could have the
polytopic uncertainties in A;; instead of ajke.

VI. ILLUSTRATIVE EXAMPLE

We consider an adapted version of the linearized model
of the stable longitudinal dynamics of an unmanned air-
craft discussed in [31]. The original nonlinear model is
obtained by classical (Newtonian) mechanics, by considering
a rigid-body motion and assuming that the Earth is an
inertial (Galilean) frame so that the Coriolis acceleration is
ignored. The components of the state vector are the variations
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FIGURE 2. E(x,(t)) (grey line) and E(z(t)) (black dashed line) against ¢, for

a =0.90

on the pitch rate, airspeed, angle of attack, and pitch angle.
After linearization, the nominal matrices are given by

—4.7796 0 —4.5420 0
i 0 —0.0830 —0.8660 —9.8100
~ | 1.0000 —0.0215 —3.6573 0 ’
| 1.0000 0 0 0
(274128 0 0 0
J = 0 0 0 0
0 0 0 0

We assume that we can measure the angle of attack and pitch
angle so that

L=[02 bL]. H=[0m L]

but, however, the sensors are subject to faults. In this case,
the process 6(¢) is a Markov chain with three possible states,
so that N = {1, 2, 3}, with:

« State 1 representing the nominal case, so that L; = L
and H, = H;

« State 2 representing a faulty mode of operation whereas
there is an attenuation in the measurements of the angle
of attack and pitch angle so that, in this case, L, = 0.5L
and H, = H;

o State 3 also representing a faulty mode in which the
measurements are completely lost, that is, L3 = 0, and
the noise level increases so that H3 = 1.2H.

For all modes of operation, we set A; = A, J; = J, i € N. The
transition rates are given by

—04 04 0
byjl=| 07 —10 03
0 05 —05

We consider that it is not possible to measure the fault
process perfectly but, instead, there is a detector 6(t) which
provides some information regarding 0(¢), so that Ml = N.
The goal is to design the matrices Ar¢, By, Cyy in (12) to
obtain an estimation of the variations on airspeed, that is,
C;i=[0 1 0 0], ie N Wenotice that by combining
the matrices A;, J;, L;, H;, C; of system (10) introduced above
with the filter equations As¢, Br¢, Cr¢ of the system (12) we
get the extended system given by (13).
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In this example, we analyse five different cases (see
Remark 4 for an explanation of these cases):

(1) The mode-dependent case;

(2) The case in which we only have mutual (simultaneous)

jumps of 6(t) and (1), that is, g}, = 0;

(3) The cluster case;

(4) The case of no mutual jumps;

(5) The mode-independent case,

We recall that, as pointed out in Remark 4, case (2) is
useful for modelling the situation of simultaneous jumps of
0(t) and é(t), but with a possible mismatch between them,
while case (4) is useful for modelling detection delays and
false alarms. Case (1) represents the situation of perfect
information of the mode of operation 6(¢) while cases (4) and
(5) represent the situation of partial or no information at all
of the the mode of operation 6(¢). For the mode-dependent,
simultaneous jumps, and cluster cases, and considering
Remark 4, we set the rates of spontaneous jumps q;'c ¢ to zero.
For the rate of simultaneous jumps, we set

1 0 0
[aj}]: 0 @ 1—a (27)
0 1-a a

where 0 < o < 1.0. That is, whenever there is a transition
of (t) to “1”, é(t) will also go to “1”’, meaning a perfect
detection for the nominal mode of operation. On the other
hand, if 6(¢) jumps to “2” (or ““3”), there is a probability &
of 0(t) going to “2” (or “3”), that is, @ is the probability
of correct detection for this two modes of operation.
Considering Remark 4, we get the mode-dependent case (1)
by setting @ = 1 and V = {(1, 1), (2, 2), (3, 3)} and the
simultaneous jump case (2) by setting a chosen value of &
within the interval [0, 1]. As for the cluster case (3) (see
Remark 4), we set the clusters N = {1} and N, = {2, 3},
that is, the faulty modes are indistinguishable. Regarding the
no mutual jumps case (4) (see Remark 4), we will consider
the situation of detection delays with expected delay time
of % s, which corresponds to taking al].j( = 1 and oﬂ‘e =
0 for k # ¢, along with ¢}, = ¢}, = q3, = q3, =
q% = q%3 = 2.5, and q;d = 0 for the other cases. Finally,
case (5) is the mode-independent situation, in which we have
only one filter for all modes of operation. By minimizing v
in (17)-(19), we get y* = Ju* for all cases of Remark 4:
(1) « = 1 (the mode-dependent case), (2) « = 0.9
(a case of simultaneous jumps); (3) the cluster case; (4)
the no mutual jump case; and (5) the mode-independent
case. The costs y* obtained through (17)-(19), are shown
in Table 1 for ny € {I,...,4}. From Table 1, we note
that, as we decrease ny, the costs will degrade for all cases,
which is expected since we are using a smaller number of
filter states for the estimation. More specifically, we also
note that,
o For any chosen case, the performance of the filters is
similar for the cases ny = 3 and ny = 2, but considerably
worse than the performance of the case ny = 4.
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TABLE 1. y* forns € {1, ..., 4) for (1) the mode-dependent case; (2) a
simultaneous jump case with @ = 0.9; (3) the cluster case; (4) the case of
no mutual jumps; and (5) the mode-independent case.

7D YO TR YA YO ]
6004  600.6 600.7 6012 6023
4344 4457 4575 4511 5147
4258  440.1 4555 4460  507.9
2534 2728 2956 2735 3509

rwo =3

o As expected the worst performance is obtained with
ny = 1, which corresponds to the filter with only one
state variable. This is not a too realistic situation, since
one is trying to use a scalar filter to estimate an output
from a forth-order system.

The conclusion, in terms of the order #; of the filter, is that the
designer must ponder if it is acceptable to increase the costs
in this proportion whilst using less computational resources
with a reduced order filter. Comparing now the cases, the
best costs, as expected, are obtained for the mode-dependent
case (1), corresponding to @ = 1.0, since in this case there
is no mismatch between the switching process of the filter
and of the plant. Compared to case (1), there is a slight
degradation of the value of the costs for case (2), with the
cluster case (3) presenting some intermediary values in this
example. Case (4), for our choice of rates q};e, presents a
similar performance as the one for case (2), with both cases
outperforming the cluster case (3). The worst case scenario
occurs, in terms of costs, for the mode-independent case,
since the filter is the same for all modes of operation. Finally,
the filter matrices for n; = 3 and the (3) cluster case are given
as follows,

[—6.6115 0.0434 16.5391
A = | 22.6821 —0.1192  74.3876 |,
| 1.1395 —0.0184 —5.7569
[14.9512  —0.8588
By = | 55.0244 15.1125 |,
| —2.9764 0.0476
Cri = [—13.5725 —0.9362 —69.9869]
and, for £ € {2, 3},
[—2.0317 0.0424 6.7956
Apep = | 41.6391  —1.3833 2342737 |,
| 0.5071 —-0.0114 —2.0871
[—0.0501 —0.1901
Bry = | =7.9312  26.6796
| —0.0873  —0.0829
Cre = [—11.6305 —0.5710 2.7278].

We can have a closer look at the costs for ny = 4 by varying
o € [0.5, 1.0] while minimizing v in order to get the values
of y* against &, as shown in Figure 1.

From Figure 1, we can see that the smallest cost is obtained
for @ = 1.0, which corresponds to the mode-dependent
case (see Remark 4). As we decrease @, we increase
the mismatch frequency between 6 and 6, consequently
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FIGURE 3. One trajectory of 6(t) (full black line) and 6(t) (dashed gray
line) sampled from the Monte Carlo simulation of 200 rounds.
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FIGURE 4. One trajectory of x, (t) and its estimation z¢(t) obtained with
the sample path of ¢ and 6 shown in Figure 3 (nf = 3, @ = 0.9).

increasing the costs y, with the biggest value of y given
for @ = 0.5, that is, when it is equally likely to obtain the
correct and the incorrect information from the detector. For
this situation the filter matrices are the same for N; = {1}
and Ny = {2, 3}, which corresponds to the cluster case.
We now run a Monte Carlo simulation of 200 rounds for
the filter calculated for the case ny = 3 (a reduced order
filter) and @ = 0.9. We consider 6(0) = é(O) = 1 and the
exogenous input as w(t) = 0.01[1 0 0]/ ,0 <t < 40 s,
and w(t) = O3x(, t > 40. We get that ||z]lco/lIWl2 ~
85.3 < 440.1, as expected. Figure 2 shows the actual state
E(x,(#)) and its estimation E(Z(r)) against the time). We note
that, after the initial transient, the reduced order filter is able
to successfully track the desired state. Besides, in order to
illustrate the behavior of 6(¢) and 0 (t), we plot one trajectory
of both curves against the time obtained from the Monte Carlo
simulation used to plot Figure 3. We note that the Markov
chain, which represents the fault process, transitions between
two of the three possible states. Whenever there is a transition
of 6(t), there is a 90% of chance that é(t) will go to the same
state, provided 6(t) = 2 or 8(¢t) = 3. Thus there is a 10%
of chance of a mismatch between 0(¢) and 6 (#) after a jump
from states 2 and 3. For instance, from Figure 3 we notice
that, at around 4 s, the Markov chain goes to “2”, but the
detector goes to “3”’. We plot in Figure 4 the actual state x,(¢)
and its estimation zy () associated with the sample path of 6(z)
and é(t) shown in Figure 3, obtained through the Monte Carlo
simulation. We note that the filter is able to satisfactorily track
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the state x»(t), even with the reduced order structure and the
mismatch effect.

VII. FINAL COMMENTS

In this paper we investigated the energy-to-peak reduced-
order filtering problem for continuous-time Markov jump
linear systems considering that the Markov state cannot be
directly measured. To cope with this partial information set-
up, it is assumed that there exists another stochastic process,
called a detector, which provides the only information
regarding the Markov chain, so that the joint process follows
the so-called exponential hidden Markov model. A sufficient
design condition, written in terms of LMIs, is given for
obtaining the filter matrices that depend only on the detector
process and such that the ratio of the expected value of the
Euclidean norm of the estimation error by the energy of
the exogenous input signal is bounded for all time. Finally,
we present an illustrative example in the context of an
unmanned aircraft subject to faulty sensor readings.

As a future work, the design of energy-to-peak output
dynamic controllers with partial information on the state
variable as well as the jump variable is an interesting line of
research which, as far as the authors are aware of, was not
tackled in the literature yet. Another possible promising field
of research would be to apply the obtained results in filtering
issues related to communication protocols or cyber-attacks,
as considered, for instance, in [33], [34].
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