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Abstract— The purpose of this study is to present a practical approach in which the effect of performance degradation and instability
factors such as exogenous disturbances, parametric uncertainties, time-varying delay, and unstable modes can reduce to the minimum
possible amount in linear switched positive systems. To reduce the effect of the mentioned destructive factors and to strengthen the
robust design of switched positive systems, in this paper, instead of using the co-positive Lyapunov function along with the Li-gain, the
quadratic Lyapunov-Krasovskii function utilized along with the La-gain, which leads to the design of H performance. The latter method,
especially when there is a requirement to estimate the parameters with the support of the output feedback approach by minimizing the
interface parameters, provides the feasibility of designing a more convenient and efficient observer-based controller. The necessary and
sufficient conditions for solving the problem concerning the positivity of the system, disturbance attenuation, and parametric uncertainties
are expressed by two theories and implemented by the linear matrix inequality technique. The results of this technique’s solution include
the gains of the controller and observer. Considering that stable and unstable modes are in this system, it is necessary to guarantee the
exponential stability of the whole system by the controllers and designing the average dwell-time switching regime. Finally, illustrative
examples, including numerical, practical, and comparative, are presented to show the efficiency and performance of different aspects of the
proposed approach. The smallness of the mean square error values in the example compared with the output feedback method in linear
programming confirms the capabilities of the presented approach. For instance, the mean square error of the system output for the method
of this paper is 0.008 and for the compared approach is 0.081.

Keywords— H ., observer-based controller, Interval uncertainty, Lyapunov-Krasovskii function, Switched positive system, Time-varying
delay.

1. INTRODUCTION cyber-physical systems [4], and biological systems [5]. The great
extent of switched systems and their engagement in many fields
has caused these systems to be analyzed and investigated from
various aspects. Among the essential and noteworthy reviews that
have been accomplished regarding such systems, one can mention
stabilization and stability analysis [6], robust control design [7],
observation-based design [8], filtering [9], positive method [10],
1.1. System description and its applications and so on.

The contents of this section have been described in three
subsections due to the more complete and accurate explanation of
the contents. In addition, in this way, each subsection has more
coherence in representing the subject matter.

Switched systems are a widely used class of hybrid systems,
including a finite number of modes (subsystems) or dynamics and a
switching signal to govern the switching rules. Significant research
attention was paid to these types of systems in the last few decades
for two main reasons: first, a notable quantity of components
cannot be described by only a single-mode system, and second,
a solitary controller may not work precisely for the numerous
control targets. Many practical systems are inherently multimodal
in the sense that to describe their behavior more accurately,
there is no other way than to use switching systems such as
electrical power systems [1], power electronics [2], robotics [3],

A portion of the systems, which are studied and evaluated
in the category of switched systems, is positive compartmental
systems. Such practical systems are derived from mass and energy
balance relations; their state variables intrinsically take positive
(non-negative) values [11]. Positive compartmental systems are
necessarily positive in the sense that their state trajectories and
outputs are always non-negative whenever the initial conditions
are non-negative as well [12], while this category of systems
can have a switching or non-switching structure [13]. For both
switched or non-switched cases, the states instead of the whole
space are confined in a cone in the positive orthant. The presented
applications in the fields of medication [14], the concentration of
matter [15], population of groups [16], heat exchange [17], and
epidemiological systems [18], are the most accustomed examples
in connection with the positive compartmental systems. Although
a Switched Positive System (SPS) is considered a type of switched
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system can assume negative values, but it is customary that the
disturbance in SPS is always non-negative, the input, output, delay
and disturbance matrices must have non-negative entries, and the
state matrix in SPS must be Metzler. The significance of the issue
is that when the design is based on the distinctions mentioned
above, the system is guaranteed to remain positive in every
regard. Among the crucial research regarding positive systems
and positive switching, the following can be mentioned: L;-gain
stability analysis based on co-positive Lyapunov function [19]
positive observer design [20], positive observer [21], robust H
positive design [22], etc.

In actual conditions, plants often encounter phenomena that
change their efficiency and performance. Parametric uncertainty,
time delay, and disturbance are the main types of these phenomena.
In this study, an attempt is made to propose a design that effectively
minimizes the effect of the noted factors on reducing the efficiency
and instability of the system at the same time. If the uncertainty
falls within a wide range, it should be managed by adaptive
control methods, while the limited cases can be handled by other
robust methods such as our design. Parametric uncertainty for
SPS is classified into two principal types: polytopic and interval.
Both cited parametric uncertainties with state feedback controllers
and co-positive Lyapunov function have been discussed in [23].
In switching systems, the time-delay is either a constant value
or a time-varying function that can be single or multiple. There
can also be a distributed time delay. In addition, there can be
a combination of these delays [24]. In [25], the stabilization
of an SPS with disturbance and the distributed time delay is
discussed. Disturbance signal is another source of error (such as
parameter uncertainty) in the system, and its attenuating has a
crucial influence on improving the system’s performance. For the
robust design of positive systems against disturbances, Li-gain
performance is used much more than Ls-gain. The reason is
that some researchers believe that using the Li-gain approach is
better because it leads to a positive controller and observer design.
But using this method is not beneficial for every design, which
we will discuss further. In this study, the quadratic Lyapunov
function and the Lo-gain performance are consciously utilized to
obtain valid and feasible answers and to calculate the controller
and observer gains more accurately. Lyapunov-like function for
Lo-gain stability analysis has been used in [26], and co-positive
type Lyaponuv-Krasovskii function for L;-gain performance as
another has been studied in [27]. According to [28], regarding
the relationship between L»-gain and H ., performance, it can be
stated that: the Lo-gain method utilizes Lyaponuv-like function
because for linear systems Lo-gain can be found exactly and is
equivalent to the infinity norm, H, of the transfer function from
disturbance to penalty vector.

Switching regimes in constrained switching systems play a
decisive role in system stability analysis. An improper switching
regime destabilizes the system even if all the subsystems are stable,
and under some appropriate circumstances, the switching behavior
can stabilize the system with all subsystems unstable [29]. State-
dependent and time-dependent two types of constrained switching
regimes have been considered in [30]. In this paper, in addition to
proving the stability of the design made by the Lyapunov method,
it is necessary to prove the stability for the switching regime as
well. The switching regime in this work is time-dependent, and
its stability is proven by the Average Dwell Time (ADT) method.
The design method is such that, as noted in [29], if unstable
modes apply in the design conditions, the system will remain
stable despite the unstable modes. According to the ADT method
number of switches in a finite interval is bounded, and the average
time between consecutive switching should not be less than the
definite time [31].

The design proposed in this study can be utilized for robust
control of all types of linear positive compartmental switched
systems in which one or some state variables cannot be measured
and should be estimated. Such as pest population groups [32], heat
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in different parts of the rocket engine, and so many medical affairs
like control of the anesthetic drug in the body [33]. With the
aid of the presented design, all the non-measurable state variables
are estimated with the output feedback method and are employed
in the control process. Also, the effect of external disturbances
on the system performance will be decreased to the lowest level.
The SPS challenges are solved, with the following techniques
in brief. The problem of interval parameter uncertainty utilizes
an analytical method and Linear Matrix Inequality (LMI). For
time-varying delay issue, Lyapunov-Krasovskii function is used.
The adverse effect of external disturbance is attenuated by the
robust H., design. For the proper operation of the switching
regime in stability analysis ADT approach is utilized.

1.2. Relevant works and contributions

In this subsection, the closest works to this research are briefly
discussed, and their similarities and differences are expressed.
Also, the innovations and contributions presented in this paper are
better clarified. To the best of our knowledge, the problem of the
H, observer-based control for SPS has not yet been investigated,
especially when the factors that generally affect the performance of
a control system are considered, such as parametric uncertainties,
exogenous disturbance, and time-varying delay. Moreover, in this
paper, there is a great emphasis on the feasibility of answers. That
is, the answers of the MATLAB solvers are re-checked based on
the assumptions of the problem to get definitive correct answers
instead of the closest answers. In other terms, by changing design
parameters, exact solutions are obtained instead of probably proper
solutions.

In [34], for a non-switched delayed positive system with
interval uncertainty, a controller and an observer were designed.
In that work, since the mentioned system is not switching, the
topics related to the stabilization of a switching regime (such as
dwell-time switching) have not been expressed. Therefore, it is not
possible to adjust the dwell-time to stabilize the system despite the
stable and unstable modes [29]. Moreover, the disturbance is not
considered for the system [34], and subsequently, H, controller
design has no use for it. In our study, the method of the recent
paper was inspired, for examining the conditions of positivity
of the system with parametric uncertainty, although according
to the requirements of the problem, a different solution method
and Lyapunov function were employed. Delay-dependent observer-
based finite-time control for a non-positive switched system has
been discussed in [35]. The method of Lyapunov-like function and
ADT switching signal design in the mentioned paper promoted
our research. Despite these similarities, our design is primarily
different from this article due to the positivity of the system
and presence of parameter uncertainty. The nearest study to this
paper is the one presented in [36], where the observer-based
controller for a non-linear SPS is designed with a sliding mode
approach. This research is one of the rare works in SPSs that
utilized an observer-based control design. In the recent article,
output feedback is employed in the sliding mode structure, and
there is no uncertainty. The problem with this design is that
due to the usage of the L;-gain performance and the co-positive
Lyapunov function in the disturbance attenuation, a large number
of design variables and interface variables have been created,
which limits the feasibility of the solution to a great extent. It
should be noted that the Li-gain method is most often unable
to obtain feasible solutions for positive switched output feedback
systems, due to generating the BMI (Bilinear Matrix Inequality)
terms and using more parameters and vectors compared to the
Lo-gain method [37]. In [38], a controller was designed based
on the co-positive Lyapunov function for both state feedback and
output feedback systems and both for discrete time and continuous
time cases without the presence of the observer. The weakness
of the approach presented in this article is the use of non-linear
relations and BMIs, which no solver can solve them. Also, no
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Fig. 1. Closed-loop system operation

example is provided for the output feedback design method.
In [39], a robust observer based on the co-positive Lyapunov
function was designed for an SPS with time-varying delay, and
without parameter uncertainty, disturbance, and controller. In this
article, because there is no controller, despite using the co-positive
Lyapunov function, the number of parameters (vectors) of the
positive interface is not very much. The study presented in [40]
includes state-dependent switching law, L;-gain performance, and
tracking control design which, because of its switching regime, is
separate from our introduced works. Another paper [41] introduced
output feedback for finite-time L1-gain control, while none of the
states converged in its numerical example.

In this study, the aim is to construct H., observer-based
controllers for an SPS to guarantee the positive stability of
the closed-loop system and overcome uncertainty, disturbance,
time-varying delay, and the destructive effect of unstable states.
Observer-based control design for SPSs, which requires the use
of output feedback, is rarely seen. For the first time, in our
approach the Lyapunov-Krasovskii quadratic function and L2-gain
performance are employed. Utilizing this methodology removes
unnecessary interface parameters and leads to feasible answers.

The main contributions of this paper are given as follows:

1) Observer-based stabilization of switched system with interval
uncertain system and time-varying delay by means of LMIs.

2) Providing sufficient conditions for positive observer-based
stabilization and H, stabilization.

3) H observer-based control design considering exponential
stability.

4) Employing the Lyapunov-Krasovskii quadratic function and
Lo-gain performance for an SPS in output feedback Ho
observer-based controller design.

5) Designing a switching regime based on the ADT approach
and guaranteeing its stability after the stabilization of unstable
subsystems.

1.3. Open problems

Applying the design presented in this paper for the systems with
a purely nonlinear model or linear model with a nonlinear term can
have various applications. Also, since in the method of this study
we need measurement and estimation, in many cases we are met
with measurement and process noise. Including noise in the system
model and using a suitable Kalman filter for switching systems
such as IMM-KF can greatly increase the accuracy of the design.
In cases like the proposed problem in [33], an adaptive controller
has been used, which can achieve effective responses by using the
observer-based control method and employing the reference value,
and transferring the equilibrium point of the system. It will be
very beneficial to design this model of the system in such a way

that it has extended stability with all the modes unstable without
the controllers.

1.4. Paper structure

The rest of this paper is organized as follows: In Section 2, the
system model and some basic lemmas and definitions are given.
Section 3 is devoted to deriving the results on H, stabilization,
designing the robust observer-based controller, and comparing it to
another approach. Three types of example are given in Section 4
to verify the theoretical results. Finally, The Lo-gain stability
method for developing an observer-based controller, along with
other advantages of this design, is briefly explained in Section 5.

Nomenclature:

o R™ denotes the n-dimensional real Euclidean space.

o R is the set of n-dimension vectors whose elements are all
positive.

o R™ " is the set of all real matrices of dimension (n x k).

e X = 0(% 0) means that all entries of the matrix X are
non-negative (non-positive).

e X >=Y means that X — Y = 0.

o A(X) means all eigenvalues of the matrix X.

e maxm A (X,,) means maximum eigenvalues of matrices
X1 Xo... X,

o ||X|| denotes the norm X" X = (7, 23, ...
x; is the ith element of vector X € R".

o [X],; denotes the element located at the i'" row and ;"
column. . o

o For the matrix X, X € [X, X] specifies that X < X < X.

o trace (X) =" @i = ., A, is defined to be the sum
of elements on the main diagonal and also is the sum of the
eigenvalues.

o |ll, is the L2 norm of a signal defined as [|z(t)| ., =

(J~ lle(s)|*ds) .

o The symbol “*’ is used widely in linear matrix inequalities
which represents the symmetric element of the matrix; the
superscript ‘T’ stands for matrix transpositions.

o ¥(X) for any matrix XeR™*™ ¥ (X) = max;{Re (\:)}
indicates its spectral abscissa where A; ... A, are eigenvalues
of X.

e o (t) is the switching signal.

o V5 (t) Lyapunov-Krasovskii function.

o J indicates cost function based on Ly-gain stability that
should be optimized.

o Tgrepresents average dwell-time.

o MSE represents Mean Square Error.

2
, xn) , where
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2. PRELIMINARIES AND PROBLEM FORMULATION

In this section, an observer and controller design is given for
the following interval switched positive system with a time-varying
delay.

() = Asyx (1) + A1, oy (t — h(2))
+Bowyu(t) + D1,omyw(t)

y(t) = Cona (1) _ M

z(t)=¢(t)>0 te[-h,0]

z(t) = Caoyz (t) + Az,0(nyx (t — (1))
where z (t) € R™ is state vector, u(t) € R™ is control input,
y(t) € R’® is the measured output, z(t) € R? is the controlled
output or penalty vector. w(t) € R’ is exogenous disturbance
input that satisfies Assumption 1 stated below. ¢ (t) is the
continuous vector-valued function specifying the initial state of
the system, o (¢) : [0,00) = M = {1,2,..., N} is the switching
signal, with N is the number of subsystems, and the switching
sequence is {zo; (mo,to), (m1,t1), ..., (Mk,tk), ...,| mk €
M, k=0,1, ...} which means the myth subsystem is activated
when t € [tk,trkt1). h(t) denotes the time-varying delay satisfying
Assumption 2 stated below. (A, A1,m, Bm, Cm, Co,m, A2 m) are
system matrices. (D1,4,) is disturbance matrix. For any m € M,
the matrices A, € [Am, Am], Bm € [@,Bm], Aim €
[A1m, A1m] and Cp € [Cm,Chn] are unknown constant
matrices with known bounds, which means that these system
matrices include uncertainties.

Assumption 1. The disturbance signal w(¢) is time-varying and
satisfies:

/ wt) w(t)ydt <1, 1>0. 2)
0
Assumption 2. The time-varying delay h(t) satisfies:

0 <h(t)<h, h(t) <d< 1. 3)
In the following, some definitions and basic results for switched

positive systems are presented.

Definition 1. System (1) is said to be positive if and only if its

states and output are nonnegative for every nonnegative initial

state.

Definition 2. ([12]) A is a Metzler matrix if the off-diagonal

entries of this matrix are non-negative.

Lemma 1. System (1) is positive if and only if for every m € M,

A, are Metzler matrices, and Aim = 0, Bn = 0,Cp =

0,C2m =0, Azm = 0.

Definition 3. ([35]) For any 7" > ¢t > 0, let N,(¢,T) be the

switching number of o(t) over (¢,T). If the following inequality
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holds for 7, > 0 and integer Ny > 0, then 7, is called average

dwell time.
well time T 4

Ta

No (t,T) < No + “
Lemma 2. ([42]) For matrices X, Ye R™*", if X is Metzler and
Y = X, then 9(Y) > 9 (X).

The following state observer is considered to estimate the states of
system (1):

i(t) = Gv‘(t):ﬁ(t) + Al,o‘(t)jj (t —h (t)) + Lg(t)y(t) (5)

where Ay, € R™*" is known and G, € R"*"™ and L, € R"*¢
to be determined. The output-feedback control law is as follows:

u(t) = Ko(t) (6)

where K, € R™*™ is the gain of controller and to be determined.
Remark 1. Stabilization and estimation problems are crucial issues
for every control system. The basis of design in this system is
based on the estimation of state variables and the formation of the
augmented system. As stated in [37], the employ of the co-positive
Lyapunov function is unable to provide feasible answers due to
two reasons, the production of BMI terms and a large number of

intermediate parameters in the design. In addition, compared to
the approach presented here, that mentioned method requires more
repetition in the recursive process of solving the problem and more
sensitivity to the initial values.

How the closed-loop system operates for the model introduced
in this paper can be seen in Fig. 1. In this figure, Sub 1, Sub 2,
..., and Sub n represent the modes or subsystems in the model.
To guarantee the positivity of the estimated Z(t), it is required
that G,(;) be Metzler and L,(;) be non-negative matrices. By
considering the control law (6) and from (1), (5), the closed-loop
system is as follows:

& (t) = Agnyz (t) + A1 oz (t — h(t))

+Bo 1y Ko)®(t) + D10 tyw(t)
z (t) = CQ,J(t)QZ ( ) —+ AQ ()T (t — (t)) 7
Y (t) = Coqya (1) - ™
z(t)=9(t) 20 te [ﬁ 0]
2@)=v({#t)>0 tec[-h,0]

where v (t) is the initial function for state estimation and the
signal e(t) = x (t) — &(¢) is defined as state estimation error.
From (5) and (7) we can write:

F(t) = { ‘zg)) } @®)

i(t) = [ (AU+BUKU_LUCU )
Ao + Bo Ko

. “BoKe
2 = { A, + B, K,

—L,Co —Gs Go— BoK,

(AngB(,K) (t) — By Koe
z(t) + (Go

(1) + Avo (1 — h (1)) + D pia() ] o
— B,Ks)e(t)+ Aroce(t —h(t)) + D1,ow(t)
R I AN EX 10 P Il PO BT

Ao 0
Ah,a - l: 0 Al,o :| (12)
_ Dl,a
Au,q = [ D ] (13)

Definition 4. Switched positive system (1) with observer-based
control is said to be H., observer-based stabilizable concerning
(2), v > 0, and the switching signal o(t) if the following
conditions are satisfied:
1) Switched positive system (1) with observer-based control is
stabilizable. _
2) Under zero initial condition ¢ (t) = 0 Ve [—h,0], the
output z (¢) satisfies:

/OOO )z (t)dt < A /Ooo wt)Twt)dt  (14)
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Fig. 2. Hs observer-based design flowchart

Remark 2. In Definition 4, v means the suppression level of the
system to exogenous disturbance. Thus, the smaller v will lead to
better performance.

The main objective of this paper is to design an observer-based
controller such that the states of the system and observer are
positive and converge to the origin. The implementation of this
issue will be seen in the next section.

3. H,, OBSERVER-BASED STABILIZATION

In this subsection, we discuss H., observer-based stabilization
of a time-delay switched positive system (1) with an observer-based
controller. The observer-based controller design problem includes
the positivity and stability of the augmented system (10), which is
analyzed and dissected in the following two theorems and corollary.
In Theorem 1, we discuss the necessary condition to check the
feasibility of the problem. Also, in Theorem 2, some sufficient
conditions and the corresponding synthesis for an existing feasible
solution will be presented. The capabilities of the observer-based
control approach proposed in this paper will be compared with the
output feedback method in another paper through corollary 1.
Theorem 1. Augmented system (10) is positive and stable if for
any m € M with respect to Metzler G,,, Ly, = 0 and K,, < 0,
the following inequalities are met:

4, + BnKnl,; >0,  1<i#j<n (15

G — B, K]y, >0, 1<i#j<n  (16)

trace (Zm + Gm + (Em — Em) Km) <0 (18)

Proof: See proof in Appendix I.

Theorem 2. There exists an observer-based controller (5)-(6) for
the system (1) that provides H., stabilization and positivity
of system (10), if there exist scalar v > 0,e > 0, matrices
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Py, = diag [Prm, Pe.m] > 0, Qm = diag [Q1,m,Q2,m] > 0, a
Metzler matrix G, , A1,m =0, Ln=0 and K., <0 such that :

Fm Zh,'m P’mBm + C%Kﬁ E]Bm P'mA'w,m
*  Qm 0 0 0
* -1 0 0 <0
* * * -1 0
* * * * —~2T
Yme M (19)

and inequalities (15), (16) and (17) from Theorem 1 must be held
as follows:

[A,, + BmKn];; >0 1<i#j<n
(G = BpKul; 20 1<i#j<n
Am — LinCm + BnKm — G = 0

and the following two relations are given to ensure the stability of
the system according to ADT,

Qms S uQmys Py < ppPm1, formi,me € M, p2>1 (20)
and the ADT satisfies

s Ve Mam—a>0 @1
«Q
which
T = A" P 4 PrnAm — ePnBrBn” — BBy’ P+ Q,,
(22
and
A, 0 ~[o B,-Bn 0 B,
= | Q= de o 4 AT Ao 0 B
i 0 —Qo(1—d)e™"
Gm Lm 0 0 0o I
| Km O 0 0 o o
Kn=|"0" 0  Gu Lm |'S=| 1 -1|
0 0 Km 0O c, 0
A leA1m+02mA2m O
Ah’m - [ 0 P2,mA1,m :| (23)
Proof:

See proof in Appendix II.

Remark 3. The problem raised in this study is solved using
Theorems 1 and 2. By Theorem 1, the necessary condition to
LMI positive answers despite uncertainty is ensured, and by
Theorem 2, the sufficient condition for the presence of a positive
H., observer-based controller and its exponential stability is
guaranteed.

Remark 4. If the v, and € design parameters are not selected
correctly according to the dynamics of the switched system, the
problem will not reach feasible solutions. There can be two
resolutions to solve this problem: 1) Assigning proper values to the
parameters of each mode (ym,am, €m). 2) Assigning the same
proper values for all modes. In this work, we chose the second
way.

Remark 5. It is necessary to declare that the presented design
based on the Theorems 1 and 2 leads to stable and nonnegative
z (t),Z(t). The augmented closed-loop system by combining (5)

and (7) is:
Ay B, K,
L,C, Go

EE
Ar } [ ) }+ { Oy } wlt) (24)

[



M. Shafieirad et al.: Hoo Observer-Based Control Design for Switched Positive Systems...

If this system is considered as a based model, no feasible solution
exists for LMIs related to this problem and hence, (24) has been
replaced by (10).

Remark 6. From Theorem 1 and Theorem 2, the controller gains
K,, and the observer gains L., and G,, can be solved by the
following iterative algorithm in Flowchart 1. The conditions for
entering this flowchart are that the system is observable and
controllable, internally stable, and the parameter uncertainty does
not exceed a certain boundary. Each of the above conditions can
be checked in separate flowcharts.

In the above figure v > 0, o > 0, > 1 and € > 0 are design
parameters, and “No_subsystems” is the number of subsystems or
modes. By solving inequalities 15 to 19, in addition to obtaining
the observer and controller parameters, P and Q matrices are also
obtained for each mode, which are used to design the switching

250

regime.
If we remove the interval uncertainty, time-varying delay, and
disturbance from the system (1) and rewrite it simply as below:

& (t) = Agty (1) + Boyu(t)
{ y = Coyz (1) 25)

Then, dynamic observer-based controller for system (25) is exist
as follows:

& (t) = Gowyz (t) + Loy (1)
{ u(t) = ch<t>fé )(t) " 0

Corollary 1: For o (t) = m,me M , and for given Metzler
matrices A,,,G, and matrices B, > 0,C, = 0, and
Ly = 0,Km < 0 and P, = diag [Pi,m,P2m] > 0, and for
given scalars A > 0, & >0, 7, >0 and g > 1, such that:

AL P, + PnAy, — eBnBL P, — ePBwBL  P,.B,, + GLKL B,

Em = * —I 0 <0 (27)
* 0 -1
in Table 1. Note that the values of the switching parameters are
[Arm, + Bm K] i >01<i#j<n (28) the same for both modes. Two subsystems are described with the
following matrices:
[Gm — BnKnl];; 201 <i#j<n 29)
Am + BnKm — Gy — LinCry =0 (30)
_ A — —-1.749  0.239 A — —-1.613 0.361
Py < Py, for o(ty) =ma, o (t) =mi € M (1) 217 0455 —1101 [0 1T | 0545 —0.699 |
where, A — 0.045 0.005 A= 0.055 0.015
“117 1 0.075 0.055 | “M T | 0.085 0.065
An 0 |0 0 0 Bn
Am:{Am 0}’]&"*[0 0 —I Bm
0 1 Gnmn Ln O 0
1 0 = 1 0
B 0 0 | Km O 0 0 51:[ },31:[ },le[o.g 0],
Co=t 17 1 |"% =10 0 Gn Ln 01 01
Cn 0 0 0 Kn O 0.01
32) 017[11 0],D1,1:[ 0 },0271:[0.1 0],
then, system (25) is positively switched and exponentially stable Agq = [ 01 0 ] ;
with ADT 7, > 2
Proof:
See proof in Appendix III. A [ -tm9 0239 ] - [ 1700 0.249
“27 1 0455 0200 |’ “* 7| 0540 0.220 |’
4. SIMULATION RESULTS A _[0045 00057 — [ 0050 0006
In the current section, we will discuss three examples: a 2127 | 0.075 0.055 |’ %2 = | 0.080 0.070
numerical example (Case No.l), a practical example (Case No.2),
and a comparative example (Case No.3). The cause of the
presentation, for each of these examples is described in the related
subsection. An Intel Core i5-520M 2.4 GHz (boost up to 2.93 B. — 10 B, — 1 0 C,=[08 0]
GHz) processor was used to measure the computational time =2 0o 1 |7? 0 1| =2 ’ ’
provided at the end of the examples. 0.01
C’z:[l.O O],Dm:{ '0 },02,2:[0.01 0},

4.1. Numerical example (Case No.1l)

In this subsection, a numerical example is presented that
supports the components of a positive compartmental switched
model with all the factors stated in the model (1). This example
challenges the approach presented in the study without considering
the constraints of a practical system model and the limitations of
choosing a system to compare the capabilities of the proposed
method. An SPS is introduced in this example, which includes
stable and unstable modes, time-varying delay, and external
disturbance. P and Q matrices are interface matrices employed in
system stability analysis. The related design parameters are shown

Azp =001 0 ];

And time-varying delay and disturbance respectfully are calculated
as follows:

h(t) = E/Q(l + @),w(t) — o 02t

Yalmip toolbox [43] was employed in MATLAB software to
obtain simulation results in all examples. Solving the matrix
inequalities in Theorems 2 gives feasible answers as follows
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Table 1. Design parameters of the case no. 1

Parameters Values

T SO0 a
=
o
o

Disturbance w(t)

| . L ! n
0 2 4 6 8 10
Time(s)

Fig. 3. Disturbance signal

K= —1.4977  —0.055371
—0.13023  —0.43027 |°
K, — | —17772 —0.066049
—0.10692  —19.958
L, — | 65454
0.10711 |’
Ly — 72023 }
0.096979
G, — | ~10.753 01318
0.14497 —1.6129 |’
Gy — | —94832 0.1069
0.1542 —39.569
Py = 16.483  —0.86641
; —0.86641 15357 |’
Py — [ 18.797  —0.21121
, —0.21121  14.961
B [ 1.3349¢ + 05 —0.21169
21 = —0.21169  1.4e+405 |°
Pyy— [ 1.7214e + 05 —0.22283
; —0.22283  1.4de+05
[ 43218 —10.1
Qui=| _jo1 87193 |
[ 47587  —5.9433
Qu2=1| _50433 6214 ]
[ 1.407e +09 —79086
@r=| "_79086 14416 } ’
[ 2.7257e + 09 —78249
Q22 = —78249 14416 }

Fig. 4. Time-varying delay

251

%]
aQ
K] ]
Eas ) Switching Signal oft) _X1(l)
= == =xThat(t)
w— 06
5}
B4l 4 ]
o 0 2 4 6 8 10
®ozf 4
£
= L - - -
s 0 2 4 6 8 10
E-] Time(s)
c
o
s 1 T
5o —
2]
s == =x2hat(t)
£ 06 n
..6 1)
oo4 \‘
a2 \
T o02f 1
o .
ko] S
9 L — = =
‘o 0 2 4 6 8 10
o Tt
Fig. 5. State trajectories and estimation
0.4 ; - : :
H ——
ol ===Estimation Error1(t)L

w 1
1
o o.zll 4
15
0 1) ,
c |\
9 T LT - - . !
= 0 2 4 6 8 10
E Time(s)
‘(;Jl 041‘\ T T - —1 ]
o \ —==Estimation Error,t)
W o3k o\ ]
‘03 .
© 02 \ 1
- .
o 0.1 \‘

L ~ 1 J

-
| | ""._.--‘- ;."'-—-—F—‘_'—'I—-

0 2 4 6 8 10
Time(s)

Fig. 6. Error signal for 12 seconds running time

Fig. 3 represents the treatment of exogenous disturbance. Fig. 4
shows the behavior of the time-varying delay function, which is
sinusoidal, and this behavior is very close to the delay variations
in a practical system.

Then, we present simulation results for ADT switching
To > 0.78 second for two subsystems. The simulation results
are shown in Fig. 5 where the initial conditions are z (0) =
11", Z (0) =[0.6 0.6]". The switching signal is designed by
keeping the average dwell time in Fig. 5 for 12 seconds. As can
be seen in Fig 5, the controllers and observers are well designed
for both stable and unstable states, and both state variables have
converged to zero within about 10 seconds of execution. During
this period, the estimates of state variables have also maintained
their tracing trend. In Fig. 6, the trajectories of the error signal
between the state variables (x1(t), =2 (¢)) and their estimations
are drawn, which converge to zero. Parametric uncertainty has also
been applied during execution in the form of changing parameter
values in the desired range continuously. The time elapsed for the
calculations of case no.1 was approximately 30 seconds.

4.2. Practical example (Case No.2)

In this example, a compartmental model is considered a system
with positive switching characteristics, disturbance, time-varying
delay, and parametric uncertainty for analyzing the dynamics
of thyroid hormone metabolism [43]. As shown in Fig. 9,
the Mammillary model consists of three compartments, each
representing a state variable. State variables are the quantities of
hormones in each compartment. The two composite tissue pools
(fast and slow) represent two classes of organ pools of thyroid
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byus (1) by (6 bz uz (1)
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_ ke @ ks ®

‘ Observation

Fig. 7. General Mammillary compartmental model

hormone such as T3 and T4 [44] (Peripheral tissues such as the
liver, kidneys, brain, and pituitary gland can also convert T4 to T3).
The plasma pool is the central compartment. Each state variable
denotes the quantity of the hormone in the pool. Each tissue group
metabolizes or disposes of thyroid hormone. By measuring the
amount of thyroid hormone in the blood plasma with the aid of
an observer, the amount of this hormone in other tissues can be
estimated. The above compartmental model can be described as a
switching model. It means that we have different coefficients for
the same structures and can be switched between them. In [45],
a compartmental switching system for controlling the amount of
anesthetic is discussed. Factors such as taking certain medications
or psychosomatic illnesses such as mood disorders can cause these
different subsystems. A compartmental system can be a time delay
system. This is the subject of [46] and has been discussed in [47].
The effect of external disturbances on the compartmental system
has been investigated in [48]. These disturbances in the current
system can be caused by various factors such as hereditary and
environmental factors such as nutrition, stress, smoking, iodine
deficiency, and other underlying diseases.

The mathematical model of the system is similar to the system
(1) and is as follows:

[ ko1 — ka1 k12 ki3
A = ko1 —koo — k12 0 s
k31 0 ]f03 - k13
0 0 0.02
Ai=|o001 0 o0 |,
i 0 0 0
[01 0 0 (33)
Bi=| 0 02 o0 |,
0 0 0.2
Ci = [ ke 0 0 ]
[ 0.02
Diw=| 001
i 0.01
[ ko1 — ks k12 k13
Ag = ka1 —ko2 — k12 0 )
k31 0 —ko3 — k13
0 0 0
A= 0.02 0 0.03 |,
0 0 0
[01 0 0 (34)
Bo=| 0 03 0 |,
0 0 0.2
Co = [ ke 0 O ]
[ 0.03
Do = | 0.01
0.04

The k;; parameters of the model are estimated to be obtained with
the help of the observer or reliable references. The values of these
parameters represent interval uncertainty in the system matrices.
Table 2 lists these values for both modes.
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Table 2. Uncertain parameters of the model

Second mode First mode Parameters

2.608040.0802 1.8090 + 0.0420 ko1

1.660740.0505 1.5550 £ 0.0630 k31

2.201140.0103 2.0650 £+ 0.0610 k12

1.451240.0308 1.2550 + 0.0450 k13

0.8051+£0.0310 0.7050 + 0.1010 ko2

1.250140.1399 1.2310 + 0.1400 ko3

0.84+0.1 1+0.1 ke
Table 3. Design parameters for case no.2

Parameters Values

¥ 0.5

d 0.9

a 0.7

€ 100

h 1

By applying Theorem 2 for the current example, using the Yalmip
toolbox, the following gains for the controller and observer have
been obtained:

[ —14.73 —067 —0.41 50.05
Ki=| —-08 —857 000 |, Li=]| 034 |,
—0.67 0.00 —4.49 0.29
—73.93  0.92 0.55
Gy = 0.59 —13.40 0.00
| 0.52 0.00 —8.73
[ —15.08 —1.86 —1.48 38.43
Ky=| =526 —6.17 000 |, L,=| 044 |,
—4.33  0.00 —5.08 0.33
—40.86 1.51  0.95
Ga = 041 —6.16 0.00
0.33 0.00 —4.21

It should be noted that all time units in this example are
in minutes. If ADT is calculated in minutes and a plasma
compartment is used for measurement, effective thyroid drugs
(controller) can be employed according to the defined target.
Disturbance and Time-varying delay (Fig. 8 and Fig. 9) defined
respectfully as: h(t) = h/2(1 + W) The wgn(), butter(),
and filter() functions in MATLAB are used to generate disturbance
w (t). As can be seen in the figure, the disturbance implementation
is such that it has all the nonnegative values that a positive
system must have for this example. Figs 10 and 11 shows
parameter uncertainty in matrices A and C, respectively. The
switching signal is given in Fig. 12. The initial values for states
and their estimations are, respectfully: z (t) = [ 1 1 1 ]T,
#0)=[07 07 07]"
been shown in Table 3.

The trend of Fig. 12 curves can be interpreted as follows, for
one cycle, thyroid hormone enters the plasma pool and then enters
the slow and fast pools. The amount of hormone in each of them is
metabolized and finally excreted. The controller and observer that
measures the plasma pool play an important role in this process.
The results of reference [44] are the same in general. The time
elapsed for the calculations of this example was about 0.5 second.

and the other related parameters has

4.3. Comparative example (Case No.3)

In this subsection, we wanted to compare the capabilities
of Li-gain (with relatively similar models and from other
references) and Lo-gain (described in this paper) methods in
observer-based controller design, such as the number of iterations
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Fig. 9. Time-varying delay for case no. 2
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Fig. 11. Parameter uncertainties of A matrix elements
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Table 4. Comparison of MSE values by two methods (T = 5 sec)

Liu [49] Corollary 1
MSE of x1(t) 0.081 0.008
MSE of z2(t) 0.048 0.034
MSE of z3(t) 0.058 0.032

required to solve the problem, error, and performance. But, for
the proposed dynamics, none of the methods introduced in the
literature [36, 38, 41] became feasible hence, there was no
possibility for comparison. The reference method [48], despite the
difference in model components such as delay and parametric
uncertainty with the model of this article and also the use of
the Linear Programming (LP) method instead of Lo-gain and
Lyapunov function, can be compared with the approach of this
paper. It is because the existence of commonalities, such as
positivity, linearity, switching, ADT design, use of output feedback
in controller design, and most importantly, feasible solutions.
In other cases, without feasible answers, the accuracy of the
controller and observer performance cannot be trusted. Corollaryl,
was created to make this comparison. Theorem (3.1) from [48]
was implemented, with the control law described below (p is the
mode number), and the results were compared.

u(t) =Gy (t)

= kpvziy (t) (35)
= mzpvpcpx (t) kpeR™ ' ApeR", zpeR™
vp is a fixed parameter. The following system matrices were
simulated for both methods.

-3 2 1 03 0 0
A = 1 -2 0 B = 0 02 O
1 0 -2 0 0 04

Ci=1]1 0 0]

-4 2 1 01 0 0
Az = 2 =3 0 By = 0 03 O
1 0 -2 0 0 02

Co=1]1 0 0]

The simulation results for the first mode are as follows (G, is
control gain matrix in [48]):

—58.65 —1.84 —1.14 178
Ki=| —218 —2544  0.00 , Li=1 038 |,
—0.92  0.00 —20.94 0.33
—219.59  0.94 0.56 |
G = 0.60 —21.40 0.00
0.52 0.00  —24.91 |
- -1.62 —51.42 ]| [ 9.45
Gi=| —635 |, 21=| —2360 |, \y = | 5.57
—2.24 —11.84 9.43
and for the second mode are:
—-79.82 —4.79 —3.53 [ 319.12
Ko=| —225 —21.00 0.00 , Lo=| o7 |,
—2.08 0.00 —23.48 0.44
—283.59  1.11 0.69 ]
Gy = 0.85  —20.77  0.00
0.55 0.00  —19.08 |
_ 2.27 —41.57 ] 11.78
Go=| —810 |, za=| —6854 |, Aa=| 6.15
—5.82 —31.73 10.79




M. Shafieirad et al.: Hoo Observer-Based Control Design for Switched Positive Systems...

2
[=:]

2 T T

1
Switching Signal o(t)

2
=2}

o
=
|

Amplitude

=
i
T

x1(t) .
x1hat(t)| -

Amplitude

x2hat(t)| |

———————

10

Time

25

0.8
0.6
0.4
0.2

Amplitude

X, |-
x3hat(t)

n

~———

10

15
Time

20

Fig. 12. States and their estimations

The switching signal for this example is presented in Fig. 13. The
convergence of the modes of each method is also shown in the
same figure. As clearly seen in the figure, the rate of convergence
in the approach of this paper is more suitable than the procedure
of [49]. In Table 4, the mean square error (MSE) values of both
methods are presented for all three state variables. The method of
calculating MSE for each mode is according to Equation 34. e(t)
is the vector of values of the errors between the current time and
the predicted values.

T
MSE = / e(t) e(t)dt (36)
0
Employing an observer-based controller for an SPS using the
output feedback method is not very common, as mentioned earlier.
The few cases that exist in the literature have no feasible solution
and cannot be presented in a comparative example. Liu et al. [49]
was the only case that was observed to have feasible solution by
the output feedback controller and LP approach. The execution
time of both algorithms was approximately 0.1 second.

5. CONCLUSIONS

In this paper, an effective method for designing a positive
augmented closed-loop switched system consisting of an observer
and a controller based on output feedback and state estimation
was presented. In addition, minimizing the effects of destructive
factors that generally exist in practical systems, such as parametric
uncertainty, time-varying delay, disturbance, and unstable modes,
has been one of the design goals. This methodology, especially for
solving augmented systems, produces a large number of interface
parameters in the form of positive vectors, which can be converted
to BMI terms in the solution process. BMI terms either should be
linearized with algebraic methods, which is not always possible, or
solved with special-purpose solvers that do not have trustworthy
answers, which in both cases does not provide a reliable design
for the observer and the controller. In the proposed method that

x, ()

X,(t)

X, (1)

30
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——Corollary 1

05 1 15 2 25 3 35 4 45
Time(s)

T T T T T T T

—Liu [49]
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Fig. 13. Three states convergence with both methods
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leads to H stabilization, the solution method consists of a set of
LMI terms.

For further validation of the proposed approach, three examples
were illustrated. In the first case, a numerical example was
evaluated. In this case, in addition to reducing the effect of
parametric uncertainties and disturbance and delay, it was noticed
that the robust controller and the ADT switching regime did not
allow the divergence of the trajectories of the state variables when
the unstable mode was activated. Also, the gains of the controller
and observer were obtained according to the design assumptions,
and the diagonals of the matrices P and Q were positive, which
are used to design the switching regime. This example best
demonstrated the achievement of our robust observer-based control
system. In the second case, a positive compartmental switched
system was presented, in which the variables of thyroid hormone
metabolism states were considered in three organs of the body
with high and low metabolism and blood plasma. This system
had high disturbance, parametric uncertainty, and delay in state
variables. By measuring the hormone in the blood, its status in
other organs can be estimated and controlled. In this case, all the
state variables converged to the origin, but due to the bias in the
disturbance, a small amount of steady-state error remained. By the
presented method, after about 27 minutes, the amount of hormone
in the tissue reaches the desired amount.

In order to evaluate the performance of the proposed
observer-based controller, there was a condition for a similar
system, a system with a similar model should be used in
comparison (output feedback). Among the existing papers in this
field, [48] was selected because of feasible answers. On the other
hand, Corollary 1 was generated in Section 3 for comparison.
As can be seen in the figures of the third example Fig. 13,
the convergence rate of our proposed method was much better
than that of the reference method [48]. The MSE of the system
output (y = x1 (¢)) for the method of this paper is 0.008 and for
the compared approach is 0.081. Also, this value for two other
state variables obtained by estimation with values of 0.034 and
0.0032 is more acceptable than the method [48] with values of
0.048 and 0.0058, respectively (see Table 4). In this example,
the advantage of employing dynamic output feedback over static
output feedback was also shown.

6. APPENDIXES
Appendix 1.

If there exists such an observer-based controller from (10), for
stability of the closed-loop system we should have ¥ (Az,m) < 0
and for positiveness A, should be Metzler. Thus for any m € M,
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Then, it can be interfered:

[) <o

— BnKm
_ (A2)
A, +BnKmn B, Km
and A + B'mK LanL - G'm G B K ShOUId

be Metzler which guarantees (15), (16) and(l7) Eq (A2) indicates
that all the eigenvalues of A, are negative. From (A2) in

conformity with Lemma 2, the same condition is held for A, ,,
and we have:

trace Am + B, K ~BuKom <0
(A3)

Inequality (A3) is equivalent to (18) and the proof is complete.

Appendix II.

The Lyapunov-Krasovskii function can be constructed as follow:
Vo (1) = V(1)
¢
=37 (t) Py (t) +/ eV E)QpryE(t)ds
t—h(t)
(A4)

For o (t) = m, by substituting P, = diag [P1,m, P2,m] > 0 and
Qm = diag [Q1,m,Q2,m] > 0, we have:

V(1) = 2" Pz + " Py e
t
N / e (27 (5) Qe (5) (A3)
t—h(t)
eT(s)Q2,m€ (5)] ds

By derivation of (A5), we can get:
V(t)=a" (t) Prmi (t) + 2" (t) Pz (t)
+e" (1) Pomé (t) + €7 (£) Prme (8) + 27 (1) Qy (1)
+¢7 (£) Qaame ()= (V =27 () Puma (t) = €7 (£) Pame (1))
- (1 - h) e MO T (4~ B () Qum (t — h (£))
+el (t—h(1) Qame(t—h(t)] (A6)
We can conclude:

V() +aV(t) <n' (t)emn(t) (A7)

Am € [Am, Am], Bm € [Bm, Bn] and Cr, € [Cin, O], with Which guarantees the stability of the system (w = 0), where 7(t)
respect to Ky, < 0, we have: is a matrix consisting of several vectors:
A, +BnKn —B,, Km T _ T T T, T T
{ P v T } TO=[aT0 O Te-h@) Te-h) o]
- Am + B K, ~BpnKm ]
S| Am 4 BnKm — LinCry — Gy Gy — B Ky
- { B Am+ B, Kn, —BmKm
S| An+B, Ky — LinC, —Gm  Gm — BnKn,
(AD)
11 12 PimAim 0 P D1,m
21 22 0 - P2,mA1,m P2,mD1,m
om=| AL Pim 0 —(1-d)e *"Q1m 0 0 <0 (A9)
0 AT, Pom 0 —(1=d)e *"Qam 0
D, Pim D1, Pom 0 0 0
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11 = Pl,'m (AnL + BmKnL) + Ql,m + (Am + B'mK'm)TPI,nL + aPl,m

mT12 = (Am + BmKm — Ly Cry — Gm)TPQ,m -

Pl,mBme

21 = P2,m (Am + B K — mem - Gm) - KZLB?nPLm
22 = P2,m (Gm - Bme) + QQ,m + (Gm - Bme)TPQ,m + aPQ,m

For disturbance attenuation by means of Ly-gain stability relation

% < 7, it can be stated that:
J5T 2T ()2 (t) dt
—— <~ (A10)
oo
Jo  w(t) w(t)

Lo-gain stability criterion in (A10) can rewritten in following
form:

J= /oo 2N ()2 (t) — v (Hw (t) dt < 0 (A11)

According to Definition 4, we can conclude

/= /0°° 2 (1) 2 (1) = 7w (Y w (B dit+V (z(00) =V (z(0) <0

(A12)
Which yields:

J < /Ooo )zt YW wt)+V(t)dt <0 (Al3)

A sufficient condition to guarantee the above inequality is:
()2 () =YW (Hw )+ V() <0 (Al4)
With respect to (A7), (A1S5) is rewritten as:
() 2(t) =7 (Dw () +V (1)
<P z(t) =YW Q) w )+ V() +aV(t) (A15)
<2 () 2(8) ='W (D w (t) +n" (ODpmn(t)
By considering the system dynamic (1), z(t) = Co () +
Ay sy (t — h(t)), we have:
z (t) CQT’ng,mm () + mTC’;ijgﬂn:v (t—h(t)
+a" (t—h(t) AL Coma (t) + 2 (t — h) AS Ao ma (1)
7w w () + 0" Oemn(t) < 0" (OYmn(t) (A16)
So, we should have v, < 0 in which:

X11 X12 PiomAim +CT Az 0 Pi.mDi,m
X21 X22 _ PomAim PomDim
Ym = | AL Pim+ AS,.Co 0 —(1—d)e " Qum + A3 Azm 0 0 <0
0 AT . Pom 0 —(1-d)e *"Qam 0
DY, Pim DY, Pam 0 0 T (A17)

X11 = P (Am + BmKm) + Qun + (Am + BmKm)" Prin + C3 1 Coum + aPrm
X12 = (Am + BmKm — LmCr — G)" Paim — Pim B Km + aPam

X21 = PZ,'m (Am + BmK7n - LmCm - Gm) - K’V?’LBT’Z;LPIa"L

X22 = P2,m (Gm - Bme) + QQ,m + (Gm - Bme)TPQ’m

By substituting (23) into (A17) with respect to upper bound of the uncertain parameters, matrix 1,, can be rewritten as follows,

(Am + BnKnCr) " P + P (A + BpKinCrm) +Q,, Anm PrAw,m
P = * Om 0 <0 (A18)
* * — 721

where the following form:
5 — | Qum+CimCom+aPim 0 -
O = { 0 Q2.m + P S Pt PS4+ Q@ Anm
(A19) * Qm
—ah T
Qm — |: _Ql,m(l — d)e +A2,mA2,m Q ( 0 d) . + |: meéw,m :| (_7721) [ Ag,mpm 0 ] <0 (A22)
0 —Qy (1 —d)e™
(A20)
Again, using Schur compliment yields:
_ [  An+B,Kn ~BuKm S P+ PS4 Qry = 7> P Aw,m Aty Prn
Am +B,, Ko —LnC,, —Gn Gm — BmKn i
(A21) ~ A QE A, <0 (A23)

By the means of Schur compliment [28], (A18) can be given in The following inequality can be considered as a sufficient condition
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for (A23):
Y P4 P 4 Q,y — v 2P Aw,m Ay o P
— Ay QA+ CLKEK,,C, <0 (A24)
After replacement X, = A,, + B,,K,,,C,,,, yields:
AL P+ PrAp + PyBmKmCr + CLKEBY Py

+ CanZ;LKmCm + Qm - 7_2PmAw,mA5,um
— A QA <0 (A25)

which can be rewritten in this form:
AP+ PrAm + PuBrKnCr
+ (PmBm + CZ,LKQ) (Bﬁpm + chm) — PB.BL P,
+@m - '772PmAw,mA£,um - Zh,méz;lzf,m <0 (A26)
Also, it can be rewritten as follows:
Al Py + PrAm + PyBrKnCon
+ (Bf, P+ KnCr) + (BF. P+ KnCim ) = PrBrBr P
+ Q=7 2PrAuwmAL P — Ap QLA < 0 (A27)

The equation (A28) is constructed to obtain the upper bound in
inequality (A29):

[Am + BmKm]; >0 1<i#j<n (A28)
Then, it holds that:
[Gm — BmKn];; 20 1<i#j<n (A29)

By substituting the upper bound of (A29) in (A27), we can get to:

AL P+ PrAm + PruBrKiCrn
+ (PnBam + ChLKR ) (Bf P + KinCr)
— eBmBn” P — ePuBmBin” + BB
+ Q= 2P Auwim Al P — A Qi A <0 (A30)
Now, applying Schur compliment to the previous relation leads to:

911 Zh,vn
| g
where
011 = Aﬁ—Pm + P’mAm

+ (B P + K Cra) " (B,,LTPm + chm)

(A31)
— BB P, — ePrBmBn” + BBy’
+ @m - 772PmAw,mAZ:,um
Applying Schur compliment two times:

511 Z’_h,m Pm]Bm + (CmTKmT EBm
* Qm 0 0 <
* * —I 0 S0 (A%)
* * * -1

where

511 = Aipm + PmAm - EBmBmTPm
- EPmBmIEBmT + @m — 'Y_QPmAw,mAg,um
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By using one Schur

Y 2P ALAT P,

more compliment on the term

FTVL Z}L,’l"’"L PTTLBTYL + C7VLTK7’LT SBWL P"LAw,m
* Qm 0 0 0
* * —I 0 0 <0
* * * —I 0
* * * * —721
(A33)
where

Tm =AY P+ PrAy — eBrBn” P,
— ePnBnBn" +Q,,

With respect to (Al5) and (A16) and integrating from ¢ to ¢
gives:

t
V(t) < et Vot (tr) —/ e ot=9) (zT (s)z(s)

ty

—?wT (s)w(s) ) ds
(A34)

Assume that o (tx) = ma, o (t;) = mi at switching instant ¢z,
inequalities given in (20) guarantee

Ving (tx) < puVim, (8,) (A35)
When ¢ € [tk, tk+1), from (A7) and (A9) we get to:
Vo (8) < e 0 v (t) (A36)

And from Definition 3, after k times switching (k < %), it can
be concluded that:

—a(t—t —
Vot (1) < e 0V oy (8) <
- < e—a(f—to)uk Vato) (to)

Inp

< 67(a7 Ta )(titO)Va(to) (tO) (A37)

We define Ri = mazm A(Pm), R = mazm A(Qm) and
Rs = minm, A (Py,) thus:

to
/ J~JT (to) Rz.iT (to) dS
to—h(to)

< Ru || (to) || + Rah || (to)|

V(i) (to) < &7 (to) Raz” (to) +
(A38)
It is derived from (A37) and (A38) that:

&7 (t) Py 3(t) < Vo) ()

_(Q_l’nf
e

< )0 (Ry 4 RyR) |13 (t0) | (A39)

Consequently,

Inp
Ta

12 < e (=5 Ry Ry + Roh/ Rs) |7 (fo)]| (A40)

So, this bound 7, > l"g should be hold for ADT.
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On the other hand, from (A34) and (A37) we get to:
i) Vv(tk) (tk)

— /tt e DT (5) 2 (s) — YW (s)w(s)) ds

< 1"V (to)e

—u" /z(jl e () (ZT (s)z(s) —7’w" (s)w (s)) ds

— k! /;2 e (=) (zT (5) 2 (s) = Yw" (s)w (s)) ds—
- — /t; e (t=te) (zT (5) 2 (s) = Y’w” (s)w (s)) ds

— e~ a(t—t0)+No (to,t)lnuy, (to)

_ /t e—a(t—s)+N(,(s,t)lnp. (ZT (8) 2 (8)
t0
— 7wt (s)w(s) > ds

V(t)<e

(A41)
Under zero initial condition, (A41) gives:
0<
t
- / e~ (t=8)FNo (s, t)inp (zT (s)z(s) — 2wt (s)w (s)) ds
0
' (A42)

Simplifying the relation (A42) and integrating both sides of
inequality from ¢ = ¢o to oo yields:
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Appendix III.
With respect to systems (26) and (27) we have:

e=xz(t) — &(t)
= &= (Am + BmKm) 2(t) — BnEme(t) (Ad3)
&(t) = (1) — a(t)
= (Am + B Kum) 2(t) — B Kme(t) (A44)

B
— (Gm + L Cr) z(t) + Gme(t

e~ | x(8)
if Z(t) = [ e(t)

relations as:

} is considered, then we can rewrite to recent

20 — Am + BnKn, —Bn K = (¢
(A45)
By selecting the following Lyapunov function:
Vin(t) = V(t) = 2" () P (t)
= 2" (t)Prmz(t) + €' (t)Pome(t)  (A46)

The derivative of the Lyapunov function yields:

V =227 (t) Py (t) + 2™ (t) Pamé (t)
= 22" (t) Prm (Am + B Km) @ (t) — 22" Pty B Kme (t)
+ 2" (t) Pa.n (A + B Ky — G — LinCp) (1)
+ 2" (t) Pa.yn (G — B Kom) e (t)

(20" e Ju | 5 |

/ )2 ()dt < A / w(®)Tw(t) dt (A47)
0 0
H stabilization is guaranteed and the proof is complete.
That 7,,, will be in this form:
_ Pl,m (Am + BmK'm) + (Am + BmK'm)TPLm _Pl,mBme + (Am + Bme - Gm - Lmom)TP2,m <0
(A48)

For stability of the system, its necessary that n,, < 0, so in the
following with respect to (32):

N+ CEKEK oy Cron = AF Py 4 Py A,
+ (PnBam + CLER ) (Bf P + K )
— PuBnBLP, <0 (A52)

Am + BmKm —BmKm (A49) Also, due to the (A28) and (A29) by placing the band above

Am + BmKm — Gm — LinCry Gy — B K, —P.B,.BL P,, in (A52), we have:

e = (A + BouKon)T P + P (B + BrnKom) <0 (AS0) AT P+ Pty + (B + CLEKL ) (B P + K G )
T T 2 T
It is also concluded that: = BB Pn — ePnBunBn + & BnBn” <0 (AS3)
By applying Schur complement to the term
i+ CnKnKmCn <0 == 0m <0 (ASD) (P, By, + CLKE) (BL P + KinGoy):
AL P, + PrAm — eBBn T Py — ePpBnBn T + BB’ PuB., + CLKL
" 27 <0 (A54)
By applying Schur complement, one more this time to the term £B,,B,,”, we can reach to:

AT P, + P,A,, — eB,,BLP, — cP.B,.B., P.B, +GLKL eB,

= = * I 0 <0 (AS5)

*

0 —1I
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On the other hand, Assume that o (tx) = m2, o () = ma, p >
1 at switching instant ¢:

sz (tk) < ,LLVm2 (tI;)

with respect to (A46) to (AS50) and stability of the system, we
assume A = —2maxm, A (A, + B, K.y, ) , thus:

(A56)

Vo () < AVoi (1) (A57)

when ¢ € [ti, tk+1), from (A57) we get to:
Vg(t) (t) S 67)\“7%) Vo(tk) (tk) (ASS)
And from Definition 3, after k times switching ( k& < =), it can

Ta

be concluded that:

Vo (t) < e M) HVU(t;) (te) < ...

We define Ry = maxm A (Pn) ,R2 = ming, A (Py,) thus:

Inp
< e MR (te) < e T DT L (1) (AS9)

Vato) (to) <& (to) Rai” (to) < Ru & (to)
It is derived from (A59) and (A58) that:

(A60)
In
5 () Rai(t) < Vi (1) < e O 50 17 (1))
(A61
Consequently,
- 7T Y -
12 < e O 50 (Ry /Ry |12 (to))

So, this bound 7, > ln*; should be hold for ADT.

(A62)
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