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This paper focuses on the stabilization problem of continuous-time random switching systems via exploiting a fault-tolerant
controller, where the dwell time of each subsystem consists of a fixed part and random part. It is known from the traditional
design methods that the computational complexity of LMIs related to the quantity of fault combination is very large; particularly
system dimension or amount of subsystems is large. In order to reduce the number of the used fault combinations, new sufficient
LMI conditions for designing such a controller are established by a robust approach, which are fault-free and could be solved
directly. Moreover, the fault-tolerant stabilization realized by a mode-independent controller is considered and suitably applied to
a practical case without mode information. Finally, a numerical example is used to demonstrate the effectiveness and superiority
of the proposed methods.

1. Introduction

As we know, Markovian jump system (MJS) is a particular
kind of hybrid systems, which contains two parts of mech-
anism. One mechanism is related to system state over time,
and another mechanism is named to operation mode and
derived from the finite set of discrete time Markov jump
parameters. Because of experiencing random characteristics,
Markovian jump system is greatly suitable to describe many
practical systems whose parameters or structures change
abruptly, such as [1–3]. In the past few years, a lot of topics
on many kinds of MJSs have been widely studied, such as
stability analysis [4–7], stabilization [8–11], 𝐻∞ control and
filtering [12–14], output control [15–17], adaptive control [18–
20], synchronization [21, 22], and robust control [23–26].

On the other hand, any system is inevitable to have
faults in practice. It is necessary and meaningful to study the
related problems of system experiencing faults. Fault-tolerant
control problem [27–29] is when the faults of actuator,
sensor, or internal component occur, the closed-system is
still stable and has ideal characteristics. It is known that
the classical fault-tolerant control methods may be divided
into two categories: passive and active fault-tolerant control

methods. Passive fault-tolerant control method is to use
a fixed controller which ensures the closed-loop system
insensitive to some specific faults. In other words, it could
maintain the system stable. Therefore, this strategy is similar
to the robust control technique [30, 31]. On the contrary,
active fault-tolerant control method needs to reconstruct the
controller design and reschedule the control law. In other
words, according to the characteristics of expectation, we
need to design a new control system after the faults occurred
[32, 33]. Compared with the active fault-tolerant control
method, the passive fault-tolerant control method does not
need the real-time fault information or adjust the structure
of controller online. In this sense, it is said that passive fault-
tolerant control method is relatively simple to implement.
When the underlying system is referred to Markovian jump
system, some results about fault-tolerant control were given
in [34–36]. By investigating such references, it is seen that
the considered problems and studied methods between such
cited references and this paper are quite different. Firstly, the
considered system is different from the traditionalMarkovian
jump system,where the dwell time considered here consists of
a fixed part and random part. Secondly, the fault considered
here is described by using a binary structured uncertainty
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rather than that simply described by a vector in some existing
references. In fact, this structure is more clear to describe the
fault. Compared with the traditional methods dealing with
the fault, the method to be presented has a better relaxation
and is more applicable. Thirdly, but not the last, because of
the fault of controller described by a binary structured uncer-
tainty, the quantity of fault combinationwill be very large and
have large computation complexity. Moreover, due to the
fixed and random dwell time contained simultaneously, how
to make the existence conditions for such a fault-tolerant
controller within LMI framework and have a concise form are
also necessarily studied. It is said that the abovementioned
problems not only are important in theory, but also have
practical applications. For example, from [37], it was shown
that the helicopter system could be modeled as an Marko-
vian jump system, whose dynamic characteristics are clearly
described by a Markov chain with three different states
according to airspeeds of 135 (nominal value), 60, and 170
knots. Moreover, the helicopter system is also inevitable to
have kinds of faults due to the internal components faults
happening or the external environment changing in practice.
In order to guarantee it still works when these faults occur,
a better and necessary scheme is to design an effective fault-
tolerant controller. On the other hand, though the switching
of helicopter among such threemodes satisfies aMarkov pro-
cess, it ismore reasonable that each subsystem is likely to hold
for a period of time. In other words, there will be a fixed and
randomdwell time in each subsystem. Finally, but not the last,
it is also important that the desired control method should be
with less computation complexity and easily realized. Based
on these explanations, it is said that it is significative to design
a fault-tolerant controller for Markovian jump systems expe-
riencing forced dwell time and also has practical significance.
To the best of our knowledge, very few results are available to
design fault-tolerant controller for random switching system.
All the facts motivate the current research.

In this paper, the stabilization problem of continuous-
time random switching systems closed by a fault-tolerant
controller will be studied, whose conditions are presented in
terms of LMIs and without any fault. The main contributions
of this paper are summarized as follows: (1) A kind of fault-
tolerant controller is proposed to stabilize a continuous-time
random switching system which contains fixed and random
dwell time simultaneously, whose conditions are obtained
by exploiting a robust method; (2) the sufficient conditions
for the desired controller are presented with LMI forms and
fault-free, which could be solved directly; (3) due to the
results without any fault, the complexity of computation will
be smaller than ones obtained by the traditional methods;
(4) because of the given conditions being LMIs, the existence
conditions for fault-tolerant controller without any mode
operation are obtained easily.

Notation. R𝑛 denotes the 𝑛-dimensional Euclidean space;
R𝑞×𝑛 is the set of all 𝑞 × 𝑛 real matrices. ‖ ⋅ ‖ refers to the
Euclidean vector normor spectralmatrix norm.Ω is the sam-
ple space,F is the 𝜎-algebras of subsets of the sample space,
and P is the probability measure on F. In symmetric block
matrices, we use “∗” as an ellipsis for the terms induced by

symmetry, diag{⋅ ⋅ ⋅ } for a block-diagonal matrix, and (𝑀)⋆ ≜𝑀 +𝑀𝑇.
2. Problem Formulation

Consider a class of switched linear systems defined on a
complete probability space (Ω,F,P) and described as

�̇� (𝑡) = 𝐴𝜂(𝑡)𝑥 (𝑡) + 𝐵𝜂(𝑡)𝑢 (𝑡) , (1)

where 𝑥(𝑡) ∈ R𝑛 is the system state vector, 𝑢(𝑡) ∈ R𝑞 indicates
the control input vector, and 𝜂(𝑡) ∈ S ≜ {1, 2, . . . , 𝑁}
represents the switching signal and determines the current
system operation mode. For any 𝜂(𝑡) = 𝑖 ∈ S, 𝐴𝜂(𝑡) = 𝐴 𝑖
and 𝐵𝜂(𝑡) = 𝐵𝑖 are knownmatrices of compatible dimensions.
Time instant 𝑡𝑘 represents the current operation mode of the
system to another operation mode. The parameter 𝑑𝑖 > 0
represents a fixed dwell time of system (1) with mode 𝑖. If
the system occurs to interval [𝑡𝑘, 𝑡𝑘 + 𝑑𝑖), where there is no
switching, it will surely follow

Pr (𝜂 (𝑡 + ℎ) = 𝑗 | 𝜂 (𝑡) = 𝑖) = {{{
0, if 𝑗 ̸= 𝑖1, if 𝑗 = 𝑖, (2)

where ℎ represents a very short amount of time and satisfies
limΔ𝑡→0+(𝑜(ℎ)/ℎ) = 0. For the time interval [𝑡𝑘, 𝑡𝑘 + 𝑑𝑖), if𝑡 ≥ 𝑡𝑘 + 𝑑𝑖, at this time the mode switching follows the mode
transition probabilities with TRM Π ≜ (𝜋𝑖𝑗) ∈ R𝑁×𝑁 given
by

Pr (𝜂 (𝑡 + ℎ) = 𝑗 | 𝜂 (𝑡) = 𝑖)
= {{{

𝜋𝑖𝑗ℎ + 𝑜 (ℎ) , 𝑖 ̸= 𝑗1 + 𝜋𝑖𝑖ℎ + 𝑜 (ℎ) , 𝑖 = 𝑗, (3)

where ℎ > 0, 𝜋𝑖𝑗 ≥ 0, if 𝑖 ̸= 𝑗, and 𝜋𝑖𝑖 = −∑𝑗 ̸=𝑖 𝜋𝑖𝑗.
In this paper, the designed state feedback controller may

have faults, which is referred to be a fault-tolerant controller
(FTC) and described by

𝑢 (𝑡) = Δ (𝑡)𝐾𝜂(𝑡)𝑥 (𝑡) , (4)

where 𝐾𝜂(𝑡) is the control gain to be determined. The param-
eter Δ(𝑡) is a diagonal matrix and used to describe the con-
troller fault happening or not. Its form is defined as

Δ (𝑡) ∈ Λ = {Δ = diag (𝛿1, . . . , 𝛿𝑞) | 𝛿𝑖 ∈ {0, 1}} . (5)

Particularly, we could clearly find thatΔ(𝑡) = 𝐼𝑞 if there are no
faults. It is seen that there are 2𝑞 possible combinations repre-
senting the controller faults. Equivalently, Λ has 2𝑞 elements.
Then, the resulting closed-loop system is rewritten to be

�̇� (𝑡) = 𝐴𝜂(𝑡)𝑥 (𝑡) , (6)

where 𝐴𝜂(𝑡) = 𝐴𝜂(𝑡) + 𝐵𝜂(𝑡)Δ(𝑡)𝐾𝜂(𝑡).
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Remark 1. It is worth mentioning that the fault of controller
(4) is described by a binary structured uncertainty. Compared
with some existing references [27, 31, 32, 34–36] where the
fault is modeled to be a vector, this formulation has a better
description and more application scope. However, it is also
seen that 2𝑞 possible combinations are included to represent
the controller faults. This will make the computation com-
plexity very large; in particular the underlying system is a
switching system with 𝑁 operation modes. Thus, how to
reduce the complexity and make the obtained results with
concise and easily solvable forms are necessary andmeaning-
ful problems.

Lemma 2 (see [4]). System (1) without any control is stochas-
tically stable if and only if there exists matrix𝑃𝑖 > 0, 𝑖 ∈ S, such
that

𝐴𝑇𝑖 𝑃𝑖 + 𝑃𝑖𝐴 𝑖 + 𝜋𝑖𝑖𝑃𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝑒𝐴𝑇𝑗𝑑𝑗𝑃𝑗𝑒𝐴𝑗𝑑𝑗 < 0. (7)

Lemma 3 (see [33]). Let 𝑇1 = 𝑇𝑇1 , 𝑇2, 𝑇3, and 𝑇4 be given
matrices with appropriate dimensions, whereΔ = diag(Δ1, . . . ,Δ𝑚) and Δ = diag(Δ, . . . , Δ𝑚). Define 𝑇min

4 = 𝐼 − 𝑇4Δ, 𝑇max
4 =𝐼 − 𝑇4Δ, where det(𝑇min

4 ) ̸= 0 and det(𝑇max
4 ) ̸= 0 should be

satisfied. Consider the following inequality

T (Δ) = 𝑇1 + {𝑇2Δ (𝐼 − 𝑇4Δ)−1 𝑇3}⋆ < 0 (8)

holds for any Δ ∈ Λ, if there exist matrices 𝑆 and𝑊 such that

[[
𝑇1 − 𝑇2 (Δ𝑆Δ𝑇)⋆ 𝑇𝑇2 ∗𝑇3 + (𝑇4𝑆Δ𝑇 + 𝑇4𝑆𝑇Δ𝑇 −𝑊)𝑇𝑇2 − (𝑇4𝑆𝑇𝑇4 +𝑊𝑇𝑇4 )⋆ ]]< 0,

(9)

where 𝑆 ∈ R𝑞×𝑞 and𝑊 ∈ R𝑞×𝑞 satisfied Δ𝑊 +𝑊𝑇Δ𝑇 = 0.
3. Main Results

Theorem 4. For given system (1), there exists an FTC (4) such
that the resulting close-loop system (6) is stochastically stable, if
for given scalars 𝛾𝑖 > 1 and 𝜇𝑖 > 0, there exist matrices𝑋𝑖 > 0,𝑌𝑖, and 𝑆𝑖, such that

[Ω𝑖1 Ω𝑖2∗ (−𝑆𝑖)⋆] ≤ 0, (10)

[Ψ𝑖1 Ψ𝑖2∗ (−𝑆𝑖)⋆] ≤ 0, (11)

[[[[
Φ𝑖1 Φ𝑖2 Ω𝑖2∗ Φ𝑖3 0∗ ∗ − (𝑆𝑖)⋆

]]]]
< 0, (12)

𝑋𝑖 ≥ 𝜇𝑖𝐼, (13)

where

Ω𝑖1 = (𝐴 𝑖𝑋𝑖)⋆ − 2 ln 𝛾𝑖𝑑𝑖 𝜇𝑖𝐼,
Ω𝑖2 = 𝑌𝑇𝑖 + 𝐵𝑖𝑆𝑇𝑖 ,
Ψ𝑖1 = − (𝐴 𝑖𝑋𝑖)⋆ − 2 ln 𝛾𝑖𝑑𝑖 𝜇𝑖𝐼,
Ψ𝑖2 = 𝑌𝑇𝑖 − 𝐵𝑖𝑆𝑇𝑖 ,Φ𝑖1 = (𝐴 𝑖𝑋𝑖)⋆ + 𝜋𝑖𝑖𝑋𝑖,Φ𝑖3 = −diag [𝜇1𝐼, . . . , 𝜇𝑖−1𝐼, 𝜇𝑖+1𝐼, . . . , 𝜇𝑁𝐼] ,Φ𝑖2 = [𝛾1√𝜋𝑖1𝑋𝑖 ⋅ ⋅ ⋅ 𝛾𝑖−1√𝜋𝑖(𝑖−1)𝑋𝑖 𝛾𝑖+1√𝜋𝑖(𝑖+1)𝑋𝑖 ⋅ ⋅ ⋅ 𝛾𝑁√𝜋𝑖𝑁𝑋𝑖] .

(14)

Thus, the gain of controller (4) is computed as𝐾𝑖 = 𝑌𝑖𝑋−1𝑖 . (15)

Proof. Replacing𝐴 𝑖 with𝐴𝑖 = 𝐴 𝑖+𝐵𝑖Δ(𝑡)𝐾𝑖 in (7), it is clearly
known from Lemma 2 that the resulting closed-loop system
is stochastically stable if the following condition is

(𝐴𝑇𝑖 𝑃𝑖)⋆ + 𝜋𝑖𝑖𝑃𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝑒𝐴𝑇𝑗 𝑑𝑗𝑃𝑗𝑒𝐴𝑗𝑑𝑗 < 0, ∀𝑖 ∈ S. (16)

It is further guaranteed by

(𝐴𝑇𝑖 𝑃𝑖)⋆ + 𝜋𝑖𝑖𝑃𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗 𝑒𝐴𝑇𝑗 𝑑𝑗 𝑃𝑗 𝑒𝐴𝑗𝑑𝑗 𝐼 < 0. (17)

For any matrix 𝐴 ∈ R𝑛×𝑛, ∀𝑡 ≥ 0, it is claimed that ‖𝑒𝐴𝑡‖ ≤𝑒‖𝐴‖𝑡. Then, it is obtained that

(𝐴𝑇𝑖 𝑃𝑖)⋆ + 𝜋𝑖𝑖𝑃𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝑒‖𝐴𝑇𝑗 ‖𝑑𝑗 𝑃𝑗 𝑒‖𝐴𝑗‖𝑑𝑗𝐼 < 0. (18)
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By pre- and postmultiplying (18) with𝑋𝑖 = 𝑃−1𝑖 , it is get that

(𝐴𝑖𝑋𝑖)⋆ + 𝜋𝑖𝑖𝑋𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝑋𝑖𝑒‖𝐴𝑇𝑗 ‖𝑑𝑗 𝑋−1𝑗  𝑒‖𝐴𝑗‖𝑑𝑗𝑋𝑖
< 0. (19)

Based on Lemma 3, it is known that conditions (10), (11), and
(12) imply the following conditions, respectively. That is,

Ω𝑖1 + (𝐵𝑖Δ𝑌𝑖)⋆ ≤ 0, (20)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [ Ω𝑖1 𝐵𝑖𝑌𝑖 0 ] , (21)

Ψ𝑖1 − (𝐵𝑖Δ𝑌𝑖)⋆ ≤ 0, (22)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [ Ψ𝑖1 −𝐵𝑖𝑌𝑖 0 ] ,
Φ𝑖 + (𝐵𝑖Δ𝑌𝑖)⋆ < 0, (23)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [ Φ𝑖 𝐵𝑖𝑌𝑖 0 ] ,
Φ𝑖 = Φ𝑖1 + ∑

𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝛾2𝑗𝜇𝑗 𝑋2𝑖 .
(24)

Because of Δ = Δ𝑇 in addition to Δ = 0𝑞×𝑞 and Δ = 𝐼𝑞, it is
concluded that𝑊 = 0𝑞×𝑞 and 𝑆𝑖 ∈ R𝑞×𝑞. Based on (20) and
(22), one gets

(𝐴 𝑖𝑋𝑖 + 𝐵𝑖Δ𝑌𝑖)⋆ ≤ 2 ln 𝛾𝑖𝑑𝑖 𝜇𝑖. (25)

From condition (13), we have

𝑋−1𝑖 ≤ 𝜇−1𝑖 𝐼, (26)

implying 𝑋−1𝑖  ≤ 𝜇−1𝑖 . (27)

By considering representation (15), (25) is equivalent to(𝐴𝑖𝑋𝑖)⋆ 𝜇−1𝑖 ≤ 2 ln 𝛾𝑖𝑑𝑖 . (28)

Then, it is obtained that(𝐴𝑖𝑋𝑖)⋆ 𝑋−1𝑖  ≤ (𝐴𝑖𝑋𝑖)⋆ 𝜇−1𝑖 ≤ 2 ln 𝛾𝑖𝑑𝑖 . (29)

It is further derived that𝐴𝑖 = 𝐴𝑖𝑋𝑖𝑋−1𝑖  ≤ 𝐴𝑖𝑋𝑖 𝑋−1𝑖  ≤ ln 𝛾𝑖𝑑𝑖 . (30)

Then, we get

𝑒‖𝐴𝑖‖𝑑𝑖 ≤ 𝛾𝑖. (31)

Based on this, condition (19) is guaranteed by

(𝐴𝑖𝑋𝑖)⋆ + 𝜋𝑖𝑖𝑋𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝛾2𝑗𝜇𝑗 𝑋2𝑖 < 0, (32)

which could be implied by condition (12). This completes the
proof.

Remark 5. As for stability problem, [4] firstly presented a
necessary and sufficient condition.However, when the system
synthesis problems such as stabilization are mentioned, there
are few results available. The main reason is that some
nonlinear termswill be inevitably encountered, which are not
handled easily and directly. From the proof of Theorem 4,
such nonlinear terms encountered in condition (7) have been
done suitably. Though the large quantity of fault combina-
tion, fixed, and random dwell time are included, sufficient
existence conditions for fault-tolerant controller (4) are given
in terms of LMIs, which are more general than ones in [38].
Moreover, the established conditions are fault-free. In other
words, instead of 2𝑞 combinations involved, only two special
cases of no fault and all fault are taken into account, which are
fewer than ones in [39–41]. Based on these facts, it is said that
the conditions given in this theorem have small computation
complexity and could be solved directly and easily.

FromTheorem 4, it is seen that the desired controller (4)
is mode-dependent and needs its operation mode available
online. It is very known that this assumptionwill be limited in
some practical applications. In order to deal with the general
condition, amode-independent controller is usually designed
and described as 𝑢 (𝑡) = Δ (𝑡)𝐾𝑥 (𝑡) , (33)

where 𝐾 is the common control gain to be determined.

Theorem 6. For given system (1), there exists a mode-
independent FTC (33) such that the resulting system is stochas-
tically stable, if for given scalars 𝛾𝑖 > 1, and 𝜇𝑖 > 0, there exist
matrices 𝑋𝑖 > 0, 𝐺, 𝑌, and 𝑆𝑖 satisfying (13) and

[[[[
Ω𝑖1 Ξ𝑖 Ω̂𝑖2∗ (−𝐺)⋆ 𝑌𝑇∗ ∗ (−𝑆𝑖)⋆

]]]]
≤ 0, (34)

[[[[
Ψ𝑖1 Ξ𝑖 Ψ̂𝑖2∗ (−𝐺)⋆ 𝑌𝑇∗ ∗ (−𝑆𝑖)⋆

]]]]
≤ 0, (35)

[[[[[[[

Φ𝑖1 Ξ𝑖 Ω̂𝑖2 Φ𝑖2∗ (−𝐺)⋆ 𝑌𝑇 0∗ ∗ (−𝑆𝑖)⋆ 0∗ ∗ ∗ Φ𝑖3
]]]]]]]
< 0, (36)
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where Ω̂𝑖2 = 𝑌𝑇 + 𝐵𝑖𝑆𝑇𝑖 ,Ψ̂𝑖2 = 𝑌𝑇 − 𝐵𝑖𝑆𝑇𝑖 ,Ξ𝑖 = 𝑋𝑖 − 𝐺𝑇.
(37)

The other variables are given in Theorem 4. Then, the gain of
controller (33) is computed by

𝐾 = 𝑌𝐺−1. (38)

Proof. Similar to the proof of Theorem 4, it is concluded that
conditions (34)–(36) could imply

[Ω𝑖1 Ξ𝑖∗ (−𝐺)⋆] + ([𝐵𝑖0 ]Δ [𝑌 𝑌])⋆ ≤ 0, (39)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [[[
Ω𝑖1 Ξ𝑖 𝐵𝑖∗ (−𝐺)⋆ 0𝑌 𝑌 0 ]]] , (40)

[Ψ𝑖1 Ξ𝑖∗ (−𝐺)⋆] + ([−𝐵𝑖0 ]Δ [𝑌 𝑌])⋆ ≤ 0, (41)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [[[
Ψ𝑖1 Ξ𝑖 −𝐵𝑖∗ (−𝐺)⋆ 0𝑌 𝑌 0 ]]] , (42)

[[[
Φ𝑖1 Ξ𝑖 Φ𝑖2∗ (−𝐺)⋆ 0∗ ∗ Φ𝑖3

]]] +([[[
𝐵𝑖00
]]]Δ [𝑌 𝑌 0])

⋆

< 0, (43)

where

[ 𝑇1 𝑇2𝑇3 𝑇4 ] = [[[[[
Φ𝑖1 Ξ𝑖 Φ𝑖2 𝐵𝑖∗ (−𝐺)⋆ 0 0∗ ∗ Φ𝑖3 0𝑌 𝑌 0 0

]]]]]
. (44)

Without loss of generality, we only consider (43) in detail. By
using Lemma 3 and the Schur complement lemma, it is got
that the following condition

[Φ𝑖 + (𝐵𝑖Δ𝑌)⋆ Ξ𝑖 + 𝐵𝑖Δ𝑌∗ (−𝐺)⋆ ] < 0 (45)

is guaranteed by condition (43). Moreover, it is concluded
from (36) that matrix 𝐺 is nonsingular. Based on represen-
tation (38), it is claimed that

Φ̂𝑖 + ∑
𝑗∈S,𝑗 ̸=𝑖

𝜋𝑖𝑗𝛾2𝑗𝜇𝑗 𝑋2𝑖 < 0, (46)

where

Φ̂𝑖 = (𝐴 𝑖𝑋𝑖 + 𝐵𝑖Δ𝑌𝑖)⋆ + 𝜋𝑖𝑖𝑋𝑖 (47)

is implied by pre- and postmultiplying both sides of (45) with

[𝐼 𝐵𝑖Δ𝐾] (48)

and its transpose, respectively.The next is similar to the proof
of (32). On the other hand, as for conditions (39) and (41),
it is concluded that they can imply conditions (20) and (22)
by pre- and postmultiplying both sides with [𝐼 𝐵𝑖Δ𝐾] and[𝐼 −𝐵𝑖Δ𝐾], respectively. The next steps are similar to the
ones inTheorem 4. This completes the proof.

Remark 7. In order to deal with the mode-independent con-
trol problem, a simple and direct way is to select a common
Lyapunov function for all modes. Though the gain of con-
troller or filter could be get without any mode information,
the choice of mode-independent Lyapunov function usually
brings larger conservatism, which may make the design of
mode-independent controller fail. In this case, a better way
is to make the requirements of mode-independent controller
and mode-dependent Lyapunov function be satisfied simul-
taneously. FromTheorem 6, it is seen that such requirements
could be satisfied well by letting mode-dependent matrix 𝑋𝑖
and common matrix 𝐺. In other words, the conservatism of
the obtained results could be reduced,while the goal ofmode-
independent control could also be achieved.

4. Numerical Examples

Example 1. Consider a continuous-time random switching
system of form (1) with 𝜂(𝑡) ∈ S = {1, 2}, whose parameters
are described as follows:

𝐴1 = [−1.5 0.1−1 −2] ,
𝐵1 = [−1 0.30.4 1 ] ,
𝐴2 = [−2.1 00.2 −2.5] ,
𝐵2 = [0.1 −0.20.5 −2 ] .

(49)

The transition rate matrix is given as

Π = [−1.2 1.20.5 −0.5] . (50)

Without loss of generality, the fixed dwell time of such two
subsystems is assumed to be 𝑑1 = 0.1 and 𝑑2 = 0.2, respec-
tively. As for this example, one could design a stabilizing con-
troller by solving a set of LMIs. In this section, we will com-
pare two types of controller: the standard mode-dependent
controller (“𝑆” as the subscript, “𝑖” as the superscript) and
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Table 1: Stability analysis of system closed by two types of con-
trollers.Δ Combinations (1, 2, 3, 4)𝛿1 0 0 1 1𝛿2 0 1 0 1𝐾𝑖𝑆 𝑠 𝑢 𝑢 𝑠𝐾𝑖FTS 𝑠 𝑠 𝑠 𝑠
the mode-dependent fault-tolerant controller (“FTC” as the
subscript, “𝑖” as the superscript). Particularly, the existence
conditions of such two controllers are both LMIs, which are
described in conditions (20), (22), (23), and (25) with Δ = 𝐼𝑞
and conditions inTheorem4, respectively. ByTheorem4with𝛾1 = 1.6, 𝛾2 = 2, 𝜇1 = 0.1, and 𝜇2 = 0.3, we have the gains of
the mode-dependent fault-tolerant controller (4) computed
as

𝐾1FTC = [ 0.8033 −0.0584−0.1135 0.1752 ] ,
𝐾2FTC = [−4.1769 −0.9585−0.9030 −0.2501] .

(51)

The gains of standard mode-dependent controller are given
as

𝐾1𝑆 = [−277.9190 −724.2014−786.8851 247.5663 ] ,
𝐾2𝑆 = [−4.7291 −1.1025−1.1025 −0.3494] ,

(52)

which are similar to the ones in [38]. After applying the above
controllers, respectively, the stability effects of the resulting
closed-loop system are given in Table 1. Here, four types
of fault combinations are contained in Δ. In this table, “𝑠”
represents the stable closed-loop system, while “𝑢” denotes
that the closed-loop system is unstable. Since the above
standard mode-dependent controller is without considering
faults, the resulting closed-loop system will be unstable for
two types of fault combinations. To the contrary, the resulting
system closed by the designedmode-dependent fault-tolerant
controller (FTC) is always stable. Moreover, though the
existence conditions for the desired fault-tolerant controller
arewithin LMI framework, only two special cases of complete
fault and no fault are taken into account. Instead of four
types of fault combinations involved such as [39–41], the
complexity of computation could be reduced; particularly
system dimension 𝑛 or amount of subsystems𝑁 is large. Even
for a simple case that system dimension 𝑛 = 2 and number
of subsystems 𝑁 = 2, there will be 4 fault combinations,
where the amount of LMIs is 8. In other words, the amount of
the fault combinations or system dimension 𝑛 in addition to
quantity of operation mode 𝑁 has a very large influence on
the complexity of the calculation. Under the initial condition𝑥0 = [1 −1]𝑇, the state response of the resulting closed-loop
system by the standard mode-dependent controller is given
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Figure 1: Simulation of system closed by mode-dependent con-
troller.
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Figure 2: State response of system closed by mode-dependent FTC.

in Figure 1(b), while Figure 1(a) is simulation of operation
mode. From this simulation, it is said that the fault of
controller plays a negative effect to system and could make
the system unstable. To the contrary, after applying the above
mode-dependent fault-tolerant controller, one could get the
state response given in Figure 2. It is obvious that the
resulting closed-loop system is stable though there are faults
in the desired controller. Moreover, when system mode is
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Figure 3: The curves of system closed by mode-independent FTC.

unavailable, a kind of mode-independent fault-tolerant con-
troller (33) could be designed by Theorem 6, and its gain is
computed as

𝐾FTC = [0.2595 0.04590.0616 0.0422] . (53)

The corresponding matrices of Lyapunov function are com-
puted as

𝑋1 = 𝑃−11 = [ 0.1549 −0.0125−0.0125 0.1738 ] ,
𝑋2 = 𝑃−12 = [ 0.3185 −0.0054−0.0054 0.3450 ] .

(54)

It is seen that the obtained controller is mode-independent,
while the corresponding Lyapunov function is mode-depen-
dent. Because of this, without selecting a common Lyapunov
function, the solvable set of mode-independent controller
will be larger. Thus, the results will be less conservative than
the ones obtained bymode-independent Lyapunov functions.
Under the same fault combinations and the initial condition,
we could obtain the state response of the resulting closed-
loop system given in Figure 3 and stable too. Based on these
simulations, it is said that ourmethods based on fault-tolerant
controller are superior to ones without considering faults.

5. Conclusions

In this paper, the stabilization problem of continuous-time
random switching systems has been realized by a fault-tol-
erant controller, where both fixed and random dwell time
are included. Based on the robust method, sufficient condi-
tions for both mode-dependent and mode-independent con-
trollers are established in terms of LMIs, which are also fault-
free. Because of all the results without fault information, they

are with smaller computation complexity. Compared with
the ones obtained by the traditional approaches, the given
conditions have fewer LMIs and could be solved easily and
directly. Finally, an example has been used to demonstrate the
effectiveness and superiority of the proposed methods.
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