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Abstract 

This paper is concerned with observer designs for a class of switched nonlinear systems with un- 
known inputs under average dwell time (ADT) switching. Firstly, for the unknown input (UI) elimination 
purpose, an output derivative-based method is considered. Then, in order to avoid using differentia- 
tor signals and meanwhile maintain a satisfactory estimation performance, a full-order impulsive reset 
switching observer is developed. The existence condition of such an observer is given via a Riccati 
equation. Besides, we also devote to the construction of the reduced-order observer. And furthermore, 
it is found that the condition under which a full-order observer exists also guarantees a reduced-order 
reset switching observer. Finally, a switched nonlinear electronic circuit system is used as the simulation 
example to verify the effectiveness of the obtained methods. 
© 2017 The Franklin Institute. Published by Elsevier Ltd. All rights reserved. 

 

 

1. Introduction 

A switched system is a hybrid system, which consists of a family of subsystems described
by differential or difference equations together with a switching rule that determines the 
system model by shifting one subsystem to another. With these features, switched system 

can find its wide applications in modelling many physical systems such as power electronics,
flight control systems and network control systems [1] and the applications in energy-efficient 
∗ Corresponding author. 
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ontrol or filtering in industrial process [2–4] . In the last two decades, some fundamental
heories of switched systems such as stability and controllability have been extensively studied
see, [1,5–17] and references therein). Meanwhile, great efforts have also been put on the
tate estimations or observer designs for switched systems [18–21] . For example, in [19] , an
bservability analysis of a switched linear system was given via geometric approach. Zhao
t al. designed the multiple-mode Luenberger-type synchronous switching and asynchronous
witching observers under the average dwell time (ADT) switching model [20] . 

The studies on state estimations of systems with unknown inputs (UIs), or unknown input
bserver (UIO) designs, have attracted much attention in the past decades [22–28] . Indeed,
or practical systems, some inputs are unknown. For example, the cutting forces exerted in
achine tools [22] , the parameter perturbation [29] , external disturbance and the actuator faults

30] in industrial process can all be viewed as UIs. Therefore, the discussions on UIO designs
re of great significance in both theory and applications, especially in the fields of observer-
ased control [31,32] and observer-based fault detection and isolation (FDI) [30] . Note that
he researches on unknown input observer designs for switched systems have also aroused
onsiderable attention recently, and many results have been reported in literature (see [33–40] ).
n [33] , Koenig et al. proposed a UIO design method for a class of switched nonlinear discrete
ime descriptor systems via linear matrix inequality approach under arbitrary switching signal.
ejarano et al. put forward two UIO design methods under different conditions for a class of

witched linear systems, where the common Lyapunov functions were considered [34] . For a
witched system with some of the subsystems being not fully observable, Gorp et al. dealt with
bserver design problems via high-order sliding mode techniques [35] . Then, they addressed
ault detection problems when the observer matching condition is not satisfied [36] . For a
iscrete-time singular switched system with delays and UIs, Lin et al. developed a functional
bserver design method by means of unknown input decoupling way [37] . Subsequently, for
he same system, they discussed the state estimation issues via unknown input decoupling way
nd attenuation techniques, respectively [38] . In addition, in [39] , Yang et al. investigated
he state estimation problems for switched systems with UIs when the current switching
ode was unknown. Then, they also investigated full-order and reduced-order robust observer

onstructions for an ADT switched linear system [40] . More recently, by using the unknown
nput observer techniques, Chen et al. studied fault estimation and fault detection for switched
inear systems [41,42] . 

The nonlinearity, as is well known, is the most common phenomenon in real world, and
 large number of practical switched systems are nonlinear systems. Among the nonlinearity
ommunity, the Lipschitz nonlinear systems widely exist because most physical models satisfy
 Lipschitz condition, at least locally [43] . However, to the best of our knowledge, little
ork for switched Lipschitz nonlinear system observation can be found in literature, and

he UIO designs for switched Lipschitz nonlinear systems are still challenging open issues
hich deserve us to investigate deeply. On the other hand, a reduced-order observer only
eeds to estimate partial states which are independent of output vectors, and thus possesses
 lower dimension comparing with the full-order observer. This means that the reduced-order
bserver can be constructed with fewer integrators and the whole system will be simpler
see [28,34,43] ). However, for switched nonlinear systems, seldom did scholars consider the
educed-order observer designs. 

Based on the observations above, in this paper, we devote to both the full-order and
educed-order observer designs for a class of switched Lipschitz nonlinear systems with UIs.
he main contributions are summarized as 
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(i) A full-order impulsive reset switching UIO is constructed, and the sufficient conditions 
are formulated in terms of a Riccati equation together with an ADT restriction condition. 

(ii) We prove that the conditions under which a full-order observer exists can also guarantee 
the existence of a reduced-order observer. 

(iii) In order to overcome the state jump problems resulted from coordinate transforma- 
tions in both full-order and reduced-order observers, two impulsive reset equations are 
designed such that state estimation can maintain continuous at each switching point. 

The remainder of this paper is organized as follows: In Section 2 , the background and
necessary preliminaries are presented. A full-order and a reduced-order switching UIOs for a 
class of switched nonlinear systems are constructed in Section 3 . In Section 4 , an electronic
circuit system is used as an example to illustrate the validity of our methods. Finally, the
conclusions are given in Section 5 . 

Throughout the paper, R 

n denotes the n -dimensional Euclidean space. I n refers to the
identical matrix with dimension n . The vector norm ‖ · ‖ is defined as ‖ α‖ = 

√ 

αT α. < α,
β > denotes the inner product of vectors α and β, i.e., < α, β > = αT β. For any matrix A ,
λmax ( A )( λmin ( A )) denotes the maximum (minimum) singular value, and the ‖ A ‖ represents the
2 − norm of matrix A , defined as ‖ A ‖ = 

√ 

λmax (A 

T A ) . For matrices X and Y , X > Y ( X < Y )
means that matrix X − Y is a symmetrical positive (negative) definite matrix, and X ≥ Y ( X
≤ Y ) means that matrix X − Y is a symmetrical semi-positive (semi-negative) definite matrix.
C 1 denotes the space of continuously differentiable functions, and a function α: [0, ∞ ) →
[0, ∞ ) is said to be of class of K if it is continuous, strictly increasing, and α(0) = 0. Class
K ∞ 

denotes the subset of K consisting of all the functions that are unbounded. 

2. Background and preliminaries 

Consider a class of switched Lipschitz nonlinear systems with unknown inputs described 

by { ˙ x (t ) = A σ (t ) x(t ) + B σ (t ) u(t ) + �(x(t )) + D σ (t ) ω(t ) , 

y(t ) = Cx(t ) 
(1) 

where x ∈ R 

n , u ∈ R 

m , y ∈ R 

p and ω ∈ R 

q are state, control input, measurement output
and unknown input vectors, respectively. The piecewise constant map σ (t ) : R 

+ → � =
{ 1 , 2, . . . , N } is a switching signal function defined as σ (t ) = i ∈ � when τk ≤ t < τk+1 ,

where { τk } ∞ 

k=1 is the sequence of switching points, and each switching point is the time in-
stant at which the system mode is changing from one mode to another (i.e., σ (τ+ 

k ) 
 = σ (τ−
k ) ),

and N is the number of subsystems. � : R 

n → R 

n is a nonlinear function satisfying the fol-
lowing Lipschitz condition. 

Assumption 1. Nonlinear function �( x ) satisfies the following Lipschitz condition 

‖ �(x) − �( ̂  x ) ‖ ≤ γ ‖ x − ˆ x ‖ , ∀ x, ˆ x ∈ R 

n , (2)

where γ > 0 is the Lipschitz constant. 

Remark 1. In practical systems, there are many systems, such as the circuit systems given
in [44] and in the simulation part of the present paper, reluctance motor (SRM) systems
[45,46] and the F-18 aircraft model dynamic system [50] , described by switched nonlinear 
systems where the switching only happens at linear parts. In this paper, we particularly pay
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t  
ur attention to a class of switched nonlinear systems whose linear term is switched but the
onlinear term is non-switched. 

For the convenience of observer designs for system (1) , an assumption, a definition and
ome useful lemmas are introduced in advance. 

ssumption 2. rank(CD i ) = rank(D i ) , ∀ i ∈ �. 

emark 2. The Assumption 2 , referred as observer matching condition, is a standard ma-
rix rank condition for unknown input observer designs [24,28,34,39,40] . This condition is
omewhat conservative. Up to now, for non-switched systems, many researchers have made
fforts on breaking through this restriction and significant results have been reported in liter-
ture (see the references [28,29,54] ). However, for switched systems, because the high-order
erivatives of output usually do not exist, the unknown input observer designs become much
ore challenging. Here we only concern with the case when the observer matching condition

olds, and the case when the observer matching condition does not hold will be considered
n the future. 

efinition 1. [1] For a switching signal σ ( t ) and any ρ2 > ρ1 > 0 , let �σ ( t ) ( ρ1 , ρ2 ) be the
umber of the discontinuities in the open interval ( ρ1 , ρ2 ). If there exist two positive numbers
0 and τ a such that 

σ (t ) (ρ1 , ρ2 ) ≤ �0 + 

ρ2 − ρ1 

τa 
. (3)

hen we say that σ ( t ) has average dwell time (ADT) τ a , where �0 is called chatter bound. 

emark 3. It has been recognized that the average dwell time (ADT) strategy is more flexible
nd efficient in dealing with the stability analysis of switched systems because the conditions
erived under the ADT strategy allow the occurrence of fast or slow switching in some certain
nite time intervals. And thus, it has been widely used in switched system controller designs
9,10] and observer designs [20,39,40,50] . 

emma 1. [1] Consider a switched system ˙ x (t ) = f σ (t ) (x(t )) . Suppose there are a switching
equence { τk } ∞ 

k=1 satisfying (3) , a set of C 1 non-negative functions V i : R 

n → R , i ∈ �, two
 ∞ 

functions α1 and α2 , and two positive numbers λ, μ > 0 such that ∀ i ∈ �

1 (‖ x(t ) ‖ ) ≤ V i (x(t )) ≤ α2 (‖ x(t ) ‖ ) 

˙ 
 i (x(t )) ≤ −λV i (x(t )) 

nd ∀ ( i , j ) ∈ � × �, i 
 = j 

 i (x(τ+ 

k )) ≤ μV j (x(τ−
k )) 

hen, the system is globally uniformly asymptotically stable for any switch signal with ADT 

a ≥ τ ∗
a = 

ln μ

λ
. 

. Full-order and reduced-order observers 

In this section, we firstly use the output derivative ˙ y to offset the UI’s influences, and
hen develop a full-order observer which actually can avoid using ˙ y . Meanwhile, we also
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derive the sufficient conditions via a Riccati equation. Then we discuss the construction of a
reduced-order observer. 

3.1. Full-order impulsive reset observer 

For observer design of system (1) , it is always necessary for us to eliminate the unknown
input influences. Under Assumption 2 , for any i ∈ �, there is a matrix F i such that F i CD i = D i .
In fact, the generalized solution of F i can be given as 

F i = D i (CD i ) 
† + Z i 

(
I p − CD i (CD i ) 

† 
)
, (4) 

where Z i is an arbitrary matrix with appropriate dimensions, and ( CD i ) † is the generalized
inverse matrix of CD i which satisfies C D i (C D i ) 

† C D i = C D i . Thus, we have 

D σ (t ) ω(t ) = F σ (t ) CD σ (t ) ω(t ) = F σ (t ) ̇  y (t ) − F σ (t ) CA σ (t ) x(t ) − F σ (t ) CB σ (t ) u(t ) − F σ (t ) C�(x) . 

(5) 

Substituting (5) into (1) yields 

˙ x (t ) = T σ (t ) A σ (t ) x(t ) + T σ (t ) B σ (t ) u(t ) + T σ (t ) �(x) + F σ (t ) ̇  y (t ) , (6)

where 

T σ (t ) = I n − F σ (t ) C (7) 

which satisfies 

T σ (t ) D σ (t ) = 0. (8) 

Since in (6) the unknown input is offset, it is convenient for us to construct a full-order
observer in the form 

˙ ˆ x(t ) = T σ (t ) A σ (t ) ̂  x (t ) + T σ (t ) B σ (t ) u(t ) + T σ (t ) �( ̂  x (t )) + F σ (t ) ̇  y (t ) + L σ (t ) (y(t ) − C ̂  x (t )) , (9)

where matrices L i , i ∈ � are observer gain matrices. 

Remark 4. It should be noticed that (9) contains the derivative of y ( t ), i.e. ˙ y (t ) . However,
on the one hand, it is usually difficult for us to measure signal ˙ y (t ) directly in practical
applications. On the other hand, if the output derivative information is used in observer or
controller designs, it may cause high frequency noise which is actually a negative factor to
designs. In order to avoid using ˙ y (t ) , a coordinate transformation is introduced. For switched
systems, however, state jumps may occur just due to the introduction of such transformation.
The impulsive reset switching observer developed in the following will address state jump 

issues. 

Consider a full-order observer with an impulsive reset equation in the following form: 

˙ v (t ) = T σ (t ) A σ (t ) ̂  x (t ) + T σ (t ) B σ (t ) u(t ) + T σ (t ) �( ̂  x ) + L σ (t ) 
(
y(t ) − C ̂  x (t ) 

)
(10)

v(τ+ 

k ) = v(τ−
k ) + (F σ (τ−

k ) 
− F σ (τ+ 

k ) 
) y(τk ) (11) 

ˆ x (t ) = v(t ) + F σ (t ) y(t ) (12) 

where ˆ x is the estimation of x , and T i , L i ( i ∈ �) are matrices which are determined later. 
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ssumption 3. ∀ i ∈ �, there exists a positive constant εi > 0 such that the following Riccati
quation 

 i N i + N 

T 
i P i + 

γ 2 

ε i 
P i T i T 

T 
i P i + ε i I n = −Q i (13)

as solutions for positive definite matrices P i , Q i > 0, F i and L i , where T i is determined by
7) and 

 i = T i A i − L i C. (14)

oreover, the ADT switching signal satisfies 

a > τ ∗ = 

ln θ2 

θ1 
, (15)

here θ1 = min i∈ �
(

λmin (Q i ) 

λmax (P i ) 

)
and θ2 = max i, j∈ �

(
λmax (P i ) 
λmin (P j ) 

)
. 

heorem 1. Under Assumptions 1 –3 , the dynamical system ( 10 )–( 12 ) is a full-order asymp-
otic convergence observer of (1) such that lim t→∞ 

(x(t ) − ˆ x (t )) = 0. 

roof. Let e (t ) = x(t ) − ˆ x (t ) be the estimation error, and it follows from system (6) and
ystem ( 10 )–( 12 ) that when t 
 = τ k , 

˙  (t ) = N σ (t ) e (t ) + T σ (t ) �(x) − T σ (t ) �( ̂  x ) , (16)

nd when t = τk , 

 (τ+ 

k ) = x(τ+ 

k ) − ˆ x (τ+ 

k ) = x(τ+ 

k ) − v(τ+ 

k ) − F σ (τ+ 
k ) 

y(τk ) 

= x(τ+ 

k ) − v(τ−
k ) − (F σ (τ−

k ) 
− F σ (τ+ 

k ) 
) y(τk ) − F σ (τ+ 

k ) 
y(τk ) 

= x(τ−
k ) − v(τ−

k ) − F σ (τ−
k ) 

y(τk ) = e (τ−
k ) . 

e assume σ (t ) = i for t ∈ [ τk , τk+1 ) and σ (t ) = j for t ∈ [ τk−1 , τk ) . Choose Lyapunov func-
ion candidate V 1 (e (t )) = e T (t ) P σ (t ) e (t ) , and then for t ∈ [ τk , τk+1 ) , the derivative of V 1 ( e ( t ))
lone the error dynamic system (16) is 

˙ 
 1 (e (t )) = e T (t )(P i N i + N 

T 
i P i ) e (t ) + 2e T (t ) P i T i 

(
�(x) − �( ̂  x ) 

)
≤ e T (t )(P i N i + N 

T 
i P i ) e (t ) + 2γ ‖ T T i P i e (t ) ‖ · ‖ e (t ) ‖ . (17)

or any scalar εi > 0, we have 

γ · ‖ T T i P i e (t ) ‖ · ‖ e (t ) ‖ ≤ γ 2 

ε i 
‖ T T i P i e (t ) ‖ 2 + ε i ‖ e (t ) ‖ 2 = e T (t ) 

(
γ 2 

ε i 
P i T i T 

T 
i P i + ε i I 

)
e (t ) . (18)

hen, combining (17) with (18) leads to 

˙ 
 1 (e (t )) ≤ e T (t ) 

(
P i N i + N 

T 
i P i + 

γ 2 

ε i 
P i T i T 

T 
i P i + ε i I 

)
e (t ) = −e T (t ) Q i e (t ) . 

urthermore, we have 

˙ 
 1 (e (t )) ≤−e T (t ) Q i e (t ) ≤ −λmin (Q i ) 

λmax (P i ) 
V 1 (e (t )) ≤− min 

i∈ �

(
λmin (Q i ) 

λmax (P i ) 

)
V 1 (e (t )) = −θ1 · V 1 (e (t )) . 

(19)
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On the other hand, at switching time instant τ k , we have 

 1 (e (τ
+ 

k )) = e T (τ+ 

k ) P i e (τ
+ 

k ) = e T (τ−
k ) P i e (τ

−
k ) ≤

λmax (P i ) 

λmin (P j ) 
V 1 (e (τ

−
k )) 

≤ max 

i, j∈ (�×�) 

(
λmax (P i ) 

λmin (P j ) 

)
V 1 (e (τ

−
k )) = θ2 · V 1 (e (τ

−
k )) . (20) 

Under the ADT condition (15) , i.e., τa > τ ∗ = 

ln θ2 
θ1 

, and according to Lemma 1 , inequality
(19) together with (20) gives lim t→∞ 

e (t ) = 0. The proof is completed. �
Remark 5. Theorem 1 gives sufficient conditions for the existence of full-order observer 
( 10 )–( 12 ). It should be noticed that finding solutions of parameter εi > 0, matrices F i , L i , P i ,
Q i to the Riccati Eq. (13) is not a trivial work. Next, we try to find solutions by transforming
it into an equivalent LMI problem. 

Denote R i = D i (CD i ) 
† and H i = I p − CD i (CD i ) 

† , then F i = R i + Z i H i . By substituting F i =
R i + Z i H i , we have 

T i = I n − R i C − Z i H i C := �i − Z i H i C, (21) 

where �i = I n − R i C. Then, rewrite Riccati Eq. (13) as a matrix inequality 

P i N i + N 

T 
i P i + 

γ 2 

ε i 
P i T i T 

T 
i P i + ε i I n < 0. (22)

Substituting (14) and (21) into (22) , and according to the Schur complement lemma, we
obtain [

P i �i A i + (�i A i ) 
T P i −P i Z i H i CA i −(H i CA i ) 

T (P i Z i ) 
T −P i L i C −C 

T (P i L i ) 
T + ε i I n γ P i (�i −Z i H i C) 

∗ −ε i I n 

]
< 0, 

Let Z̄ i = P i Z i and �i = P i L i , and then the computation of matrices F i , L i , P i , Q i can be
completed by solving the LMI: [

P i �i A i + (�i A i ) 
T P i −Z̄ i H i CA i −(H i CA i ) 

T Z̄ 

T 
i −�i C −C 

T �T 
i + ε i I n γ P i �i −γ Z̄ i H i C 

∗ −ε i I n 

]
< 0, 

(23) 

Now the solutions can be obtained by following Algorithm 1 . 

Algorithm 1. 

(1) Solve the LMI (23) to get matrices P i , �i , Z̄ i and parameter ε i . 
(2) Compute matrices Z i = P 

−1 
i Z̄ i , L i = P 

−1 
i �i , F i = R i + Z i H i , T i = I n − F i C, N i = T i A i − L i C 

and Q i = −(P i N i + N 

T 
i P i + 

γ 2 

ε i 
P i T i T T i P i + ε i I n ) . 

(3) Compute the ADT τ ∗ according to (15). 

3.2. Reduced-order impulsive reset observer 

Now, based on the full-order observer ( 10 )–( 12 ) and the Assumptions 1 –3 , we try to
synthesize a reduced-order observer step by step. By using Smith orthogonal procedure, there 
are matrices S ∈ R 

p×p and 

ˆ C ∈ R 

p×n such that C = S 

ˆ C and 

ˆ C 

ˆ C 

T = I p (see Appendix A ). We
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ς  
xtend 

ˆ C to an orthogonal matrix W = 

[ ˆ C 

T M 

T 
]T 

satisfying W 

−1 = W 

T , and thus we

ave ˆ C 

ˆ C 

T = I p and M M 

T = I n−p . For system (1) , taking a coordinate transformation x̄ = W x
eads to 

˙ x̄(t ) = Ā σ (t ) ̄x (t ) + B̄ σ (t ) u(t ) + W �(x(t )) + D̄ σ (t ) ω(t ) , 
y(t ) = C̄ x(t ) 

(24)

here Ā σ (t ) = W A σ (t ) W 

T , B̄ σ (t ) = W B σ (t ) , C̄ = CW 

T = [ S 0] and D̄ σ (t ) = W D σ (t ) . 

emma 2. There exist matrices F i , T i , L i , N i , i ∈ �, such that (13) holds, if and only if 

Q̄ i := P̄ i ( ̄A i −F̄ i C̄ Ā i −L̄ i C̄ ) + ( ̄A i −F̄ i C̄ Ā i −L̄ i C̄ ) T P̄ i + 

γ 2 

ε i 
P̄ i (I −F̄ i C̄ )(I − F̄ i C̄ ) T P̄ i + ε i I n < 0 

(25)

here F̄ i = W F i , L̄ i = W L i , P̄ i = W P i W 

T and Q̄ i = W Q i W 

T . 

roof. Please see the Appendix B . �

Now, decompose state x̄ , matrices Ā i , F̄ i , D̄ i , P̄ i , Q̄ i , i ∈ �, into blocks as follows: 

¯ = 

[
x̄ 1 
x̄ 2 

]
, Ā i = 

[
Ā i, 11 Ā i, 12 

Ā i, 21 Ā i, 22 

]
, F̄ i = 

[
F̄ i, 1 

F̄ i, 2 

]
, D̄ i = 

[
D̄ i, 1 

D̄ i, 2 

]
, 

 ̄i = 

[
P̄ i, 1 P̄ i, 2 

P̄ 

T 
i, 2 P̄ i, 3 

]
, Q̄ i = 

[
Q̄ i, 1 Q̄ i, 2 

Q̄ 

T 
i, 2 Q̄ i, 3 

]
, 

here x̄ 1 ∈ R 

p , Ā i, 11 ∈ R 

p×p , F̄ i, 1 ∈ R 

p×p , D̄ i, 1 ∈ R 

p×q , P̄ i, 1 ∈ R 

p×p and Q̄ i, 1 ∈ R 

p×p . 

emma 3. For any i ∈ �, if (25) holds, then the following Riccati equation holds: 

Q̄ i, 3 := P̄ i, 3 ( ̄A i, 22 − �i ̄A i, 12 ) + ( ̄A i, 22 − �i ̄A i, 12 ) 
T P̄ i, 3 + 

γ 2 

ε i 
P̄ i, 3 (�i �

T 
i + I ) ̄P i, 3 + ε i I n−p < 0, 

(26)

here �i = −P̄ 

−1 
i, 3 P̄ 

T 
i, 2 (I − F̄ i, 1 S) + F̄ i, 2 S. 

roof. Please see the Appendix C . �

emma 4. For any i ∈ �, we have 

i D̄ i, 1 = D̄ i, 2 . (27)

roof. Please see the Appendix D . �

emark 6. It should be emphasized that the relationship of matrices in Lemma 4 which are
erived from Riccati Eq. (13) is a convenient condition for reduced-order observer construc-
ion. Although the dynamics of both x̄ 1 and x̄ 2 are influenced by the unknown inputs in (24) in
orm, it is possible for us to decouple the unknown inputs from part of the states based on
emma 4 , and thus design a reduced-order observer. 

Take the following state transformation 

(t ) = 

[
ς 1 (t ) 
ς 2 (t ) 

]
= 

[
I p 0 

−�σ(t ) I n−p 

][
x̄ 1 
x̄ 2 

]
(28)
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where ς 1 ∈ R 

p . Eq. (28) implies that ς 1 = 

[
I p 0 

]
x̄ and ς 2 = 

[−�σ(t ) I n−p 
]
x̄ , and this

gives that when t 
 = τ k , 

˙ ς 1 (t ) = 

[
I p 0 

] ˙ x̄ = 

[
I p 0 

](
Ā σ (t ) ̄x (t ) + B̄ σ (t ) u(t ) + W �(x(t )) + D̄ σ (t ) ω(t ) 

)
= ( ̄A σ (t ) , 11 + Ā σ (t ) , 12 �σ(t ) ) ς 1 (t ) + Ā σ (t ) , 12 ς 2 (t ) + 

[
I p 0 

](
B̄ σ (t ) u(t ) + W �(x) 

)
+ D̄ σ (t ) , 1 ω(t ) 

and 

˙ ς 2 (t ) = 

[−�σ(t ) I n−p 
] ˙ x̄ = 

[−�σ(t ) I n−p 
](

Ā σ (t ) ̄x (t ) + B̄ σ (t ) u(t ) + W �(x(t )) + D̄ σ (t ) ω(t ) 
)

= ( ̄A σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 ) ς 2 (t ) 

+ 

(
Ā σ (t ) , 21 − �σ(t ) ̄A σ (t ) , 11 + ( ̄A σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 )�σ(t ) 

)
ς 1 (t ) (29) 

+ 

[−�σ(t ) I n−p 
](

B̄ σ (t ) u(t ) + W �(x) 
)
, 

where ς 1 (t ) = S 

−1 y(t ) . Next, a reduced-order UIO can be constructed in the following The-
orem. 

Theorem 2. Under Assumptions 1 –3 , the following system 

˙ ˆ ς 2 (t ) = ( ̄A σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 ) ̂  ς 2 (t ) 

+ 

(
Ā σ (t ) , 21 − �σ(t ) ̄A σ (t ) , 11 + ( ̄A σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 )�σ(t ) 

)
S 

−1 y(t ) 

+ 

[−�σ(t ) I n−p 
](

B̄ σ (t ) u(t ) + W �
( ˆ x 

))
, t 
 = τk (30) 

ˆ ς 2 (τ
+ 

k ) = ˆ ς 2 (τ
−
k ) − (�σ(τ+ 

k ) 
− �σ(τ−

k ) 
) S 

−1 y(τk ) , t = τk (31) 

ˆ x (t ) = W 

T 

[
S 

−1 y(t ) 

ˆ ς 2 (t ) + �σ(t ) S 

−1 y(t ) 

]
(32) 

is a reduced-order impulsive reset switching observer of system (1) , such that lim t→∞ 

(x(t ) −
ˆ x (t )) = 0. 

Proof. From the output equation in (24) and the Eq. (28) , we get ς 1 = x̄ 1 = S 

−1 y. Since
x̄ = W x, now based on (28) we can reach 

x = W 

T x̄ = W 

T 

[
I 0 

�σ(t ) I 

][
ς 1 

ς 2 

]
= W 

T 

[
ς 1 

ς 2 + �σ(t ) ς 1 

]
= W 

T 

[
S 

−1 y(t ) 
ς 2 + �σ(t ) S 

−1 y(t ) 

]
, 

and this leads to 

˜ x (t ) = x(t ) − ˆ x (t ) = W 

T 

[
S 

−1 y(t ) 
ς 2 (t ) + �σ(t ) S 

−1 y(t ) 

]
− W 

T 

[
S 

−1 y(t ) 
ˆ ς 2 (t ) + �σ(t ) S 

−1 y(t ) 

]
= M 

T (ς 2 (t ) − ˆ ς 2 (t )) . 

Therefore, in order to prove lim t→∞ 

(x(t ) − ˆ x (t )) = 0, what we need to do is to show
lim t→∞ 

(ς 2 (t ) − ˆ ς 2 (t )) = 0. Let ˜ ς 2 (t ) = ς 2 (t ) − ˆ ς 2 (t ) be the estimation error. By (28) we
have ς 2 (t ) = −�σ(t ) S 

−1 y(t ) + x̄ 2 (t ) and note that y ( t ) and x̄ 2 (t ) = Mx(t ) are continuous at
switching time instant τ k , we have 

ς 2 (τ
+ 

k ) = −�σ(τ+ ) S 

−1 y(τk ) + x̄ 2 (τk ) , 

k 
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nd 

 2 (τ
−
k ) = −�σ(τ−

k ) 
S 

−1 y(τk ) + x̄ 2 (τk ) , 

hich imply 

 2 (τ
+ 

k ) = ς 2 (τ
−
k ) − (�σ(τ+ 

k ) 
− �σ(τ−

k ) 
) S 

−1 y(τk ) . (33)

t follows from (31) and (33) that at each switching instant τ k , we have ˜ ς 2 (τ
+ 

k ) = ˜ ς 2 (τ
−
k ) .

ccording to (29) and (30) , when t 
 = τ k , the error dynamic of ˜ ς 2 (t ) is obtained as 

˙ ˜  2 (t ) = ( ̄A σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 ) ̃  ς 2 (t ) + 

[−�σ(t ) I n−p 
]
W 

×
(

�

(
W 

T 

[
S 

−1 y(t ) 
ς 2 (t ) + �σ(t ) S 

−1 y(t ) 

])
− �

(
W 

T 

[
S 

−1 y(t ) 
ˆ ς 2 (t ) + �σ(t ) S 

−1 y(t ) 

]))
. (34)

hoose Lyapunov function candidate V 2 (t ) = ˜ ς 

T 
2 (t ) ̄P σ (t ) , 3 ̃  ς 2 (t ) . We assume σ (t ) = i for t ∈

 τk , τk+1 ) and σ (t ) = j for t ∈ [ τk−1 , τk ) . Then, for t ∈ [ τk , τk+1 ) , the derivative of V 2 ( t ) alone
he error dynamic Eq. (34) is 

˙ 
 2 (t ) = ˜ ς 

T 
2 (t ) 

(
P̄ i, 3 ( ̄A i, 22 − �i ̄A i, 12 ) + ( ̄A i, 22 − �i ̄A i, 12 ) 

T P̄ i, 3 
) ˜ ς 2 (t ) + 2 ̃  ς 

T 
2 (t ) ̄P i, 3 [ −�i I ] W 

×
( 

�

( 

W 

T 

[ 

S −1 y(t ) 

ς 2 (t ) + �i S 

−1 y(t ) 

] ) 

− �

( 

W 

T 

[ 

S −1 y(t ) 

ˆ ς 2 (t ) + �i S 

−1 y(t ) 

] ) ) 

. (35)

n view of the Lipschitz condition (2) , we obtain 

 ̃  ς 

T 
2 (t ) ̄P i, 3 

[−�i I 
]
W 

(
�

(
W 

T 

[
S 

−1 y(t ) 
ς 2 (t ) + �i S 

−1 y(t ) 

])
− �

(
W 

T 

[
S 

−1 y( t ) 
ˆ ς 2 ( t ) + �i S 

−1 y(t ) 

]))
≤ 2γ · ‖ ̃  ς 

T 
2 (t ) ̄P i, 3 

[−�i I 
]
W ‖ · ‖ M 

T ˜ ς 2 (t ) ‖ . (36)

or any scalar εi > 0, it follows from (36) that 

γ · ‖ ̃  ς 

T 
2 (t ) ̄P i, 3 

[−�i I 
]
W ‖ · ‖ M 

T ˜ ς 2 (t ) ‖ 

≤ γ 2 

ε i 
‖ ̃  ς 

T 
2 (t ) ̄P i, 3 

[−�i I 
]
W ‖ 2 + ε i ‖ M 

T ˜ ς 2 (t ) ‖ 2 

= ˜ ς 

T 
2 (t ) 

(
γ 2 

ε i 
P̄ i, 3 (�i �

T 
i + I ) ̄P i, 3 + ε i M M 

T 

)
˜ ς 2 ( t ) 

= ˜ ς 

T 
2 (t ) 

(
γ 2 

ε i 
P̄ i, 3 (�i �

T 
i + I ) ̄P i, 3 + ε i I 

)
˜ ς 2 ( t ) . (37)

hen, combining (35) with (36) and (37) , one can obtain 

˙ 
 2 (t ) ≤ − ˜ ς 

T 
2 (t ) 

(
P̄ i, 3 ( ̄A i, 22 − �i ̄A i, 12 ) + ( ̄A i, 22 − �i ̄A i, 12 ) 

T P̄ i, 3 

+ 

γ 2 

ε i 
P̄ i, 3 

[−�i I 
][−�T 

i 
I 

]
P̄ i, 3 + ε i I 

)
˜ ς 2 (t ) 

≤ − ˜ ς 

T 
2 (t ) Q̄ i, 3 ̃  ς 2 (t ) . 

herefore, we have 

˙ 
 2 (t ) ≤− ˜ ς 

T 
2 (t ) Q̄ i, 3 ̃  ς 2 (t ) ≤−λmin ( Q̄ i, 3 ) 

λmax ( ̄P i, 3 ) 
V 2 (t ) ≤− min 

i∈ �

(
λmin ( Q̄ i, 3 ) 

λmax ( ̄P i, 3 ) 

)
V 2 (t ) = −θ̄1 · V 2 (t ) , (38)
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where θ̄1 = min i∈ �
(

λmin ( ̄Q i, 3 ) 

λmax ( ̄P i, 3 ) 

)
. Meanwhile, at switching time instant τ k , it is derived that 

 2 (τ
+ 

k ) = ˜ ς 

T 
2 (τ

+ 

k ) ̄P i, 3 ̃  ς 2 (τ
+ 

k ) = ˜ ς 

T 
2 (τ

−
k ) ̄P i, 3 ̃  ς 2 (τ

−
k ) ≤

λmax ( ̄P i, 3 ) 

λmin ( ̄P j, 3 ) 
V 2 (τ

−
k ) 

≤ max 

(i, j) ∈ (�×�) 

(
λmax ( ̄P i, 3 ) 

λmin ( ̄P j, 3 ) 

)
V 2 (τ

−
k ) = θ̄2 · V 2 (τ

−
k ) (39) 

where θ̄2 = max (i, j) ∈ (�×�) 

(
λmax ( ̄P i, 3 ) 
λmin ( ̄P j, 3 ) 

)
. 

On the one hand, we have 

λmin ( Q̄ i, 3 ) 

λmax ( ̄P i, 3 ) 
≥ λmin ( Q̄ i ) 

λmax ( ̄P i ) 
= 

λmin (W 

T Q̄ i W ) 

λmax (W 

T P̄ i W ) 
= 

λmin (Q i ) 

λmax (P i ) 
. 

Therefore, 

θ̄1 = min 

i∈ �

(
λmin ( Q̄ i, 3 ) 

λmax ( ̄P i, 3 ) 

)
≥ min 

i∈ �

(
λmin (Q i ) 

λmax (P i ) 

)
= θ1 . 

Furthermore, for any ( i , j ) ∈ � × �, 

λmax ( ̄P i, 3 ) 

λmin ( ̄P j, 3 ) 
≤ λmax ( ̄P i ) 

λmin ( ̄P j ) 
= 

λmax (W 

T P̄ i W ) 

λmin (W 

T P̄ j W ) 
= 

λmax (P i ) 

λmin (P j ) 
. 

Thus, 

θ̄2 = max 

(i, j) ∈ �×�

(
λmax ( ̄P i, 3 ) 

λmin ( ̄P j, 3 ) 

)
≤ max 

(i, j) ∈ �×�

(
λmax (P i ) 

λmin (P j ) 

)
= θ2 . 

This means that provided τ a > τ ∗, we have τa > 

ln ̄θ2 

θ̄1 
. And by using the conclusion of

Lemma 1 we have lim t→∞ 

˜ ς 2 (t ) = 0. The proof is completed. �
Remark 7. The full-order observer ( (10) –(12) ) and reduced-order observer ( 30 )–( 32 ) are
called impulsive reset switching observers, because at each switching time instant τ k , im- 
pulsive reset equations ( Eq. (11) of full-order observer and Eq. (31) of reduced-order ob-
server) are designed for observer state vector v(t ) and ˆ ς 2 (t ) . It should be emphasized that
the impulsive reset Eqs. (11) and (31) play important roles in observer designs. If there were
no (11) and (31) , the state estimate ˆ x in both full-order and reduced-order observers would
always jump at each switching instant, which may deteriorate the estimation performances. It 
is the reset Eqs. (11) and (31) that makes the state estimations continuous at each switched
point. Indeed, for full-order observer ( 10 )–( 12 ), we have 

ˆ x (τ+ 

k ) = v(τ+ 

k ) + F σ (τ+ 
k ) 

y(τk ) = v(τ−
k ) + (F σ (τ−

k ) 
− F σ (τ+ 

k ) 
) y(τk ) + F σ (τ+ 

k ) 
y(τk ) 

= v(τ−
k ) + F σ (τ−

k ) 
y(τk ) = ˆ x (τ−

k ) , 

and for reduced-order observer ( 30 )–( 32 ), we have 

ˆ x (τ+ 

k ) = W 

T 

[
S 

−1 y(τk ) 

ˆ ς 2 (τ
+ 

k ) + �σ(τ+ 
k ) 

S 

−1 y(τk ) 

]

= W 

T 

[
S 

−1 y(τk ) 

ˆ ς 2 (τ
−
k ) − (�σ(τ+ 

k ) 
− �σ(τ−

k ) 
) S 

−1 y(τk ) + �σ(τ+ 
k ) 

S 

−1 y(τk ) 

]
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s  
= W 

T 

[
S 

−1 y(τk ) 

ˆ ς 2 (τ
−
k ) + �σ(τ−

k ) 
S 

−1 y(τk ) 

]
= ˆ x (τ−

k ) . 

emark 8. Not only the full-order but also the reduced-order observers in the present paper,
hree issues had to be addressed. They are UI decoupling, observer error dynamics stabil-
ty analysis and average dwell time determination. First, in full-order observer construction,
q. (8) ensures the elimination of UIs in the error dynamics (16) , and Eq. (27) is a con-
enient UI-decoupling condition for the reduced-order UIO. Here, (27) is just derived from
8) . Secondly, Riccati Eq. (13) guarantees the stability of each subsystem of the full-order
bserver error dynamics. It can be seen from Lemma 2 that once (13) holds, there is also a
iccati Eq. (26) which ensures the reduced-order observer error dynamic subsystem stability.
oreover, each subsystem stability, which is guaranteed by the Riccati equation, together
ith ADT restriction condition ensures the asymptotical stability of the whole switched full-
rder observer error system. Finally, as shown in the proof of the Theorem 2 , if the average
well time ensures the existence of the full-order observer, it can also guarantee the existence
f the corresponding reduced-order observer. For these reasons, it is sufficient to conclude
hat for switched nonlinear system (1) , the conditions (the Riccati Eq. (13) together with the
DT restriction condition (15) ) under which a full-order observer exists also guarantee the

xistence of a reduced-order observer. 

emark 9. In literature [47–49] , the observer designs for several classes of uncertain nonlin-
ar systems with unknown inputs (unknown non-smooth nonlinearities) were studied, where
he uncertain nonlinearities were usually be approximated by fuzzy logic systems or neural
etworks, and the observation errors were bounded. By comparison, the state estimations ob-
ained by both the full-order and the reduced-order observers designed in the present paper
an asymptotically converge to their actual values. 

emark 10. Although the observer designs for switched linear or nonlinear systems were
onsidered in [33–35,40–42,50] , both the system model and the results of our paper are
ifferent from those in [33–35,40–42,50] . First, in [50] , the system considered is a switched
onlinear system which does not contain unknown input. In [34,35,40–42] , only switched
inear unknown input systems were considered but nonlinear terms were not included, and in
33] , the discrete-time descriptor system was studied with arbitrary switching signal. While,
n the present paper, both the unknown input and the nonlinearity are considered. Second, the
elationship of the existence conditions between the full-order and the reduced-order unknown
nput observers is discussed in detail. Specifically, we point out that the ADT of the reduced-
rder observer is not larger than that of the full-order observer, and based on this, we conclude
hat the conditions under which the full-order observer exists can also guarantee the existence
f a reduced-order observer. 

emark 11. The relationships of the existence condition between full-order and reduced-order
bservers are first discussed in [43] for a general Lipschitz nonlinear system, and later for
ne-sided Lipschitz nonlinear systems [51] and [52] . Compared with the work in [43,51,52] ,
he work given in the present paper is more challenging because we have to deal with not
nly the unknown inputs but also the switching influences. In order to deal with the unknown
nputs, we have to find a coordinate transformation (28) to not only ensure the stability
f the obtained subsystem (29) (i.e., ensure matrix Ā σ (t ) , 22 − �σ(t ) ̄A σ (t ) , 12 being Hurwitz)
ut also guarantee the unknown inputs being decoupled in (29) . In order to deal with the
witching influences, impulsive reset switching designs are considered such that the ’state
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Fig. 1. An electronic circuit. 

 

 

 

 

 

 

 

jump’ phenomena at each switching point can be avoided in the state estimation. Moreover, 
detailed discussions on ADT and the comparisons of ADT between the full-order observer 
and the reduced-order observer are made, and thus some important conclusions about ADT 

are obtained. 

4. A simulation example 

In this section, we apply the proposed methods to a switched electronic circuit system. 
Consider the electronic circuit as is shown in Fig. 1 , where C 1 and C 2 stand for capacitors,

R 1 , R 2 and R 3 are resistors, L is an inductor and i L denotes the current through L . ω( t ) is
unknown value of the voltage resource. V 1 ( t ) and V 2 ( t ), the voltages of C 1 and C 2 , are viewed
as the measurement outputs. The Chua’s diode is a nonlinear resistor [53] , whose Voltage-
Amperage curve is depicted by 

I = g(U ) = 

⎧ ⎨ 

⎩ 

−1 . 143 U − 0. 429 , U ≤ −1 

−0. 714U , −1 < U ≤ 1 

−1 . 143 U + 0. 429 , U > 1 

where U and I represent the voltage and the current of the Chua’s diode, respectively. Then,
the circuit system can be characterized by ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

di L 
dt 

= 

1 

L 

V 1 (t ) − 1 

L 

V 2 (t ) 

dV 1 

dt 
= − 1 

C 1 
i L (t ) − 1 

C 1 
g(V 1 ) − 1 

C 1 R 2 
V 1 (t ) + 

1 

C 1 R 1 
ω(t ) 

dV 2 

dt 
= 

1 

C 2 
i L (t ) − s(t ) 

C 2 R 3 
V 2 (t ) 

where s(t ) = 

{ 

1 , switch on 
0, switch off is designed to produce the switching between the two modes of

the electronic circuit. Let x 1 (t ) = i L (t ) , x 2 (t ) = V 1 (t ) , x 3 (t ) = V 2 (t ) , then the above circuit
system can be described by { ˙ x (t ) = A i x(t ) + �(x) + Dω(t ) 

y(t ) = Cx(t ) , i = 1 , 2 
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P

Z

F

Q
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Q

S

here 

 1 = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 

1 

L 

− 1 

L 

− 1 

C 1 
− 1 

C 1 R 2 
0 

1 

C 2 
0 − 1 

C 2 R 3 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

, A 2 = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

0 

1 

L 

− 1 

L 

− 1 

C 1 
− 1 

C 1 R 2 
0 

1 

C 2 
0 0 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

, D = 

⎡ 

⎢ ⎢ ⎣ 

0 

1 

C 1 R 1 
0 

⎤ 

⎥ ⎥ ⎦ 

, 

 = 

[
0 1 0 

0 0 1 

]
, �(x) = 

⎡ 

⎢ ⎢ ⎣ 

0 

− 1 

C 1 
g(x 2 ) 

0 

⎤ 

⎥ ⎥ ⎦ 

. 

Choose C 1 = 50mF, C 2 = 20mF, R 1 = R 2 = 0. 2�, R 3 = 10�, L = 800mH, and ω(t ) =
sin(5 t ) . Based on Algorithm 1 , the observer gain matrices are calculated as: 

 1 = 

⎡ 

⎣ 

0. 1999 0 0 

0 0. 5825 0 

0 0 0. 5825 

⎤ 

⎦ , �1 = 

⎡ 

⎣ 

0. 2499 −0. 2499 

5 . 1384 −3 . 7363 

3 . 7363 5 . 1384 

⎤ 

⎦ , 

¯
 1 = 

⎡ 

⎣ 

0 0. 1251 

0 0 

0 0. 5825 

⎤ 

⎦ , ε 1 = 4. 3408 

 2 = 

⎡ 

⎣ 

0. 2010 0 0 

0 0. 5780 0 

0 0 0. 5780 

⎤ 

⎦ , �2 = 

⎡ 

⎣ 

0. 2513 0. 3930 

5 . 2748 −0. 2929 

0. 2929 5 . 2748 

⎤ 

⎦ , 

¯
 2 = 

⎡ 

⎣ 

0 0. 1289 

0 0 

0 0. 5780 

⎤ 

⎦ , ε 2 = 4. 5313 

 1 = 

⎡ 

⎣ 

0 0. 6256 

1 0 

0 1 

⎤ 

⎦ , L 1 = 

⎡ 

⎣ 

1 . 2500 −1 . 2500 

8 . 8212 −6 . 4142 

6 . 4142 8 . 8212 

⎤ 

⎦ , T 1 = 

⎡ 

⎣ 

1 0 −0. 6256 

0 0 0 

0 0 0 

⎤ 

⎦ , 

 1 = 

⎡ 

⎣ 

0. 7875 0 0 

0 5 . 9359 0 

0 0 5 . 9359 

⎤ 

⎦ , 

 2 = 

⎡ 

⎣ 

0 0. 6410 

1 0 

0 1 

⎤ 

⎦ , L 2 = 

⎡ 

⎣ 

1 . 2500 1 . 9552 

9 . 1259 −0. 5068 

0. 5068 9 . 1259 

⎤ 

⎦ , T 2 = 

⎡ 

⎣ 

1 0 −0. 6410 

0 0 0 

0 0 0 

⎤ 

⎦ , 

 2 = 

⎡ 

⎣ 

1 . 1075 0 0 

0 6 . 0183 0 

0 0 6 . 0183 

⎤ 

⎦ . 

According to matrix C , one can obtain by using Smith orthogonal procedure that 

 = 

[
1 0 

0 1 

]
, W = 

⎡ 

⎣ 

0 1 0 

0 0 1 

1 0 0 

⎤ 

⎦ , �1 = 

[
0 0. 6256 

]
, �2 = 

[
0 0. 6410 

]
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Fig. 2. Switching signal σ ( t ). 

 

 

 

 

 

 

 

 

and 

Ā 1 , 11 = 

[−100 0 

0 0 

]
, Ā 1 , 12 = 

[−20 

50 

]
, Ā 1 , 21 = 

[
1 . 25 −1 . 25 

]
, Ā 1 , 22 = 0 

Ā 2, 11 = 

[−100 0 

0 −5 

]
, Ā 2, 12 = 

[−20 

50 

]
, Ā 2, 21 = 

[
1 . 25 −1 . 25 

]
, Ā 2, 22 = 0. 

The full-order impulsive switching observer ( 10 )–( 12 ) and reduced-order impulsive switch-
ing observer ( 30 )–( 32 ) are designed under the ADT switching signals generated by σ ( t ) with 

τa ≥ τ ∗ = 0. 7869(θ1 = 1 . 3519 and θ2 = 2. 8977) . 

Set the initial values x(0) = 

[
2. 5 −2 −5 

]T 
in system (1) , v(0) = 

[−10 12 20 

]T 
in 

full-order observer ( 10 )–( 12 ), and ς 2 (0) = −10 in reduced-order observer ( 30 )–( 32 ), respec-
tively. Fig. 2 shows the switching signal with respect to time t . Figs. 3 and 4 show the state
estimating performances given by full-order and reduced-order impulsive reset observers. It 
can be seen that both the full-order and the reduced-order observers possess good estimation
performances. 

5. Conclusions 

In this paper, the observer designs for a class of switched nonlinear systems are consid-
ered. A full-order and a reduced-order impulsive reset switching observers are constructed. 
The sufficient conditions of the full-order observer are formulated in terms of a Riccati equa-
tion. Moreover, we have shown that the existence conditions under which the full-order ob-
server ( 10 )–( 12 ) exist also guarantees the existence of a corresponding reduced-order observer
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Fig. 3. State estimation via full-order observer. 
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Fig. 4. State estimation via reduced-order observer. 
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 30 )–( 32 ). How to extend these methods to unknown input systems with switching nonlinear
erm will be next consideration. 
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Appendix A. The computation of ˆ C 

Decompose matrix C = 

[
c T 1 c T 2 . . . c T p 

]T 
, where c i ∈ R 

1 ×n . By Smith orthogonal pro-
cedure, we obtain 

β1 = c T 1 , β2 = c T 2 −
< c T 2 , β1 > 

< β1 , β1 > 

β1 , . . . , βp = c T p −
p−1 ∑ 

i=1 

< c T p , βi > 

< βi , βi > 

βi (40) 

where β1 , β2 , . . . , βp ∈ R 

n are orthogonal vectors. Rewrite (40) as C 

T = ϒ�, where ϒ =[
β1 β2 . . . βp 

]
and 

� = 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

1 

< c T 2 , β1 > 

< β1 , β1 > 

. . . 
< c T p , β1 > 

< β1 , β1 > 

0 1 . . . 
< c T p , β2 > 

< β2 , β2 > 

. . . 
. . . 

. . . 
. . . 

0 0 . . . 1 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

Then we have ϒT ϒ = I p and C = �T ϒT . Let S = �T and 

ˆ C = ϒT , then we have C = S 

ˆ C 

and 

ˆ C 

ˆ C = I p . 

Appendix B. The proof of Lemma 2 

Proof. Substituting (7), (8) into (13) , and then pre-multiplying matrix W and post-multiplying
W 

T in (13) , respectively, one can obtain Eq. (25) directly. �

Appendix C. The proof of Lemma 3 

Proof. Note that C̄ 

[
0 I 

]T = 

[
S 0 

][
0 I 

]T = 0, then pre-multiplying matrix [
0 (n−p) ×p I n−p 

]
and post-multiplying matrix 

[
0 (n−p) ×p I n−p 

]T 
in Eq. (25) , respectively 

gives 

−Q̄ i, 3 = 

[
0 I 

]
P̄ i ( ̄A i − F̄ i C̄ Ā i ) 

[
0 I 

]T + 

[
0 I 

]
( ̄A i − F̄ i C̄ Ā i ) 

T P̄ i 
[
0 I 

]T 

+ γ 2 /ε i 
[
0 I 

]
P̄ i (I n − F̄ i C̄ )(I n − F̄ i C̄ ) T P̄ i 

[
0 I 

]T + ε i I n−p 

= P̄ i, 3 ( ̄A i, 22 − �i ̄A i, 12 ) + ( ̄A i, 22 − �i ̄A i, 12 ) 
T P̄ i, 3 + γ 2 /ε i P̄ i, 3 (�i �

T 
i + I ) ̄P i, 3 + ε i I n−p < 0. 

The proof is completed. �

Appendix D. The proof of Lemma 4 

Proof. Since for any i ∈ �, we have F i CD i = D i . Therefore, W F i CW 

T W D i = W D i , i.e.,
F̄ i C̄ D̄ i = D̄ i . Then we get 

(I − F̄ i, 1 S) ̄D i, 1 = D̄ i, 1 − F̄ i, 1 S D̄ i, 1 = D̄ i, 1 −
[
I p 0 p×(n−p) 

]
F̄ i 

[
S 0 

][D̄ i, 1 

D̄ i, 2 

]
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[  

[  

[  

[  

[  

 

[  

[  

[  

 

[  

[  

[  

[  
= D̄ i, 1 −
[
I p 0 p×(n−p) 

]
F̄ i C̄ D̄ i = D̄ i, 1 −

[
I p 0 p×(n−p) 

]
D̄ i = 0 

nd 

 ̄i, 2 S D̄ i, 1 = 

[
0 (n−p) ×p I n−p 

]
F̄ i S D̄ i, 1 = 

[
0 (n−p) ×p I n−p 

]
F̄ i 

[
S 0 

][D̄ i, 1 

D̄ i, 2 

]
= 

[
0 (n−p) ×p I n−p 

]
F̄ i C̄ D̄ i = 

[
0 (n−p) ×p I n−p 

]
D̄ i = D̄ i, 2 . 

hus, �i D̄ i, 1 = −P̄ 

−1 
i, 3 P̄ 

T 
i, 2 (I − F̄ i, 1 S ) ̄D i, 1 + F̄ i, 2 S D̄ i, 1 = D̄ i, 2 , and this ends the proof. �

eferences 

[1] X.D. Zhao , L.X. Zhang , P. Shi , M. Liu , Stability and stabilization of switched linear systems with mode-de-
pendent average dwell time, IEEE Trans. Autom. Control 57 (7) (2012) 1809–1815 . 

[2] D. Zhang, P. Shi, Q.G. Wang, L. Yu, Analysis and synthesis of networked control systems: a survey of recent
advances and challenges, ISA Trans. (2016). http:// dx.doi.org/ 10.1016/ j.isatra.2016.09.026 . 

[3] D. Zhang , P. Shi , Q.G. Wang , Energy-efficient distributed control of large-scale systems: a switched system
approach, Int. J. Robust Nonlinear Control 26 (2016) 3101–3117 . 

[4] D. Zhang, P. Shi, W.A. Zhang, L. Yu, Energy-efficient distributed filtering in sensor networks: a unified switched
system approach, IEEE Trans. Cybern. (2016), doi: 10.1109/TCYB.2016.2553043 . 

[5] H. Lin , P.J. Antsaklis , Stability and stabilizability of switched linear systems: a survey of recent results, IEEE
Trans. Autom. Control 2 (54) (2009) 308–322 . 

[6] J. Daafouz , P. Riedinger , C. Iung , Stability analysis and control synthesis for switched systems: a switched
Lyapunov function approach, IEEE Trans. Autom. Control 47 (11) (2002) 1883–1887 . 

[7] J.C. Geromel , P. Colaneri , Stability and stabilization of continuous-time switched linear systems, SIAM J.
Control Optim. 45 (5) (2006) 1915–1930 . 

[8] J. Zhao , D.J. Hill , On stability, l 2 gain and h ∞ 

control for switched systems, Automatica 44 (5) (2008)
1220–1232 . 

[9] L.X. Zhang , P. Shi , Stability, l 2 gain and asynchronous h ∞ 

control of discrete-time switched systems with
average dwell time, IEEE Trans. Autom. Control 54 (9) (2009) 2192–2199 . 

10] X.D. Zhao , X. Zheng , B. Niu , et al. , Adaptive tracking control for a class of uncertain switched nonlinear
systems, Automatica 52 (4) (2015a) 185–191 . 

11] X.D. Zhao , S. Yin , H. Li , et al. , Switching stabilization for a class of slowly switched systems, IEEE Trans.
Autom. Control 60 (1) (2015b) 221–226 . 

12] S.P. Huang , Z.R. Xiang , Adaptive finite-time stabilization of a class of switched nonlinear systems using neural
networks, Neurocomputing 173 (2016a) 2055–2061 . 

13] S.P. Huang, Z.R. Xiang, Finite-time output tracking for a class of switched nonlinear systems, Int. J. Robust
Nonlinear Control (2016b), doi: 10.1002/rnc.3616 . 

14] Y.M. Li, S. Sui, S.C. Tong, Adaptive fuzzy control design for stochastic nonlinear switched systems with
arbitrary switchings and unmodeled dynamics, IEEE Trans. Cybern. (2016), doi: 10.1109/TCYB.2016.2518300.

15] Y.M. Li, S.C. Tong, Adaptive fuzzy output-feedback stabilization control for a class of switched non-strict-
feedback nonlinear systems, IEEE Trans. Cybern. (2016), doi: 10.1109/TCYB.2016.2536628 . 

16] B. Niu , J. Zhao , Barrier Lyapunov functions for the output tracking control of constrained nonlinear switched
systems, Syst. Control Lett. 62 (10) (2013) 963–971 . 

17] B. Niu, H.R. Karimi, H.Q. Wang, Y.L. Liu, Adaptive output-feedback controller design for switched nonlinear
stochastic systems with a modified average dwell-time method, IEEE Trans. Syst. Man. Cybern.: Syst. (2016),
doi: 10.1109/TSMC.2016.2597305 . 

18] X.D. Zhao , Z.D. Yu , X.B. Yang , H.Y. Li , Estimator design of discrete-time switched positive linear systems
with average dwell time, J. Frankl. Inst. 351 (2014) 579–588 . 

19] A. Tanwani , H. Shim , D. Liberzon , Observability for switched linear systems: characterization and observer
design, IEEE Trans. Autom. Control 58 (4) (2013) 891–904 . 

20] X.D. Zhao , H. Liu , J. Zhang , et al. , Multiple-mode observer design for a class of switched linear systems, IEEE
Trans. Autom. Sci. Eng. 12 (1) (2015) 272–280 . 

21] H. Rios , D. Mincarelli , D. Efimov , et al. , Continuous and discrete state estimation for switched LPV systems
using parameter identification, Automatica 62 (2015) 139–147 . 

http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0001
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0001
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0001
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0001
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0001
http://dx.doi.org/10.1016/j.isatra.2016.09.026
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0003
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0003
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0003
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0003
http://dx.doi.org/10.1109/TCYB.2016.2553043
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0005
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0005
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0005
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0006
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0006
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0006
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0006
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0007
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0007
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0007
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0008
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0008
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0008
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0009
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0009
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0009
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0010
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0010
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0010
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0010
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0010
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0011
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0011
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0011
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0011
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0011
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0012
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0012
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0012
http://dx.doi.org/10.1002/rnc.3616
http://dx.doi.org/10.1109/TCYB.2016.2518300
http://dx.doi.org/10.1109/TCYB.2016.2536628
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0016
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0016
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0016
http://dx.doi.org/10.1109/TSMC.2016.2597305
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0018
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0018
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0018
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0018
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0018
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0019
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0019
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0019
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0019
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0020
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0020
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0020
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0020
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0020
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0021
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0021
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0021
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0021
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0021


2942 J. Zhang et al. / Journal of the Franklin Institute 354 (2017) 2924–2943 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[22] Y. Park , J.L. Stein , Closed-loop state and input observer for systems with unknown inputs, Int. J. Control 48
(3) (1988) 1121–1136 . 

[23] S.P. Bhattacharyya , Observer design for linear systems with unknown inputs, IEEE Trans. Autom. Control 23
(3) (1978) 483–484 . 

[24] P. Kudva , N. Viswanadham , A. Ramakrishna , Observers for linear systems with unknown inputs, IEEE Trans.
Autom. Control 25 (1) (1980) 113–115 . 

[25] M. Darouach , M. Zasadzinski , S.J. Xu , Full-order observers for linear systems with unknown inputs, IEEE
Trans. Autom.Control 39 (3) (1994) 606–609 . 

[26] S. Hui , S.H. Zak , Observer design for systems with unknown inputs, Int. J. Appl. Math. Comput. Sci. 15 (4)
(2005) 431–446 . 

[27] F. Li , G.R. Zhao , J.L. Huang , Exact state estimation for linear systems with unbounded disturbances, Circuits
Syst. Signal Process 34 (5) (2015) 1519–1533 . 

[28] F. Zhu , State estimation and unknown input reconstruction via both reduced-order and high-order sliding mode
observers, J. Process Control 22 (1) (2012) 296–302 . 

[29] T. Park , D. Kim , Design of unknown input observers for linear systems with unmatched unknown inputs, Trans.
Inst. Meas. Control 36 (3) (2014) 399–410 . 

[30] P.P. Menon , C. Edwards , A sliding mode observer for monitoring and fault estimation in a network of dynamical
systems, Int. J. Robust Nonlinear Control 24 (17) (2014) 2669–2685 . 

[31] J. Yang , J.Y. Su , S.H. Li , X.H. Yu , Highorder mismatched disturbance compensation for motion control systems
via a continuous dynamic sliding mode approach, IEEE Trans. Ind. Inf. 10 (1) (2014) 604–614 . 

[32] W. Kim , C.C. Chung , Robust output feedback control for unknown nonlinear systems with external disturbance,
IET Control Theory Appl. 10 (2) (2016) 173–182 . 

[33] D. Koenig , B. Marx , Unknown input observers for switched nonlinear discrete time descriptor systems, IEEE
Trans. Autom. Control 53 (1) (2008) 373–379 . 

[34] F.J. Bejarano , A. Pisano , Switched observers for switched linear systems with unknown inputs, IEEE Trans.
Autom. Control 56 (3) (2011) 681–686 . 

[35] J.V. Gorp , M. Defoort , K.C. Veluvolu , Hybrid sliding mode observer for switched linear systems with unknown
inputs, J. Frankl. Inst. 351 (8) (2014) 3987–4008 . 

[36] J.V. Gorp , M. Defoort , M. Djemai , K.C. Veluvolu , Fault detection based on higher-order sliding mode observer
for a class of switched linear systems, IET Control Theory Appl. 9 (15) (2015) 2249–2256 . 

[37] J.X. Lin , Y. Shi , Z.F. Gao , J. Ding , Functional observer for switched discrete-time singular systems with time
delays and unknown inputs, IET Control Theory Appl. 9 (14) (2015) 2146–2156 . 

[38] J.X. Lin , Z.F. Gao , Observers design for switched discrete-time singular time-delay systems with unknown
inputs, Nonlinear Anal.: Hybrid Syst. 18 (2015) 85–99 . 

[39] J.Q. Yang , Y.T. Chen , X. Wang , Active mode identification and continuous state estimation for switched lin-
ear systems with unknown inputs and slow switching signal, Circuits Syst. Signal Process 34 (2015) 2193–
2211 . 

[40] J.Q. Yang , F.L. Zhu , X.G. Tan , Y.J. Wang , Robust full-order and reduced-order observers for a class of uncertain
switched systems, J. Dyn. Syst., Meas. Control 138 (1–9) (2016) 021004 . 

[41] Y. Chen , J. Yang , D. Xie , W. Zhang , Multiple-mode switched observer-based unknown input estimation for
a class of switched systems, in: Proceedings of the 28th Chinese Control and Decision Conference, 2016a,
pp. 6568–6573 . 

[42] Y. Chen , Y. Wang , J. Yang , Robust state estimation and actuator fault detection for a class of uncertain switched
linear systems, in: Proceedings of the Chinese Control Conference, 2016b, pp. 1903–1908 . 

[43] F. Zhu , Z. Han , A note on observers for Lipschitz nonlinear systems, IEEE Trans. Autom. Control 47 (10)
(2002) 1751–1754 . 

[44] X.F. Zhang , J.B. Zhou , C. Zhang , Q.S. Bi , Analysis of dynamical behaviors in a nonlinear switching circuit
system, Acta Phys. Sin. 62 (24) (2013) 240505 (1–8) . 

[45] M.I. Spong , R. Marino , S.M. Peresada , D.G. Taylor , Feedback linearizing control of switched reluctance motors,
IEEE Trans. Autom. Control 32 (1987) 371–379 . 

[46] Y.X. Li , G.H. Yang , Robust adaptive fuzzy control of a class of uncertain switched nonlinear systems with
mismatched uncertainties, Inform. Sci. 339 (2016) 290–309 . 

[47] Y.M. Li , S.C. Tong , T.S. L. , Observer-based adaptive fuzzy tracking control of MIMO stochastic nonlinear sys-
tems with unknown control direction and unknown dead-zones, IEEE Trans. Fuzzy Syst. 23 (2015) 1228–1241 .

http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0022
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0022
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0022
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0023
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0023
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0024
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0024
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0024
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0024
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0025
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0025
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0025
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0025
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0026
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0026
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0026
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0027
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0027
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0027
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0027
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0028
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0028
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0029
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0029
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0029
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0030
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0030
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0030
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0031
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0031
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0031
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0031
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0031
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0032
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0032
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0032
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0033
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0033
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0033
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0034
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0034
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0034
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0035
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0035
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0035
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0035
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0036
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0036
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0036
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0036
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0036
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0037
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0037
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0037
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0037
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0037
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0038
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0038
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0038
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0039
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0039
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0039
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0039
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0040
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0040
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0040
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0040
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0040
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0041
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0041
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0041
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0041
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0041
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0042
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0042
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0042
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0042
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0043
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0043
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0043
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0044
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0044
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0044
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0044
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0044
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0045
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0045
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0045
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0045
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0045
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0046
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0046
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0046
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0047
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0047
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0047
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0047


J. Zhang et al. / Journal of the Franklin Institute 354 (2017) 2924–2943 2943 

[  

 

[  

[  

[  

[  

[  

 

[  
48] Y.M. Li, S.C. Tong, Adaptive neural networks decentralized FTC design for nonstrict-feedback nonlinear
interconnected large-scale systems against actuator faults, IEEE Trans. Neural Netw. Learn. Syst. (2016).
10.1109/TNNLS.2016. 2598580 

49] Y.M. Li , S.C. Tong , Hybrid fuzzy adaptive output feedback control design for uncertain MIMO nonlinear
systems with time-varying delays and input saturation, IEEE Trans. Fuzzy Syst. 24 (2016) 841–853 . 

50] J.Q. Yang , Y.T. Chen , F. Zhu , K. Yu , X. Bu , Synchronous switching observer for nonlinear switched systems
with minimum dwell time constraint, J. Frankl. Inst. 352 (11) (2015) 4665–4681 . 

51] W. Zhang , H. Su , H. Wang , Z. Han , Full-order and reduced-order observers for one-sided Lipschitz nonlinear
systems using Riccati equations, Commun. Nonlinear Sci. Numer. Simulat. 17 (12) (2012) 4968–4977 . 

52] W. Zhang, H. Su, F. Zhu, S.P. Bhattacharyya, Improved exponential observer design for one-sided Lipschitz
nonlinear systems, Int. J. Robust Nonlinear Control (2016), doi: 10.1002/rnc.3543 . 

53] H. Moqadasi , M.B. Ghaznavi-Ghoushchi , A new chuas circuit with monolithic chuas diode and its use for
efficient true random number generation in CMOS 180 nm, Analog Integr. Circ. Sig. Process 82 (2015) 719–731 .

54] K. Kalsi , J. Lian , S. Hui , S.H. Zak , Sliding-mode observers for systems with unknown inputs: a high-gain
approach, Automatica 46 (2010) 347–353 . 
View publication statsView publication stats

http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0048
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0048
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0048
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0049
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0050
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0050
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0050
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0050
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0050
http://dx.doi.org/10.1002/rnc.3543
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0052
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0052
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0052
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0053
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0053
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0053
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0053
http://refhub.elsevier.com/S0016-0032(17)30056-X/sbref0053
https://www.researchgate.net/publication/313582499

	Robust impulsive reset observers of a class of switched nonlinear systems with unknown inputs
	1 Introduction
	2 Background and preliminaries
	3 Full-order and reduced-order observers
	3.1 Full-order impulsive reset observer
	3.2 Reduced-order impulsive reset observer

	4 A simulation example
	5 Conclusions
	 Acknowledgments
	Appendix A The computation of 
	Appendix B The proof of Lemma2
	Appendix C The proof of Lemma3
	Appendix D The proof of Lemma4
	 References


