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Abstract: The method of stabilizing switched systems based on
the optimal control is applied, with all modes unstable, for a typi-
cal example of the multi-agent system. First, the optimal control
method for stabilizing switched systems is introduced. For this
purpose, a switching table rule procedure is constructed. This pro-
cedure is inspired by the optimal control that identifies the optimal
trajectory for the switched systems. In the next step, the stability
of a multi-agent system is studied, considering different unsta-
ble connection topologies. Finally, the optimal control method is
successfully applied to an aircraft team, as an example of the
multi-agent systems. Simulation results evaluate and confirm the
successful application of this method in the aircraft team example.
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1. Introduction

A switched system is a hybrid system including
discrete/continuous-time subsystems and a rule that super-
vises the switching between subsystems. Due to their wide
applications in many areas, such as robot control, aircraft
control, and networked control systems [1,2], switched
systems have drawn an increasing attention in the past few
decades. The design of switching laws plays a key role in
the study of switched systems. It is noted that the switch-
ing laws can be classified into two categories: constrained
switchings and arbitrary switchings [2]. Useful results on
stabilization of switched systems were presented in [3 –
6]. These results can be divided into two main stability
methods: the multiple Lyapunov functions (MLF) method
[3,6] and the (average) dwell-time method [4,5]. In [7],
the finite-time stabilization for a class of switched sys-
tems with the constrained state was studied via the MLF
method.
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In reality, due to the growing popularity of the digital
technology, the sampled-data control technology has been
considered in switching systems [8 – 11]. The global sta-
bilization problem via sampled-data control for a class of
switched systems was used in [8].

Many researchers have devoted to switched systems
with unstable modes [12 – 15].

One of the most important applications of switched sys-
tems with unstable modes is multi-agent systems. Multi-
agent systems are of great importance for many applica-
tions. In [13], multi-agent systems were investigated and
a method for the stabilization of such systems was pre-
sented. An important motivation is to research multi-agent
systems where each topology is unstable in itself. There-
fore, the switching operation between these topologies can
be viewed as a switched system with unstable subsystems
[16 – 18]. The aircraft team is an example of multi-agent
systems with a leader-following structure and a switching
topology, where each following agent may run far away
from the target without cooperation [15].

On the other hand, it is noted that the optimal control
for switched systems has been widely studied in the recent
years [19 – 22]. In [22], the only decision variables were
the switching times. In [19], this optimization problem, by
taking both the switching times and the switching sequence
as decision variables, was generalized. The approach in
[19] was still based on the construction of switching tables.

In [21], a feedback control rule that minimized a given
quadratic cost was calculated in the case that the number of
permissible switches approached to infinity and only one
dynamic mode remained stable. Subsequently, this method
is efficiently employed under the condition that all LTI dy-
namics are unstable, by readily solving a proper optimal
control rule called the augmented optimal control problem
that comprises a “dummy” stable dynamics.
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This paper is based on the results presented in [21] and
the method is applied to the aircraft team problem. The
main contributions are summarized as follows.

(i) We provide a stabilizing switching law for the aircraft
team problem, which is an example of a class of multi-
agent systems in the leader-following structure through
switching between two topologies and each topology is un-
stable in itself.

(ii) We compute a proper switching law, such that the
problem is asymptotically stable with the optimal time cost
for the aircraft team problem.

Through computing the suitable switching law, the time
to achieve stability is reduced and therefore, the transmit-
ted information between the aircraft is reduced. From a
practical point of view, the reduction of transmitted infor-
mation between the aircraft is very significant.

(iii) The method is successfully applied to the aircraft
team problem with an optimal switching law and we show
that this method leads to a better result compared to that in
[15].

The rest of the paper is organized as follows. In Sec-
tion 2, we provide some preliminaries and the problem for-
mulation. Section 3 is devoted to the main results, which
are illustrated by an example of multi-agent system. This
section is followed by a conclusion in Section 4.

2. Stabilization of switched system

2.1 Basic definitions

Definition 1 [23] Autonomous switching hybrid sys-
tems (ASHS) are referred to systems that switch the signal
from the preset space. These systems are represented by

ẋ(t) = Ai(t)x(t),

i(t) ∈ S = {1, 2, . . . , s} (1)

where Ai is a matrix i(t) is a switching signal, x ∈ Rn is
the state.

Definition 2 [23] Controlled switching hybrid systems
(CSHS) are systems in which the switching signal is de-
termined by an external agent. These systems are built into
the system by adding a continuous external input to the
system (1) as follows:

ẋ(t) = fi(t)(x(t), u(t)). (2)

Definition 3 (Equilibrium point) [24] For a switch-
ing system, the origin is an equilibrium point whenever
∀t � 0, f(0, t) = 0.

Definition 4 (Stability of equilibrium point) [24] x =
0 in ẋ(t) = Ai(t)x(t) is

(i) a stable equilibrium point if for ε > 0 there exists
δ = δ(ε, t0) > 0 such that

‖x(t0)‖ < δ ⇒ ‖x(t)‖ < ε

∀t � t0 � 0;

(ii) an unstable equilibrium point if it is not stable;
(iii) an asymptotically stable equilibrium point if it is

stable and there exists positive δ = δ(t0) such that for all
x(t0) < δ, we have lim

t→∞x(t) → 0;

(iv) an exponentially stable equilibrium point if there
exist positive values δ, K and λ such that for all x(t0) < δ

the following is satisfied:

‖x(t)‖ � K‖x(t0)‖e−λ(t−t0).

If the system, for any initial value x(t0), is asymptotically
(or exponentially) stable, then the equilibrium point will
be asymptotically (or exponentially) stable. Therefore, by
establishing a switching rule i(x, t), the switching system
can be universally stabilized. It should be noted that if there
is at least one stable subsystem, then the switching system
has the capability of being exponentially stable.

Definition 5 (Dummy subsystem) [21] Consider the
switching system {Ai}i∈S . We define the dummy system
as a switching system {Ai}i∈ eS so that

(i) |S̃| = |S| + 1;
(ii) The system {Ai}i∈ eS contains all subsystems

{Ai}i∈S ;
(iii) The system {Ai}i∈ eS contains a stable subsystem

As+1 ∈ {Ai}i∈ eS .

2.2 Switched systems

We show how to design a stabilizing law for switched sys-
tems (1), as mentioned in Definition 1, where Ai is unsta-
ble.

The suggested stabilizing method is based on the so-
lution of the following optimal control problem. There-
fore, the system performance index is considered as fol-
lows [21]:

J∗
N � min

I,τ
F (I, T ) �

∫∞

0

xT(t)Qi(t)x(t)dt

s.t. ẋ(t) = Ai(t)x(t)

x(0) = x0

i(t) = ik for τk � t < τk+1

k = 0, . . . , N

ik+1 ∈ succ(ik) k = 0, . . . , N (3)

where N represents the maximum number of allowed
switches, which is finite; Qi denotes positive definite
weighting matrices; x0 is the initial known continuous
state. Moreover, T � {T1, . . . , TN} and I � {i0, . . . , iN}
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represent the set of switching times and the sequence of
indices associated with discrete modes, respectively.

Corona et al. [21] showed that a feedback control law
that minimized a given quadratic cost could also be calcu-
lated in the case where the only dynamic mode is stable.
Moreover, they showed that the optimal control law for
the optimization problem would be in the form of a state-
feedback. In other words, it would be sufficient to consider
the current system state so as to determine if a switch from
linear dynamics Aik−1 to Ai, should take place.

In more detail, for a given mode i ∈ S, when k switches
are still available, it is conceivable to make a partition Ci

k

of the state space Rn into s regions. The partition Ci
k is

called a table. At any time iN−k = i, they utilize table Ci
k

to determine if a switch should take place. Once the conti-
nuous state x reaches a point in the region Rj for a certain
i ∈ S\{i}, they will switch to the mode iN−k−1 = j. No
switch will take place if the continuous system’s state x

falls in Ri.
By presenting the virtual stable subsystem, it is assumed

that at least one stable subsystem for applying the switch-
ing table method is satisfied. Then it is shown that by mak-
ing use of this stable subsystem and solving the optimal
control problem, we can calculate a switching law for a
switching system with unstable subsystems.

In general, this method is based on the addition of a vir-
tual subsystem, as mentioned in Definition 5.

In order to prove the stability of the switching systems
with unstable subsystems, we need to provide some theo-
rems in this direction, which is described in the following
section.

Theorem 1 [21] Consider the optimal control problem
(3) with the subsystems {Ai}i∈ eS . If the switching table

C̃N only contains the subsystem areas {Ai}i∈S , for each
initial condition x0, the optimal control rule obtained from
solving the optimal virtual control S̃ will also be optimal
for the optimal control problem with S ⊂ S̃ subsystems.
In other words, we consider the unstable switching sys-
tem with a stable virtual subsystem and solve the problem
of the optimal control. Finally, if a stable subsystem area
does not appear in the switching table, the switching rule
obtained for the original system will also be optimized.

Proof To prove this theorem, we need to use the ba-
sic definitions of the switching table CN . When the area
of Ai does not appear in the CN switching table, it means
that switching to this subsystem does not have a lower cost,
and even if the subsystem Ai is considered as the primary
subsystem, it will be still impossible to activate this sub-
system, and the system will switch to another subsystem.

�
Theorem 2 [21] Consider J∗

N (x0, i0) as an optimal

cost and response to the optimal control problem OP (S)
of form (3), which is described in (3) (with initial con-
ditions (x0, i0)). Now consider J̃∗

N (x0, i0) as the optimal
cost and response to the virtual optimal control problem
OP (S̃) with the same initial conditions. The optimal cost
J̃∗

N (x0, i0, q) is a strictly increasing function in terms of q.
Proof The proof of this theorem is by contradiction.

We consider two virtual optimal control problems OP (S̃)′

and OP (S̃)′′ with two different values of q. In this regard,
we consider q′ and q′′ as two coefficients for q (q′′ < q′).
Now assume that J̃∗

N (x0, q
′) = J̃∗

N (x0, q
′′). Consider the

optimal response for OP (S̃)′ and obtain the cost by us-
ing OP (S̃)′′ weights. The cost is less than the value of
J̃∗

N (x0, q
′′), which is contradictory, because based on the

definition of the cost of the solution, OP (S̃)′′ will be the
lowest. �

Theorem 3 (The stability of the switching system with
unstable subsystems) [21] Consider the switching system
{Ai}i∈S and the optimal control problem OP (S) with
Qi > 0. Moreover, consider the virtual system {Ai}i∈ eS
and the virtual optimal control OP (S̃) with Q̃i > 0.

(i) The switching system {Ai}i∈S has the capability of
asymptotic stability if there exists q̃ ∈ R+ such that the
switching table Ci

k does not include the region associated
with the stable subsystem Ã.

(ii) If the switching system {Ai}i∈S has the capabi
lity of the asymptotic stability function, then there exists
q̃ ∈ R+ such that the switching table Ci

k does not include
the region associated with the stable subsystem Ã.

Proof [18] By proving Theorem 1, it is possible to use
a switching table to stabilize the switching systems with
unstable subsystems.

By proving Theorem 2, if the switching system
{Ai}i∈S , with unstable subsystems, has the capacity to
stabilize, it is always possible to calculate a stabilizing
switching rule through the switching table. This switch-
ing rule not only stabilizes the system (which in itself is
the main goal), it also measures the square performance
indicator.

Therefore, the process of computing the stabilizing
switching law for the switching system, in which all the
subsystems are unstable, are summarized in four stages
listed as follows:

(i) Consider an optimal OP (S) control problem, with
an N -valued number for the switching system.

(ii) Create a virtual system {Ai}i∈ eS , and the new op-

timal control problem OP (S̃), where q is a large positive
value. There is no limit to the choice of a stable subsystem,
and we can consider each stable matrix as a stable subsys-
tem.

It should be noted that in this virtual system, new va-
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lues of Q will be considered to solve the optimal control
problem, so that for all subsystems i = 1, . . . , s we use the
same Qi. However, for the added subsystem we use the
value of Qs+1, where

Qs+1 = qQ̃, q ∈ R+, and Q̃ > 0.

In general, there is no analytical method for obtaining the
appropriate q. In the examples, q = 105 is considered.

(iii) Obtain the switching table Ci
k.

(iv) If the resulting table does not include the area
associated with the stable subsystem As+1, then using
Theorem 3, it can be concluded that the original system
{Ai}i∈S has the global asymptotic stability. In this case,
by using the table Ci

k, we will compute the stabilizing feed-
back control rule that will minimize the chosen quadratic
performance index. �

2.3 Multi-agent systems

The cooperative system is usually recognized as a multi-
agent system. Agents can communicate with one another
through a sparse communication network. In this paper,
we model the communication topology among agents by
using a weighted directed graph G = (N, E), in which
N = {0, 1, 2, . . . , n} is the set of agents, E is the set of
arcs, and (j, i) ∈ E is an arc from agent j to agent i. More-
over, for a directed graph, if a node i is a neighbor of node
j, then node j can get information from the node i and not
necessarily vice versa. The agents’ dynamics are defined
by

ẋi = gi(xi) +
∑
j �=i

aij(t)(xj − xi)

︸ ︷︷ ︸
uc

i

, i ∈ N (4)

where uc
i is the cooperative agent law i, aij(t) represents

the arc weight between agents i and j, and gi represents a
smooth function [15]. Moreover, aij(t) = 0 if (j, i) does
not exist. Given a fixed target point, ξ, for every i ∈ N we
define

Vi = (xi − ξ)TP (xi − ξ) (5)

where P is a symmetric positive definite matrix. Moreover,
Vi measures the distance between the agent i and the target
point, and ξ is a constant vector.

Assumption 1 There exist constant parameters
λ0, λ1 > 0 such that

uc
0 = 0 ⇒ V̇0 � −λ0V0,

uc
i = 0 ⇒ V̇i � λ1Vi, i ∈ N − {0}. (6)

It indicates that agent 0 is the leader, which has the tar-
get point’s information, and can reach the target by itself,
other agents are named the followers.

Theorem 4 [13]
Let a multi-agent system (4) satisfy Assumption 1. Then

∀i ∈ N = {0, 1, 2, . . . , n}, such that lim
t→∞ xi(t) → ξ, there

exist cooperative laws uc
i where at most k arcs can be ac-

tivated simultaneously, where k < n is a given positive
integer.

Proof The design of uc
i contains two factors: the topo-

logy and the arc weights. Since km = n, m connection
topologies can be built as the following rule and switch
among them.

Rule of building the nth topology.
(i) Pick agents 0, (i − 1)k + 1, . . . , ik

(ii) Set arcs (0, (i − 1)k + 1) and (j, j + 1), ∀j =
(i − 1)k + 1, . . . , ik − 1. �

Each topology can be seen a chain structure, i.e., each
following agent has a unique neighbor. Agent 0 is involved
in each topology and has no neighbor.

Finally, the multi-agent system can be considered as a
switched system where each unstable mode corresponds to
one of the topologies.

3. Practical example: an aircraft team

To verify the effectiveness of the proposed stabilizing
method, we simulate a team of aircraft including three
agents as a multiple system, as shown in Fig. 1.

Fig. 1 Aircraft team

Therefore, it is desirable that the pitch of these three
aircrafts reaches a certain amount and remains the same.
The state space equations of pitch rates under suitable con-
trollers are shown as follows [15]:

ẇ1 = −a1(w1 − w∗)

ẇi = ai(wi − w∗) + bi(w1 − wi)︸ ︷︷ ︸
uc

i

, i = 2, 3 (7)

where w∗ indicates the target pitch rate, a1, a2, a3, b2 and
b3 are positive coefficients.

Equation (7) indicates that the first aircraft is the leader
and has the information necessary to reach w∗, while the
two other aircraft will follow the leader and in the event
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of a disconnection with the leader, the aircraft 2 and air-
craft 3 will not be able to reach w∗ and will go towards
instability. It should be noted that it is assumed that the
aircraft cannot simultaneously transfer information to both
aircraft. Moreover, aircraft 2 and aircraft 3 are not able to
transmit information to one another, and they can only ob-
tain information from the leader.

In this case, two topologies are used, so that a topology
establishes the connection between agent 1 and agent 2,
and the other topology establishes the connection between
agent 1 and agent 3. The topologies will be shown as fol-
lows.

Topology 1 :

⎧⎨
⎩

ẇ1 = −a1(w1 − w∗)
ẇ2 = a2(w2 − w∗) + b2(w1 − w2)
ẇ3 = a3(w3 − w∗)

Topology 2 :

⎧⎨
⎩

ẇ1 = −a1(w1 − w∗)
ẇ2 = a2(w2 − w∗)
ẇi = a3(w3 − w∗) + b3(w1 − w3)

(8)

In the first topology, uc
3 is kept zero, while in the second

topology, uc
2 is kept zero. Consequently, by replacing con-

stant values and considering the topologies as the subsys-
tems of switching, we will have the following equations.

Topology 1 : ẇ(t) =

⎡
⎣−5 0 0

10 −9 0
0 0 1

⎤
⎦w(t) +

⎡
⎣ 0.5
−0.1
−0.1

⎤
⎦

Topology 2 : ẇ(t) =

⎡
⎣−5 0 0

0 1 0
10 0 −9

⎤
⎦w(t) +

⎡
⎣ 0.5
−0.1
−0.1

⎤
⎦

(9)

Define Ω i = (wi − w∗)2. The time derivatives under
topology 1 and topology 2 are obtained as follows.

Ω̇1 = 2(w1 − w∗)w1 =

2(w1 − w∗)[−a1(w1 − w∗)] =

−2a1(w1 − w∗)2 = −2a1Ω1 (10)

Ω̇2 = 2(w2 − w∗)ẇ2 =

2(w2 − w∗)[a2(w2 − w∗) + b2(w1 − w2)] =

2a2(w2 − w∗)2 + 2b2(w2 − w∗)(w1 − w2)︸ ︷︷ ︸
2b2(w2−w∗)(w1−w∗+w∗−w2)

(11)

According to the Young inequality 2ab � a2 + b2, we
have

2b2(w2 − w∗)(w1 − w∗) �
b2(w2 − w∗)2 + b2(w1 − w∗)2.

Substituting the above equation into (11) results in

Ω̇2 � 2a2(w2 − w∗)2 − 2b2(w2 − w∗)2+

b2(w2 − w∗)2 + b2(w1 − w∗)2 �

(2a2 − b2)(w2 − w∗)2 + b2(w1 − w∗)2 �

(2a2 − b2)Ω2 + b2Ω1. (12)

Finally, the simpler form of the two topologies will be
in the form of (10) and (11) shown as follows.

Topology 1 :

⎧⎨
⎩

Ω̇1 = −2a1Ω1

Ω̇2 � (2a2 − b2)Ω2 + b2Ω1

Ω̇3 = 2a3Ω3

Topology 2 :

⎧⎨
⎩

Ω̇1 = −2a1Ω1

Ω̇2 = 2a2Ω2

Ω̇3 � (2a3 − b3)Ω3 + b3Ω1

(13)

In the first topology, we ensures that w1 and w2 tend to
w∗, but w3 may run far away. Moreover, the second topo-
logy guarantees that w1 and w3 reach w∗, while w2 may
escape. It should be noted that fixed values must be cho-
sen so that the two conditions 2a3 < b3 and 2a2 < b2 are
established. In [15], by obtaining a periodic switching rule
between these two topologies, the pitch rate of each of the
three aircraft has stabilized to a value of w∗. The switching
rule is shown as follows.

Topology 1 : ∀t ∈ [0.9k, 0.9k + 0.4]

Topology 2 : ∀t ∈ [0.9k + 0.4, 0.9k + 0.9]

The simulation results of the system are presented in
Fig. 2. In this simulation, we select b2 = b3 = 10, a1 = 5
and a2 = a3 = 1 as constant values and w∗ = 0.1 rad/s as
the target pitch rate and w1(0) = 0.3 rad/s, w2(0) = 0 and
w3(0) = −0.2 rad/s is considered as the initial condition
of states.

Fig. 2 Pitch rate of three aircraft with a periodic switch between
two topologies
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Now we can consider a multiple system as a switching
system, so that each of the topologies represent an unsta-
ble subsystem. As a result, the subsystems of the switch-
ing system are obtained by using the topologies (13) as
follows.

Topology 1 : A1 =

⎡
⎣−2a1 0 0

b2 (2a2 − b2) 0
0 0 2a3

⎤
⎦

Topology 2 : A2 =

⎡
⎣−2a1 0 0

0 2a2 0
b3 0 (2a3 − b3)

⎤
⎦
(14)

Using the values given in [15], b2 = b3 = 10, a1 =
5, a2 = a3 = 1 the subsystems are obtained as follows:

A1 =

⎡
⎣−10 0 0

10 −8 0
0 0 2

⎤
⎦ , A2 =

⎡
⎣−10 0 0

0 2 0
10 0 −8

⎤
⎦ .

(15)
Since both subsystems are lower triangular, the eigen-

values of the subsystems will be the same as that of the
main matrix, which in both matrices are equal to – 10, – 8,
and 2. As a result, both topologies are unstable.

By introducing a stable A3 subsystem and adding it to
other subsystems, a virtual switching system is formed. It
should be noted that there is no limit to the choice of a
stable subsystem, and we can consider each sustainability
matrix as a stable subsystem.

A3 =

⎡
⎣−10 0 0
−10 −8 0
0 0 −2

⎤
⎦ (16)

This subsystem with the eigenvalues of – 10, – 8, and – 2
is stable. The matrices Qi are considered as follows:

Q1 = Q2 = I2, Q3 = 105Q1. (17)

Then the switching table Ci
k is calculated.

Finally, by using the result of the switching table, a sta-
ble switching rule has been obtained for the switching sys-
tem. Given the initial state x0 = [1 1 1], the key sequence
and final cost of the switching system are obtained as fol-
lows:

I∗ = {1 2 1 2 1 2 1 · · ·}
T ∗ = {0.04 0.06 0.14 0.05 0.06 0.05 0.1 · · ·}

J∗
N = 0.037 2.

The switching system using the switching law obtained
from the switch table is shown in Fig. 3. It is observed
that Ωi = (wi −w∗)2 in three aircraft converges to the ori-
gin. Since Ωi = (wi − w∗)2 and w∗ = 0.1, we conclude
that the pitch rate of all three aircraft wi converges to the
optimum 0.1.

Fig. 3 Optimal path of the switching system for aircrafts

As shown in Fig. 3, the stable subsystem A3 does not
appear and only two unstable subsystems have been used to
stabilize the switching system. Consequently, using Theo-
rem 3, we can conclude that the original system {Ai}i∈S
has the potential for global asymptotic stability.

Now, in order to compare the performance of the opti-
mal control method in unstable switching systems using
the method presented in [15], again, the stable switch-
ing rule for the aircraft problem considering the simplified
form of the topologies, with the initial conditions is calcu-
lated (x0 = [0.3 0 − 0.2]). The state of the switch-
ing system with the optimal control strategy is shown in
Fig. 4. Comparing the results of Fig. 4 with Fig. 2, we con-
clude that the pitch rates of all three aircraft converge to
the final value within 1.5 s in the periodic method obtained
in Fig. 2, while as shown in Fig. 4. the complete conver-
gence rate of all three pitch rates is obtained within 0.6 s.
As a result, the proposed method has a better performance
compared to the method presented in [15].

Fig. 4 States of all aircraft by using optimal control method between
two unstable topologies
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4. Conclusions

We apply the optimal control of switched systems with all
unstable modes for an aircraft team problem as a class of
multi-agent systems. This method is successfully applied
to the problem with an optimal switching law. According
to the reduced time for stability, the transmitted informa-
tion between the aircraft is reduced and it is important in
practical situations. Future works can consider a system-
atic criterion to determine the weighting matrix associated
to the virtual stable dynamics.
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Birkhäuser, 2003.

[3] BRANICKY M S. Multiple Lyapunov functions and other
analysis tools for switched and hybrid systems. IEEE Trans.
on Automatic Control, 1998, 43(4): 475 – 482.

[4] HESPANHA J P, MORSE A S. Stability of switched systems
with average dwell-time. Proc. of the 38th IEEE Conference
on Decision and Control, 1999: 2655 – 2660.

[5] MORSE A S. Supervisory control of families of linear set-
point controllers-part I: exact matching. IEEE Trans. on Au-
tomatic Control, 1996, 41(10): 1413 – 1431.

[6] YE H, MICHEL A N, HOU L. Stability theory for hybrid dy-
namical systems. IEEE Trans. on Automatic Control, 1998,
43(4): 461 – 474.

[7] HUANG S, XIANG Z. Finite-time stabilisation of a class
of switched nonlinear systems with state constraints. Interna-
tional Journal of Control, 2018, 91(6): 1300 – 1313.

[8] LI S, GUO J, XIANG Z. Global stabilization of a class of
switched nonlinear systems under sampled-data control. IEEE
Trans. on Systems, Man, and Cybernetics: Systems, 2018,
2381 – 2385.

[9] LI S, GUO J, XIANG Z. Sampled-data adaptive prescribed
performance control of a class of nonlinear systems. Neuro-
computing, 2018, 283: 282 – 292.

[10] LIAN J, LI C, XIA B. Sampled-data control of switched linear
systems with application to an F-18 aircraft. IEEE Trans. on
Industrial Electronics, 2017, 64(2): 1332 – 1340.

[11] MAO J, GUO J, XIANG Z. Sampled-data control of a class
of uncertain switched nonlinear systems in nonstrict-feedback
form. International Journal of Robust and Nonlinear Control,
2018, 28(3): 918 – 939.

[12] XIE G, WANG L. Periodic stabilizability of switched linear
control systems. Automatica, 2009, 45(9): 2141 – 2148.

[13] YANG H, JIANG B, COCQUEMPOT V. Stabilization of
switched nonlinear systems with unstable modes. Berlin:
Springer International Publishing, 2014.

[14] YANG H, JIANG B, COCQUEMPOT V. A survey of results
and perspectives on stabilization of switched nonlinear sys-
tems with unstable modes. Nonlinear Analysis: Hybrid Sys-
tems, 2014, 13(10 – 11): 45 – 60.

[15] YANG H, YANG B, ZHAO Z L, et al. Stabilization of switched
nonlinear systems with all unstable modes: application to
multi-agent systems. IEEE Trans. on Automatic Control, 2011,
56(9): 2230 – 2235.

[16] OLFATI-SABER R, MURRAY R M. Consensus problems in
networks of agents with switching topology and time-delays.
IEEE Trans. on Automatic Control, 2004, 49(9): 1520 – 1533.

[17] SHI G, HONG Y. Global target aggregation and state agree-
ment of nonlinear multi-agent systems with switching topolo-

gies. Automatica, 2009, 45(5): 1165 – 1175.
[18] ZHAO J, HILL D J, LIU T. Synchronization of complex dy-

namical networks with switching topology: a switched system
point of view. Automatica, 2009, 45(11): 2502 – 2511.

[19] BEMPORAD A, GIUA A, SEATZU C. Synthesis of state-
feedback optimal controllers for continuous-time switched lin-
ear systems. Proc. of the 41st IEEE Conference on Decision
and Control, 2002: 3182 – 3187.

[20] CORONA D. Optimal control of linear affine hybrid automata.
Cagliari, Italy: University of Cagliari, 2005.

[21] CORONA D, GIUA A, SEATZU C. Stabilization of switched
systems via optimal control. Nonlinear Analysis: Hybrid Sys-
tems, 2014, 11(1): 1 – 10.

[22] GIUA A, SEATZU C, VAN DER MEE C. Optimal control of
autonomous linear systems switched with a pre-assigned finite
sequence. Proc. of the International Symposium on Intelligent
Control, 2001: 144 – 149.

[23] DING X C. Real-time optimal control of autonomous switched
systems. Atlanta, USA: Georgia Institute of Technology, 2009.

[24] KHALIL H K. Nonlinear systems. New Jewsey: Prentice Hall,
2002.

Biographies

TAVAKOLIFAR Dariush was born in 1975. He
received his B.S. degree in electronics engineering
from Razi University, Kermanshah, Iran, in 2000
and M.S. degree in control engineering from South
Tehran Branch, Islamic Azad University (IAU),
Tehran, in 2004. He is currently a Ph.D. candidate
in control engineering in the Department of Electri-
cal and Computer Engineering, Tehran Science and

Research Branch, IAU, Tehran, Iran. Currently, he is an instructor in
the Department of Engineering, Islamic Azad University. His current
research interests include switched systems, multi-agent systems, large
scale systems, and model reduction.
E-mail: dtavakolifar@gmail.com

KHALOOZADEH Hamid was born in 1965. He
received his B.S. degree in control engineering from
Sharif University of Technology, Tehran, Iran, in
1990, M.S. degree in control engineering from K.
N. Toosi University of Technology, Tehran, in 1993,
and Ph.D. degree in control engineering from Tar-
biat Modarres University, Tehran, in 1998. Cur-
rently, he is a professor in the Department of Sys-

tems and Control, Faculty of Electrical Engineering, K. N. Toosi Univer-
sity of Technology. He is the director of the Industrial Control Center of
Excellence, K. N. Toosi University of Technology. His research interests
include stochastic estimation and control, system identification, optimal
control, and time series analysis.
E-mail: h khaloozadeh@kntu.ac.ir

AMJADIFARD Roya was born in 1968. She re-
ceived her B.S. degree in electrical engineering
from the Ferdowsi University of Mashhad, Mash-
had, Iran, in 1990, M.S. degree in control engineer-
ing, K. N. Toosi University of Technology, Tehran,
Iran, in 1995, and Ph.D. degree in control engi-
neering from Tarbiat Modares University, Tehran, in
2004. Her current research interests include singu-

larly perturbed systems control, robust control, fuzzy control, and neural
networks.
E-mail: amjadifard@khu.ac.ir



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 802.205]
>> setpagedevice


