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Abstract—Aiming at the problems of poor control effect
and poor stability of the mixed pulse system with the
traditional method, this paper introduces the M-matrix to
establish the pulse delay differential indefinite formula and
realize stability control of the mixed pulse system. The
synchronization problem of mixed-pulse systems in complex
networks is analyzed using M matrix. The local coupling
strength of the impulsive system is controlled according to
the adaptive method. A class of Multi-Lyapunov functions
is constructed for stability control of hybrid impulsive
systems. The proposed method is proved to have better
control effect through experiments.

Keywords—M-matrix, hybrid impulsive system, stability,
control method.

I. INTRODUCTION

ITH characteristics of fast response, good robustness and

anti-jamming ability, impulse control has been widely
used in the process of dynamic system control with parameter
random perturbation [1], [2]. Hybrid impulsive system is a
complex system consisting of discrete event system and
continuous variable system, as well as a hybrid system with
impulsive phenomena. Hybrid systems are widely used in
hybrid automata control, aircraft control, automatic train
control, flexible manufacturing system, networked control
system and other practical issues [3]. In real life, there are many
actual artificial or natural systems whose states change
continuously in certain time intervals, and for some reason, their
states will be suddenly changed at some time. Since the change
time is often very short, the sudden change or jump process can
be regarded as happening in a moment, so they are also called
impulsive phenomena. This phenomenon can not be described
by traditional continuous system or discrete system, so
impulsive systems have been proposed to describe such
dynamic control systems with impulsive phenomena. Impulsive

E-ISSN: 1998-4464

70

systems can maintain and change any interesting or variable
quantity in machine, mechanism or other equipment in the
desired way. An important application of impulse control in
control theory is chaotic system. Especially in the control of
memristor chaotic systems, impulse control theory has
important applications.

A stability control method for hybrid impulsive system based
on stochastic perturbation neural network was proposed [4]. By
studying the global exponential stability of a class of cellular
neural networks with time-varying delays and parameter
stochastic perturbations under impulse control, the global
exponential stability problem was solved. The stability theory
and discrete Halanay inequality technique were used to provide
sufficient conditions for the global exponential stability of
cellular neural networks with time-varying delays under hybrid
impulsive control with and without parameter perturbations.
Finally, numerical simulation were conducted to illustrate the
results. This method can obtain the stability control coefficient
of the pulse control system, and makes control process simpler,
but the control effect is not satisfactory due to external
interference. A stability control method for hybrid impulsive
system based on predictive control was proposed [5]. Firstly,
the hybrid impulse control was transformed into the system
stability issue by using the consistency theory. Then, the
predictive model was constructed, the sufficient conditions for
the hybrid impulse stability control were deduced by using the
impulse control protocol and Schur stability theorem, and the
stability control of the hybrid impulsive system was realized.
This method can effectively control the system, but the control
process is more complicated and the control time is longer. A
compatibility-based stability control method for hybrid
impulsive system was proposed, and an impulsive Hoo control
strategy was constructed for hybrid impulsive system with
external perturbations [6]. On the premise that the system had a
certain stability performance, impulse control was applied to
slow state variables to avoid the destruction of system
compatibility and to ensure that the impulse controlled system
had a certain Hoo performance. In order to reduce the
conservativeness of the results, a time-dependent Lyapunov
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function with singular impulses was constructed by using the
hybrid structure characteristics of closed-loop systems. The
stability control of hybrid impulsive system was realized by
combining convex combination technique and linear matrix
inequality (LMIs) method. This method is only applicable to the
closed-loop system, and the control effect object is relatively
single. Reference [7] presented a stability control method for
hybrid impulsive system based on CC-PT. Unlike traditional
pulse sequence (PT) control technology, CC-PT control
technology obtained two groups of high and low power control
pulses with the same frequency and duty cycle change by
comparing the sampling capacitive current with the preset high
and low reference current. Taking the Buck converter of CC-PT
control as an example, we described the working principle and
analyzed its control characteristics, finding that this method has
a shorter control time, but a less stable control effect.

In order to control the stability of hybrid impulsive system
quickly and accurately, a stability control method of hybrid
impulsive system based on M-matrix is proposed. An adaptive
method is used to analyze the synchronization problem of mixed
impulsive systems with Markov switching and adaptive local
coupling strength. The M-matrix method is used to convert the
system stability control problem into a mathematical problem.
The effectiveness of the method is verified by simulation
experiments.

Il. STABILITY CONTROL METHOD OF HYBRID IMPULSIVE
SYSTEM

The stability control flowchart is shown in Fig. 1.

Setting up a complete
probability space
L 4

Calculate
transfer rate

Get pulse gain

Building a state
observation model

[« |

v
| Calculate the current position

Replace
— 15 the node position the initial position observation
equilibrium

Output result

Fig. 1 Stability control process of hybrid pulse system

Analysis of Fig. 1 shows that, first, a complete probability
space needs to be set to calculate the transfer rate. Then, the
current pulse gain is obtained, and a state observation model is
built to calculate the current position. At this time, it needs to
judge whether the node position is the initial position, if yes, the
result is output, the observation is replaced with the balance
point anyway, and the node position is recalculated. Algorithm
is designed according to this flowchart.
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A. Synchronization analysis of network under hybrid pulse

This section focuses on the exponential mean square
synchronization of complex networks with impulse and Markov
switching. By using Lyapunov stability theory, impulse control
principle and M-matrix method, the synchronization standard of
the network is obtained. The specific process is as follows:

Supposing that {r(t),t>0} is a right continuous Markov
chain in complete probability space (€, F,P). It takes a value
in finite set S={1,2,---,k} and its state transition matrix is

(7)., » which satisfies:

= M)

P{r(t+A)=j|r(t)=i} {ifii)(;lj: j

Where A >0, 7z; >0 represents the rate of transition from
state i to state j, and there is:

i = __Z;”ij

By considering a class of stochastic complex networks
consisting of N nodes, whose state equation is described as:

ox (t):Lf (x (t),r(t))+c(r(t))gau (r(v)x, (t))dtJJrg(t,xl (). (t)dw(t))
3)

Where, r(t),t>0 is a continuous Markov process,

)

X (t)=[Xi1(T),"',Xin(t)]TER” is the state of node i ,

£(% (6, () = £ (£),7 (), %, (1), 1 ()]
continuous vector function, and the noise interference intensity
g(t.x (t)): RxR"xS —R™™ is a Borel measurable matrix

is a

function, w(t) is a m -dimensional Brownian motion,
r(r(t))=diag (yl,r(t)’”.’}/n,r(t)) is an internal coupling matrix,
and c(r(t)) is a coupling strength.
A(r(t))=(a;(r(t)))eR™™ s the external coupling
matrix, and its element a; (r(t)) is setas follow: if node i and
node i then
a;(r(t))=a;(r(t))>0, otherwise a;(r(t))=0, and its
diagonal element is set as:
aii(r(t))z—jiaij(r(t))z—jiaji(r(t))

For networks with impulsive interference and impulses only
occurring on some nodes [8], the equation of state can be
described as:

o (t):{fxi (t),r(t)+c(r(t))gaﬁ
+g(t.x (t),r(t))dw(t)

Where,

have information exchange,

(4)

(rO)F(r(©) 1)+ (t)Jdt

®)
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2 (% (t)-s(6)5(t—t)) ©)

b, is the pulse gain of node i attime t, and &(t) is the

Dirac Delta function. s(t) is a single isolated node, which is

described as:
ds(t)=f(s(t),r(t))dt+g(t,s(t),r(t))dw(t) ©)

For each subscript i, set t, satisfies 0<t) <t/ <---<t,
and when k — +0, t, — +0.

For all i and k, t, is rearranged to obtain a new sequence
[9], which is denoted as t, , so that t, <t <---<
formula (6) can be rewritten as follows:

00 (O} 3 (F O (08 |+ 003,70 w0

A% () =% (6 ) =% (t ) =bi (x (&) =s(t)) .t =t ke 2" i=12,-,

t. . Equivalent

dx; (t)

N

(8)
When t, =t; , b, =b,., otherwise b, =0 . For each t,_,

there is at least one t, corresponding to it.

The main objective of this section is to enable the network to
achieve exponential synchronization and to find sufficient
conditions for synchronization:

If the synchronization error
e (t)=x(t)-s(t)(i=12---,N), the error system can be
described as follows:

de, (t) :{f (&, (6).r(6)) +(r (1)) Xay (r(t

> 4, (F(O) ()8, ()0 ot (0.rO)awy
=e(t)-a(l)=

Ae(t,) by (e (t)-s(t)) .t =t keZ"i=12,N

9)

Where,
f & (0).r(1) = (% (0).r (1) = F (s(t).r (1), 9 (te (). r (1) =9 (tx (V).r (1) -9 (t.5(t).r (1))
(10)
Considering stochastic differential equations with Markov

switching, the equation of state is described as:

dx(t)=f(t,r(t),x(t))dt+g(t,r(t),x(t))dw(t) (11)
If there are two constants M, >0, 7 >0, there are:
E{l x(t)IP} <Mee™ (12)

If all the initial values x(0) e R" are valid, the system is said
to be exponentially stable [10].

For a pulse sequence ¢ ={t,,t,,--} , if there exists a positive
integer N, and a positive integer T, , such that:

_TT LN, <N (T, t)<—TT LN, VT 2t>0

a a

(13)

T, is the average pulse time of the pulse sequence ¢, and
N, is the total number of pulses in the center of the pulse
sequence on the interval (t,T).

Asynchronous pulses contain impulse interference, which has
adverse effects on network synchronization [11]. The
synchronization mechanism of complex networks with
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asynchronous pulses and Markov handover is given below.
The non—negative Lyapunov function is expressed as follow:

V(tr(t); ) Ze

For arbitrary pulsemterval [tk,tm],considering that r(t) is

)es (14)

a finite right continuous piecewise function in [t,,t,,,]. For the
sake of generality, it is assumed that there are I, jumps on
[t tea], ie t <t <--t. . Thisalso means that r(t) takes
the unique value on the interval te| t ..t ., |.

Let r(t) =0, then Lyapunov function can be rewritten as:

N
EPICLICRE

For each o, operator LV (t,a,e(t)) along the error system

V(toe(t))= (15)

can be calculated, and there are:
N

LV (toe(t) =a, e (0] fe 1
i=1

Considering that the coupling matrix A_ is symmetric, there
are:

).o|+c,aTe ()  (16)

e (H)Ae (1)< A (A )e (1)=0 17)
According to the above theorem conditions, it can be
concluded that:
N
Lv(t,a,e(t))s_%ze:(t)e,(t)s—pv(t,a,e(t)) (18)
i=1
Where,
q=maxg, p== (19)
le q

Let W (t,r(t),e(t))=e”V (t,r(t).e(t)), then:

LW (t,r(t),e(t))= pe™v(t,r(t),e(t))+e”LV (t,o.e(t))
(20)
Based on formula (19), we can see that:
EW (t,r(t),e(t))=EW [t t ]+ EjLw (t.,r(t).e(t))ds (21)

Thus,
EV (t,r(t),e(t))<EV(t.r(t).e(t))e ™™
On the other hand, the structure of V(t,r(t),e(t)) shows
that:

(22)

V(Lr(t).e(0) =S e (Ve ()<Y (Loe(t)  (3)
Where, 7
p:max{%(l+bik)2,i:LZ,'--,N,KeZ*} (24)

For any KeZ*, when te(t,,t,,), according to the
conditions in formula (22) and related theorems, there are:

EV (t,T(s).e(t)) < pEV (. r(t,).e(t,))e ™™ (25)
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Thus,

Ee’ (t)e, (1) < ZEV (t,0.e(t)) (26)
q
Synchronization pulse, also known as pulse control, can
promote network synchronization [12]. In order to obtain the
synchronization mechanism of the network under synchronous
pulses, assuming that network b,. =b,, t, =t, holds for all i,

that is to say, the gain of pulse is the same and the time of pulse
occurrence is the same. The synchronization mechanism of the
network under synchronous pulse can be expressed as follows.

Choosing Lyapunov function which is the same as theorem

3.1 and calculating operator LV (t,o,e(t)) and related

theorems, we have:

LV (t,a,e(t))gqaﬁl:ef (t)e, (t)

The above process mainly studies the synchronization of
stochastic complex networks with impulse and Markov
switching topologies. The network considered not only has
impulse and noise perturbations, but also has k different
topologies, which are switched randomly according to Markov
chains. Based on Lyapunov stability theory and M-matrix
method, synchronization criteria for such complex networks are
obtained.

(@7)

B. Construction of stability controller for hybrid impulsive
system

In the study of the stability of hybrid impulsive system, the
asymptotic stability is the focus. The asymptotic stability of
dynamic systems means that when the time tends to be infinite,
the trajectory of the system converges to the equilibrium point
of the system. However, in many practical problems, the state
trajectory of the system is often required to converge to the
equilibrium point of the system in a finite time. In this way, the
concept of finite-time stability is proposed, which requires that
the system to be not only asymptotically stable, but also
converge to the equilibrium point of the system in a finite time.
Obviously, the concept of finite-time stability overwhelms the
concept of asymptotic stability.

Suppose there is a hybrid dynamic system, where y is the

measurable output variable. Assuming that fik(x[k]) satisfies

the global Lipschitz condition, and taking the Lipschitz constant
as I,k=1,2,---,n, we have:

x(t;,):ij(t;rfl)+ Fju(t;r) (28)
If,
i=q(t")#q(t")=ji j=12--mk=12--n (29)

Where G; =diag{g,, 9, 9;,} is a diagonal matrix with

known  appropriate  dimensions, t" =t/ , and

i, j=12-mk=12-n.

Since the hybrid impulsive system consists of two parts, the
corresponding hybrid observer also consists of two parts,
namely, the position observer of the discrete event subsystem
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and the state observer of the continuous variable subsystem.

{q(weqoo(q(tk),w(tkﬂ)) (30)
¥o(ta) =0a(t)
% =%, +Lay (&)™ + fiy (Xy)
%, =% +La2(e)" + ,(%y)
(31)

% = X + L3y, <el>a,| + i (R[kl)

L= Iiﬂ’lLi
Where formula (29) represents a position observer and
formula (30) represents a state observer of the system. The

position set Q, € 2?2, the input set Zo =y of the position
observer and the output set of the position observer y,_Q, .
q (tk) represents the position estimation of the system at time t,
that is, the input of the position observer is basically the output
of the FSM, the output of the position observer is basically the
position estimation ¢(t, ) of the current position q(t,) of the
system, and X is the estimation of the state x, where L, is the
observation gain. The gain of the controller is a dynamic
variable, satisfying L(0)>1 and 4 >0, while e =x —X,, the
corresponding matrix is:

—a, 1 0
Q. - 32
a1 o (32)
-a 1 0

If the dynamic system of discrete event and its position
observer satisfy the following conditions;
(1) The intersection of the position set Q and the observer's

position set Q, is not empty;
(2) The intersection of each basic ring Q! and position set Q

is not empty;
(3) The intersection of the position set Q and the observer's

position set Q, is ¢, and it is invariant.

The position observer in the hybrid observer can determine
the current position of the system in a finite area, while the state
observer can only start working after the position observer
accurately determines the current position of the system.

Design of position observer: Since the initial position of the
FSM is uncertain, the current position of the system state is

estimated to be q(t,)=Q, that is, the position estimation
q(t,) contains all the positions of the FSM. When the first
output event y/(tl) of the FSM occurs, the observer receives
the first input event. According to §(t,) € ¢, (d(t,).w (t,)), the

current position estimation § ('[1) of the system state can be
obtained. According to the finite state automaton, the position
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of the a(ty) be
d(t,)=1{12,3,4,5} . If the first output event of the FSM is
w(t)=a , then q(t)={24} ; If w(t)=24 , then
a(t)={35} ; If w(t)=ux continues according to this

process, the current position of the system will be accurately
determined after a finite step, that is, q(tk) contains only one

initial  position is estimated to

position point q(t, ).

The design of state observer: according to the characteristics
of the hybrid observer, the state observer can only start to work
after the position observer accurately determines the current
position of the system.

It is assumed that the corresponding observation error system
can be obtained from the above process:

e(t;, ) =Gye(t; ) (33)
Where,
& =X — X fik = fi (x[k])_ fic ()?[k]) (34)

In the form of the above process, a hybrid dynamic observer
is designed. The detailed research process is given below.

According to the above lemma, we first set the
multi-Lyapunov function V,(&)=&R& and P, is positive
definite symmetric matrix. Obviously, if & is finite-time stable,
we can conclude that & is also finite-time stable. Through the
relevant theorems in prior knowledge, we can see that:
X — Xk' ﬁk

fik (X[k])_ fik (X[k])

Where, P*" represents the element r of P inrow k.

From the above discussion, the following conclusions can be
drawn:

(1) The discrete event subsystem is observable;

(2) Before the position observer determines the current
position of the system, the control u=0 and U0 =0 are added
o( Ax+F, (x))

T

k,r

V.

(e)=¢2PR (35)

to the hybrid system, and the Jacobian matrix p
X

of the system becomes the Hurwit matrix.

(3) After the position observer determines the current
position of the system.

A number of researches on guaranteeing finite-time stability
of hybrid impulsive system have been conducted, but there is a
lack of researches on hybrid impulsive system, especially the
finite-time observer of hybrid impulsive system. This section
designs a class of impulsive hybrid observers for hybrid
impulsive system. The designed observer is a finite-time
observer, which can realize the stability control of hybrid
impulsive system based on M-matrix.

1.
In order to prove the validity of the stability control method

EXPERIMENTAL SIMULATION

Volume 16, 2022

for hybrid impulsive system based on M-matrix, simulation
experiments are carried out using a PC with Intel Core
i7-6700HQ processor, 16GB memory, 1TB disk and Windows
10 operating system. The proposed method, the stability control
method of hybrid impulsive system based on stochastic
perturbation neural network, the stability control method of
hybrid impulsive system based on predictive control, the
stability control method of hybrid impulsive system based on
compatibility and the stability control method of hybrid
impulsive system based on CC-PT are comparatively analyzed
in terms of control performance.

A. Control time under different methods

The control time (min) of different control methods are
comparatively analyzed, and the comparison results are shown
in Fig.

w
s &

——Paper method

Stochastic disturbance control
—— Predictive control method
——Compatibility method
——CC-PT method

N
S o

Control time / (min)

=
[é;]

055152530 35
Number of experiments / (times)
Fig. 2 Control time of different stability control methods
From Fig. 2, it can be seen that the control time of the

proposed method is longer in the initial stage, begins to show a
downward trend with the increase of the number of experiments,
and then tends to be stable. The control time of the four methods
for hybrid impulse system are ranked from short to long as the
method based on stochastic perturbation neural network,
predictive control method, compatibility control method and
CC-PT control method, but all of them require significantly
longer control time than the proposed method. The
experimental data show that the proposed method can
effectively reduce the control time and improve the efficiency of
the whole system.

B. Comparison of system stability control errors

The proposed method, the stability control method of hybrid
impulsive system based on stochastic perturbation neural
network proposed in [4], the stability control method of hybrid
impulsive system based on predictive control proposed in [5],
the stability control method of hybrid impulsive system based
on compatibility proposed in [6], and the stability control
method of hybrid impulsive system based on CC-PT proposed
in [7] are comparatively analyzed in terms of the control error,
as shown in Table I.

Table. | Comparison results of control errors for different control methods

Sample size /

Control error / (%)
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(unit) Proposed The method in The method in The method in .
method [4] [5] [6] The method in [7]

1000 1.25 0.97 1.20 1.36 1.58

2000 1.21 1.11 1.35 1.47 1.79

3000 1.19 1.35 1.44 1.59 2.05

4000 1.02 141 1.58 1.68 2.84

5000 0.87 1.52 1.67 1.77 3.22
A"eragz)e”or / 1.108 1.272 1.448 1.574 2.296

By analyzing the experimental data in Table I, when the
number of samples is 1000, the control error of the method in
[4] is 0.97%, that of the method in [5] is 1.20%, that of the
method in [6] is 1.36%, that of the method in [7] is 1.58%, and
the that of the proposed method is 1.25%. When the number of
samples is 2000, the control error of the method in [4] is 1.11%,
which of the method in [5] is 1.35%, which of the method in [6]
is 1.47%, that of the method in [7] is 1.79%, and that of the
proposed method is 1.21%. When the number of samples is
5000, the control error of the method in [4] is 1.52%, which of
the method in [5] is 1.67%, which of the method in [6] is 1.77%,
that of the method in [7] is 3.22%, and that of the proposed
method is 0.87%. The control error of the proposed method is
the lowest among the five methods, and the stability control
method in [4] is second only to the proposed method. The
control error of the other three methods is high, so they cannot
meet the requirements of output stability control of hybrid pulse
system. The experimental results show that the proposed
method can effectively ensure the stable operation of the hybrid
pulse system.

A. Comparison of system control stability

In order to verify the effectiveness of the proposed method,
the control stability of four different methods are comparatively
analyzed, and the results are shown in Fig. 3.

Method of this article
0200300400500600 002090100110 2001300140015001600

120
mm Reference [5] Method

1 Reference [6] Method
100+

801

60-

o

4 4

o

201

o

— Reference [4] Method
ample data

Fig. 3 Control stability of different methods
Fig. 3 shows that the stability of the control system under
different sample numbers. Taking the sample data equal to 500
as an example, the stability of the method in [4] is 78%, which
of the method in [5] is 81%, that of the method in [6] is 76%,
and that of the method in this paper is 89%. The stability of the
method in this paper is the highest. Taking the sample data equal
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to 1000 as an example, the stability of the method in [4] is 75%,
which of the method in [5] is 73%, that of the method in [6] is
67%, and that of the method in this paper is 94%. The stability
of the method in this paper is the highest. From the analysis of
the overall results, the proposed method always has the highest
stability.

IVV. CONCLUSIONS

In recent years, great achievements have been made in the
study of the stability of impulsive systems. Synchronization, as
an important research direction of complex networks connected
with impulsive systems, has attracted the attention of many
scholars, and relevant research results have been widely applied
in many fields, such as biology, computer, economy and so on.
Based on the traditional methods, the stability control of hybrid
impulsive systems connected to complex networks is
systematically studied in this paper, and the main results are
summarized as follows:

(1) A complex network model with switching topology
connected to impulsive systems is considered, and the global
exponential synchronization of such networks is studied. The
topological structure of this kind of network is changing with
time. Compared with the previous complex network model with
fixed topological structure, it is more general and more
practical. By using Lyapunov stability theory and impulse
control principle, some criteria for synchronization of such
switched complex networks are obtained. These criteria depend
on the network topology, pulse gain and delay. In addition, a
new impulsive delay differential inequality is proposed, which
is very effective in estimating the state of impulsive unstable
networks.

(2) Hybrid dynamic system theory involves discrete events
and continuous variables. The research on hybrid dynamic
system is one of the hot topics in the current control field. The
proposed method mainly focuses on a class of impulsive hybrid
dynamic systems. The main work includes: 1) Impulsive hybrid
controller is designed for hybrid impulsive system by using
Back stepping method; 2) A hybrid high gain observer is
designed for hybrid impulsive system, so it becomes a finite
time observer; 3) For a class of hybrid impulsive system, a
hybrid feedback controller based on hybrid observer is
designed.

After decades of development, the research on hybrid
impulse systems has achieved a lot of results, and new theories
and methods have been increasingly emerging. However, due to
the complexity of the hybrid impulse system and the lack of
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analysis tools, many valuable problems need to be solved. The
specific issues are as follows:

(1) In this paper, the switching phenomenon and pulse
phenomenon are considered to be time triggered, that is, the
switching time and pulse time are assumed to be given. If the
pulse time and switching time are related to the system state,
they need to be designed in the process of stability analysis.
How to design pulse time series or switching time series to
ensure the correlation stability of the system is worthy of further
research.

(2) In this paper, the systems we consider are special forms of
random hybrid systems. For general random hybrid systems,
because the existing theory is not perfect, this direction is also
worthy of in-depth research, such as hybrid systems with time
delay and general random hybrid systems.

In short, the research and application of the theory of mixed
pulse systems are still in its infancy, and many meaningful
problems need to be solved. It is believed that through the
continuous efforts of non-mathematicians, the mixed pulse
system will become a complete scientific system.
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