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ABSTRACT. The model of multi-rate networked control systems with both short time delay
and packet dropout is set up. It is stated that multi-rate NCS with both short time delay
and packet dropout can be modeled as a switched stochastic system. And multi-rate NCS
with both short time delay and packet dropout can be modeled as a switched system when
the actuator is time driven and the state noise is not considered. Moreover, corresponding
state feedback controllers are proposed to guarantee the stability of multi-rate networked
control systems with both short time delay and packet dropout. An example is given in
the end to verify the theoretical results of this paper.

Keywords: Multi-rate networked control systems, Modeling, Short time delay, Packet
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1. Introduction. Feedback control systems wherein the control loops are closed through
a real-time network are called networked control systems (NCSs). Networked control ar-
chitecture has many advantages over a traditional point-to-point design including low
cost of installation, ease of maintenance, lower cost and greater flexibility. For these rea-
sons the networked control architecture is already used in many applications, particularly
where weight and volume are of consideration. NCS received more and more attention
and has been a very hot research topic, see [1-13,34], to name a few.

From the point of network control methodology, it can be divided into eight kinds
approximately. The first one is the approach of augmented deterministic discrete-time
model methodology [14]. The second one is queuing methodology [15,16]. The third one
is optimal stochastic control methodology [2]. The fourth one is perturbation methodology
[17,18]. The fifth one is switched system methodology [21,22,33]. The sixth one is robust
control methodology [19,23,24]. The seventh one is fuzzy logic modulation methodology
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[25]. The eighth one is event-based methodology [26]. Besides these approaches above,
jumped system and adaptive control, etc., are often used to investigate NCS, see [5-9] for
details.

The research achievements of NCS are almost all under the following assumption: the
sampling rate of each node in NCS is the same. This brings more convenience for the
theoretical research of NCS; however, the sampling rate of each node is not identical or
different from each other in practical application. On the one hand, the nodes in NCS
are in distribution, and it could not use a single sampling rate to control many different
physical processes. On the other hand it is impossible to use the same sampling frequency
to control all the actuators in a large area [5]. And then, the sensor has a lower sampling
frequency that can effectively reduce the network flow in the network environment, and
the controller or the actuator has a higher sampling frequency that will improve the system
performance [29]. So multi-rate sampling is a natural selection and inevitable requirement
in NCS; multi-rate sampling research of NCS has important theoretical significance and
application value.

For multi-rate NCS, there are some works reported. Model of multi-rate NCS is set up
when sensor, controller and actuator are all time driven, and the stability of the system and
the interference suppression characteristics is analyzed in [27]. [28] is a simple expansion
to [27]. Globe exponential stability of multi-rate NCS is analyzed when controller and
actuator are all event driven in [29], and the exponential stability of multi-rate NCS is
analyzed in three cases of perfect transmission, delayed transmission and time-varying
transmission. The stability of multi-rate NCS is analyzed based on the model set up in
[30], and a V-K iteration algorithm is used to get the stabilizing controller of multi-rate
NCS. The modeling of multi-rate NCS with long time delay is presented in [20]. The
analysis and modeling of multi-rate NCS with short time delay is presented in [32].

In multi-rate NCS, time delay and packet dropout are two most important issues and
they often exist simultaneously. The complex fieldbus control systems applied in modern
industry can be looked as multi-rate NCS with both time delay and packet dropout.
Published literature shows that many questions about the multi-rate NCS should be
investigated, and even the modeling of multi-rate NCS with both time delay and packet
drop is still open. This motivates us to investigate this study. The main contributions of
this paper include:

(1) The model of multi-rate networked control systems with both short time delay and
packet dropout is proposed;

(2) Corresponding state feedback controller is proposed to guarantee the stability of
multi-rate NCS with both short time delay and packet dropout.

The paper is organized into 6 sections including the introduction. Section 2 presents
problem formulations and main assumptions. Section 3 presents the modeling of multi-
rate NCS with both short time delay and packet dropout. State feedback controllers of
multi-rate NCS with both short time delay and packet dropout are proposed in Section
4. There is an example to illustrate the results in Section 5. Section 6 summarized this

paper.

2. Problem Statement and Preliminaries. It is assumed that the controlled process
is linear time-invariant system, which can be expressed as

t(t) = A%(t) + Bu(t) + E°v(t) !
(1) = Ca(t W

where z(t) € R", u(t) € R™, v(t) € R" and A¢, B¢, E¢ are matrices of appropriate sizes,
v(t) is interference input. The sampling period of the sensor is noted as T}, the sampling
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periods of controller and actuator are the same and noted as T,.. T, = Ts;/N and N is a
positive integer not less than 2. That is to say, the controller and actuator have a higher
sampling period than the sensor.

For the convenience of the later formulation, four concepts can be introduced firstly.

Definition 2.1. [32] The sampling periods of the sensor, the controller and the actua-
tor in networked control systems are not the same, that is to say there are more than
one sampling rate in networked control systems. Then such NCS is called multi-rate
networked control systems.

Definition 2.2. [32] The sampling periods of the sensor, the controller and the actuator
1n networked control systems are the same, that is to say there is only one sampling rate
in networked control systems. Then such NCS is called single-rate networked control
systems.

Definition 2.3. [4] If network induced delay distributes in the interval [0 o] and o < T,
then such network-induced delay is called short time delay.

Definition 2.4. [4] If network induced delay distributes in the interval [0 o] and o > T,
then such network-induced delay is called long time delay.

Remark 2.1. By the definition of multi-rate networked control systems, the most complex
case is that there are three sampling rates in multi-rate NCS, that is to say any two
sampling periods of the sensor, the controller and the actuator are not the same each
other. For the convenience of formulation, we consider the sampling rates of controller
and actuator are the same in this paper, that is to say there are only two sampling rates
in multi-rate NCS in this paper.

In NCS, the sensor is almost always clock driven; the controller or the actuator is either
clock driven or event driven. The clock of the sensor is the clock of NCS. There are four
cases according to driving modes of nodes in NCS. These four cases are as Table 1 [4].

TABLE 1. The driving modes of nodes in NCS

Sensor

controller

actuator

Case 1

Clock driving

Clock driving

Clock driving

Case 2

Clock driving

Event driving

Clock driving

Case 3

Clock driving

Clock driving

Event driving

Case 4

Clock driving

Event driving

Event driving

For convenience of investigation, we make the following rational assumptions.

A1: The network-induced delay is short time delay. The network-induced delay at time
step k is denoted by 7%, 7% = 7& + 7% is bounded by ¢ < T.

A2: The clock difference of different nodes in NCS is not considered.

A3: The disorder of the data packets is not considered, which means the most recent
data can be used in the node.

A4: The maximum number of consecutive dropped data packets is bounded, by positive

integer D.

3. Modeling of Multi-rate NCS with Both Short Time Delay and Packet
Dropout. We first consider the simplified case when the packets are dropped period-
ically, with the period T),. Note that T,, is integer multiple of the sampling period T,
i.e., T,, = mT;. In the case of m = T,,/Ts; > 2, the first (m — 1) packets are drops. We
present the model of multi-rate NCS in 4 cases.
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(1) Case 1. For these first (m — 1) steps, the previous control signal is used; it is
assumed that the data packet drop begins from w(kT,,), and that is to say u(kT,, — T)
will be used in the following (m — 1) steps. Therefore, one can obtain

z[kT,, + (m — 1)T}]
kTm+(m—1)Ts
— eAc(m_l)Tst‘(kTm) + / eAC[kTm—l—(m—l)Ts—s}Bcdsu(kTm . Ts)
KTom

kT +(m—1)Ts

+ / GAC [kTm+(m71)Tsfs]Ec,U(8)dS
kT,

Ts

(m-DTs (m—1) .
=AM DT (1T, ) + / e B¢dsu(kT,, — T}) +/ e Eu(s)ds
0 0

(m—l)Ts
=) 4 [ O BT, ~ ) 2
0

(m—1)Ts
+ / e T Bey(s)ds
0

m—2 m—2
=A™ 1w (kTy) + > A'Biu(kT, — T,) + Y A'Ev(kT,, + iTy)
i=0 1=0

m—1 m—2
— A" (KT + Z Bu(kT,, — T,) + Z A'Ev(kT,, + iT,)

i=1 i=0
where A = 45, By = TS e MBdn, By, = A’gilBl, 1<k<m-1.
Remark 3.1. Iteration method is used to get the value of x[kT,, + (m — 1)T}] in [28],

and the result of (2) is similar to that of [28]. Equality (2) is an accurate result of
z[k T+ (m—1)Ty], while result in [28] is just an approzimated result of x[kT,,+(m—1)Tj].

During the interval ¢ € [kT,, + (m — 1)Ts, (k + 1)T,,), the new packet is transmitted
successfully with some delay, say 7 = h(Ts/N), where h = 0,1,2,..., N. It is assumed

that v(kT,,) = v(kTy, + Ts) = - - - = v(kT,, + (m — 1)Ty), then
N
o[(k+ 1)) = Az[kT, + (m — DT+ Y Bu(kT, — T.)
i=N—h+1
N—h
+ 3 Bu(kTy + (m — 1)T,) + Ev(kTy, + (m — 1)T)
=1
(3)
= A" ( (ZAleL Z B) (kT —T)
i=N—h+1
N—h m—1
+ > Bau(kTp + (m — 1)T,) + Y A'Bu(kT,)
i=1 =0

Note that x(kT,, +mTs) equals x((k+1)T,,), and z(kT,, + (m—1)Ts) = x((k+1)T —Ts).
It is assumed that the controller uses just the time-invariant linear feedback control law,
u(t) = Kxz(t). Then, we may substitute the u(-) to obtain

m—2 m—2

o((k+1)T, — T,) = A" '2(kT,) + Y A'BiKa(kT,, — T.) + Y A'EV(KT,)  (4)
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and

z[(k +1)T,,] = A"x(kT,,) + (’"Zl A'B; + i BZ-> Kz(kT,, — Ty)

v - e )
+ Z BKx((k+1)T,, — T.) + Y _ A'Ev(kT,,)
=0

Substitute (4) into (5), then

z[(k + 1T, (Am+ > BEKA™ 1) x(kT,,)
+ (ZAZBl+ Z B; + ZBKZAZ&) Kz(kT,, —T,) (6)
i=N—h+1
+ (Z Al 4 Z BK Z Ai> Ev(kT,,)
i=0 i=1 i=0
If we let 2[k] = [ ﬂlf{&: )Ts) ] and v(k) = v(kT,,), then the above equations can be
written as
HE+1] = B ayil[4] + B (k) 7

where

m—2

- ] T = Z ABK, =A™,

P = { My T

My = (ZAleL Z B; +ZBKZAZBI> K,

t=N—h+1
m—2
N=h > AE
H22 = A" + Z BiKAmila Em = m—1 lﬁo—h m=2
— Y AE+ Y BK Y, AE
=0 i=1 =0

In this case, m =T,,/Ts; > 2, and h =0,1,2,..., N.
For the case of m = 1, namely no packet dropout, the following dynamic equation is
derived

[k + 1] = &4 py2lk] + Eyv(k) (8)
where
0 I
’ Z B; A+ Z B,K E
—h+1 1=

For the case of aperiodic packet dropouts, from [28] one knows the NCS along with a
typical aperiodic delay and packet dropout can be seen as a dynamic system switching
among the dynamics with different periodic delay and packet dropout pattern ®,, ;) for
m=1,2,...,Dand h =0,1,2,..., N. This observation leads to modeling the multi-rate
NCS with both short time delay and packet dropout in this case as a switching system
namely as

ilk + 1] = B ilk] + Envlk] 9)
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where
([ 0 [
Z BK A+ ZBK , m=1
Pinny = L i=N—ht1 ;
Hn Iy
> 2
C | [y ITo ] ’ e
T
g], m=1
r m—2
E,, = { S AR
m—1 ZEth m—2 ’ m > 2
YA+ > BK > A
\ L =0 i=1 i=0

where q)(m,h) € {@(1’0), (I)(l,l); ceey (I)(I,N); @(2’0), ceey (I)(D,O); cey (I)(D,N)}-

(2) Case 2. As the actuator is still time driven; the character of the network-induced
delay is the same as that of Case 1. The model of multi-rate NCS with packet drop and
short time delay is the same as Case 1.

(3) Case 3. For these first (m — 1) steps, the previous control signal is used; it is
assumed that the data packet drop begins from w(kT,,), and that is to say u(kT,, — Ts)
will be used in the following (m — 1) steps. From the case 1 part in this section we know

m—2 m—2

o[kT + (m— )T = A" a(kT,) + Y A'Biu(kT, — T,) + Y A'Bu(kT,, +1T,) (10)

During the period ¢ € [kT,, + (m — 1)T}, (k + 1)T},), the new packet is transmitted
successfully with some delay, say k, where h =0,1,2,..., N. Then

z[(k + 1)T,,] = Az (KT, + (m — 1)Ty) + /TS e Bedsu(kT,, — T)

Ts—7k
+ / e Bedsu(k T, + (m — 1)T,) + Ev(kTyn + (m — 1)T5)
0

m—1 (11)
i=1
m—1
+ Do(TF)u(k Ty + (m — D)T) + Y A'Ev(kT,, +iT))
=0
where (T fo ° AcsBcdS Ty (r ITS L e s Beds.
Note that z(kTyn+mTy) equals x((k+1)T ) and z(kT,+(m—1)Ts) = z((k+1)T,,,—T5).
Let assume that v(kT,,) = v(kT,,+Ts) = - - - = v(kT,;,+ (m—1)T}), and that the controller

uses just the time-invariant linear feedback control law, u(t) = Kxz(t). Then, we may
substitute the u(-) to obtain

m—2 m—2

o((k+ )Ty — T,) = A" '2(kT,) + Y A'BiKa(kT,, — T,) + Y A'Ev(kT,)  (12)
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and

m—1

z[(k 4+ )T, = A (kT,,) + (Z A'B, + rl(Tk)) Kz(kT,, — Ty)

=1

. (13)
+To(T")Ka((k + V)T — T,) + > A'Ev(kT,,)
i=0
Substitute z((k + 1)T,, — T5) into (13), then
z[(k +1)Ty] = (A™ 4+ Ty (r") KA™ ") 2(kT,,)
m—1 m—2
i=1 i=0
m—1 m—2
+ (Z AT+ To(TMK ) AZ’) Ev(kT,,)
i=0 1=0
Further, ['; (%) and [y(7%) can be distributed as
Fl(Tk) == Fl + Arl(Tk), Fo(Tk) = FO + AF()(Tk) (15)

where I'; and Iy are the deterministic parts of the matrices I'y (7%) and I'y(7%) separately,
while AT (7%) and ATy(7*) are the uncertain parts.
Moreover, AT (%) and ATy(7*) always can be written as

[AT(7%)  ALo(7%)] = DF(T")[ Q] (16)

F (%) satisfies F(7%)F(7%) < I, while D, Q; and ©Q, are constant matrices with appro-
priate dimensions. The calculation method and expressions of these matrices can refer to
[32].
z(kT,,)
If we let 2[k] = | «(kT,, —Ts) | and v(k) = v(kT,,), then the above equations can
Kx(kT,, — Ts)

be written as

y(k) = Cz(k)
where
B m—1 m—2 T
A™ + FoKAmfl Z AZBlK + I K T\K Z AZBl
=1 =0
m—2
(I)(m) = Am—L Z AiBlK 0 ,
=0
m—2
K Am-! 0 S AB,
B =0 _

m—2
AFU(Tk)KAm_I Arl(Tk)K AFU(Tk)K Z AZBl
1=0

0 0 0 ’
0 0 0

A7) =
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m—1 m—2 T

S AE+ToK Y. A'E _

=0, =0 ATo(T)K Y A'E
E(m) = Z A'E , AE(ka) = 0 =0 ,

2;0_2 . 0
K'Y AE
L 1=0 .

C=[C 0 0]

In this case, m = T,,/Ts > 2, and h=10,1,2,..., N.
For the case of m = 1, namely no packet dropout, the following dynamic equation is
derived

{ z[k + 1]A: (@(1) + A@(l’.,-k)) z[k] + (E(1) + AE(LTk-)) v(k) (18)
y(k) = Cz(k)
where
A+TyK TI'h'K 0 E
@(1) = I 0 01, E(lﬂ.k) = 0 ,
K 0 0 0
APO(Tk)K Arl(Tk)K 0
A(D(I,Tk) — 0 0 0 y AEl,Tk - 0
0 0 0

For the case of aperiodic packet dropouts, from [27] one knows the NCS along with a
typical aperiodic delay and packet dropout can be seen as a dynamic system switching
among the dynamics with different periodic delay and packet dropout pattern @, ).
This observation leads to modeling the multi-rate NCS with packet drop and short time
delay in this case as a switching system namely as

{ [k + 1]A: ((I)(m) + A(D(mﬂ-k)) k] + (E(m) + AE(mﬂ_k—)) v(k) (19)
y(k) = Cz(k)
where
([ A+ I'nk Th'K 0
I 0 0, m=1
i K 0 0
B m—1 m—2 T
b A™ 4 FOKAm_l Z AiBlK + 1K T\K Z AiBl
(m) = i=1 i=0 )
m—2
Aml Z AiBlK 0 , m>2
i=0
m—2
KA™ ! 0 K Z AiBl
\ L =0 h
([ E
0 |, m=1
0
M m—1 . m—2 7
A'E+To\K Z A'FE
E(m) = 9 i=0 ) i=0 )
S AE , m > 2
i=0
m—2
K Z A'E
\ L i=0 i
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([ Aro(Tk)K AFl(Tk)K 0
0 0 01, m=1
i 0 0 0
Ay k) = [ k -1 k Wy g ;
’ AF()(T )KAm AFI(T )K AF()(T )K Z AZBl
=0 >
0 0 0 , M 22
L L 0 0 0
[ATy (%) ATo(7")] = DF(7%)[Q1 Q] and F(r*)F (%) < I,
(0, m =
m—2
AT (TP K A'E A
AE(m’Tk) — % 0( ) Zz:% m > 2 y C — [0 C]
0 ) -
0

\

(4) Case 4. As the actuator is still event driving, the character of network-induced
delay is the same as that in Case 3. Therefore, the model of multi-rate NCS is the same
as that in Case 3.

Remark 3.2. From the models of multi-rate NCS with both short time delay and packet
dropout at the J cases, we know multi-rate NCS with both short time delay and packet
dropout can be modeled as a switched stochastic system. And multi-rate NCS with both
short time delay and packet dropout can be modeled as a switched system when the actuator
s time driven and the state noise is not considered.

4. State Feedback Control of Multi-rate NCS. Assume the states of multi-rate NCS
all above are completely measurable. Moreover, following state feedback is introduced:

u(k) = Kz (k) (20)
To analyze the stability of the system expediently, following lemma is introduced.

Lemma 4.1. W, M, N, F are matrices with suitable dimensions, satisfying FTF < I,
and W is symmetric matriz, then W + MFN + NTFTMT < 0 is equivalent to W +
eMMT + e 'NTN < 0, where the scalar € > 0.

Theorem 4.1. For all allowable uncertainties in system (19), given symmetric positive
definite matrices S1, So and Ss, if there exists gain matriz K, as well as constants e,y > 0,
letting the LMIs satisfy

el 0 —Ql 0
x S'—eDDT  —® ~F
W W lso0, m=1 (21)
% * S—-CTC 0
* * * ul
el 0 —Qy —Q
x S7! 6Dl§T —q)(m) —E(m)
N >0, m=23,...,D (22)
* * S—-CTC 0
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then it is called that system (19) is asymptotically stable with Hy, norm bound 7y, where
D m—2

D = 0|, = [Q2K K 0]; S = diag(Sl,SQ,Sg), Q3 = (LK Z AZE; Qy =
0 i=0

m—2
QWKA™ L O K QK Y A'B|; others refer to Equation (19).
i=0

Proof: Consider the following Lyapunov function,
V(k) = 2"(k)Sz(k)

S is a symmetric positive definite matrix because S;, Sy and S3 are symmetric positive
definite matrices.
(1) If m = 1, along arbitrary trajectory of system (19), one can have

AV = ViE+ 1) = V() = | ) a0 o) 29
((13(1) -f—A(I)(I Tk))TS((I) + AP (1,rk ) S ((I) + AP (1,rk )TSE(I)
where II = ’ T
* (B + AEq )" SEq
Plusing yT (k)y(k) — v*vT (k)v(k) at two ends of equality (23), we have
T k ,
AV 57 () =0 (900) = | 2ol | 0 o] 2
,_ [T IT, , T
where [I' = N E(QI)SE(I) 2T I} = (<I>(1) + Aq)(l,ﬂc)) S (@(1) + A@(er)) - S+

CTC. 1y = @} SEy,
Consider following inequality
"< 0 (25)

1) If v(k) = 0, based on equality (24), we have AV (k) < 0;
2) In zero initial case, we know V' (0) = 0. And it can be obtained that V(co) > 0.
Therefore,

Y [AVR) +y (R)y(k) = 70" (k)o(k)]

k=

o

=V(o0) =V (0) + > [y" (k)y(k) — v*v" (k)v(k)] <0
Moreover,
> W (kyy(k) — ¥ (k)u(k)] < =V(0) <0 (26)

Therefore, Zy (k)y(k) < Zv "(k)o(k). Namely, [[y(k)|l> < vllv(k)]l2-

From 1) and 2), it knows that system (19) is asymptotically stable with H., norm
bound 7.
Using Schur complement theory, inequality (25) is equivalent to

ST —(®a) + AP x)) —Ep)

% S—CTC 0 >0 (27)
* * 72[
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Inequality (27) can be written as

St —dn  —Eg D 01" Jo D1
S—-CcT™C 0 —lo|F®)y|Qr | —|QF [F'(t)| 0 | >0 (28)
* I 0 0 0 0
Based on Lemma 4.1, inequality (28) is equivalent to
57 —%n  —Ey pl11H1" 017 01"
+ S-CTC 0 |-¢|0 0| =] Q|| Q| >0 (29
0 0 0 0

* * VI

By applying the Schur complement to LMI (29) again and assuming p = 2, inequality
above is equivalent to (21).

(2) Homoplastically, if m > 2, inequality (22) can also be obtained. Therefore, this
completes the proof.

Remark 4.1. The state-feedback control of multi-rate NCS with no network-induced delay
with both short time delay and packet dropout have been discussed. Moreover, inequalities
(21) and (22) belong to linear matriz inequalities, so LMI-Toolbox can be used to help
solve the problems.

5. Example. Now, we give an example to verify the theory results of this paper. This
example is the case of multi-rate NCS with both short time delay and packet dropout.
Consider the continuous-time integrator with disturbances as follows

O P U RS I RO R 0
ylt) = { 2001 00102 ] =(t)

Assume that the sampling period of sensor is 0.1ms. The controller is time driving, and
the actuator is event driving. The controller reads the receiving buffer every 0.05ms, that
is to say T, = 0.05ms, Ts; = 0.1ms, N = T,/T, = 2, the maximum number of successively
dropped packets D = 3 and random short time delay 7% € [0, T}].

Then we have

owen [ 101 T seipe, [ 1.0125
A=e _{0.02 0.86 |» P1= ) ¢ Bd= o875 |

0
Ts k k\2
_ (" e by e, _ [ 0.0011 [ 2—207% +5(0.1 - 7%)
b= /0 ‘ Bd, = { 0.0104 | o) =1 qork 5000 - 4 |
k

Iy (r) = 0.05 + 2077 — 5(0.1 — 7%)2
71 —0.05 +107F + 5(0.1 — 7%)2 |

Here select,

Obviously, FT(t)F(t) < I.
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Therefore,

—20 20 —207%F +5(0.1 — 7F)?2
th = { —10 } (L= { 10 ] » Alo(r) = { —107% — 5%0.1 —rk;2 !

[ 207F —5(0.1 — )2
Al = { 107% +5(0.1 — 1) |-

Substitute these parameters into (24) and let

3X1018 0 1X1014 0 "
Sl_[ 0 0.02X1018}’ 52_[ 0 1X1019}’ S3=5x10"°.

By researching the feasibility of the solution to LMIs (23) and (24), then we have
v = VTTATT % 10° = 2.7835 x 10%, K = [~0.0104 — 7.0295 x 107).

Consider the initial state of system: z(0) = [ ;

v(t):{O.E) 55 < k < 66

] , and noise:

0 others

The system is stable based on the state response curve shown as Figure 1 and control
signal curve shown as Figure 2.

0 10 20 30 40 50 60 70 80 90 100
Time (ms)

FIGURE 1. The state response curve of multi-rate NCS with packet drop
and short time delay

Obviously, state feedback control strategies introduced in this paper can guarantee the
stabilities of multi-rate NCS with both short time delay and packet dropout. When the
approaches proposed by [29] are used, the state response curves of closed-loop multi-rate
NCS with both short time delay and packet dropout are shown in Figure 3 and the closed
loop system is unstable. The effectiveness and advantage of the method in this work are
sufficiently illustrated.

6. Conclusions. The model of multi-rate networked control systems with both short
time delay and packet dropout is set up. It is stated that the multi-rate networked control
systems can be formulated as a discrete-time switched stochastic system. Especially
the multi-rate networked control systems can be formulated as a discrete-time switched
system when the actuator is clock driven and the state noise is not considered. Moreover,
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FiGURE 2. The control signal curve of multi-rate NCS with packet drop
and short time delay
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FIGURE 3. The state response curves of multi-rate NCS by the method in [29]

corresponding state feedback controllers are proposed to guarantee the stabilities of multi-
rate NCS with both short time delay and packet dropout, while the modeling and stability
analysis of multi-rate NCS with both packet drop and long time delay is very challenging
work and will be studied in detail in the future.
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