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Intelligent Scheduling Control of Networked Control Systems with

Networked-induced Delay and Packet Dropout
Hongbo Li, Zengqi Sun*, Badong Chen, Huaping Liu, and Fuchun Sun

Abstract: Networked control systems (NCSs) have gained increasing attention in recent years
due to their advantages and potential applications. The network Quality-of-Service (QoS) in
NCSs always fluctuates due to changes of the traffic load and available network resources. To
handle the network QoS variations problem, this paper presents an intelligent scheduling control
method for NCSs, where the sampling period and the control parameters are simultaneously
scheduled to compensate the effect of QoS variation on NCSs performance. For NCSs with
network-induced delays and packet dropouts, a discrete-time switch model is proposed. By
defining a sampling-period-dependent Lyapunov function and a common quadratic Lyapunov
function, the stability conditions are derived for NCSs in terms of linear matrix inequalities
(LMlIs). Based on the obtained stability conditions, the corresponding controller design problem
is solved and the performance optimization problem is also investigated. Simulation results are
given to demonstrate the effectiveness of the proposed approaches.
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1. INTRODUCTION

Networked control systems (NCSs) are spatially
distributed control systems with control loops closed
via communication networks. Using NCSs has many
advantages over the traditional control systems, such
as reduced system wiring, simple installation,
increased system flexibility, and the great benefits
from sharing of the resources. Therefore, NCSs have
been finding many application areas such as DC
motors [1,2], robots [3], vehicles [4], car suspension
system [5], ball maglev system [6,7], etc. However,
the use of a shared network, in contrast to using
dedicated wiring, raises new challenging problems for
the analysis and design of NCSs such as network-
induced delay and packet dropout. As a result,
conventional control theories with assumptions such
as non-delayed signals and no lost of information,
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must be re-evaluated before applying to NCSs.
Recently, NCSs have attracted much attention from
research communities. Issues such as network-induced
delay [1-3,6,7], packet dropout [2,3,6,7], network
constraints [8,9], scheduling [10,11], and the signal
quantization [12,13], have been investigated with
results reported in the literature. In general, these
results can be classified into two main approaches.
One approach is to design the NCSs without
considering the presence of the network, and then
study the network protocol or scheduling strategy to
guarantee certain qualitative properties that the
network should possesses [14]. The other approach is
to take the network effects into account explicitly and
study control methodologies to accommodate the
unpredictable nature of network information transmis-
sion [1-31.

Network-induced delays and packet dropouts are
two major causes for the NCSs performance
deterioration and potential NCSs instability. In the
literature, some important control methodologies,
such as stochastic optimal control [6], robust control
[7], predictive control [1], and state feedback control
[15], have been proposed to address the problems of
network-induced delays or packet dropouts. For more
details on this topic, please refer to [1,6,7,15] and the
reference therein. It is noticed that most of the existing
control methodologies for NCSs adopt the constant
control parameters and sampling period regardless of
network Quality-of-Services (QoS) variations. In
practical circumstances, the network QoS always
fluctuates due to changes of the traffic load and
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available network resources. NCSs are functionally
related system and their performance depends not
only on the control algorithm but also on the network
QoS. Therefore, despite the progress made in NCSs
controller design, it has become evident that advanced
control methodologies with QoS variation compensa-
tion are required.

Unfortunately, there has only been a limited amount
of research on control methodologies with the QoS
variation compensation taking into account. [11]
proposed gain scheduling controller for NCSs, where
the control parameters are adjusted on-line based on
network QoS variations. [10] optimized the control
parameters for gain scheduling controller to improve
the NCSs performance. It is noticed that those works
focused primarily on controller design while the NCSs
stability analysis problem have not been addresses.
Therefore, the stability analysis for NCSs with
scheduled control parameters still remains as an open
research area. Moreover, it is well known that both
control parameters and sampling period are closely
related to the NCSs performance. Therefore, it seems
more suitable for us to construct an controller with the
sampling period and control parameters simultane-
ously scheduled to further improve the NCSs perfor-
mance.

Motivated by the above observations, we focus on
investigating the intelligent scheduling control for
NCSs in this paper, where the control parameters and
sampling period are simultaneously adjusted on-line
according to network QoS variations to improve the
control performance of NCSs. For a class of NCSs
with network-induced delays and packet losses, this
paper proposes a discrete-time switch model to
describe the closed-loop system. The proposed NCSs
model describes the NCS as a switch system and
enables us to apply the theory from switch systems to
study NCSs in the discrete-time domain. In the
framework of the given model, the stability conditions
are derived for NCSs in terms of linear matrix
inequalities (LMIs). Based on the obtained stability
conditions, the corresponding controller design
problem is solved and the performance optimization
problem is also investigated.

This paper is organized as follows. The problem
statement and some definitions are formulated in
Section 2. The structure of intelligent scheduling
controller is presented in Section 3. The stabilization
problem of NCSs is solved in Section 4 and the
performance optimization problem is investigated in
Section 5. Numerical examples are provided in
Section 6 and conclusions are given in Section 7.

Notation: Throughout this paper, R” and R”"”
denote the n dimensional Euclidean space and the set
of all nxm real matrices respectively. |||| refers to

the Euclidean norm for vectors and induced 2-norm

for matrices. The superscript “’” denotes matrix
transposition; and for symmetric matrices X and ¥, the
notation X >Y means that X-Y is positive
definite. I is the identity matrices with appropriate

dimensions, and the notation Z* stands for the set of
nonnegative integers. Finally, in symmetric block
matrices, we use “#*" as an ellipsis for the terms
introduced by symmetry.

2. PROBLEM STATEMENT

The NCS considered in this paper is depicted in Fig.
1, where the sensor and the controller are connected
by communication networks. The dynamics of the
controlled plant is given by

{ %(t) = Ax(t) + Bu(t)
y(t) = Cx(t),

where x(f) e R” denotes the plant state; y(r) e R?

(M

represents the output of the plant; u(f)e R™ means

the control input of the plant. 4, B, C are matrices
with appropriate dimensions.

In the considered NCSs, the sensor is time-driven.
At each sampling period, the output of the plant and
its timestamp (i.e., the time the plant output is
sampled) are encapsulated into a packet and sent to
the controller via the network. The timestamp will
ensure the controller compute the network-induced
delay for the sensor packets, and correspondingly
select the right one to compute the control signal. It is
noticed that, to obtain better NCSs performance, the
sampling period may be adjusted on-line according to
some mechanism.

In practice, the data packets in NCSs usually suffer
network-induced delay and packet dropout during the
network transmissions. The network-induced delay
here means the sensor-to-controller delay and it may
be longer than the sampling period 4. It will be shown
that, for the k-th packet from the sensor, if it
encounters a delay smaller than 4, it will be used to
compute the control signal at time instant (k+1)A.

Otherwise, at time instant (k+1)h, the proposed

controller will use the predicted control signal to
control plant in such a way to compensate long time
delay and packet dropout. Note that for the packets
from the sensor, only the sensor packets with delay

y(k)

Controller| Actuator | Plant —» Sensor

Network =

Fig. 1. The structure of NCSs.
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smaller than / are used by the proposed controller.
Therefore, the packets with delay longer than 4 can be
considered as dropped packet for the NCS under
investigation. Based the above observations, we
introduce the following definition to capture the
nature of packet dropouts in NCSs.

Definition 1: The packet from the sensor is called
effective packet if its encountered delay is shorter than
the sampling period A Let S&{i,i,}c
{0,1,2,--} denote the sequence of time index of the

effective packets, then the packet dropout process is
defined as

{n(lm) = im+l - im° im < S}9 (2)

which means that, from i, to i,.,, the number of

dropped packets is n(i,,)—1. Especially, when two
consecutive sensor packets are effective sensor
packets, we have n(i,)=1, which means no packet

is dropped because (i, )—1=0. For the sake of
analysis, we define Navop émaximes {nG,,)} . Then
we can conclude that n(i,) takes values in a finite
set Q2{1,2,, Ny}

Let =,

i, express the network-induced delay

encountered by the i, th effective packet. Without
loss of generality, in this paper, we assume 1 the

lower bound of 17, , is smaller than 4 . By

min »

considering the definition of effective packet, we have
1, €U 21y, k). Obviously, with the effective

packets in NCSs, there exists a sequence of pairs
(i), 7;, ) - Therefore, the time delay and packet

dropout information can be embodied as
(G, 7, b iineS, 1 el nG,)eQl ()

The objective of this paper is to construct an
intelligent scheduling controller for the NCSs under
investigation, where the control parameters and
sampling period are simultaneously adjusted on-line
according to network QoS variations.

3. INTELLIGENT SCHEDULING
CONTROLLER STRUCTURE

This section will present the structure of the
intelligent scheduling controlier. The basic idea of
constructing the intelligent scheduling controller is as
follows. The network QoS of NCSs is divided into
different levels first. Then, for different network QoS
levels, we design different sampling period and
control parameters. Finally, the intelligent scheduling

.

y(k)

— Actuator Plant Sensor
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Regulator [« m%ni tor

Network

¢
k4
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: controlle;g

K ~Intelligent
Scheduling Controller

Fig. 2. The controller structure.

controller will schedule the sampling period and
control parameters on-line for NCSs based on the
network QoS variation. As shown in Fig. 2, the
inteltigent scheduling controller can be divided into
three parts: 1) the QoS monitor; 2) the switching
controller; and 3) the regulator. Each component is
described in the following sections.

3.1. Network QoS partition and QoS monitor design

There are different ways to define the QoS for
sensor-to-controller network. In this paper, one of the
most popular QoS measures is used and defined as
follows.

Tyery denotes the point-to-point network-

induced delay in sensor-to-controller network; it
is used to indicate how long a packet is expected
to be delivered from the sensor to the controller.

Let the upper and lower bounds of T, in NCSs

be 7™ and T™", then the universe of discourse
of mnetwork QoS can be described as

QO &{[T™" T™™]}. Divide Q into N different subsets
denoted as O; 2{[7 getay (1) Faetay (D1} > where i is a

piecewise constant function called a switching signal
taking values in a finite set S2{,2,-,N}, 7 gejay ()

and T delay(z') are the upper and lower bounds of (.

The partitioning of Q satisfies
Quou-uldy =0 “)

Thus far, we have divided the universe of discourse
of network QoS into N different levels. Corresponding
to each QoS level @, Tyee Is varying in

deterministic intervals defined by the switch {i},i.e.,
Telay €17 detay(D: j’de]ay(i)]. Moreover, similar to the

discussion in Definition 1, we define the maximum
consecutive  packet  dropout in O as

N, émp 2 max i, es (i, ). Then one can infer that, for

each network QoS level (;, n(i,) takes valuesina
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finite set €, é{1,2,"‘,N<§rop} .

In the proposed intelligent scheduling controller,
the function of the QoS monitor unit is to determine
which level the current network QoS belongs to. In
the NCSs, each sensor packet is marked with the time
when the plant output is sampled (i.e., the timestamp).
Therefore, under the condition that the sensor and the
controller are synchronized, the QoS monitor unit can
easily calculate the network-induced delay for the
arriving sensor packet by simply comparing the
timestamp of the sensor packet with the clock of the
controller node. With the detected delay information,
the QoS monitor can determine which level the
current network QoS belongs to. The information on
the current network QoS level is then utilized by the
switching controller to schedule the sampling period
and control parameters.

3.2. The switching controller design

In the switching controller, there exists a special
sampling period #; for each network QoS level (;,
where €S . Denote the m -th sampling period
relative to initial time as 4, , where ieS and the
value of i is determined by the network QoS condition
at the m-th sampling period. To simplify writing, we
denote the sum of the first £ sampling periods as

k
hes D by Let O(hy) denote the network QoS
m=}

condition at time instant 3 ,, . (k) denote the

network-induced delay encountered by the i-th packet
from the sensor. Noting that only effective packets are
used by the controller, we can assume that ¢, =0 if

a packet is dropped or encounters delay larger than the
current sampling period. Then the switching controller
is designed as
Switching rule i : If Q(z ;) is O;, then
Local controller rules :
Rulel:If f,, €[ty /), then
Xhp+h)=Fx(h)+Gulhy)
-Kiy(hp)-Cx(hp)l  (5)
ulhp+h)=—Lx(hi+h)
Rule 2:If ¢, = 400, then
X(hpth)=Fx(hp)+Gu(hy)
ulh+h)=-Lix (py+h),

where ieS, F, and G; are given as
F=e", G =['earB. )

The switching controller is time-driven. At each

sampling period, the switching controller compute the
control signal for the plant and then send it to the
actuator. Immediately after receiving the control
signal, the actuator will use the arriving control signal
to control the plant.

Discretize the continuous-time plant (1) at the
sampling instants as

Switching rule i : If O(j ;) is ©;, then
X(hy+h) = Fx(h ) + Gulhy) (7
V(hp+h)=Cx(hy + ),
where ieS, C is of form (1), F; and G, are of
form (6).
Let  e(hp) =x(hp)—%(ny)  and
2(7,) = [x(h O e } into (7) and (5), then we

have

introduce

Switching rule i : If O(3 ;) is O;, then
Rule1:If 7, €[ Tpn h;), then
— F = GL; G;L;
Z(hk+hi):|: 0 F+K.C
Rule 2: If ¢, = +o, then
fi Gl G 12(;7 0

1

}Z(Ek) ®)

Z(l’?k-"hi):{

It is notice that the sensor packets during the two
effective packets are not used to compute the control

signal. It means that, for i, +1<k<i, -1, we
have 7, (k)=+c. Based on this observation, it is
obvious that (8) can be represented as

Switching rule 7 : If Q(Eim) is Q;, then

2(ry o0 = Miz(h 1) ©)
! 2|
= H22 Z(h im +1)9
1
where

I = (F; - G;L;)",
N2 = (F, + K,C)F ),
" (i) -n-1 n
II;" = Z [(F;’_Gil'i)n " G:L; F; }
n=0

For simplicity of notation, we rewrite (9) into the
following discrete-time switch system:

2(h; )= Mo )20 ) (10)

where M, ; , are matrices upon the switch r(i,),
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which takes values in S . For each possible value of
r(i,,) =i, we have M,; y=M;, where M; is of
form (9).

Moreover, for i, +1</<i,,+1, the dynamics of
NCSs can be expressed as

Z(}_Zl)zﬂr(im)z(yjmﬂ)a (1)

where Mr(im) are matrices upon the switch r(i,)

and of following form

1

_|E=GL) T 12
i~ I=ip-1

o leiy2 '

with 1= ) [(F,.—GiLZ.)"’m‘”‘zG.L.F”}.

it
n=0

3.3. The regulator design
Based on the controller design approach introduced
in the following two sections, #, L; and K, can

be designed for each QoS level Q;, where ieS.
Correspondingly, a table with respect to Q;, 4, L
and K; can be formed. Then, lookup table technique

can be used in the regulator to schedule the sampling
period and control parameters on-line according to the
network QoS condition information provided by QoS
monitor.

4. STABILIZATION OF NCS

4.1. Stability analysis of NCSs

This section will analyze the stability property of
NCSs, where the stability analysis problem can be
stated as follows.

Problem 1 (Stability analysis): Given a plant (1)
and a networked controller (5), check whether the
closed-loop NCS (10) is asymptotically stable over

networks with given parameters Démp ,where ieS.
In the following theorem and corollary, sufficient
stability conditions are derived for NCS (10) via both

sampling-period-dependent Lyapunov function and
common quadratic Lyapunov function.

Theorem 1: Let ¢; be a given set of network QoS
levels, and let 4;, L;, K; be the given parameters for

the intelligent scheduling controller, where ieS. The
NCS (10) over networks with given parameters

Dfimp is asymptotically stable, if for 7,7 €S, there

exist positive definite matrices P, € R*™?" P e

R*2"  satisfying

M;"PM, - P, <O, (13)
where M, is of form (9) with n(i, ) e€;.
Proof: For the closed-loop NCS (10), let a

sampling-period-dependent ~ Lyapunov  function
candidate be:
Vi, =2 Gy )P 2, ) (14)

where B, are matrices upon the switching r(i,,)
in NCSs model (10) and r(i,,) takesvaluesin S.
Let i2r(i,) and j=r(,. ), then we have
Vi, =2 Gy B2y, ) and Vg )=
zT(El- +1)Ml-ij_’/-M,-z(i{l.m)r]). From the conditions
(13), one can easily show that
AV:V(Eim+1+1)_V(EZ'm+l)

B _ (15)
=2 (j i, DM TPjMi ~Hlzh;, ) <0,

where Z(Eimﬂ) = 0.

First, let us prove that the closed-loop NCS (10} is
stable if the conditions (13) hold. That is, given any
£€>0, we can find a 6&(¢)>0 such that

=0

this purpose, introduce o) £max{max g |M,

|<8(e) implies ”2(171)”«3 for [eZ"'. For
13,

. o3 Emaxg|h| and o« £

A
0, = Max; g ’

M

min, g {1/ Pfln}. From the definition of Lyapunov

_ 2 _
function, we can get a4HZ(him+1) SV(/’limH)S

2
. In NCS (10), three cases arise and are

O3 ”Z(Eimﬂ)
discussed as follows.

Case 1: 0</<i +1, where j is the time index
of the first effective packet. Let the NCS initial states

be x(0), ¥(0) and z(O):[x(O)T e(O)Tf.Then the

dynamics of the NCS in this case is given by
z(h ) = M 0(0)- Given any €>0, if et

“2(0)“<min{l/a2,1}8, then we have HZ(EI)HS
|82l O] < | 37 0| min 1/ 3, e < &
Case 2:

z(}_ulﬂ) =M, 0)z(0). From previous discussions and

I=i,+1. In this case, we have

(15), we can conclude that V(l_ll)<V(f7i1+1)S

“<aafMuo TP wna (e <

a(h)
V1704V (5)). Therefore, for any given €>0, letting
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|20)]| < oy (ozed)e  will  lead to EE
Jos/ag [y [|20)] < y(@Pas) g Jz(O)] <.

Case 3: i, +1</<i,,;+1. Given any £>0, if
let [2(0)] <oy Aasa?03)e, then from (11) we can
get l2Giol= [ Guz(, | < o |2, ) <

(@) oy ||z(0) < & .

Based on the above analysis, if we let

o =min {min{l/a2,l},\/a4 /((x3a12),\/a4 /(a3a12a%)},
then we can conclude that ||z(0)||<as implies

|z(p|<e for 1eZ”.

We now prove that lim,_,, “z(;,)”:o for NCS

(10). From (15), we can get lim(;jl.m+l)—>oo Vihi,+)

=0, which implies lim@i e z(h; .)=0. On

the other hand, noting that ”Z(EI)HZH Mr(l.m)z(ﬁim)“

<oy “z(}_,im)“ for i, +1<l<i, +1, we can get

lim;_, ||z(;7,)|’=0 for /+#i,+1. Summarizing the

above two cases leads to the conclusion that
lim; o, [2(7,)|=0 for NCS (10), where /e Z*.

According to the definition of asymptotically stable,
we can complete the proof. 0

Via common quadratic Lyapunov function, a
simpler condition that checks whether the NCS (10) is
asymptotically stable can be obtained as follows.

Corollary 1: Let Q; be a given set of network

QoS levels, and let 4, L

parameters for the intelligent scheduling controller,
where ieS. The NCS (10) over networks with given

K; be the given

i

parameters Démp is asymptotically stable, if for

ieS, there exists a common positive definite matrix
PeR*™2" satistying

M;"PM; - P <0, (16)

where M; is of form (9) with n(i,,) € Q;.

Proof: It directly follows from Theorem 1. O

Apparently, Theorem 1 is based on the sampling-
period-dependent Lyapunov function, while Corollary
1 is obtained via the common quadratic Lyapunov
function. Thus, the stability conditions of Theorem 1
are less conservative than Corollary 1. However,
Corollary 1 provides a simpler way to check whether
the NCS (10) is asymptotically stable. Note that the
conditions of Theorem 1 and Corollary 1 are all LMTs,

which can be readily checked by using standard
numerical software such as the LMI toolbox in
MATLAB.

4.2. Stabilization of NCS

The previous section presents the stability condi-
tions for NCSs. An immediate question is whether the
obtained stability conditions can be further extended
to cope with the controller design problem, which is
stated as follows.

Problem 2 (The controller design): Give a given
set of network QoS levels (; and a plant in the form

of (1), where ieS, design 4, L, K; for the
intelligent scheduling controller such that the closed-
loop NCS (10) over networks with given parameters
Démp is asymptotically stable.

Note that it is not easily to calculate #;, L, and
K; directly from the conditions of Theorem 1 (or

Corollary 1) by convex optimization techniques. The
main difficulty lies in the fact that, the selection of the
best sampling period for NCSs is a compromise due to
the interaction of networks [16], and the conditions of
Theorem 1 (or Corollary 1) are nonlinear matrix

inequalities (NMI) due to (F; - G,L;) .
vent the synthesis problem, we propose a three-step
design procedure for the concerned NCSs, which
enables us to design #;, L, and K; one by one.

To circum-

4.2.1 The sampling period selection

As discussed in [16], the NCSs performance chart
versus the sampling period can be derived as Fig. 3.
Point A comes as no surprise since NCSs are a type of
digital control system. As sampling period gets
smaller, the traffic load in the network becomes
heavier. Correspondingly, more packets are dropped
and longer network-induced delays result. This
situation causes the existence of Point B in NCSs. As
a result, there exists a sampling period range

(hg, hy) for the NCSs. When the sampling period is

Out of control

Unacceptable
Performance

Acceptable
Performance

Better «— Performance —» Worse

Smaller <+—— Sampling period — Larger

Fig. 3. The NCSs performance vs.
period.

the sampling
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within (hg, h,), the control performance of NCSs is
acceptable.
Based on the above discussions, one can infer that,

to guarantee the control performance of NCSs, #

should be selected within the sampling period range
(hil, hg). Therefore, the 4; design problem is casted

into the hil and hfg computing problem, which is
addressed as follows.

¢ The computing of hil
Let wy, denote the control system bandwidth,

which is defined as the maximum frequency at which
the output of a system will track an input sinusoid in a
satisfactory manner. Alternatively, the control system
bandwidth is the frequency of input at witch the
output is attenuated to a factor of 0.797 times the
input (or down 3 dB) [17]. In order to guarantee the
control performance, the “rule of thumb” for selecting
sampling period in digital control is that the desired
sampling multiple is [17]

WS

20 <

<40, (17)

Wo

where w, is the sampling frequency (or sampling
rate) in digital control.

Then, by considering (17) and by considering the
effect of network-induced delay, the sampling period

of Point A for Q;,1i.e., hil , can be computed by
i _
Y=

1
—7 i), 18

where fdelay(i) is the upper bound of network-
induced delay in Q;, as discussed in Section 3.
¢ The computing of hfg

As discussed in [16], hé can be computed by

. T!
By = it

- , 19
0.696 (19)

where T,ﬁ, denotes the total transmission time of all

cyclic messages in the network. In a more concrete
sense, let # be the number of devices in the network,
and define the transmission time of each message as

J —y2n 7J
T , then we have T, =X:" ; T for strobe connec-

tion network, and have T, = 25.";11) T for poll con-

nection network. For more details on this topic, please
refer to [16].

For network with other connection type or with
Ty, being unavailable, an estimation of T}, is given
by

T = 0:5(F delay (D) + T ety () ~ Tamin» (20)

where 1 1s the lower bound of network-induced

min
delay in NCS, as discussed in Section 2; T delay(D)

and fdelay(i) are the lower and upper bounds of

network-induced delay in (;, as discussed in

Section 3.
Thus far, we have provided the method to compute

the 4, and hj for NCSs. Based on the presented
method, we can obtain the sampling period range
(hg, 1) for NCSs, where ieS. Then we can select
the sampling period #; within the sampling period

range (hy, H)).

4.2.2 The feedback gain matrix design
With % designed from the first stage, this section

will address the feedback gain matrix design problem.
Note that a matrix is called schur stable if all its
eigenvalues are placed in the unit circle. Then the
necessary conditions under which the intelligent
scheduling controller will stabilize the NCSs (10) are
established as follows.

Theorem 2: For a set of given parameter Démp , if

for ieS, the conditions of Theorem 1 or Corollary 1
are satisfied (i.e., there exist positive definite matrices

P eR* %" 50 such that (13) hold, or there exists a
common positive definite matrix PeR>™?*" >0
such that (16) holds), then the matrices (F; - G,-Ll-)j
are schur stable, where jeQ;.

Proof: This can be proved by contradiction.
Assume that one eigenvalue of (F;— G,-Ll-)j is
outside the unit circle, where ;< Q,. By considering
(9), the characteristic polynomial for M; can be
given by

11 12

‘MJ": 2 X ng -

0 II; 0

Since ‘M j‘ is a block triangular matrix, its

determinant can be written as
oy 12 _p2
’Mj‘—’zl Hj“zl nJ’

- ‘21 —(F; - G,L;)")

zl = (F; + K ,C)F )1,
(22)

By considering the assumption that one eigenvalue
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of (F; —GiL,-)j is outside the umit circle, one can
conclude that there do not exist positive definite
matrices P, € R*™%" >0 such that (13) hold, or there
does not exist a common positive definite matrix
PeR* 2" 50 such that (16) holds. That contradicts
with the conditions of this theorem. Therefore, the
matrices (F; —G;L;)’ must be schur stable. O

Theorem 2 enlightens us to design L; by

guaranteeing that (F; —G,L;)’ are schur stable for
all jeQ,. Note that 4 being schur stable implies

A’ being schur stable. Therefore we can design the
L; just by guaranteeing that F,—G;L; is schur
stable. This enables us to employ pole placement or
other control design methods to design L;. Those

methods are available in the literature, and so they are
omitted.

4.2.3 The observer gain matrix design
With #; and L, designed via the above stages,
the observer gain matrix K; design technique is

provided as follows.
Theorem 3: For a given NCS (10) and a set of

given parameters L; and #;,iffor ieS, there exist

symmetric matrices F;; e R™”, Py, eR™" and

matrices Py; eR™”, X, eR™", X, eR™”,
Y, e R™P, satisfying
S
1 >0, (23)
LB Py
Ry * ook
=By =Py * %
<0, 24)
o XInE Y, =
| 0 T3 By Yy
where

; T
Y, =Xy (F, - GLY""™, Y, =Ry, - X - Xy,

' -1 T
Y3 =X, F"m) + Y,CF ) y, =Py - Xy - Xy,

then the NCS (10) under the intelligent scheduling
controller is asymptotically stable, where K, is

givenby K, =X3Y;.
Proof: Let X; =diag{X;,X,;} and

Pé{Plli * }
"By Py,

It is obvious that (24) can be written as

(25)

o 0 (26)
where
Y X2
i = : @7)
0 Y3 |
Letting Y;, Y3, H}z, and Y; =X,,K; into
(27) yields
I, =X;M,, (28)
where M, is of form (9).
From the viewpoint of I'; =X;M;, (26) can be
rewritten as
A " 0 (29)

Pre- and Post-multiplying (29) by [/ M; T] and its
transpose respectively leads to

M,"P,M; - P, <0. (30)

According to Theorem 1, (30) implies that the
closed-loop NCS (10) is asymptotically stable. This
completes the proof. 0

Based on the conditions of Corollary 1, which is
obtained via the common quadratic Lyapunov
function, a simpler observer gain matrix design
method can be obtained as follows.

Corollary 2: For a given NCS (10) and a set of
given parameters L, and/;, if for ieS, there exist

symmetric matrices B; e R"™", P, eR™" and
matrices B eR™”, X, eR™, X, eR™,
Y; e R™P, satisfying
SO
u >0, (31)
By Py
— ‘Eil * * *
By By ox %
- <0, (32)
Y1 Xl Yoo o+
| 0 Ys P11y

X; (F; — Gy,

_ T

Y= Ai-X;-X;,,

Y3 — Xziﬁ}”(i’”)+3§(iCE’7(i’”)_l,
- T

Ya= Po—Xy-Xy',
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then the NCS (10) under the intelligent scheduling
controller is asymptotically stable, where K, is

givenby K, =X;'Y,.
Proof: The proof is analogous to that of Theorem 3,

and so it is omitted. 0

In summary, the proposed controller design
approach can be formulated as the following three-
step procedure.

Step 1: According to (18) and (19), compute hil
and A for each network QoS level ¢;, where for
ieS.Thenselect h within (4, hj).

Step 2: Design [; by guaranteeing that F; - G,L;
is schur stable.

Step 3: Design K; by solving the LMIs in
Theorem 3 or Corollary 2.

S. THE NCS PERFORMANCE
OPTIMIZATION

Since the control parameters and the sampling
period are closely related to the control performance
of NCSs, the NCSs performance can be improved by
using optimum sampling period and control
parameters. Unfortunately, a closed-form relationship
among the network QoS, the sampling period, the
control parameters and the control performance is not
available. To obtain the optimal #,, L; and K; for

NCSs, we will transform the optimal parameter design
problem into an optimization problem and then solve
the optimization problem.

¢ The optimization variables

In the optimization problem, the optimization
variables are the elements of %, L, and K;:

V=l K L hy Ky Ly, (33)

where ie€S, N is the number of different QoS
levels.
Note that ; and K; may be matrices. For future

use, we transform the optimization variables into a
vector:

V=W, va,...y vg), (34)

where S is the dimension of V.
o The fitness function
In this paper, we define the fitness function as

Ny
J= Z |r(k) - (k)| (35)
k=0

where N is the appropriate time index such that the
tracking has arrived at the steady state, r(k) and

v(k) are the measurements on reference input and

plant output at time index £ .

¢ Sampling Period Constraint (SPC)

To ensure the physical feasibility of the sampling
period and the system performance, we introduce the
sampling period constraint subjected by the
optimization problem as follows:

SPC: Ky <h <Hy, (36)

where ieS, hy and hil are the lower and upper

bounds of /;, and they are designed according to (18)
and (19).
¢ Stable Domain Constraint (SDC)

A set WeR™ s called stable domain (SD) of
NCSs (10), if any Ve¥ satisfies the stability
conditions of Theorem 1 or Corollary 1. Obviously,
any V that can provide satisfactory control
performance for NCSs must be within the defined
Stable domain, since satisfactory control performance
not only requires a NCS to be asymptotically stable,
but also require the NCS to meet some performance
specifications. Therefore, it is sufficient to search the
optimal parameters within the Stable domain, which
can effectively reduce the search space and guarantee
the stability of NCSs during the optimization
procedure. Based on this idea, Stable Domain
Constraint (SDC) is introduced as follows:

SDC: VeV, VvV, (37)

which means that the optimization variables are
constrained to the defined Stable Domain throughout
the optimization procedure.

In summary, the optimization problem can be
expressed as

OP :minJ

st. SPC: hy <h <H, (38)
SDC: VeV¥, VvV

(38) asks for V' that minimizes the value of the cost
function within the defined Stable Domain. Obviously,
the SDC can guarantee the stability of NCSs during
the optimization procedure. On the other hand, by
minimizing the cost function, the control performance
of NCSs is optimized. Therefore, both stability and
control performance can be guaranteed by solving the
optimization problem (38).

In this paper, a population-based, heuristic search
algorithm namely Estimation of Distribution Algo-
rithm (EDA) is used to solve the optimization
problem (38). EDA has recently been recognized as a
new computing paradigm in evolutionary computation.
Unlike other Evolutionary Algorithms (EAs), EDA
does not use crossover or mutation. Instead, it
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explicitly extracts global statistical information from
the promising solutions, and subsequently builds a
probability distribution model of promising solutions
based on the extracted information. New population
are generated by sampling from the probability
distribution model rather than rely on random search
operators (such as crossover and mutation). Thus, one
of the most appealing advantages of EDAs over
classical EAs is the reduction in the number of
parameters to be tuned or assessed by the user. For
more details on EDA, please refer to [18-20] and the
references therein. In this paper, a typical EDA
algorithm is used to solve the optimization problem
(38), where the optimization variables in the search
space are modeled as a multivariate normal

distribution p(V)= H,il p(v;), which is a product of
S independent univariate normal distributions
p(;)=(;,0;). The EDA algorithm used in this
paper can be summarized as follows:

1. Generate #; individuals meeting Stable Domain
constraint in the initial search space randomly to form
an initial population, where the positive integer

denotes the population size of EDA, the generated
individuals are denoted as V’/ =(v/,v} ,...,vé),

j=l,...,n1.

2. Repeat the following steps until the termination
criterion is met.

a. Select the best n, (n, <n ) individuals from
the parent generation, where the positive integer n,
denotes the population size of promising individuals,
the selected n, gain candidates are denoted as

I}fz(o{,\;g,...,ﬁg-;), j=l..ny.

b. Update the probability distribution model
p(V) using the selected n, promising individuals
according to

1 &, ‘
w=—> 9 (39)
7'12 j=1
IR R P
o; = D6 -u)% (40)
n2 _1j=1

c¢. Generate the next population: The best
individual in the current population is copied to the
next population; generate n —1 individuals (we use

m —1 rather than » because the best individual in

the current population has already been selected as an
individual) meeting Stable Domain constraint based
on the updated probability distribution model

p() =113, (n;,5,) .

Although we do not know the exact Stable Domain
of a NCS, we can realize the Stable Domain
Constraint based on the stability conditions described
in (13) or (16). Taking Step 1 for example, we can
generate an individual candidate in the search space
randomly, and then check whether the individual
candidate satisfies the stability conditions described in
(13) or (16). If it does, the individual candidate will be
selected as an individual of the population. Otherwise,
we discard the individual candidate point and repeat
the above steps until we obtain one satisfying the
stability conditions described in (13) or (16). Similar
arrangements are for Step 2-c, except that the gain
candidate is generated according to the probability
distribution model p(¥) at Step 2-c.

6. ILLUSTRATIVE EXAMPLES

In order to illustrate the effectiveness of the pro-
posed approaches, let us consider a networked servo
motor control system with setup shown in Fig.1. The
parameters of the motor used in this paper are listed in
Table 1.

Let x, =[6, a)]T,where 6 and o are the output

angle and the angular speed respectively, then the DC
motor dynamics can be expressed as:

] 0 1 0 A1

O 1740 16605 @D

In the presence of network, the network-induced
delay corresponding to medium and high network
loads ranges in [2ms 22ms] and [25ms 43ms]
randomly, with packet dropout rates of 2% and 4%,
respectively. In the following text, we provide a
comparative study of the proposed method with two
published methods.

Case 1: The state feedback controller

Let us consider the networked controller in [15],
which is a memoryless state feedback controller of
form u = Kx. Noting that this networked controller
can only be applied to NCSs with network-induced
delay less than a sampling period, the sampling period

of networked DC motor control system is set to 0.05s.
Then we solve the LMIs of Theorem 2 in [15] and

Table 1. The parameters of the networked DC motor.

T | Inertia 11x10 kg -m?
Inductance 0.24x1073H
2.32Q

L
R | Resistance
K

Torque Constant 234x10°N-m/A

n Gear reduction ratio 1/318

K. | Back-EMF Constant 23.4%10™>Vs/rad
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Fig. 4. Typical system performances using different
networked controliers.

obtain K =[-1.8774 —0.0086]. With the initial state

X =2 —2]T, the simulation result under the
networked controller % =[-1.8774 —0.0086]x is

depicted by dotted line in Fig. 4.

Case 2: The observer-based controller with fixed
sampling period and fixed control parameters

Let us consider the networked controlier in [2],
which is an observer-based controller with fixed
sampling period and fixed control parameters. We
apply the controller design method in [2] to the
networked DC motor control system, and therefore

obtain  L=[0.1577 0.0006] and K =[-0.9865

—O.OOOO]T . With the same initial state, the simulation

result of networked motor control system under in this
case is depicted by solid line in Fig, 4.

Case 3: The intelligent scheduling controller

Let O 2{Ty €[0.02,0.22]} and Q) £{Tyy,,
€[0.25,0.43]} denote the nmetwork QoS conditions

corresponding to the medium and high network loads.
Then we apply the proposed three-step controller
design procedure to the networked DC motor control
system, and therefore obtain / =0.021, L; = [0.486

0.0123), K, =[-1.1068 —0.0010]" for O, and /1, =
0.039, L, =[0.1397 0.0005], K, =[-0.9235

0.0004]" for Q,. With the same initial state, the

simulation result of system under the proposed
intelligent scheduling controller is depicted by dotted-
solid line in Fig. 4.

Case 4: The intelligent scheduling controller with
optimized sampling period and control parameters

The simulation used a population size of 60 for the
EDA, with the best 20 individuals selected from the
parent generation to update the multivariate Gaussian
distribution for the next generation. By using EDA to
solve the optimization problem (38), we obtain

By =002, 1; =[1.3827 0.009], K, =[~1.1089

—0.0180] for Q, and hy=0.04, I,=[0.5827
0.008], K, =[~1.0813 —0.0100]" for Q,. With the

same initial state, the simulation result of system
under the intelligent scheduling controller with
optimized sampling period and corntrol parameters is
depicted by dotted-dashed line in Fig. 4.

The simulation results demonstrate that for the
concerned networked DC motor control system, the
system using the memoryless state feedback control-
ler has more overshoot and is more oscillatory. This
indicates that the memoryless state feedback
controller is not capable of controlling the networked
system very well. This phenomena is reasonable since
it uses less information about the system than other
considered networked controllers. When an observer-
based networked controller with fixed sam-pling
period and fixed control parameters is used, the
system has no overshoot, but still has long settling
time. However, using the intelligent scheduling
controller, especially using the intelligent scheduling
controller with optimized sampling period and control
parameters, the system not only has no over-shoot, but
also has significantly shorter settling time.

Moreover, analysis of the sampling period of the
intelligent scheduling controller indicates an interest-
ing nature. For high network loads, the controller
sampling period is relative long. However, for low
network loads, the intelligent scheduling controller
increases the sampling rate to obtain better perfor-
mance. This mechanism enables the NCSs to achieve
higher resource utilization rate and avoid overloads.

7. CONCLUSIONS

This paper presents an intelligent scheduling
control method for NCSs under effects of network-
induced delay and packet dropout, where the control
parameters and sampling period are simultaneously
adjusted to improve the NCSs performance. For the
concerned NCSs, a discrete-time switch model is
proposed, which enables us to apply the theory from
switch systems to study NCSs in discrete-time domain.
In the proposed framework, we obtained two types of
stability conditions in terms of LMlIs, which can be
easily checked by using standard numerical software.
Based on the obtained stability conditions, the
corresponding controller design problem is solved and
the performance optimization problem is also investi-
gated. Simulation results are given to demonstrate the
effectiveness of the proposed approaches.
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