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ABSTRACT In this paper, the optimal modified performance problem of multiple-input multiple-
output (MIMO) networked control systems (NCSs) with additional interference is investigated, the
additional interference includes channel noise, encoding and decoding, quantization, packet dropouts, and
bandwidth constraints. Most existing researches focus on the optimal modified performance of NCSs with
communication constraints in a single channel or with a single communication constraint in a dual channel.
Based on this, and combined with the actual constraints, this paper studies the optimal modified performance
of NCSs with multiple communication constraints in a dual channel (forward and feedback channels).
By using frequency domain analysis and various decomposition methods, the explicit expression for optimal
modified performance under NCSs stability is obtained. The relationship between the optimal modified
performance of the NCSs with the internal and external constraints of the NCSs can be observed by the
explicit expression of the optimal modified performance. Finally, the accuracy of the obtained conclusions
is verified through several sets of numerical simulations.

INDEX TERMS Bandwidth constraints, channel noise, multiple-input multiple-output networked control
systems, optimal modified performance, packet dropouts.

I. INTRODUCTION
With the rapid development of automation technology and
unmanned technology, network control technology has also
developed rapidly. Networked control systems (NCSs) are
widely used in various fields because of its unique advantages
[11, [2], [3], [4], [5]. Although various studies on T-S fuzzy
systems [6], [7], [8], multi-agent systems [9], [10], [11], and
nonlinear systems have been hot topics for researchers in
recent years, the popularity of NCSs has not diminished [12],
[13], [14], [15].

In [12], the network security problem of nonlinear NCSs
based on resilient event-triggered mechanisms was studied.

The associate editor coordinating the review of this manuscript and
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The output feedback Hy, control problem of event-triggered
Markov jump NCSs with signal quantization was discussed
in [13]. At the same time, in [14], the dynamic output
feedback control problem of NCSs with time-varying delays
was investigated. The data-driven event-triggered control of a
class of unknown discrete-time NCSs was researched in [15].
It can be seen that the research on NCSs is highly respected
by researchers. At the same time, the performance issues in
NCSs cannot be ignored.

An improved security-based event-triggered fuzzy control
method was proposed in [16] to address the asymptotic
stability problem of nonlinear NCSs under DoS attacks.
In [17], the stability analysis problem of NCSs with uncer-
tainties and transmission delays was studied. The optimal
tracking performance of NCSs with various communication
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constraints was considered in [18]. It is not difficult to find
that the research on the stability of NCSs with Lyapunov
stability theory is relatively mature, while there is still a
slight lack of research on the optimal tracking performance
of NCSs [19], [20], [21]. According to [22], the research on
the tracking performance of the NCS mainly focuses on the
ability of the output signal to track some typical reference
input signals after the NCS reaches a steady state. Therefore,
the optimal tracking performance of the NCSs with channel
constraints can be directly considered. In the research on
the optimal tracking performance of NCSs, the optimal
modified performance of NCSs deserves more attention from
researchers.

In [23], the optimal modified performance issue of multi-
input multi-output (MIMO) NCSs under multiple constraints
was discussed. The optimal modified performance issue of
MIMO NCSs with packet dropouts and bandwidth constraints
was investigated in [24]. Meanwhile, in [25], the optimal
modified performance of MIMO NCSs with dual channel
interference was analyzed. According to [26], it can be
inferred that the introduction of modified factors can make the
tracking performance of the given plant limited even without
the presence of an integrator to track it. Taking into account
the above analysis, there are relatively few research findings
on the optimal modified performance of NCSs at present,
and the research process is also relatively complex. However,
it plays an important role in promoting the development of
research on the performance of NCSs. Therefore, it is also
necessary to study the modified performance of NCSs.

As is well known, the NCSs are closed-loop feedback
control systems with closed-loop circuits connected by
components such as controlled objects, sensors, controllers,
and actuators. Therefore, NCSs inevitably encounter issues
such as time delay, packet dropouts, quantization, bandwidth
constraints and networked security and other problems [14],
[27], [28], [29], [30]. The number of nodes in the systems,
bandwidth, network traffic, and transmission protocols can
all cause time delay. Packet dropouts occurs when com-
munication networked are subject to external interference
or signal fluctuations, causing data packets to fail to be
transmitted properly, resulting in loss of feedback data for
the systems. Quantization affects the system by quantizing
signals into finite-length bit strings before transmission,
leading to quantization errors and preventing signals from
being infinitely precise. Bandwidth constraints arise due
to the limited bandwidth of communication networked,
resulting in situations such as single or multiple transmissions
during packet delivery. Networked security issues arise due
to the openness of networked, making the system susceptible
to various attacks and disturbances, leading to security
concerns. In summary, these interference factors will affect
the performance of the NCSs, so it is particularly important to
study these interference factors and formulate corresponding
strategies to improve the performance of the NCSs. Most of
the existing research on the optimal modified performance
of NCSs focuses on the study of constraints in the feedback
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channel, and the results are not fully applicable to the case
where the same interference factors exist in the forward
channel. So in this paper, the optimal modified performance
of NCSs with multiple interference factors in the dual
channels is discussed.

The main contributions of this paper are as follows:

1) A new model of NCSs with communication constraints
is established in this paper, and the corresponding
research results are obtained, which provides the-
oretical guidance for subsequent research on the
performance of NCSs.

2) The optimal modified performance of NCSs with
packet dropouts, bandwidth constraints and other
interference factors is investigated.

3) By using the theory of stochastic system stability,
Youla parameterization and decomposition method,
combined with the set of all two degree of freedom (2)-
DOF) controllers that stabilize the systems, the optimal
modified performance conditions of the NCSs can be
obtained.

The paper is organized as follow. The problem is formu-
lated in Section II. The optimal modified performance of
NCSs with packet dropouts, bandwidth constraints and other
interference factors is derived in Section III. Some examples
are given to illustrate the obtained results in Section IV. The
conclusions are presented in Section V.

Notations: The following are the standard symbols
involved in this paper. For any matrix U, its transpose
and conjugate transpose are represented as U and U%,
respectively. := means defined as, R+, denotes the matrix
of rational and stable functions, || - || is the Euclidean norm,
|| represents the Frobenius norm, inf defines the infimum
and E {} denotes the mathematical expectation, Prob {Q}
stands for the probability of O, I is the unit matrix. The open
right-half plane is defined as C 4 := {s : Re(s) > 0}, and the
open left-half plane is defined as C _ := {s : Re(s) < 0}. The
Lebesgue spaces £, can be represented as:

(F,G):= ZL/OO r [fH Gw) G (jw)]dw
T J—00

‘H> and 7—[2L are subspaces and form an orthogonal pair of
Lo [31]:

Hy:={G:G(s) € C,,
+00

1
IG5 := sup — IG(a+j0) 1% do < 0},

0>0 27 J_so
Hy ={G:G(s) € C_,
+o00

1 .
G113 := sup — IG(o+j0)|1% db < 0}.

0<0 2 —0o0
Il. PROBLEM FORMULATIONS
The framework diagram of the MIMO NCSs studied in this
paper is shown in figure 1. It can be seen from figure 1 that
codec and noise interference exist in the forward channel, and
bandwidth constraint, packet dropouts and quantization exist
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FIGURE 1. The diagram block of NCSs with packet dropouts and
bandwidth constraint.

in the feedback channel. In figure 1, r, u,, ny, y represent
random reference input signal control signal, controller
output, channel noise and systems output, respectively, and
their Laplace transforms can be expressed as: 7, ity, 711, and y.
[K1 K>] denotes the 2-DOF controllers, D and DT stand for
encoder and decoder, respectively. G indicates given plant,
y expresses output signals, F' is bandwidth, which can be
simulated using a low-pass Butterworth filters. Q means
uniform quantizer, which is stood by Y; = y + n, quantizing
noise is described as ny, and ny, np are white Gaussian
noise, and the white Gaussian noise variance is 612 and 512,
respectively. For any channel i, the spectral densities of r;, ny;
and ny; are replaced by ¢;, €; and &;, respectively, in same

time, it can be defined as ¥ = diag {e1, &2, - , &}, A =
diagle1, €2, -, €}, B = diag } \% ..,j;'—zla

their variances are respectively assumed to be: si, el.2, %

The parameter d, indicates whether data packet dropouts
have occurred:

d - 0, if the data packet dropout rates occur,
1, if the data packet dropout rates not occur.

with a probability distribution given by:

Prob{d, =0} =o0,Prob{d, =1} =1 — o,

where o is the probability of packet dropout.
The expressions for the controller input and system output
can be obtained by simulating Figure 1 of the NCSs:

u, = Kir + K2(Q + d, Fy),
y=GD™" (Duy +ny) . 1)

By solving equations (1) simultaneously and performing
simple calculations, the result can be obtained:

y = G( — K2d,FG) 'Kir + G — K2d,FG)"'K>0Q
+ G — K2d, FG)'D7n;. )

The tracking error of the system is defined as e = r — y,
which can be obtained from known conditions:

e=r—y
- [1 — G - sz,FG)_lKl] r

— G(I — K2d,FG)"'K20—G(I — K»d,FG)™'D™'n;
=A1r —Ayn; —AzQ, 3)
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where Ay, = I — GU-Kxd,FG) 'K;, Ay =
G — K»2d,FG)™'D™!, A3 = G(I — K»d,FG)™'K>.

According to [32], the modified performance index of
NCSs can be defined as:

B=E{[eMe ] [eem]]. )

where A > 0 means modified factor.
A given plant with time-delay can be described as [32]:

G(s)=Gi(s)e ™,

where G (s) is the transfer function matrix of a given plant,
G1 (s) represents a rational transfer function, t stands for
time-delay.

The conclusion obtained from [23] states that the rational

transfer function (1 — o) FG can be decomposed into:
(1-0)FG=¢"NM~' =M~'N, 5)

where N, M, M, N € RH~o, and satisfies the Bezout

identity [23]:
X Y M Y] JI0 ©
N M eNX| |oI)|’

where X, ¥, X, Y € RHqo, the stabilizing two-parameter

compensators /C can be characterized by Youla parameteriza-
tion [33]:

K:={K:K =[K; K3]
— ()“( — e‘”RN)il [o % —RM] JO,ReRH 1.
@)
It can be obtained from the decomposition method in [31]:

N = (1 — 0) FL,N,, M = B,M,,, ®)

In equations (8), L, and Bp stand for all pass factors,
N, and M,, mean minimum phase parts. L. contains all
non-minimum phase zeros z;(z; € C 4,i = 1,--- ,n) in the
given plant, B, contains all poles pj(p; € C 4, j=1,--- ,m)
of the given plant. The coprime factorization of L, and Bp is
as follows:

Nz Np
L =[]L®. B,&=]]B®. ©)
i=1 j=
h L; —]_ 2Re(zi) B . Re(l’/)
where (S) s+zi VzJ/, ’ (S) s+p gjgj > Vi

is the unitary vector which represents the direction of the
non-minimum phase zeros, g; is the unitary vector which
represents the direction of the unstable poles. For any transfer
function matrix B (s), the scaled transfer function matrix is
defined as: By, (s) = B (s + A).

According to (6), combining the relevant conclusions of

matrix multiplication, one has:
XM — ¢ YN =1, —=NM + ¢ "MN = 0. (10)
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By combining equations (5), (7), and (10), it can be
calculated that:

A =1-G( — K»d,FG) 'K,
=I—-(1-0)"'e™FINO. (11)

At the same time, A> and A3 can be calculated using the
same calculation method as A1:

A= (1—o) e FIN (X e—”RN) D!,
Ay=(1—0)le™FIN (?—RM). (12)
It can be obtained from (3), (4), (11), and (12):

I, =E {[e_“eT (t)] [e_)"e (t)]}

2 2
= llelly = lIr = yli3

= |l Air — Aony — A3QII3
5 2 - 2 2
= (A A A— 13
H ST 2+ 25+ 2+‘ S5 (13)

IlIl. MAIN RESULT

The optimal modified performance J;* can be expressed
by all possible stabilizing controllers (denoted by K).
According to [23], the relationship between optimal modified
performance J;* and modified performance J can be defined
as:

J¥ = inf Jy, 14
» Kek * (14)

where inf () stands for the lower bound, which is a
fundamental concept in mathematical analysis and is defined
on the basis of the lower bound. If there is a maximum lower
bound among all those lower bounds, it is called the infimum
of-.

Combining equations (13) and (14), J;* can be obtained:

JF f ||A x 2+ A g 2+ A A ’

= in

P kek | Ts+a 2 s+ A 2 S 5

(15)
At the same time, J; can be rephrased as: J; = JJ5 +
. x

J3, + J3, where Ji, = @EI]%f{ HAlsT/\‘z’ J3 =
inf | AsS |2,J% = inf HA AH

ReRHoo I A2z 2 5 ReRH. I 257 1l

Theorem 1: The simulation frame diagram of the given
NCSs is shown in Figure 1, it is assumed that the unstable
poles and non-minimum phase zeros satisfy the following
conditions: p; € C,4, j = 1,---,mandz; € C, i =
1,---,n. ris independent of nj, then the optimal modified
performance of the NCSs for which the transfer function of
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the given plant satisfies (5) is:

21(zi—MARe (zi) Re (Zj)

m N; i
=g PN o—
g ,; l;kl:[lg ¢ zizj (zi + 2 — 2X)
(oot)

tr (goj(pl-H) (16)

£2 0 21 0i=h4Re (p)) Re (pj)
pipj (pi +pj — 21)

+Z

" Ne 21— M4Re (zi) Re (ZJ')

ZiZj (Zi +zj— ZA)

,j=1

i=1 i,j=1

where

2Re (z;)
gl =1——=rn", A= Hg(sl)

1

Np

p=1) M= [ (B (= 2)

k=j

lj(
N;
G-», Bi= [] L' G

k=it1
Y= 2 F (o — 2) Gigie! M,

0 =Ny (zi =M™ (@ — ) D7 @ — 1) Ay By,

i
= HLi_l
k=1

¢j=10-0)'L

A stands for modified factor, T means time-delay.
Proof: First of all, calculate J, . Combining J{, and (8),
it can be concluded that:
2

JI*A = inf
OcRH

_ )y
[I —e TSLZNn®] m

a7)
2

Due to L; is an all pass factor, J{, can be rewritten as:

* : ]rs
s o=t [ ter - no] &

I — 2Re (z,

vy H . Define g (s;) =

Vi V; , A= H g (s:), J{;, can be obtained:
i=1

D 2

s+ A

[ (L' = a) + e a - N,0]

L
(18)

Since [e” (LZ_ 1
H>, one has [23]:

—A)] - € H, [eA -

s+A N”@]

STA <

— b
”(lzl ﬁ)

b
TS A _
[¢e"°A — N,O] Y

* —
JIA -

2

+ inf

(19)
OcRHso

2

Because of ® € RH, it is possible to choose the

H[e”A—Nn@] = | Z o,

appropriate ® to make inf wy H2

OcRH oo
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According to [25], it can be obtained that:

m N 2:Gi=M4Re (z;) Re ()
e ) X4 i ) )
12 Zgz Z H & (el Zizj (Zi+ 24— 22)

=1 ij=1k=1

(20)

Then, calculate JJ; . Using the same method as solving J
J3; can be obtained:

y - 1|2
I = inf (NYE—NR :) 21
2k RERHOO " " S + )\. 2 ( )
N .. - Np
Define ME = MyB,, Bn(s) = [] ij (s), where
j=1
= 2Re(p; g 1Fg
Byj(s) =1 — %,;’)CjCH, g = m then, J3; can
be rewritten as:
. - 1 |?
Ji = inf (NYE——NRM)— 22
20 ReR Mo, n n m S+ A ) ( )
Using partial factorization, one has:
N,
NV EB, = > NVEC (B, — 1) My + Ry
j=1
Ny
= ZNnYEchMj + Ry
J=1

j=1 »
where;= [T (Bus (7)) MJ—H( c(pi=4)
k=1 -
R; € RHy, V= (1 n 25;(1;,2 Gt - 2Re(p])§_; )

Based on the above calculation, J2A can be obtamed

Ny
. 1
J3 = inf N, YEC; VM;——
5= gt | 2N EG My
Np 2
. 2Re( )
+ —ZI:N”YaC] 5¢/ Mj+R—N,RM,, il
=
(23)
Since |:ZN YuCVM:| o5 € Hy,
J_
i 2R( )
. 2Re
R — 3 N, ¥ Ec ) GeH M — NuRMy, | o35 € Ho,
=1
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one has:
I
N, 2
= | 22NV EGVM—— ] + inf
+ A RRH oo
Jj=1 2
2
NP
- 2Re (p; -
< ||| Ri=>_ N.YEC ) Gl Mj—NuRM,, | —
— Dj +A
J=1 2
(24)

Because of R;,R € RH, it is possible to choose the
appropriate R, R to make

2
N/’
- 2Re(p)) 1
inf ||Ri—> N, YEC; M;—N, RM,,
Rel%—loo ! ]ZI " / pj gj{j +}\.
= 2
=0.
According to (10), it can be obtained that:
Yy=-N""
_ Ty AL W) F! A
At the same time, J;/\ can be calculated:
N, _
o i 5;'2 zp 2TPi—M AR, (pi) Re (pj) o (¢ ¢H)
%= 5 - - i )
’ o 12 ij=1 PiPi (Pi +pj —22) o
(25)

where ¢; = (1 — o) 'L (pj = 2) F~' (pj — 2) Cigi& ! M;.
At last, calculate J3; . Using the same method as solving
Ji; and J3; , J3; can be obtained:

* : v —TS DA —1 A 2
Ji = inf [Nn (X _e RN) D ] B
ReRH S+ Al
- N,
Define ND™'A = N,L., where L, (s) = HL,~ (s),
Li(s)=1— szr(zz’ Vi yl , then, J3, can be rewrltten as:
2
JE = inf [ SN, XD 'ALT! — N, RN] .
307 perm [L© 0" g s 4,
(27)

Using partial factorization, one has:
"N, XD 'AL!
N;

=> EIN, (=DK@ =MD (@ —4)
i=1
AA; (L;] — I) B;
+ Ry,
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l
where Ry € RHeoo, A = []L (Zl A, B o=
k=1
N, 1
H Llf (zi — A).
k=i+1
Based on the above calculation, J 3, can be obtained:
N,
i—A 1 .
J5.= nf | ZleT(Z NXDTAA (LT 1) B
=
1
+ R, —N,RN, ] —— ||2 (28)
+
N, .
Since [ 3 @ HINKDTIAA (LT —1) Bl e
i=1
H3", [Ry — NyRN,] o5 € H,, one has:
2
1
JE = TGN XD AA; (L_ 1) B;
3 H ze t ! s+ A
2
112
+ inf R, — N,RN,,] ——|| . 29
RE%FQHOO[Z n n]S+A2 (29)

Because of Ry, R € RHyo, it is possible to choose the

. . 1 _
appropriate Ry, R to make Reﬁg{{ N H [Ry — N,RN, ] oy H2 =

0. According to (10), it can be obtained that:

X@z—-0=M"@z-2.

At the same time, J;x can be calculated:

Mo 2tGi=M4Re (zi) Re (Z/)

m
]* = 6.2
3 ; ! Z Zizj (Ei +zi— Z)x)

i,j=1

tr ((pjgolﬂ), (30)
where gj = N, (zi — DM~ (zi =) D™ (i — 1) Ay Bi
By combining J{,, J3; , and J3; , it can obtain:
Sy =0 5+ I3

2T @M 4Re (zi)) Re (Zj)

m N, i
=> > [[lgelr—

=1 ij=1k=1 Zigj (Zi+ 35— 24)

r (¢,~¢{1 )

m 2 N orpi—a) ) .
& e 4Re (p;) Re (p])

+ -
2 12 Z pipj (pi +pj — 21)

i=1 " ij=1

m Nz 2r(zi—n .
n ZGZ e2"@G=M4Re (7;) Re (Zj) (% ) 31)
i - - (%
i1 il ZiZj (Zi +zj — ZA)
where
2Re (z;)
glsi)=1- Syl A= Hg(sl)
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1 N - -1
, M= H (Bmk (pj — k)) ,
k=j

A = HL (zi — A)B—HL (@i = M),

=i+1

¢j=(1—0) 'L (pj = 2) F~" (pj — 1) G ! M,

0 =Ny (zi =M (@ — 2D @ — 1) Ay B,

A stands for modified factor, T means time-delay.
This completes the proof. |
The modified factor A satisfies the following conditions:

Re(pj)—)»>0, Re (z)) — A > 0,

the proof is given in [32].

IV. ILLUSTRATIVE EXAMPLE
Numerical examples in this part verify the validity of the
theoretical results.

Example 1: Assuming the given plant is as follows:

s—k
== 0
G(s) = [ SO } e,
0 (s+2)(s—3)

The following information is known from the given plant
expression: the non-minimum phase zero and its direction
are z = k, y1 = [1 O]T respectively, the unstable pole
and its direction are p = 3, ¢; = [0 I]T respectively.
Meanwhile, assuming A = 1, v = 0.5, 8[~2 =5, El.z =

9, eiz = 3. The encoding, decoding, and bandwidth are

e A 20
D(s) = (Ao ﬁ) D l(s) = (Sg ﬁ), and
s—2 s+2

P
2 0
F(s) = (s+<1>i

respectively, where @ is the rate

0 s+
s£100
of bandwidth. When ® = 10, F~! (s) = 1(;) v+10)'
0.
It is not difficult to infer from the Provided information:
p+k —— 0
L7 (s) = ( O), Mo = (72 )Mo =
01 0
10 —-10 5
L) &Gk = o1l lg (sx)|© = 1. Through
0=

simple calculations, it can be concluded that:

H L L121[B+ K%+ (B —k)?]
i (’”f”f ) == 1003 — k)?
(k —3)2 1

H) = ,
r (¢) R+ T k138

Therefore, according to Theorem 1, one has:

’

10
o3
k-3

363e[3+K)* + (3 —k)?]
200(1 — 0)2(3 — k)2

I =

L6 k=3 |
k=3 k2k+3)2  (k+3)*]|

VOLUME 12, 2024
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When the probability of packet dropout o is taken as %, %
and % respectively, J;* can be obtained:

2 2
Ji, = 10 S 363e[(3 4+ k)* + (3 — k)]
k—3 128(3 — k)?
6ek73 | (k —3)? 1
+ 5 + 71
k=3 | k2*k+3)°  (k+3)
g 10 s, T26e [B+K)?+ 3 —k)?]
T k=3 25(3 — k)?
6573 | (k —3)2 1
+ 5+ 71
k=3 |k2k+3)?% (k+3)
2 2
7 = 10 = 3267¢[(3 +k)* + (3 —k)?]
T k=3 800(3 — k)2

6e=3 | (k —3)? 1
+ + .
k—3 |:k2(k +3)2  (k+ 3)4]

The optimal modified performance of NCSs affected by
different probability of packet dropout, non-minimum phase
zeros constraints and unstable poles is shown in Figure 2.
According to Figure 2, the optimal modified performance of
NCSs varies with the change of probability of packet dropout,
non-minimum phase zeros constraints and unstable poles.
The greater probability of packet dropout is, the worse the
optimal modified performance of the NCSs will be. And the
optimal modified performance tends to be infinity when the
unstable poles moves closer to the non-minimum phase zeros.

5 x10¢

—&— o=1/5
— == o=34 |7
o=13

&~
o

Modified tracking performance J)\ :
= N ©
- (5] N (5] w o >

o
o

Y I
4 Gy o o T — -

o eeed NP o
0 1 2 3 4 5 6 7
Non-minimum phase zeros z

FIGURE 2. The optimal modified performance of NCSs with different
probability of packet dropout.

When the probability of packet dropout o is taken as %, J¥
can be obtained:

362¢[(3+ k) + (3 —k)?]
50(3 — k)?

+6ek_3 (k —3)? N 1
k=3 K2(k+3)2  (*+3)*|
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10 43
Jph = 3¢

« 10

3.5

—e— o=1/2
— — — Without modified

251

Tracking performance J )

o ol Peecoacocacocd
0 1 2 3 4 5 6 7
Non-minimum phase zeros z

FIGURE 3. The optimal performance of NCSs with and without modified
performance.

If the modified performance is not introduced, the optimal
tracking performance expression of NCSs is as follows:

m . N, 2T Re (zi) Re (Z./)

ij=1 =1 (2 + 7)) iy
m 2 N orp
£ e*™PidRe (p;) Re (p;) ( "
+> 2L - 2 1 () )
; 22 (Pi +pj) bib; ah

ij=1

m N o1y 4Re (7: .
2N ¢ 4Re (zi) Re (3)) ( H
+ €; - = I\ 9jv; )
; ljzzl (zi + 7)) aiaj !
Under the same conditions, the optimal tracking perfor-
mance of NCSs is obtained:

36262 [B+K)* + (3 —k)?]

g ot 50(3 — k)>
y (k —3)2 1 '
K2k +3)%  (k+3)*

Figure 3 is a comparison of the performance of the NCSs
with and without modified performance. It can be seen from
Figure 3 that the performance of the NCSs with modified
performance is better than that of the NCSs without modified
performance.

Example 2: Assuming the given plant is as follows:

s—4 0
s+1 —Ts
sz[b 12 ]8”
(s+1)(s—5)

The following information is known from the given plant

expression: the non-minimum phase zero and its direction
T .

arez = 4, y» = [10] respectively, the unstable pole

and its direction are p = 5, ¢ = [0 I]T respectively.
Meanwhile, assuming A = 1, t = 0.5, &2 =

L
I, 51.2 = 6, 61»2 = 2. The encoding and decoding

st4 10
are D(s) = S(_)l s+1 | and D! (s) = S—g4 s—1 )

. . s—1 . \ s+1
It is not difficult to infer from the provided information:
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90 1 0
L7 (s) = ( ) Ny (s) = (”‘ ) M= (s) =
01 0 %ﬁ%

(s%) = |g (sx)|© = 1. Through

s S s N .

0 Sl 8 (Sk 01 8 (Sk g
H

simple calculations, it can be concluded that: 7r (yjy. ) =

82(1 — o) 2F 2 (pj — 1), tr (gcH) = 1252

"~ 12000
10000 <
8000
6000
4000

2000 -

Modified tracking performance J

20 =
=

0 =
Bandwidth F 0 o0
Packeat droupout &

FIGURE 4. The optimal modified performance of NCSs with packet
dropout and bandwidth constraints.

Therefore, according to Theorem 1, one has:

*

J¥r =
3479408

As shown in Figure 4, the optimal modified performance of
the NCSs is limited by packet dropouts and bandwidth. The
greater the packet dropouts rate, the worse the optimal mod-
ified performance of the system; the smaller the bandwidth,
the worse the optimal modified performance of the system.

Under the same condiltions, when the probability of packet

dropout o is taken as 5 quantization noise £ is unknown,

10139 1
= e+ 564(1 — U)_ZF_Z (pj — A) .

9
- 20
—112252?4. J¢, can be obtained:
10139 . 3321
x* _ V197 3 2 4‘
6= 9408 ¢ T 1200 ¢

<10

IS = ® > N =

Modified tracking performance N ’

N

0 5 10 15 20 25 30

Quantification factor ﬁ‘z

FIGURE 5. The diagram block of NCSs with quantization noise.
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As shown in Figure 5, the optimal modified performance
of the NCSs is limited by quantization noise. The greater
the quantization noise, the worse the optimal modified
performance of the system.

Example 3: An example of the inverted pendulum model
is shown in Figure 6. The transfer function of the inverted

pendulum model is given by [34]:

MS*Z O
Gy =| " e e
s2(s—p)

where z = \/% represents the nonminimum phase zeros, p =

‘?—’ + %’ is the unstable poles, g stands for the acceleration

of gravity. As shown in Figure 6, [,m and M stand for
pendulum length, the mass of the ball and the mass of the

car respectively.

FIGURE 6. Model diagram of inverted pendulum.
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9000 [
8000 [ |
7000
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5000 - |
4000 - |
3000 [~ |

2000 /

1000 - r/)/”

Modified tracking performance J;\

Packet dropout o

FIGURE 7. The optimal modified performance of NCSs with packet
dropout.

When M = 1,m = 0.21,1 = 1.1,g = 9.8, through a
simple calculation, z = +/891 ~ 3,p = +/10.89 =~ 3.3,
and their directions are y3 = [ 1 O]T and ¢3 = [O 1 ]T. The
selection of other unknown parameters is the same as that of

Example 1, then: tr (yjyf') = (1— 0)—2%’ i (geH) =
%. According to Theorem 1, one has:
x 32087 , 363
™= e €.
6400 40(1 — o)
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According to the example simulation figure 7, it can be
seen that the optimal modified performance of the NCSs is
limited by packet dropouts, the greater the packet dropouts
rate, the worse the optimal modified performance of the
system. The results obtained are consistent with the numerical
simulation results, so the proposed method is feasible and
effective.

V. CONCLUSION

In this paper, the modified performance of 2-DOF con-
trollers MIMO NCSs with channel noise, quantization noise,
bandwidth constraints and packet dropout is discussed. Fre-
quency domain analysis, coprime factorization, and various
decomposition methods are used to solve the problems
encountered in the research process. The results show that
the modified performance of NCSs is affected not only by the
inherent characteristics of a given plant, but also by channel
noise, quantization noise, bandwidth constraints and packet
dropout. In the end, two sets of numerical simulations are
used to verify the accuracy of the conclusion.

In recent years, network security has become a hot topic in
contemporary research. In the future, we will take the optimal
modified performance of NCSs with cyber attacks as a new
research direction.
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