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ABSTRACT This paper investigates the performance limitation of multi-input multi-output (MIMO)
networked control systems (NCSs). The communication channel is modeled as a power constrained channel
with channel noise and the bandwidth constraints. The optimal performance index of the system is expressed
by the covariance of the reference input signal and the system output error signal. Some new results about
MIMO NCSs are obtained by co-prime factorization, inner-outer factorization and spectral decomposition
techniques. The results demonstrate that the tracking performance depends on the non-minimum phase zeros,
unstable poles and their directions. At the same time, the network communication parameters constraints,
energy constraints and the essential feature of reference input signal also restrict the performance. Some
illustrative examples are presented to demonstrate the feasibility of the proposed methods.

INDEX TERMS Bandwidth constrains, channel noise, communication channels, performance limitation.

I. INTRODUCTION

In recent decades, network control systems(NCSs) have
attracted people’s attention because of its wide applica-
tion [1]-[6], such as smart grid [7], mobile sensor net-
works [8], transportation systems [9] and robot control. At the
same time, many challenges arise when NCSs have been
widely used in practical fields, such as bandwidth [10], [11],
packet dropout [12], [13], and quantization [14], [15]. It is
well known that stability is the primary condition of the
system, and many experts and scholars have attempted to
improve the stability of NCSs [16]-[19].

In [17], the stability analysis of improved delay-dependent
NCSs have been conducted. The stabilization of NCSs under
clock mismatches and quantization have been investigated
in [18]. The optimal control and the stabilization of NCSs
under packet dropout and input delay constraint have been
concerned in [19]. The technologies about modeling of the
NCSs and stabilization analysis are now fairly mature. But
from the angle of application, we should investigate not only
the stability, but also the tracking performance of system.
This paper mainly focuses on solving new problems with
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communication network constraints, such as the best track-
ing performance of networked control systems, and the per-
formance limitation depends on the essential characteristics
of the NCSs and communication parameters. In past years,
several scholars have achieved excellent results in the perfor-
mance limitation about NCSs [22]-[26]. In [22], the modi-
fied tracking performance limitation of MIMO NCSs under
packet dropouts has been obtained. The performance lim-
itation for MIMO NCSs under bandwidth and quantiza-
tion constraints have been discussed in [23]. The optimal
performance for MIMO discrete-time NCSs under quanti-
zation was investigated in [25]. It is well-known that the
network signal transmission is bidirectional in networked
control systems. Currently, most of the above mentioned
research studies only considered the influence factor existed
in the feedback channel. Only few studies in the literatures
considered the influence factor existed in the forward and
the feedback channels simultaneously, and it was shown
in [20] that, in order to obtain the minimal tracking error,
the channel input of NCSs is often required to have an infi-
nite energy. This requirement cannot be satisfied in general
practice. Thus, the channel input energy of NCSs should be
considered in the performance index to address this issue.
According to analysis above and [26], a novel model with
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channel noise and bandwidth constraint is established for
MIMO NCSs.

The relationships among channel noise, energy constraints,
bandwidth constraints and performance limitation of NCSs
are investigated in this paper. The main objectives are as
follows. First, the influence factor both existing in forward
and feedback loops are studied, channel noise and band-
width in forward and feedback loops simultaneously. Second,
the performance limitation is affected by several parameters,
such as the intrinsic properties of given plant, bandwidth and
channel noise, at the same time, the performance limitation
has strong connection with the nonminimum phase zeros and
unstable poles of the given plant. At last, the expressions
for the performance limitation are obtained by inner-outer
factorization and the spectral decomposition technique.

The rest of the paper is organized as follows. Section 2
introduces the problem and some regular symbols.
Section 3 investigates the performance limitation for NCSs
under quantization and bandwidth constraints. Some exam-
ples are presented to prove the accuracy of results in
Section 4. Section 5 presents the conclusion and the future
research directions.

Il. PROBLEM FORMULATIONS

For a complex vector v, the complex conjugate transpose
is v/, For any vector u, the transpose and the conjugate
transpose are u#’ and u!? respectively, and its Euclidean norm
is |lul|. The open unit disc, closed unit disc, exterior of
the closed unit disc, and unit circle are denoted as D 2
{z:lz] < 1},Dé{zi lz| < 1},Dcé{zz lz| > 1}and8Dé
{z : |z] = 1}, respectively. Moreover, L, is the Hilbert space
and is defined as:

s
F.G = — [ (77 (%) G (<) |ao
5

Finally, RH, represents all stable, and rational transfer
function matrices.

Fig. 1 shows the block diagram of a MIMO NCS with
channel noise and bandwidth constraints. In the fig. 1, G,
K, F1, and F; represent the given plant, one-parameter com-
pensator, and the bandwidth, with transfer function matrices
as G (2), K (2), F1 (2), and F» (2), respectively. ny, ny denote
channel noise. The r and y represent the reference input and
the system output signals, respectively, with transfer function
matrices as r (z) and y (z), respectively. r is the Brownian
motion process and r (k) = (r1 (k),r2 (k),---rm ()T,
F1(2), F> (2) are chosen to be low-pass Butterworth filters
of order one that can be denoted as:

F (Z) = dlag [fl (Z) 7f2 (Z) s T 7fm (Z)] .

For channel i, the spectral density of r;, ny; and ny; are
defined as «;, 6; and o; respectively. The reference signals r,
n; and ny are uncorrelated with each other. The matrices are
denoted as:

U? = diag(a?, a3, ..., a2), V?*=diag(67,83,...,82%),

>¥m
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FIGURE 1. Model of one-parameter compensators.
A% = diag(alz, 022, el a,fl).

Illustrated by Fig. 1, we have:
u=Klr—(Foy+mnm)]=Kr—KFy—Kny
y = GF; (u+n1) = GFiu+ GFiny )

After calculation, it can be rewritten as:

u= (I + KF,GF)"'Kr — (I + KF,GF,)"'KF>,GFn,
—( +KF>GF))"'Kny

y = GF1(I + KF2GFy)~'Kr + GF1(I + KF,GFy) " 'n;
— GF\(I + KF,GF))"'Kn» )

Then, following can be calculated:
e=r—y
= [1 —GFd + KFgGFl)_lK] r

— GF\(I + KF>,GF)) 'n;
+GF (I + KF2GF) " 'Kny
=Tir — Ton + T3ny 3)
where 71 = [ — GF\(I+KF.GF) 'K, T, =
GF\(I + KF,GF))~', T35 = GF|(I + KF,GF))"'K.

The performance limitation for NCSs under bandwidth
constrain can be defined as:

Ji= =k fled} +e e {3} -1}

where 0 < ¢ < 1, represents the trade-off between tracking
error and channel input power. The power constraint does not
exist when ¢ = 0.

Based on (2) and (3), it can be obtained:

E{lel3} = 171r = Tom + Tam)3 = 1T U13
+ IT2V I3 + I T3Al13

E{vI3} = 1130 + T2V - T34l = 173013
+ IT2V I3 + IT3Al13
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For any transfer function matrix F>GFj, it may be
factorized as:
F,GF; = NM ™! 4)
where N, M € R'H, and satisfy the Bezout identity:
MX—NY =1 5)

where X, Y € RHo, the stabilizing compensators /C can be
characterized by Youla parameterization [27]:
K:= {K 'K = —(X — RN)"' (Y — RM)

=— (Y —-RM)(X—RN)"",Re Hoo} (6)

A nonminimum phase transfer function may factorize a
minimum phase part and an all pass factor [28]:

N = F2L;N,F1, M = B,My, )

where L, and B), are all-pass factor, N,, and M), are minimum
phase part. L, includes all zeros of the plant outside the unit
circle sy € Dk =1,2,---,n, and B, includes all poles of
the plant outside the unit circle p; € D¢ k=1,2,---m. L,
and B), can be co-prime factorized as:

=[]t B, ) =

i=1

L. (2) [[8® ®)

where L; (z) = Z_Ss"z r],-nl +Y; Y ,Bj(z) = ?wja)H +
W]W] , i and w; are the unitary vectors as the direction of
nonmlnlmum phase zeros and unstable poles, respectively,
and ninf! + VY[ =1, wjofl + WW/ = 1.
According to (4) and (6), followmg can be obtained:
Ty =1+F;'N(Y —RM), T, = F; 'N(X — RN),
T3 = —F; 'N(Y — RM).
Then, we have:
J=0=eE{lei3} +e{E {3} -]
2
—(1—¢) H [1 +FIN (Y - RM)] UH2
2
te HF;lN (Y — RM) UH2
2
+ HFZ_IN (X — RN) V”2

2
+ HF;IN (Y — RM)AH2 -

OPTIMAL TRACKING PERFORMANCE OF NCSS WITH
CHANNEL NOISE AND BANDWIDTH CONSTRAINTS

The tracking performance limitation for NCSs under channel
noise and bandwidth constraints is defined as J*, The per-
formance limitation J* may be achieved by all the possible
stabilizing controllers (denoted by K ). Then, J* can be
expressed as:

J* = inf J 9
Kek ©
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Then, J* can be obtained as:

«/1—5 I+F'N - RM)]

fF 'N (Y — RM)

= inf
ReHoo

2
n HFz_lN (X — RN) VH2

2
+ HF;‘N v — RM)AH2 - gr}

Theorem 1: For given NCSs such those presented in Fig. 1,
r,ny and ny are independent of each other, the performance
limitation is given by:

lj_ /

x Z If (i) Per ([nmf’ U]H [njn,HUD
r -0 S LR (1)
(L—ppj) A=piD) .y,
te z]ZI r (kj ,\l)

p/Pl -1
(1 —si5) (1 = 55) H
+ Z ss}_l tr(Qj Q,-)

i,j=1
P, (o770;) — et

l_p]pj -
p/Pz -1

53

i,j=1
where
v = (0U + L7 () F5' () U) Byl .
ao=L" (p) Fy' () UEEE @,
Q= Ny () F1 (z) M~ " (z1) VEmin! @;,
_ —1 -1 H
0 =—L; (p) Fy (pj) AEj§E" F.

Proof: J* can be decomposed as:

P Vi [1 +FyIN (Y - RM)]
1 — 1 )
ReRHoo JEFyIN (v — RM) )
Jr = inf )F
2 Re}lgﬂoo 2
2
JF= inf |FIIN(y—RM AH . 10
3 RE}R’HOO 2 ( ) 2 (10)

From (7), it can be obtained:

JT—¢ [1 + Fy ' FyL.N,Fy (Y — RM)] U

Ji = inf X
VEFS ' FyLN,Fi(Y — RM)

RERH

2

Because L, is the all-pass factor, Ji“ can be calculated:

VI=2 LI+ NaFI(Y = RM)] 2
VEF\(Y — RM) ,

J{ = inf
ReRHoo
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By a simple calculation, we have:

h
. VIZe L7 —0+0+N,F (Y —RM)] |
= inf |v 4 U
RERH EN,F1 (Y — RM) 5
n
where ® = [[f (i), f(s) = —smm + YiY!. Since
i=1
(L7'—®) is in H5, and [© + N, (Y —RM)] is in H,.
Hence:
_ 2
I VAN (S C)
0 2
. V1 —=€[O 4+ N,F (Y — RM)]
+ inf
RERH EN,F1 (Y — RM) 5
Then
-1 2
Jh = H«/l—s(Lz -0)y, ’
2
. . V1—¢e[®+N,F| (Y — RM)]
1p = inf
RERH oo VEN,Fi (Y — RM) 5
According to [29], it can be obtained:
2
[vr=e (x" —@) UH
2
-0 X [Treor (! @ -r o) v}
i=1 k=1
Next,
(1 — s;59) (1 — sjEj)
JiH=0—¢ Z
sisi— 1

ij=1

xélf(skﬂzt” ([nm U] [/”'JHUD

Then, calculatmg Ji5, we denote that MU = My;,By),

where By, = 1_[ Byj. Byj = 13- 5;%‘511 + 4 A/ & s
=1

the unitary vector, as the d1rect10n of unstable poles, thus
FU™ w

SJEH +A AH =1, and“;‘] = m Then
Ji2
_ o VTR NFL (= RM)T 2
RERHoo EN,F1 (Y — RM) 5
= inf
RERH o
[VT=¢ (U + NuF1YU) B} —/T=eN,FRM |
ﬁNnFYUB(;I} — EN,FRM 5

At the same time, following is denoted:

J¥ = inf H«/]—e(OU—i—NFlYU)B

ReRH

V1= eNnFlRM(pm‘

k]

20282

Jf= inf H VENFYUB,} — \/eN,F\RMyp, H

ReRH
From partial fraction procedure, it can be obtained:

V1—¢(OU + N,FiYU) B,

m
=VI—e) (OU+ Ny (p)) F1 () Y () U) Ej
j=1
x ( o~ By (00)) ®; + Ri/eN,F1YUB,,

= e Z Na (pj) F1 (p)) Y () UE;
j=1
X (B(;j1 - B;jl (OO)) ¢+ R2

j-1
where Ri,Ry € RHoo, and E; = [] (Bwk (pj))

mn —1
IT (Bek (7)) -
k=j+1
So, it can be calculated:

-1
, @ =

mi (OU+ N, (p)) F1 (p)) Y (pj) U)

J*= inf
RERHqo
j=1
2
1 el

xE (B(pj B, (oo)) ®;+R| — /1= eN,F|RM,y,

2
Because of (B_1 — ;j] (oo)) € Hzl, and

— /T =&NuF1RMyy) € Ha, J} can be rewritten as:

‘MZ(OH Na (p) F1 (1) ¥ (1) U)

2
(p-1_ pl
x E, (BW B, (oo)) @
2
2
+ inf ”R1 — V1= &N, F\RM,, H
RERH 2

Because of Ry, R € RH o, it can find the proper values of
R and R, then,

2
inf HRl — 1 —eN,F1RMyy, H =0
ReRH oo 2

So, following is obtained:

—(1—e>Z

tr ()/jH)/,'>
i,j=1

where y; = (OU + N, (p) F1 (1)) Y (pj) U) Ejjé]" ®;.
In the same way, we have:

pjp] (1 —pipi)
p]pl —1

Ty
N H*/EN w (Pi) F1 () Y (p)) UE; (B;jl _

+ REiIIQIIroo ||R2 - \/ENnFlRM(pm ”;

—1 2
B,/ 09) o],
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Because of R € RH ., it can find the proper values of R,
can be selected to make

pdnf |R2 — JEN,F1RM gy 3 = 0

Then, one gets:

m - -

(1 —pipj) (1 — pipi)
*

o =¢ Z pipi—1

tr (kf A,-)

(p) UEj&&/ @;, and since

ij=1

where A; = N, (Pj) Fy (pj) Y
Jiy = J; +J}, therefore:

1—
112 =(—¢) Z p/pj ( DiDi) . (J/jHJ/i)
p/pl -1
i,j=1
1 — p:b;
i Z pjp/ ( piDi) i ()L]H)w')
=1 pjpl -1

From (5), and M(p,) = 0, we get: Y(Pj) =

—F ) N ) L () Fy ' ()
Then, ;= (OU+L' () F;' (p) U) Eigiel' @,
a=L7"(pj) Fy' (pj) UE&E! ®;.
Thus:
o (1_)2(1 sis)) (1 — sj5))
1= sisi— 1

ij=1

xilf(skﬂzf’” ([’7177 U] ["f"/HU])

P]Pj ¢! _Pth)tr< H i)

ca-ny U Y
l] 1 P]Pz -1
P]P] (I —pipi) ( H
+e i (3 x)
Z P]Pz —1 ot

ij=1
Next, J5 and J3 are calculated.
NV = NyuLy:.

where L,, = ]_[L(p,, i = i ;’ann/ + YiYiH, then,

following is obtalned

J3 inf IN,F1XV — N,F1RNV |13

Re

= Jof |NyF1XV — NyF1RNgnLy: ||2

- Reillellgm ’ Wl - N"FIRNW 2
From partial fraction procedure:
N.F1XVL!
=Ny (&) Fi ) X @) VE; (Ly! = L (09)) i + Ry

VOLUME 8, 2020

—_

i—

[T (Lo )@ =

k=1
' From (5), we have X (z;) = M~ (z).

where R3 € RH,Ei =

n

[T (Lx )~

-

+ inf “R3
RERHoo

N @) Fr @) M~ @) VE; (L = 1) (00))

2
— Nu (i) F1 (2) RN 5

Because of R3, R € RHo, it can find the proper values
of R3, R, can be selected to make,

2
Ny (zi) F1 (zi) RNgp ||, = 0

inf |Rs >

ReRH

Following can be obtained:

n] — 550 (1 — si5:
Jy = Z ( sls,)( s]s]) tr (Q]HQ,)

sis;i — 1
ij=1 )

where ; = N,, (z;) F1 (z) M~ (z;) VEmn &;.
At the same time:

. 2
Ji = Relgflw |L.N,F1 (Y —RM) Al
= (1 —28)Rg£15 IN.F1 (Y — RM)All3

From J 1* , following can be obtained:

(1= p:5:) (1 — p:D;
J?:k — Z ( p{pj) ( piDi) i (GjHQi)
Py’ pipi — 1
where 6 = —L7" (p)) Fy ' (py) AEj&i&]" F;.

The proof is completed.

Next, the problem of the performance limitation for NCSs
under two-parameter compensators is discussed, as shown
in Fig. 2. [Kl Kz] represents the two-parameter com-
pensators, and the transfer function is [K 1(s) KQ(S)]. The
defined dimension of [ K| K3 | is the same as the number of
communication channels.

From Fig. 2, it is clear that:

u=Kir+Ky(Foy+mn),y=GFi(u+n) (1)
A simple calculation can provide the following:
u= (I — Kx2F2GF) " 'Kir
+ (I — K2F2GF1) " 'Ky F2GF iy
+ (I — K2F>GF) " 'Kony
y = GF(I — KxF2GF) " 'Kir
+GF (I — K2F2GF) 'y
+GF(I — K2F2GFy) ™' Komy
— Tyr + Tsny + Tomo (12)
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K]
A

FIGURE 2. Model of constraint with channel noise and bandwidth.

e=r—y
= [1 - GFU - KoF2GF) 'K |
—GF1(I — K2F>GF) "'y
— GF\(I — K2F,GF) "' Kony

= Tyr — Tsn; — Teny (13)

The same as one-parameter compensator, K can be written
as [22]:

—(K:K =[K; : K]
— (X—RN)"'[Q0 Y —RM],OQ,R ¢ ’H,oo} (14)
According to (4) and (14), one has:
Ty = I — GF(I — K2F,GFy) 'Ky =1 — F;'NQ,
Ts = GF\(I — KyF2GFy)™" = F5'N (X — RN)
Te = GF1( —KzeGFl)_le = Fz_lN (Y —RM) ,
= GF(I — K2F,GF) 'Ky = F; 'NQ.
Then,
J=a=oE{lel3} +e{E{m3} -}
2 2
—(1—¢) H (1 - F;‘NQ) UH2 T HF;‘NQUH2

2
+ HFz—lN (X — RN) VH2

2
+ ”F;W(Y—RM)AH2 —¢l (15)
According to (5) and (15), it can be calculated:
-1
r= it ‘«/ 11 NQ)
geERH;O VeFy NQU 2

+|v —RN)VHZ
+ |Fv e - RM)AHE - er}

Theorem 2: NCSs with channel noise and bandwidth con-
straints as depicted in Fig. 2, if K is expressed as (14),

20284

the performance limitation can be obtained as:

f (1 )Z(l 5iSi) l—sj:vj)

sisi— 1

i,j=1

xilf(SkNQW <[nm v]” ['v%HUD
k=1
+8(1—8)§:0‘i
i=1

N 2”: (1 — s;59) (1 — SjS‘j) o (QHQi)

J

ij—l $iSj — 1
1 — 1—
i Z P]P] ( 1 DiDi) o (9]'H9i> el
ij=1 Pjpz -
where Q; = N, @) F1 )M~ () VEmin &;,6; =
L7 (pj) Fy ' () AEEE] F.

Proof: J* can be decomposed as:

o |vT=E (I—F_IN )
Ji = inf ¢ ) 2 NO u| ,
0eRH ﬁF{ NQ 5
2
J¥ = inf |F7'N (X —RN VH
ST Rk I 2 ( W,
2
7= inf |F7IN (Y —RM AH
6 RG}RHDO 2 ( ) 2

From J 1* , we have:

‘«/l—é‘(Lz_l—@)U
0

2
=

2

Q€RHy \/_NnFlQ 2
Next, calculating J, denotes:
-1 2
JLZH«/I—e(LZ -0), ’
0 2
i ‘ JT—£(© = N,F10), |*
0eRHx VEN,F10 2

From Theorem 1., it can be obtained:

=d—e Z (1 — s;5;) (1 — Sj:vj)

sisi— 1

x Z If (se)Ptr ([mm U] ["1’77 v ])
k=1

From [22], an inner-outer factorization is introduced:

i,j=1

—+/1 —el
AIAO:( ﬁlg )NnFl
-1 —81)
where A; = ( , Ao = N, F.
el
Ve N i
we select v = ! , and =1.

4 <1 — A,Af’) vy
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Then:
Ji
. 1—el —/1 —¢l :
-t () ()|
2
V1 —el
= H(I—wiwﬁ) ( 0 )U
2
2
. H(~V 1—el
+ Qéfelzgm (1/fi ( 0 > +1ﬂoQ> U i
Proper Q, can be selected to obt%in the following:
inf (wﬁ(vl_";l)on)U =0
QERH()Q O 2
A simple calculation can provide the following:
2
V1 —el
H(l iyt ( 0 )U
2
B el eaFal\(VT=e), z
TI\Ved+e)l d-¢e)l 0 5

Thus:
2 n
H(l—wiwﬁ)(”g"’"’)UH =s(l—e)) o
2 i=1

From one-parameter compensators, it can be found that:

"1 —s5) (1 =55
JS* = JZ* = Z ( S’S!)( SISI) tr (Qngz)

= E,’Sj -1
m - -
==Y (1 —pipj) A — pipi) N (9H9.)
6 3 ]—)p _ 1 J i
ij=1 JE

The proof is completed.

Corollary. 1 The following corollary. 1 can be obtained by
Theorem 2 directly. If the channel has been not considered In
Theorem 2, then the performance limitation can be obtained
as:

I Xn: (1 — s;5;) (1 — SjS‘j)

EiSj —1

x Z F (s Per ([nmf’ o] [t ])
k=1

Corollary. 2 The following corollary. 2 can be obtained
by Theorem 2 directly. In Theorem 2, if n; = 0, then the
performance limitation can be obtained as:

ij=1

n - -
(1 — S,‘Sl‘) (1 — Sij)
J¥=(1-¢) -
ijz—l S,'Sj —1

x ZI: If (s)|tr ([ﬁmflU]H [”f”JHUD
k=1
+e(l—e) i“i
i=1

VOLUME 8, 2020

N i (L= pipj) A =pip) (9”9) _or
— I L
ij=1 pipi =1 ’

where 0 = —L~! (pj) F; ' (pj) AE&E F;.
ll. NUMERICAL SIMULATIONS

This section presents some examples to illustrate the results.
Example 1: Consider the given plant as:

1
—= 0
G(z>=<ﬁ5 ek )
(z+0.5)

From this plant, |k| > 1, it can be seen the nonminimum
phase zeros are located at z = k, the zero-direction vector 7 is

n= <(1)>, the unstable pole is p = 5, and the pole direction

o= (1)
vector w 1S w = 1)
20 10

Letsuppose I’ = 10, U = (02>,V= 01

1 0 30
Fz( k>F17A=( )
1=K . 03 1
1 L0
so N, (z)=< 1 ),Ml(z)=(15 )
! Oz+0.5 11

_n
Next, the bandwidth is assumed as: F (z) = ZB“ )
+u
where u is the bandwidth rate, if 4 = 10, following can be
10

. k+10 0 - 2 0
obtained: F(z;) = kBIO 0 |- 1 (pj) = ((2) 3 )
k+10 2

The ¢ is assumed for three different values of e = 0, &5 =
%, &3 = ‘51, from Theorem 1, following can be obtained:

),N(Z)=

6(2k2 + 5k — 3)” + 1350(1 — 5k)2

Ji= (1)K

(5 —k)?
900
K —1
+( >[(k+2)2(k+10)2
+ 100 ] 41086
(k +2)2(k + 10)2(k — 5)>

3(2k2 + 5k — 3)” + 1377(1 — 5k)>

J;‘:%(kz—])kz—l—

(5 —k)?
900
K2 —1
+( >[(k+2)2(k—|—10)2
100 ]
+ + 889
(k +2)2(k + 10)2(k — 5)?

6(2k2 + 5k — 3)% + 6966(1 — 5k)2
5(5 — k)2

900
K —1
+( >[(k+2)2(k+10)2
N 100 ] N 2990
(k +2)%(k + 10)%(k — 5)? 5

The performance limitation for NCSs under different ¢
is shown in Fig. 3. It can be seen from the Fig.3 that the

1
J§=§(k2—1)k2+
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FIGURE 3. The performance limitation under different nonminimum
phase zeros.
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FIGURE 4. Performance limitation under nonminimum phase zeros.

performance limitation will be influenced by ¢, the greater
¢ is, the greater the performance of NCSs will be.

Next, if ¢ = %, and other conditions are unchanged, from
Theorem 1 and Theorem 2, following can be obtained:

1 3(2k2 + 5k — 3)* + 1377(1 — 5k)?
2 S—-k)
900

+(k2—1)[ i >

k +2)2(k + 10)

100
+ . . 2}—#889

(k+2)°(k + 10)°(k — 5)

1 1350(1 — 5k)>
Ji= (kK =1)k> ———————
> 2 ( ) + (5—k)?
900

* (k2 a 1> [(k +2)2(k + 10)2

. 100 }
(k +2)2(k + 10)2(k — 5)>
5
48142
+481+ 7

The performance limitation for NCSs under one or
two-parameter compensator is shown in Fig. 4. It can be seen
from Fig. 4 that the optimal performance for NCSs under
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FIGURE 5. Performance limitation under nonminimum phase zeros.

two-parameter compensator is better than one-parameter
compensator. It can also be seen from Fig. 4 that the per-
formance will be influenced by the non-minimum phase
zeros, unstable poles and their directions of systems, the per-
formance of the systems becomes worse as unstable poles
and nonminimum phase zeros are located close to each
other.

The bandwidth and two channel noises often appear in
NCSs and inevitably degrade or destabilize the control perfor-
mance of the NCSs. The optimal tracking problem for NCSs
over a communication channel with bandwidth is studied
in [30] only considers the feedback bandwidth constraint.
This paper is aimed at addressing the tracking performance
limitation of NCSs with considering the bandwidth and two
channel noises. The choice of data is the same as in previous
example, thus, according to Theorem 2 and [30], the tracking
performance limitation can be obtained in Fig. 5. In Fig. 5,
it can be seen that the more communication constraint param-
eters, the worse the performance is.

Example 2: Consider the given plant as:

1
(z—=9)

G@ = z—3

z+0.5

From this plant, the values of nonminimum phase zeros and
unstable poles are known, it can be seen that the nonminimum
phase zeros are located at z = 3, the zero-direction vector n
. 1 .
isn = 0), the unstable pole is located at p = 5, and the

L . 0
pole direction vector w is w =

[
N———"

20
1
Let suppose I' = 10, = 5, U = 02 N @) =
1 0 1 0
F2(1 =3 >F1, so we have N, (z) = (O 1 >,
z+0.5 z+0.5

19
1y _[ =
M (Z)—( 15 1>.
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iéét first, the bandwidth is selected as: Fi(z;) =

L) 1 30 50
13 . — 2 —

o0
A= 00 )’
From Theorem 2, following can be obtained:
232
J§ = =87 + 2430007 + 141
6 169 + o +

The performance limitation for NCSs under different chan-
nel noise is shown in Fig. 6. It can be seen from Fig. 6 that
the performance limitation for NCSs will be influenced by the
channel noise, and the greater the channel noise is, the worse
the performance limitation for NCSs will be.

Second, the bandwidth is selected as: Fi(z;) =

10 o B pu2+10
(8m>’F2 () = 0 ww | and Vo=
13 w2
30 LA = o0 , From Theorem 2, we can obtain:
03 0o

1200(us + 102 5, 4007
= o
2 169

J*

The performance limitations for NCSs under channel noise
and bandwidth are shown in Fig. 7. The Fig. 7 shows that the
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channel noise and bandwidth affect the performance limita-
tion for NCSs. The greater the bandwidth is, the greater the
performance limitation of NCSs will be, and the greater the
channel noise is, the worse the performance of NCSs will be.

IV. CONCLUSION

The performance limitation for NCSs under two-channel
constraints is investigated in this paper. Channel noise and
bandwidth in forward and feedback loops simultaneously.
The obtained results show that the performance limitation for
NCSs is related to the intrinsic properties of a given plant such
as locations and directions of nonminimum phase zeros and
unstable poles. At the same time, the performance limitation
for NCSs is influenced by parameters such as channel input
power, energy constraints, channel noise and bandwidth.
Finally, different influence factors and different Pole-Zero are
discussed to validate the feasibility of the proposed methods
in the simulation section. The proposed methods in this paper
assumes that the parameters of the system models are known.
For the systems with unknown parameters, one uses some
identification approaches [31]—[33].

This paper has discussed the performance of SISO or
MIMO NCSs with communication constraints. However,
practical applications also include SIMO NCSs. It is essential
to discuss the performance limitation for SIMO NCSs under
the constraints used in this paper. This problem will be studied
in future work.

REFERENCES

[1] Y. Wang, H. R. Karimi, H.-K. Lam, and H. Yan, “Fuzzy output tracking

control and filtering for nonlinear discrete-time descriptor systems under

unreliable communication links,” IEEE Trans. Cybern., to be published,
doi: 10.1109/tcyb.2019.2920709.

J. Huang, S. Ri, T. Fukuda, and Y. Wang, “A disturbance observer based

sliding mode control for a class of underactuated robotic system with

mismatched uncertainties,” IEEE Trans. Autom. Control., vol. 64, no. 6,

pp. 2480-2487, Jun. 2019.

H. Zhang, Q. Hong, H. Yan, F. Yang, and G. Guo, “Event-based distributed

Hy filtering networks of 2-DOF quarter-car suspension systems,” I[EEE

Trans. Ind. Informat., vol. 13, no. 1, pp. 312-321, Feb. 2017.

H. Zhang, Y. Qi, H. Zhou, J. Zhang, and J. Sun, “Testing and defending

methods against dos attack in state estimation,” Asian J. Control, vol. 19,

no. 4, pp. 1295-1305, Jul. 2017.

[5] S. Liu and P. X. Liu, “Distributed model-based control and schedul-
ing for load frequency regulation of smart grids over limited bandwidth
networks,” IEEE Trans. Ind. Informat., vol. 14, no. 5, pp. 1814-1823,
May 2018.

[6] H. Zhang and W. X. Zheng, “Denial-of-service power dispatch against

linear quadratic control via a fading channel,” IEEE Trans. Autom. Control,

vol. 63, no. 9, pp. 3032-3039, Sep. 2018.

H. Zhang, W. Meng, J. Qi, X. Wang, and W. X. Zheng, “Distributed load

sharing under false data injection attack in an inverter-based microgrid,”

IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 1543-1551, Feb. 2019.

[8] J. Hu, X. Zhan, and J. Wu, “Optimal tracking performance of NCSs with

time-delay and encoding-decoding constraints,” Int. J. Control Autom.

Syst., to be published, doi: 10.1007/s12555-019-0300-5.

H. Zhang, Y. Qi, J. Wu, L. Fu, and L. He, “‘DoS attack energy management

against remote state estimation,” IEEE Control Netw. Syst., vol. 5, no. 1,

pp. 383-394, Mar. 2018.

[10] M. Hamdy, S. Abd-Elhaleem, and M. A. Fkirin, “Time-varying delay
compensation for a class of nonlinear control systems over network via Huo
adaptive fuzzy controller,” IEEE Trans. Syst., Man, Cybern. Syst., vol. 47,
no. 8, pp. 2114-2124, Aug. 2017.

2

—

3

[l

[4

=

[7

—

[9

—

20287


http://dx.doi.org/10.1109/tcyb.2019.2920709
http://dx.doi.org/10.1007/s12555-019-0300-5

IEEE Access

X.-S. Zhan et al.: Performance Analysis of NCSs Under Channel Noise and Bandwidth Constraints

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

C. Yuan and F. Wu, “Delay scheduled impulsive control for networked
control systems,” IEEE Control Netw. Syst., vol. 4, no. 3, pp. 587-597,
Sep. 2017.

H. Yan, Q. Yang, H. Zhang, F. Yang, and X. Zhan, “Distributed H, state
estimation for a class of filtering networks with time-varying switching
topologies and packet losses,” IEEE Trans. Syst., Man, Cybern. Syst.,
vol. 48, no. 12, pp. 2047-2057, Dec. 2018.

Y. Wang, W. Zhou, J. Luo, H. Yan, H. Pu, and Y. Peng, “Reliable
intelligent path following control for a robotic airship against sensor
faults,” IEEE/ASME Trans. Mechatronics, vol. 24, no. 6, pp. 2572-2582,
Dec. 2019, doi: 10.1109/tmech.2019.2929224.

J. Wu, Q. Deng, C.-Y. Chen, and H. Yan, “Bipartite consensus
for second order multi-agent systems with exogenous disturbance via
pinning control,” IEEE Access, vol. 7, pp. 186563-186571, 2019,
doi: 10.1109/access.2019.2959719.

D. Zhang, S. K. Nguang, and L. Yu, “Distributed control of large-scale
networked control systems with communication constraints and topol-
ogy switching,” IEEE Trans. Syst., Man, Cybern. Syst., vol. 47, no. 7,
pp. 1746-1757, Jul. 2017.

G. Chen, J. Xia, G. Zhuang, and J. Zhao, “Improved delay-dependent
stabilization for a class of networked control systems with nonlinear per-
turbations and two delay components,” Appl. Math. Comput., vol. 316,
pp. 1-17, Jan. 2018.

Z. Li, H. Yan, H. Zhang, X. Zhan, and C. Huang, “Improved inequality-
based functions approach for stability analysis of time delay system,”
Automatica, vol. 108, Oct. 2019, Art. no. 108416.

K. Okano, M. Wakaiki, G. Yang, and J. P. Hespanha, “Stabilization of
networked control systems under clock offsets and quantization,” IEEE
Trans. Autom. Control, vol. 63, no. 6, pp. 1708-1723, Jun. 2018.

X. Liang, J. Xu, and H. Zhang, “Optimal control and stabilization for net-
worked control systems with packet dropout and input delay,” IEEE Trans.
Circuits Syst., II, Exp. Briefs, vol. 64, no. 9, pp. 1087-1091, Sep. 2017.
X.-S. Zhan, Z.-H. Guan, X.-H. Zhang, and F.-S. Yuan, “Optimal track-
ing performance and design of networked control systems with packet
dropout,” J. Franklin Inst., vol. 350, no. 10, pp. 3205-3216, Dec. 2013.
X.-S. Zhan, L.-L. Cheng, J. Wu, Q.-S. Yang, and T. Han, “Optimal
modified performance of MIMO networked control systems with multi-
parameter constraints,” ISA Trans., vol. 84, pp. 111-117, Jan. 2019.

L. Cheng, X. Zhan, J. Wu, and T. Han, “An Optimal Tracking Performance
of MIMO NCS with Quantization and Bandwidth Constraints,” Asian
J. Control, vol. 21, no. 3, pp. 1377-1388, May 2019.

J. Wu, Z.-J. Zhou, X.-S. Zhan, H.-C. Yan, and M.-F. Ge, “Optimal modified
tracking performance for MIMO networked control systems with commu-
nication constraints,” ISA Trans., vol. 68, pp. 14-21, May 2017.

X.-S. Zhan, L.-L. Cheng, J. Wu, and H.-C. Yan, “Modified track-
ing performance limitation of networked time-delay systems with two-
channel constraints,” J. Franklin Inst., vol. 356, no. 12, pp. 6401-6418,
Aug. 2019.

J. Wu, X.-X. Sun, X.-S. Zhan, and T. Han, “Optimal tracking perfor-
mance for networked control systems with quantization,” J. Franklin Inst.,
vol. 354, no. 1, pp. 215-232, Jan. 2017.

C.-Y. Chen, B. Hu, Z.-H. Guan, M. Chi, and D.-X. He, “Optimal tracking
performance of control systems with two-channel constraints,” Inf. Sci.,
vol. 374, pp. 85-99, Dec. 2016.

K. Zhou, J. Doyle, and K. Glover, Robust and Optimal Control.
Upper Saddle River, NJ, USA: Prentice-Hall, 1996.

B. Francis, A course in Hy control theory. Berlin, Germany:
Springer-Verlag, 1987.

X.-S. Zhan, J. Wu, T. Jiang, and X.-W. Jiang, “Optimal performance of
networked control systems under the packet dropouts and channel noise,”
ISA Trans., vol. 58, pp. 214-221, Sep. 2015.

Z.-H. Guan, X.-S. Zhan, and G. Feng, “Optimal tracking performance
of MIMO discrete-time systems with communication constraints,” Int.
J. Robust. Nonlinear Control, vol. 22, no. 13, pp. 1429-1439, Sep. 2012.
F. Ding, J. Pan, A. Alsaedi, and T. Hayat, “Gradient-based iterative param-
eter estimation algorithms for dynamical systems from observation data,”
Mathematics, vol. 7, no. 5, p. 428, May 2019, doi: 10.3390/math7050428.

20288

[32] F. Ding, P. X. Liu, and G. Liu, “Gradient based and least-squares based
iterative identification methods for OE and OEMA systems,” Digit. Signal
Process., vol. 20, no. 3, pp. 664—-677, May 2010.

[33] F. Ding, X. Liu, and J. Chu, ‘““Gradient-based and least-squares-based
iterative algorithms for Hammerstein systems using the hierarchical iden-
tification principle,” IET Control Theory Appl., vol. 7, no. 2, pp. 176-184,
Jan. 2013.

XI-SHENG ZHAN received the B.S. and M.S.
degrees in control theory and control engineering
from Liaoning Shihua University, Fushun, China,
in 2003 and 2006, respectively, and the Ph.D.
degree in control theory and applications from
the Department of Control Science and Engineer-
ing, Huazhong University of Science and Tech-
nology, Wuhan, China, in 2012. He is currently a
Professor with the College of Mechatronics and
Control Engineering, Hubei Normal University.
His research interests include networked control systems, robust control, and
iterative learning control.

WEN-KANG ZHANG is currently pursuing the
M.S. degree with the College of Mechatronics and
Control Engineering, Hubei Normal University,
Huangshi, China. His research interest is stability
of networked control systems.

JIE WU received the B.S. and M.S. degrees in con-
trol theory and control engineering from Liaoning
Shihua University, Fushun, China, in 2004 and
2007, respectively. She is currently an Associate
Professor with the College of Mechatronics and
Control Engineering, Hubei Normal University.
Her research interests include networked control
systems, robust control, and complex networks.

HUAI-CHENG YAN (Member, IEEE) received the
B.Sc. degree in automatic control from the Wuhan
University of Technology, Wuhan, China, in 2001,
and the Ph.D. degree in control theory and con-
trol engineering from the Huazhong University of
Science and Technology, Wuhan, in 2007. He is
currently a Professor with the School of Informa-
tion Science and Engineering, East China Univer-
sity of Science and Technology, Shanghai, China.
His current research interests include networked
systems and multiagent systems.

VOLUME 8, 2020


http://dx.doi.org/10.1109/tmech.2019.2929224
http://dx.doi.org/10.1109/access.2019.2959719
http://dx.doi.org/10.3390/math7050428

	INTRODUCTION
	PROBLEM FORMULATIONS
	 NUMERICAL SIMULATIONS
	CONCLUSION
	REFERENCES
	Biographies
	XI-SHENG ZHAN
	WEN-KANG ZHANG
	JIE WU
	HUAI-CHENG YAN


