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Tradeoffs between transmission intervals and delays for
decentralized networked control systems based on a gain
assignment approach

Kun-Zhi Liu, Rui Wang, and Guo-Ping Liu, Fellow, IEEE

Abstract—This paper investigates the stability problem of intercon-
nected networked control systems (NCSs) in which there are many local
networks and each network is independent of the others. Several trans-
mission imperfections including variable transmission intervals, variable
transmission delays and communication constraints, are permitted by
each local network. A gain assignment criterion is proposed to assign
the gain closely related to the maximum allowable transmission interval
(MATI) and maximum allowable delay (MAD) of each local network.
Moreover, the tradeoffs between the MATI and MAD of each local
network can be computed by solving a series of differential equations
with the acquired gains. Finally, a common used example is given to show
the improvement of the obtained results over the existing literature.

Index Terms—Networked control systems, interconnected systems,
communication constraints, transmission delays.

I. INTRODUCTION

Studies on NCSs have attracted a lot of attention in recent years
due to the great benefit of NCSs over the traditional control systems,
such as the low cost and easy installation and maintenance [1]-
[5]. However, the existence of network may degrade the system
performance and even destabilize the NCSs due to the existence
of network imperfections including variable transmission intervals,
variable delays, communication constraints, quantization effects and
packet dropouts [6], [3]. Quantitative analysis for these influences has
attracted a lot of investigation (see [1]-[3], [6]-[8], and references
cited therein).

Many existing literature focusing on stability analysis of NCSs
with transmission protocols consider only one global network (see
e.g. [1], [2], [6], [7]). The communication in the network is hence
synchronized according to a global clock. While there are also many
situations such as large-scale systems in which the NCSs consist of
a number of local networks and each network is independent of the
others. Each local network has its own clock and thus the whole NCSs
communicate asynchronously. This problem has not received much
consideration in the existing literature. The authors in [9] consider the
stability of interconnected networked control systems in which each
local network is affected by variable transmission intervals, variable
small delays and disturbances by small gain theorem, and connect
the input-to-state gains to the network parameters such as MATI and
MAD specifically. The paper [10] models the interconnected NCS
into a hybrid system consisting of multiple subsystems and combines
the emulation-based stability analysis for NCSs and technique from
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large scaled systems. Explicit MATI of each local network is given
in [10]. However, both of the results in [9] and [10] may be
conservative since the Lyapunov function is chosen for each local
network randomly and no effective gain assignment approaches are
given to assign the gain closely related to the MATI and MAD. How
to improve the MATI and MAD motivates the research of this paper.

In this paper, we consider the stability of interconnected NCSs
in which each local network is affected by variable transmission
intervals, variable small delays and communication constraints. The
considered system is linear and a hybrid technique is adopted
to analyze the stability of such systems inspired from [6]. The
main contribution is concluded as the following points. A common
Lyapunov function is used for the x subsystem and a centralized
gain assignment approach is proposed to assign the gains with
respect to different e; subsystems. Such gain assignment approach
can effectively optimize the gain closely related to the MATI and
MAD. The tradeoffs between MATI and MAD of each local network
can be given by solving a series of differential equations. Finally, a
common used example shows that the MATI and MAD acquired by
our approaches for each local network are much less conservative
compared with those in [9]. Even in free of delays, the MATI is also
much less conservative than that acquired in [6].

|| and (.,.) denote respectively the Euclidean norm and the usual
inner product of real vectors. Given a matrix @, |Q| denotes the
matrix 2-norm. For N € N, N = {1,2,--- , N}. For [ vectors z; €
R™,i=1,2,---,1, denote (x1,x2, - ,21) = [21,23,--- ,z7]".
1n € RY consists of element 1 and O € RY consists of element
0. A and V denote logical ‘and’ and ‘or’, respectively.

II. INTERCONNECTED NETWORKED CONTROL SYSTEMS

Consider the following interconnected continuous-time linear sys-
tems with subsystems Py, Pz, -+, Pn

Tpi = ApiiTpi+ Z Ap jiTpj + Bp il ~
P; : i ieN (D
Yi = Cp,iTpi

where z,,; is the state of P; subsystem, u; is the actual local control
input, and y; is the output of subsystem P;,i € N. A, ;, Bp,; and
Cy,; are respectively the state matrix, input matrix and output matrix
of the subsystem P;.

The plant (1) is controlled by N local controllers C;,i € N.
Each controller communicates with sensors and actuators of the
corresponding plant via the communication network A;,i € N. The
i-th controller C; to P; is given as follows

c.: T = Aci®e,i + Bc,iﬁii cN
Ui = Cc,ixc,i

(@)

where x. ; is the state of controller C;, ¥; is the most recently received
information on the output y; of subsystem P;, and u; is the output
of controller C;. Ac,i, Be,s and C.; are respectively the state matrix,
input matrix and output matrix of the controller C;.
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The communication networks A7, N3, -+, Ny are independent
with each other. Each local network Nj,i € N has its own
transmission/sampling clock and consists of n; € N nodes. Let
{t; }521 be a sequence of sampling times corresponding to the local
network N, € N and there exists a § > 0 such that 6 < ¢}, —t]
forall i € N and j € N. In each network N;, the sensors sample the
output (y;,u;) of the plant and the controller at time ¢}, while only
the node authorized by the ¢-th transmission protocol can transmit
the values via the network A/;. Due to the existence of transmission
delays, the transmitted values will arrive at the destination after delay
TJZ Next, a standard assumption related to the transmission intervals
and delays is introduced ( [6], [3]).

Assumption 1: The transmission times satisfy § < t§+1 - t; <
Taarr for all @ € N and j € N and the delays satisfy 0 <
75 < min{7risap,ty1 — tj} forall i € N and j € N, where
d € (0,7jsary] for all ¢ € N is arbitrary.

The updates of the entries in g; or 4; at t; + T; satisfy

Qi((t;' + T;)ﬂ yz‘(t;) + hy,i(4, ez‘(t;)) (3)
@i (5 +75)7) = wilty) + hui(d, ei(t5)) “)

where the functions h; = (hy,i, hy,:) is called the ¢ — th network
protocol that can, for instance, be the Round Robin protocol (RR) or
the Try-Once-Discard protocol (TOD), e; € R™¢: denotes the vector
(e¥,ei') with €Y = §; — y; and e} = 4; — u,. Between the updates

of ¢; and 4;, assume
%i(t) =0
a;(t) =0

forall i € N.

tE [ty + 7, th1 + Ti4)

III. HYBRID MODEL

In this section, the modeling technique is inspired from [6].

Let z; = (%pi,2c;) € R™ and x = (21,22, - ,xn) € R™.
From [6], the ¢-th interconnection can be modeled into a hybrid
system where the flow dynamic is given as

T; = A;x + Bie;
=0 (li =1A7i €[0,7hap)) )
=1 V(i =0ATi € [0,Tarars])
$i =0
ki =0
) _ [ Ap,l,i Bp,icc,i Mg X7
Ai(1) = _ BoiCos Ao ] cR s 6)
Ay = | Ao Ol epmom oo N @)
| O 0
o [ 0 Bp,i
Bl % ®)
M; = :Cp’? :|Ai>Ji = { :gpl ]Bi‘ ©

The jump dynamic is described as
Gi($;+7ej7l?77—r7sj7ﬁ'j_)
(zi,€i,1,0, hi(ksy€5) — ei, ki + 1),
li=0AT; € 6,7‘i/ ;
_ [0, Tarar1] (10)
(zi,8: + €:,0, 73, —8; — €4, Kq),

lLi=1AT; € [077—]’LMAD]~

Note that in the hybrid system (5)-(10), the variables 7;, k;, s; and
l; are respectively the timer variable, counter variable tracking the
transmission, storing variable and Boolean identifying the transmis-
sion event and the update event [6].

Denote e = (e1,e2,--- ,en) € R™, 7 = (11,72, -- ,7n) € RY,
Kk = (Ki,k2, - ,6Nn) € RV, I = (I1,la,-- ,In) € RN, s =
(s1,82, - ,sn) € R" and & = (z,e,l,7,5,Kk) € R"¢ with ng =

nz + 2ne + 3N. The entire interconnected NCSs can be described
by the following hybrid system Hxycs

Hnos { f € Fnes(€),€ € Cnes (11
§" € Gnes(§),€ € Dnes.
The flow dynamic is given as
Fnes(€) = (Ax + Be, Mx + Je,On,1n,0n,,0n) 12)
where
[ Ay B - 0
A= : ,B = 0 0 (13)
| An 0 By
[ M J1 0
M = : J=1 0 0 14
| My 0 --- Jn
The flow set is given as
Cnos = {€ e R™|(z,e) € R™ T (s5,k) € R™ x NV,
(i, 7) € ({0} x [0, Tarars])) J({1} x [0, 7irap)),
Vie N}. (15
The jump dynamic is described as
Gnes(§) ={Gi(§) : £ € Dnes,i}- (16)

G is given as
GZ (x7 67 l? T? 87 Ii) =
e l, 7,8

,5,R)  (z,e,1,7,8,Kk) € Dncs,i Ali =0

ebn) a7
(z,e*, 01", 71,8" k) (z,e,1,7,8,k) € Dncs,i ANl =1
with
U= (l,  lic1, L liya, -, 0N)
T= (T17"' 7Ti*170>7—i+17"' 77-N)
5=(s1,""+,8i-1,hi(Ki,€;) —€i,Siy1,-+ ,5N)
E=(k1, - ,Ki—1,Ki + 1, ki1, ,KN)
e" = (e1, - ,€i—1,€i + Si,€it1, " ,EN)
I* = (ll,"' ’liilv()’l“h..‘ ’lN)
8" = (81,7 ,8i-1,—8; — €, 8i+1, " ,5N). (18)
The jump set is as follows
N
Dncs = UDNCS,i (19)
i=1
where
Dyes.i = {€|(z,e) € R™ 1™ (s,k) € R™ x NV,
(L, m5) € ({1} x [0, 740D (O} X [0, 74, 7)),
VJ € {1527 57;71}7
(liymi) € ({1} x [0, 7hrap]) U({O} X (6, Thraz1]),
(L, 75) € ({1} x [OvTJ{IAD])U({O} X [0, T ari))s
Vje{i+1,i+2,-~~,N}}. (20)



IV. STABILITY ANALYSIS

The following conditions require that the transmission protocols
of each local network be UGES (uniformly globally exponentially
stable) protocols which are proposed in [2].

Condition 1: Each local protocol given by h;,i € N is UGES in
the sense that there exists a function Wy : N x R™¢: — R>¢ that is
locally Lipschitz in its second argument such that, for all e; € R"<i
and all k; € N, it holds that

ayyleil < Wik, er) < awilei]

Wi(ki + 1, hi(Ks, €3)) < AiWi(ki, €:) (21)

for some positive numbers ayy, ;, @w,; and 0 < A; < 1,1 € N.

Remark 1: For each network N;, \; = (/%1 ay,; = 1 and
aw,; = +/n; if the transmission protocol is RR protocol and A\; =

nl—l

Q= 1 and aw,; = 1 if TOD protocol is adopted [2].
Condztzon 2: For all i € N, the function W; given in Condition

1 satisfies that

Wi(ks + 1,e:) < Aw,iWi(ks, €5) (22)

for some constant A\w,;,4 € N and that for almost all e; € R™: and
all k; €N, \aW | < n; for some constant 7; > 0,7 € N.

Remark 2: For the network N, Aw,; = /n; and n; = /m; if
RR protocol is used and A\w,; = n; = 1 if TOD protocol is used [6].
The “almost everywhere” is used in Condition 2 since %Wl may exist
for all e; € R™ except a set with measure of zero. For example,

= |e;| if TOD protocol is adopted by the network A; and W; is
differentiable almost everywhere.

Condition 3: For some ¢ > 0, there exists a positive definite
matrix P, constants v; > 0,4 = 1,2,--- , N such that the following
linear matrix inequality (LMI) holds

Q+ N MMIM; + eI,

* el,,

PB
- ZivlaW7,’Y7,F

where Q = ATP + PA and T; is a n.-dimensional block diagonal
matrix in which the ¢-th diagonal block is the n.,-dimensional
identity matrix and the k-th diagonal block is the n., -dimensional
zero matrix for each k € N with k # i.

Remark 3: The LMI condition is very natural and reasonable and
essentially requires that the whole x subsystem is input-to-state stable
(ISS). In order to make this point clear, we write out the equivalent
condition of the LMI condition as follows

<0

N
aT(A"P + PA)z + 22" PBe < = Y nia’ M Mz
=1

—ex"x —eele+ Z OZWZ% el e (23)

=1
Note that A is a Hurwitz matrix since feedback controller has been
used. Such a matrix inequality is linear since @, M;, €, ay,,; and
n; are all known and the unknown matrix variables are ~; and P.
Therefore, the LMI is solvable and can be optimized. A benchmark
example is also utilized to illustrate this point in Section V.
Consider the following function for each i € N

Wi(lﬁi,l“@“Si) =
maX{Wi(fii, i), Wi(ki,ei +8:)},li =0

max{ @

Wi(Kiy e:), Wi(ki,e; + 83)}, 1 = 1.
)\Wz

Lemma 1: Consider the system Hycs such that Condition 1, 2
hold. For each ¢ € N, the function W; defined in (24) satisfies the
following conditions for all k; € N, [; € {0,1} and s;,e; € R™e

By Mei, si)| < Wi(ki, i, ei, 51) < Byl (eq, 51|
Wik + 1,1, eq, hi(ks, €3) — €5) < MWilka, i, €, 55)
Wi(lﬁ,o, e; + Si, —S; 762') < Wi(m,l,ei,si) (25)

where 8 . and 3 w,i are some positive constants. Moreover it holds
that for all k; € N, I; € {0,1}, s; € R"i and almost all ¢; € R

<W M;xz + Je7,> < Liyliwi(/ﬂ,li,ei,si)
€

+  mi| Mz (26)

where L;o = 2lfil. g, | = nilJidws
i aw, ; %, A iy
Lemma 1 is a direct result of Theorem V.3 in [6].
Inspired by [6], we introduce the following differential equations

bio = —Liogio— %’,0(45?,0 + 1) 27)
bin = —Liidin—vio(ds + 31) (28)

2,0
where L; o = "7“; mllil p, = mAIIT\ij, Vi, 0 = Yi» Vil = %
Next, we will give sufficient conditions to ensure that Hycs is
uniformly globally asymptotically stable (UGAS).
Theorem 1: Consider the system Hycs and Condition 1, 2, 3
hold. Suppose that for each i € N, Ti;ar; > Tisap > 0 satisfy

(29)
(30)

Gio(Ti) = N ¢i1(0) for all 0 < 73 < Tagars
¢i,1(T8) > ¢io(T3)

for solutions ¢; 0 and ¢;,1 of differential equations (27) and (28)
corresponding to certain chosen initial condition ¢; (0) > 0,¢ =
0,1, with ¢;,1(0) > ¢1,0(0) > Ai$:,1(0) > 0, ¢i,o(Thrarr) > 0.
Then Hncs is UGAS.

Proof: For each ¢ € N, let Pio = qﬁl o and ¢;1 = 7—@ 1 in
differential equations (27) and (28), then (27) and (28) and conditions
(29) and (30) can be transformed into

for all 0 < 7; < Torap

ity = —2Lig,bigy = Yia, ($i0, +1),Li=0,1 (3D
and
Yi,00i,0(7:) > ANivi,164,1(0) for all 73 € [0, Tarars] (32)
Vi1 0 (i) > Yiodio(r) for all 7, € [0,7hap].  (33)
Consider the following function
U)== P$+Z%z Bt ()W (ki lis iy 50). (34)

i=1
When & € Dycs,s and I; = 0, we have that 7; €
obtain, using (17), that

(§+) <z Pw"‘Z’Yﬂ ¢Jl (T])W (5.5, €5,85)
J#L

+'Yz 0¢z O(Tz)W (K/la O €i, Sz)

(5, T;v[ATI} and

(35)
When € € Dncs,i and [; = 1, similarly, by using (17), we have

(§+) <z'Pz+ Z’Vj,l 925], J(T])W2(K’J’l]ve]’ 55)
J#i

+77, 1¢’L 1(7—1)W2(H7,, 1 ; €4, 8 ) (36)

Since from Condition 1, WAm,ei) is locally Lipschitz with
respect to e; for each i € N, Wi(k,l;, s, ;) is locally Lipschitz
with respect to (e;,s;) from the construction in (24). Based on



the property that locally Lipschitz function is differentiable almost
everywhere, for all (z,¢, s, ) and almost all (e, s), it holds that

(VU (), F(€)) <"

N
7271l 2Lzl ¢zl (Tz)‘i”}/ll (¢zl +1))W (/{lvlhehsl)

i=1

+Zz'yi,l,;d~)i,li(7—z) i, W (K/z,lz,ezysz)

1=1
+22"Y'Ll ¢zl (7-7,) (Hz,l“@”S ) 1\/$TMlTM7,{L'

i=1
N
< =Y miat M Miz — e(ja]” + [e]?)
i=1

(AP + PA)z 4 22" PBe

N

+ZWiliWi2(Hi7li7€m8i)

72% (2Li0; iy (73) + Vit (D51, + 1) W (i, iy €, 8:)
N

+ Z Q”Yi,llﬁzzi,l,; (Ti)Li,liWiQ("ii, li, €, 8i)

i=1

N
290G, (1) Wi (ki Ly €4, 50)miny /2T ME My

i=1

< —e(le” + Jzf).

The above derivations show that U () is a Lyapunov function. UGAS
follows from the standard arguments in [11]. [ |

Remark 4: In Theorem 1, the MATI and MAD for the local
network A are closely related to the gain parameters v; ;,,l; = 0,1
and can be computed by solving the differential equation pair (27)-
(28).

Remark 5: The aim of Theorem 1 is to give algorithm to com-
pute the allowable maximum transmission interval and allowable
maximum delay for NCS with multiple local networks. Each pair
of MATI and MAD of each network can be computed explicitly
by utilizing computation software such as MATLAB. Based on the
algorithm provided in Theorem 1, in actually, a tradeoff curve of
MATI and MAD can be explicitly given (please see Section V for
detailed procedure).

Corollary 1: Suppose that all the conditions in Theorem 1 hold.
If for each i € N, $i,0(0) = ¢;,1(0) = \; " in case \; # 0, then
Tirarr can be given as follows

TJi\lATI =
Li,loTi arctan <21J>;g\ T(Z”(rl _))_:)1 ey ) ,Yi,0 > Lio
#iﬂ“ = Lo (37
Lz‘,lom arctanh <21_>':3LT(2"(1110_) )_;_1)1 Y ) .0 > Lio

where T = |(’yi,0/Li,0)2 — 1‘.
The proof idea of Corollary 1 is similar to that of [11].

Proof: In the absence of delays, T4; 47y for i-th network will be
such that the differential equation (29) with initial value ¢;0(0) =
A7 satisfy @i 0(Tirarr) = Mi by Theorem 1. The solution of (29)
can be explicitly given from [11]. Therefore, Corollary 1 holds. MW

Remark 6: From Lemma 1, ;0 = y; holds and +y; can be obtained
by solving LMI in Condition 3.

V. CASE STUDIES

The common used example in [10], [9] is adopted.
Consider the following linearized system of the pendula

_ {Au A12:| o4 [311 0 ]11

38
Aar Az 0 B2 G8

where © = (z1,z2) with z; = (pi,pi,ei,éi) is the state of the
subsystem P;, i = 1,2. The matrices A11, Ai2, A21, A22, B11 and
Bas are the same as that in [10], [9].

Each subsystem employs its own local network over which the
state values y; = x; are transmitted to the controller at transmission
times. Static controller u = Kx is adopted with

Ky = [ 11396 71962 573.96 1199.0 |  (39)
K, = [ 29241 18135 2875.3 3693.9 ] . (40)
The resulting closed-loop system can be written as
21 = (A + BuKi)zi + Aiozs + BuiKien 41)
o = (A + BaaKo)za + Asiz1 + BaaKaeo (42)
é1 = —o1 (43)
6y = —@g. 44
Under TOD protocol for the network N;, W; = |ei], ap, =

";— where n; is the number of
k3

aw,i =1 = Aw, = 1, Ay =
nodes in the network M.

Under RR protocol for the network AN, let e; =
(ei(1),€i(2),--- ,ei(n;)) where e;(k) corresponds to the error
of the k-th node of the network A;. Note that n; denotes the
number of the nodes in the network N;. Then W(k;,e;) can be
represented by W (ks, e;) = /> pi, a2 (ki)]ei(k)[? where aj(x;)
is the time-varying coefficient satisfying |ax(k:)| < /n; for all
ke{1,2,---,n;} and all k; € N (see Lemma 2 of [12]). Besides,
aw,; =L aw: =m0 = Aw,i = Vni, A = - —1 To preclude
zeno behavior, ¢ is le — 6 which implies that the networks have a
lower bound of sampling periods.

In free of delays, we firstly compare our results with those in [10]
under TOD protocol for each local network. Set y1 = 2 in Condition
3 and use the LMI tool box of Matlab to minimize -, then we have
Y1 = 72 = 820.6963. When each local network has only one node,
Tirarr = 0.0016 and 72, 47y = 0.0013. When each local network
has two nodes, Ta; a7y = 2.6767e—04 and 73, 477 = 1.7169¢ — 04.
See the acquired 74, 47,7 = {1,2} in Section V of [10] under the
same constraints. It can be seen that when each local network has one
node, the order of magnitude for 7i; 47y, € {1,2} is le—6 in [10],
which is caused partly by the difficulties in choosing the appropriate
Lyapunov function for each local network. Next we compare our
result with that in [9] by admitting delays. Fig. 1 is an illustration of
how to solve the MATI and MAD for each local network by Theorem
1. The intersection of blue line with dot and red line with dot is the
MAD of the network A7 and the intersection of the red line with
dot and the horizon line with dot is the MATI of the Network N/;.
Tradeoffs between MATI and MAD for each local network under
TOD and RR protocols and different numbers of nodes for each
local network are illustrated in Fig. 2. The order of magnitude for
the MATI and MAD under RR and TOD protocols with the number
of nodes n1 = no = 2,3 is le — 4 while the order of magnitude for
the MATI and MAD in [9] is 1e — 7. This shows that our results are
much less conservative than that in [9].

VI. CONCLUSION

This paper has addressed the stability problem of linear intercon-
nected NCSs. A gain assignment criterion has been given to choose



TOD protocols for both networks, n1:n2:2, $1,0:w2,0:1'4142' “’1,1:1-7142' q)u:1.6142
T
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%
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______ -

Fig. 1. ¢;¢,i=1,2,£=1,2,n1 = ny = 2 with TOD protocols for both
networks
x10™
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Fig. 2. Tradeoffs between MATI and MAD under different protocols and

numbers of nodes

approximate gain closely related to the MATI and MAD, and the
acquired MATI has been less conservative compared with the existing
literature. An example has been given to show the effectiveness and
improvement of the proposed approach.

[1]

[2]

[3]

[4

=

[5]

[6]

[7]

REFERENCES

G. Walsh, O. Beldiman, and L. Bushnell, “Asymptotic behavior of
nonlinear networked control systems,” IEEE Trans. Automat. Contr., vol.
46(7), pp. 1093-1097, 2001.

D. Nesic and A. R. Teel, “Input-output stability properties of networked
control systems,” IEEE Trans. Automat. Contr., vol. 49, pp. 1650-1667,
2004.

M. C. F. Donkers, W. P. M. H. Heemels, N. van de Wouw, and L. Hetel,
“Stability analysis of networked control systems using a switched linear
systems approach,” IEEE Trans. Automat. Contr., vol. 56(9), pp. 2101—
2115, 2011.

Q. Zhang, J. Lu, J. Lu, and C. K. Tse, “Adaptive feedback synchro-
nization of a general complex dynamical network with delayed nodes,”
IEEE Trans. Circuits Syst. II Express Briefs, vol. 55(2), pp. 183-187,
2008.

X. Sun, D. Wu, C. Wen, and W. Wang, “A novel stability analysis
for networked predictive control systems,” IEEE Trans. Circuits Syst.
Il Express Briefs, vol. 61(6), pp. 453-457, 2014.

W. P. M. H. Heemels, A. R. Teel, N. van de Wouw, and D. Nesic,
“Networked control systems with communication constraints: tradeoffs
between transmission intervals, delays and performance,” IEEE Trans.
Automat. Contr., vol. 55(8), pp. 1781-1796, 2010.

X. M. Sun, Z. P. Jiang, K. Z. Liu, and W. Wang, “Stability analysis of
nonlinear quantized and networked control systems with various commu-
nication imperfections,” The 3th Annual IEEE International Conference
on Cyber Technology in Automation, Control and Intelligent Systems,
2013.

[8]

[9]

(10]

(11]

[12]

G. P. Liu, Y. Q. Xia, J. Chen, D. Rees, and W. S. Hu, “Networked
predictive control of systems with random network delays in both
forward and feedback channels,” IEEE Trans. Ind. Electron., vol. 54(3),
pp. 1282-1297, 2007.

D. P. Borgers and W. P. M. H. Heemels, “Stability analysis of large-
scale networked control systems with local networks: A hybrid small-
gain approach,” in Proceedings of the 17th international conference on
Hybrid systems: computation and control, 2014, pp. 103-112.

W. P. M. H. Heemels, D. P. Borgers, N. van de Wouw, D. Nesic, and
A. R. Teel, “Stability analysis of nonlinear networked control systems
with asynchronous communication: A small-gain approach,” in 2013
IEEE 52nd Annual Conference on Decision and Control (CDC), 2013,
pp. 4631-4637.

D. Carnevale, A. R. Teel, and D. Nesic, “A Lyapunov proof of an
improved maximum allowable transfer interval for networked control
systems,” IEEE Trans. Automat. Contr., vol. 52(5), pp. 892-897, 2007.
D. Nesic and D. Liberzon, “A unified framework for design and analysis
of networked and quantized control systems,” IEEE Trans. Automat.
Contr., vol. 54(4), pp. 732-747, 2009.



