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SUMMARY

This paper presents a new stability and L;-gain analysis of linear Networked Control Systems (NCS).
The new method is inspired by discontinuous Lyapunov functions that were introduced by Naghshtabrizi
et al. (Syst. Control Lett. 2008; 57:378-385; Proceedings 26th American Control Conference, New York,
U.S.A., July 2007) in the framework of impulsive system representation. Most of the existing works on the
stability of NCS (in the framework of time delay approach) are reduced to some Lyapunov-based analysis
of systems with uncertain and bounded time-varying delays. This analysis via time-independent Lyapunov
functionals does not take advantage of the sawtooth evolution of the delays induced by sample-and-hold.
The latter drawback was removed by Fridman (Automatica 2010; 46:421-427), where time-dependent
Lyapunov functionals for sampled-data systems were introduced. This led to essentially less conservative
results. The objective of the present paper is to extend the time-dependent Lyapunov functional approach
to NCS, where variable sampling intervals, data packet dropouts, and variable network-induced delays are
taken into account. The Lyapunov functionals in this paper depend on time and on the upper bound of the
network-induced delay, and these functionals do not grow along the input update times. The new analysis
is applied to the state-feedback and to a novel network-based static output-feedback Hy, control problems.
Numerical examples show that the novel discontinuous terms in Lyapunov functionals essentially improve
the results. Copyright © 2011 John Wiley & Sons, Ltd.

Received 18 September 2009; Revised 10 December 2010; Accepted 16 December 2010

KEY WORDS: networked control systems; time-varying delay; Lyapunov—Krasovskii method

1. INTRODUCTION

Three main approaches have been used to the sampled-data control and later to the Networked
Control Systems (NCS), where the plant is controlled via communication network. The first
one is based on discrete-time models [1,2]. This approach is not applicable to the perfor-
mance analysis (e.g. to the exponential decay rate) of the resulting continuous-time closed-loop
system. The second one is a time delay approach, where the system is modeled as a continuous-
time system with a time-varying sawtooth delay in the control input [3,4]. The time delay
approach via time-independent Lyapunov—Krasovskii functionals or Lyapunov—Razumikhin func-
tions leads to linear matrix inequalities (LMIs) [5] for analysis and design of linear uncertain
NCS [6-10]. The third approach is based on the representation of the sampled-data system in
the form of impulsive model [11,12]. Recently, the impulsive model approach was extended
to the case of uncertain sampling intervals [13] and to NCS [14]. In [13, 14] a discontin-
uous Lyapunov function method was introduced, which improved the existing Lyapunov-based
results.
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NETWORKED-BASED STABILIZATION 421

For systems with time-varying delays, stability conditions via time-independent Lyapunov func-
tionals guarantee also the stability of the corresponding systems with constant delay. However, it
is well known (see examples in [15] and discussions on quenching in [16], as well as Example 1)
that in many particular systems the upper bound on the sawtooth delay that preserves the stability
may be higher than the corresponding bound for the constant delay. In the recent paper [17], time-
dependent Lyapunov functionals have been introduced for the analysis of sampled-data systems
in the framework of time delay approach. The introduced time-dependent terms of Lyapunov
functionals lead to qualitatively new results, taking into account the sawtooth evolution of the
delays induced by sample-and-hold. In some well-studied numerical examples, the results of [17]
approach the analytical values of minimum L-gain and of maximum sampling interval, preserving
the stability.

The objective of the present paper is to extend the discontinuous Lyapunov functional method (in
the framework of time delay approach) to network-based Ho, control, where data packet dropouts
and variable network-induced delays are taken into account. Our Lyapunov functional depends on
time and on the upper bound of the network-induced delay and it does not grow along the input
update times. We apply our analysis results to state-feedback and to a novel static output-feedback
H, control. We note that the observer-based control via network is usually encountered with
some waiting strategy and buffers [18]. The implementation of the network-based static output-
feedback controller is simple. Sufficient conditions for the stabilization via the continuous static
output-feedback can be found in the survey [19]. Similar to the sampled-data H, control [20], we
consider an Hy, performance index that takes into account the updating rates of the measurement.
This index is related to the energy of the measurement noise. Numerical examples show that the
novel discontinuous terms in the Lyapunov functional essentially reduce the conservatism.

A conference version of the paper has been presented in [21].

Notation
Throughout the paper the superscript ‘T’ stands for matrix transposition, #" denotes the n-
dimensional Euclidean space with vector norm ||- ||, 2" %" is the set of all n x m real matrices, and

the notation P>0, for P € #"*" means that P is symmetric and positive definite. The symmetric
elements of the symmetric matrix will be denoted by *. Given a positive number 7, >0, the
space of functions ¢:[—1y7,0]— %", which are absolutely continuous on [—1 s, 0), have a finite
limg_, - ¢(6) and have square integrable first-order derivatives denoted by W with the norm

0

1

) 2

¢llw= max |¢(9)I+[/ |4>(s)|2ds] )
Oc[—1p,0]

—Ty

We also denote x,(0)=x(+0), x,(0)=x1+0), (0€[—1p,0]).

2. PROBLEM FORMULATION

Consider the system
x(t) = Ax(t)+ Bau(t)+ Biw(t), W
z(t) = Ci1x(t)+ Diau(1),

where x(¢t) € #2" is the state vector, w(t)€ %9 is the disturbance, u(t)€ #™ is the control input,
and z(t)e#" is the signal to be controlled or estimated, A, By, By, Ci, and D), are system
matrices with appropriate dimensions. We will consider exponential stabilization (for w=0) and
H, control of (1) via state feedback or static output feedback.

2.1. Static output-feedback control
Consider the static output-feedback control of NCS shown in Figure 1. The sampler is time-driven,

whereas the controller and the Zero-Order Hold (ZOH) are event-driven (in the sense that the
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Figure 1. Networked static output-feedback control system.
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Figure 2. The timing diagram of the NCS (s; denotes the sampling instant that the measurement is lost).

controller and the ZOH update their outputs as soon as they receive a new sample). We assume
that the measurement output y(s;) € Z? is available at discrete sampling instants

O=sp<si<---<Sp<---, lim sp=00
k— o0

and it may be corrupted by a measurement noise signal v(si) (see Figure 1):
y(sx)=Cax(sk)+ Darv(sk). 2)

We take into account data packet dropouts by allowing the sampling to be nonuniform. Thus, in
our formulation y(sg), k=0, 1,2..., correspond to the measurements that are not lost.

Denote by #; the updating instant time of the ZOH, and suppose that the updating signal at the
instant f; has experienced a signal transmission delay #;. The timing diagram of the considered
NCS with both delay and packet dropout is shown in Figure 2, where sy =t —n,; denotes the
sampling time of the data that has not been lost. Following [14], we allow the delays 7, to grow
larger than sy | — s, provided that the sequence of input update times #; remains strictly increasing.
This means that if an old sample gets to the destination after the most recent one, it should be
dropped.

The static output-feedback controller has a form u(#;)= Ky(# —#;), where K is the controller
gain. Thus, considering the behavior of the ZOH, we have

with 7441 being the next updating instant time of the ZOH after #.
As in [7-9, 14], we assume that

et =M<ty Oy, k=0,1,2, . “)

where #,, is a known upper bound on the network-induced delays #; and 73 denotes the maximum
time span between the time sy =#; —#; at which the state is sampled, and the time #;4; at which
next update arrives at the ZOH. As a Corollary from the main result, we will formulate sufficient
conditions for stabilization of NCS with constant delay #, =#,,.
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NETWORKED-BASED STABILIZATION 423

Remark 1
The assumption (4) is equivalent to

Sk+1 =Sk H M1 <, O <y, k=0,1,2, ... )

The latter implies that s;i| —sy<tTy, i.e. the sampling intervals and the numbers of successive
packet dropouts are uniformly bounded.

Remark 2

Consider now a more general situation, where the older sample can get the destination later than
the most recent one and where the older data packet is not discarded. In this more general case
our results will remain true provided that 7, satisfying (4) can be found and that limy_, o, ty = 00.

Defining
() =t—ti+n, H<E<tigl, (6)
we obtain the following closed-loop system (1), (3):

%(t) = Ax(t)+ Arx(t — (1)) + Arv(t — (1)) + Biw(t),

@)
2(t) = C1x(t)+ Dyx(t —t(2))+ Drv(t — (1)),
where
A1 =BKC;, Arx=BKDy,

D1 =D1,KCy, D;=D13KD3;.

@®)

Under (4) and (6), we have 0<t(t)<tg+1 —tk +1, <ty and () =1 for 1 # .
Denote v(t)=v(t —1(t)) (t>19). Then (7) has two disturbances v € Ly [ty, 00) and w € L3 [tgy, 00),
where

o0 o0
19117, = / VI =)t — 1)t = Y (e — 1V (e — 0ot — 1) ©)
1) k=0
For a given scalar y>0, we thus define the following performance index [20]:
T =llzIz, =78l +lwlz,)

= / [ ()z(s) =y w T ($)w()Ids —p* 3 g1 — )0 W — )t — ). (10)
Io =

Our objective is to find a controller of (3) that internally exponentially stabilizes the system and
that leads to L;-gain of (7) less than y. The latter means that along (7) J <O for the zero initial
function and for all non-zero w € Ly, v €l,, and for all allowable sampling intervals, data packet
dropouts, and network-induced delays, satisfying (4).

We note that the last term of the performance index J takes into account the updating rates
of the measurement and is thus related to the energy of the measurement noise [20]. For the
sampled-data control under uniform sampling intervals, a conventional performance index has a
form [12, 22]:

Jsamp = / [ZT(s)z(s)—ysz(s)w(s)]ds—yzkio: VT(u(n). (11
o =0

Index Jsamp has a little physical sense for NCS since it does not take the updating rates into
account.
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2.2. State-feedback control

For the state-feedback case, we consider the static output-feedback formulation, where C,=
I, D71 =0, and v(tx —1;,)=0. Thus, the resulting state-feedback controller has a form

ut)=Kx(tx—ny), G<I<ixi (12)
and leads to the following closed-loop system (1), (12):
x(t)=Ax(@®)+ A x(t—1(t))+ Brw(t),

13)
(1) = Crx(t)+ Dix(r — (1)),
where t(¢) is defined by (6) and where

A1=B,K, D;=DpK. (14)

The corresponding performance index has a form:

o
Ti=Ju(g—n)=0= / [2"(9)z(s) =" w (s)w(s)]ds. (15)
fo

Our objective is to find a state feedback (12) that internally exponentially stabilizes the system and
that leads to J; <0 for the zero initial function and for all non-zero w € Ly, and for all allowable
sampling intervals, data packet dropouts, and network-induced delays, satisfying (4). For the sake
of brevity, in the remainder of this paper the notation 7 stands for the time-varying delay 7(z).

3. MAIN RESULTS

3.1. Exponential stability and L;-gain analysis

In this section, we analyze the closed-loop systems (7) (and its particular case (13), where Cy =1
and v(# — 1) =0). Exponential stability of (7) with w=v=0, i.e. of

XO=Ax(O)+A1x(t—1), T=r—lp+ny, HE<lyl, (16)
as well as the L;-gain analysis of (7) will be based on the following.

Lemma 1
Let there exist positive numbers a, f8, d, and a functional V :Zx W x Ly[—1, 0] — [fg, 00) such
that

BIpOP<V (1, ¢, $)<5 Iy a7

Let the function V(t)=V (¢, x;, X;) be continuous from the right for x(¢) satisfying (7), absolutely
continuous for ¢ ##;, and satisfies

lim V()=V(%). (18)
t—>t,:
(1) If along (16)
V(1)+2aV(1)<O  almost for all , (19)

then V(1)<e 2V (1), i.e. |x(t)|2<e’2“’% I, 13, for x;, € W and thus (16) is exponentially stable
with the decay rate o.
(i1) For a given y>0, if along (7)
V) + 0z — 7w Ow®) =y e — vt —n) <0 Yw#0,v£0, <<t (20)

then the performance index (10) achieves J <O for all non-zero w e Ly, v€ly and for the zero
initial function.
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NETWORKED-BASED STABILIZATION 425

Proof
For (i) see [17].
(ii) Given N>>1, we integrate the first inequality (20) from fg till zy. We have

Vn)—=Vin—D+V(ty_)—V(tn=2)- -+ V()= V()
™or 2T N T
+ f [z ()z(t) =y w  (Hw(r)]dt —y kZ (tk+1 — 1)V (1 — vtk — 1) <O0.
o =0
As V(ty)=0, V(1 )= V(tx-1)=0 for k=2,..., N and V(t9)=0, we find

IN N-1
/ T ()z(t) —y*w T (w(t)]de —y? kZ (tep1 — 1OV (1 — M)Vt — 1) <O,
0] =0

Thus, for N — oo we arrive to J <0. O

A standard time-independent functional for delay-dependent stability of (16) with fast varying
delay t€[0, tp7] has a form (see [23—-25])

t
Vo(x;, %) = x () Px(t)+ / 260 xT(5)Sx(s)ds
—Tym

1 0 t
+— / / 25053 T(5)Rx (s)ds d0, P>0, S>0, R>0, (1)
™ J—1y Jt40

where o>0 corresponds to exponential stability with the decay rate o>0. In the existing papers
[4-9] in the framework of input delay approach, time-independent Lyapunov functionals are usually
involved.

For the case of 1, =0 (when there are no network-induced delays) and t=¢ —#, the following
time-dependent functional has been introduced in [17]:

_ 2
Vit 0, %) = V() =x" () Px(1)+ Y Vig(t, X1, %),
i=1
where the discontinuous terms Vj,; and V,, have the form

TM—T

Vig(t, xg, %) = () —x(t =D X[x()—x(t—1)], X>0,

(22)
TmM—7T

t
Vas(t, X¢, X¢) = / 23T Ux(s)ds, U>0, a>0.
-7

For 1, =0, V5 and Vo4 do not increase along the jumps, since these terms are nonnegative before
the jumps at #; and become zero just after the jumps (because #|;—;, =(f —7)|,=). Thus, V() does
not increase along the jumps and the condition limzﬁtk— V()= V(1) holds.

In the case of 1, #0 and t=¢—1# +1,, the discontinuous terms (22) cannot be used, because
=1 7 (t —Djt=r, =tk — - One can modify Vi and V5, as follows:

Vig(t, xe, %) = (1 — DX (@) —x (0] X [x () —x(10)],  X>0,
. ! (23)
Vos(t, X¢, %) = (tge1 —1) / 20T Ux(s)ds, U>0, a>0

173

and use the bounds 0<n, <n7y; and #y 41 — tx =tk+1 — Sk — 1, <Tm . However, this leads to the overall
bound 7, +1,, on the delay 7, which is greater than t,,, because

T=t—t+ N <tk 1 — e+ <ty 1y (24)
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426 K. LIU AND E. FRIDMAN

Such an extension can be efficient only for #,, — 0, whereas for bigger #,, it can lead to more
conservative results than the standard results for the uncertain time-varying delays 7 €[0, tp/].

In the case of #;, #0, the upper bound 7/, that preserves the stability, is between the corre-
sponding upper bounds on the (arbitrary) fast varying delay and on the sampling in the absence
of network-induced delays (with 7, =0). As the biggest bound is the one for the case of 1, =0,
we construct the discontinuous terms of Lyapunov functional that correspond to the ‘worst case’,
where we have the maximum network-induced delay #,,. Defining

11 =max{0, t—n}=max{0, t —tx—nuy +ng}, G<E<tpti, (25)

we note that 71),—, =0 and that 7y <ty —1,,. We consider the functional of the form

2
V(ts-x[sx[)z‘_/(t)zvo(-x[vxl)—i_Z‘/i(tvxlsx[)s (26)

i=1

where Vj is defined by (21) and

. TM—7T
Vilt, x¢, i) = ———[x(t) —x(t — )] X[x(t) —x(t —11)],  X>0,
™M — M
o (27)
Volt, xg, ) = —24—— / 20T\ Uk(s)ds, U>0, a>0.
TM_”M 1—T

Along the input update times ¢ =#;, Vi and V; do not increase since these terms are nonnegative
before #; and become zero just after #; (because #;—y =(t —71)|;=). Thus, V does not increase
along the input update times and the condition lim,_ - V(t)>V (1) holds.

By using the discontinuous Lyapunov functional (26), we obtain the following sufficient condi-
tions:

Theorem 1
(1) Given a>0, let there exist n x n-matrices P>0, R>0, U>0, X>0, >0, Ty1, Py, P3i, Ty,
Ms;, Yij, and Z;(i, j =1, 2) such that the following four LMIs:

_ T T _
O D wmZj Z1 D16
T T
Y= * * —RC_ZMM 0 0 <0, (28)
* * * —Se~ M 0
T
Lk * * * T+ Ty
r T T T ]
Q. DOpp Y (tm —np)Zy, Zy D16
) Yy YA zT )
* 22 UNYRST) (tm —1m)Ziy 12 26
* « M pe—2amy 0 0 T
™
lPlZ = T—1 <O, (29)
* * * _ MM pe—20tm 0 0
™
* * * * —Se~2M 0
T
B * * * * T +Ty
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control 2012; 22:420-436
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r 1=200T 3y = yy) 1=-200T 3y =N 3p)
Qll_#x Qpr+x 7} Ty —M 23, MMy, QI7+W+’W”MX Qg
* Qp+U Z3, =73y MM, Qp7-x Qg
* * —se~2y 0 0 0 T
Wy = * % * Q55\r:r1M 0 0 aTu-nwte | <0,
* * * * 966 0 0
. . . . Qo I22%CM M) 0
7 T —Nm
B * * * * * * —T22—T2—5 _
(30)
— 1 —
Q—-X Qp zy Cu—n)¥a  nuMy Qi+ X Q8
™ —Nm
T T T
* Qo Zy (m—ny)Ys NMuMpy Q7 Qg
* % —Se”wm 0 0 0 Ty
Yo = * * * Qu4lr=ry, 0 (tu—ny) T 0 <0 31
* * * * Qo6 0 0
1
* * * * * Q77— X 0
™ —Nm
L * * * * * * _T22_T2"5_
are feasible, where
O = ATPy+ Pl A+2 ) = S+ AT
1n= 21+ Py A+20P+S Y1 =Yy, @u=P—Py+A P;1—Y,
T T T T T T T
Dy =—P3—P;;+R, Q=Y —Z;+PyAi1—Ti, P=Y,—Z,+ P35 A1,
Q= ATP22+P22A+ZOCP+S—Y21—Y£F], Q]2=P—P22+ATP32—Y22,
T T T T T T
Q17=Y21_1‘421_T21, Ql8=M21—Z21+P22A1, QZZZ_P32—P32+R, (32)
T T T T T
Q1 =Yy =My, Qug=My—2Z5+PyAi
1
Quy = —(t—11yy) [—e—z“wm —e—z““M—"M)U] ,
™ ™ —Nm
T™M—7T
QSS = — M Reiza’[M , 966 = — n—MReizoﬂM 5 Q77 - T2] + T2T1 .
™™ ™

Then system (16) is exponentially stable with the decay rate « for all delays (6) satisfying (4).
If the above LMIs hold with =0, then they are feasible for a small enough ¢>0, i.e. (16) is

exponentially stable with the decay rate op.
(i1) Given y>0, if the following LMIs:

Copyright © 2011 John Wiley & Sons, Ltd.

B | PiA, PEB; C[]
| PiAy PIB; 0O
Wiilo=0 | 0 0 0
| 0 0 DI
<0, i,j=1,2 (33)
* | —yzl 0 D2T
* | * —yzl 0
| * | * * —1 |
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428 K. LIU AND E. FRIDMAN

with notations given in (32) are feasible. Then (7) is internally exponentially stable and has L,-gain
less than y.

Proof
(i) In order to apply V of (26), we consider two cases: T€[0,1,,) and t€[n,, Tp].
Case 1: t1€[0,1,,), where 11 =0 and thus Vi =V, =0. Differentiating V along (16), we find

[V (0)+ 20V ()]l <, < 25" (1) PE(0)+5T()RE () — Tiefz“w / X1 (s)Rx(s)ds
M

1—Tym
+2ux T Px ()] +xT@)Sx (1) —xT(t —tp)e XM Sx(t —1p1).  (34)

Following [24], we employ the representation

- / #T(s)Rx(s)ds = — / - #T(s)Rx(s)ds — / T (s)Rx (s)ds. (35)

—Ty

We apply the Jensen’s inequality [26]

t 1 t t
/ xT(s)Rx(s)ds > p / xT(s)dsR f x(s)ds,
-7 -1 —7

t—7 1 r—1 -1
/ xT(s)Rx (s)ds > / #T(s)dsR / x(s)ds.
t—tym T™M—T t—Tym t—Tym

Here for 1=0 we understand by

(36)

1 ! 1!
- / x(s)ds =lim — x(s)ds =x(1).
TJi—1 =07 Ji_¢

For 737 —t=0 the vector 1/(ty —17) f;::M X(s)ds is defined similarly as x (¢ —t)7). Then, denoting

1 t 1 -7
v == / i(s)ds,  vio= / $(5)ds, 37)
TJt—1 ™ —TJi—1y
we obtain
[V(0)+ 20V ()] ey, <230 PR +3T ()R (1) —e M o Ruy
™

—e 2 T R +20[x T (6) Px()]+xT (1) Sx (1) —e M xT(t—1y)Sx(t—1pr).  (38)
™

We further insert free-weighting n x n-matrices by adding the following expressions to \7 [24]:

0=20xT()Y ] +xT ()Y S +xT(t =T —x () +x(t — ) +T011],

(39)
0=20xT(")Z], +3T ) Z L1 —x(t — ) +x(t —tar) + (i — D12l
We use also the descriptor method [23], where the right-hand side of the expression
0=2[x" ()P, +x" ()P 1Ax (1) + Ay x(t —1) =X (1)], (40)
with some n x n-matrices P, P3j(j=1) is added into the right-hand side of (38). Setting
1y (1) =col{x(r), (1), v11, vi2, X(r —Tp), X (1 = D)},
we obtain that
[V )42V ()]l <y TPl 11 1), 1)
Copyright © 2011 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control 2012; 22:420-436
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where
[ @), @1 Y] (tm—vZ}, z}, Q5|
* Oy ‘L'YITZ (TM—T)Z;FZ Zirz Dy
T
* ¥ —— Re XM 0 0 1111
T
Wleay, = Y - 42)
* * * — 2 Re %M 0 0
™
* * * * Se~2%m 0
|« * * * * T11+T111_

with notations are given in (32).
Denoting n,(t)=col{x(t), x(¢), vi2, x(t —Tap), x(t —7)}, we note that the two LMIs ¥; <0 and
W12 <0 imply W|;~y,, <O because

Ny —7
My

T
Ny (OP11015(0)+ n—n?(t)‘}‘lzm(t)=n¥(t)‘P\r<an(t)<0-
M

This means that if W1, <0 and ¥, <0, then [\;(t)+2a\7(t)]|r<nM <0.
Case 2: 1€[ny;,tu] and 11 =1—1,,. Taking into account that

%)C(t—fl)=(1—fl)X(t—T1)=0,

we have
d 1 T ™ —7T .T
—Vi=——[x(@)—x(@t—1)] X[x@)—x(t —1)]+2———x " () X[x(@#) —x(t —71)],
dr ™ —Nym ™M~y
d 1 : _
. / e26=05T () Uk (s)ds + —2 L T()Ui(t)— 24 V5.
dt TM_'/IM t—1 TM_’/]M

After differentiating V along (16), we employ the representation

t t—1 t—19
— / xT(s)Rx(s)ds = — / xT(s)Rx (s)ds — / *T(s)Rx(s)ds
=Ty =ty t—71
t
— / xT(s)Rx(s)ds. (43)
1—11
Then, similar to (36), applying Jensen’s inequality and denoting
1 t 1 —1 1 —11
v21=—/ x(s)ds, vp= / x(s)ds, v23=—/ x(s)ds, (44)
T—Npm Jit—1 T™—TJi—1y Ny Je—=
we obtain
= -~ T . T TM—T .
V(@) +2aV(O]lezy,, <2x (OPx(H)+x (1) |:R+7U]x(t)
™ —Nm

1
—(t =)y [T_ezw R+ eMTM"M)U} V21
M

™ —Nm

_ T™M—T _
e 20t m U'ZFZRvm_e 20Ty n—Mvg3RU23 —|—xT(t)Sx(t)
™ ™
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T —201 1 T
—x (t—1py)e MSx(t—tpy)— —[x(@)—x(t—11)] X[x(@)
™™ M

TM—T .1
—x(t—t))]H+2——x (O X[x(@)—x(t —11)]
™ —Hm

+20 |:xT(t)Px(t)+ M ) —x (e — )] "X [x (1) —x(1 —‘51)]:| . (45)
™ Ny
We also insert free-weighting n x n-matrices by adding the following expressions:

0 =2[xT ()Y, +x ()Y o +xT(t — )T —x (1) +x(t — 1)+ (T — 1y )v21],

0=2[x"(Z3 +x (DZp+x" (1 =D T l[=x(t =D +x(t —Ta) + (T —Dv22], (46)

0 =2[x (M3, +x T (OMp[—x(t —11)+x(t — 1)+ 1y v23]

and (40) with j=2 to the right-hand side of (45). Setting #,(¢)=col{x(t),x(?),
x(t—1p), V21, V22, V23, x(t —11), x(t — 1)}, we finally obtain that

5 > T
[V (@) 420V (D)]lr=n,, <y (OF]esn, n12(0), 47)
where
\P|r>nM
— 1-20(Tyy—T) Ty —T T T T T 1-20(Tyy—T) -
Q-—> = X z T—1)Y. Ty—T)Z My, Qpp+——X Q
T T 21 @MYy =02y HMyMy 217 v 18
QoM zr T—YE (T —1)ZL ML Q- M Q
* 22 Ty 22 MYy (Tm 20 NuMy 27 Ty 28
* * —Se2%M 0 0 0 0 Ty
— * * * Q44 0 0 (T_”IM)TZI 0
* * * * QSS 0 0 (T —DT22
* * * * * QG6 0 0
* * * * * * Q, 7MX 0
T~y
L * * * * * * * 7T227T2"5_
(48)

with notations given in (32). )
Similar to the case 1, we note that W7;<0 and W2 <0 imply ¥|;>,, <0. So [V()+
2<x\7(t)]|r>,1M <0. Therefore, along (16) we have

V(t,xg, %) +20V (8, xg, X)< max{ni ()Pl e<y,, 11 (D), 13 (P ez, 12} <O (49)

and the proof of (i) is completed.
(ii) Consider Lyapunov functional of (26) with «=0. By using arguments similar to the proof
of (i), we find that (20) holds if LMIs (33) are feasible. O

When the network-induced delay is constant, i.e. 1, =1,,, we have only one case of € [11,;, Tar].
So the following result is obtained from Theorem 1:

Corollary 1
(1) Consider (7) with 1, =1,,. Given a>0, let there exist n x n-matrices P>0, R>0, U>0, X >0,
S>0, Py, P3y, Ty, My;, Ys;, and Z5;(i =1, 2) such that two LMIs W,; <0(i =1, 2) with notations
given in (32) are feasible. Then (16) is exponentially stable with the decay rate o. If LMIs
W¥,; <0(@ =1,2) hold with =0, then (16) is exponentially stable with a small enough decay rate.
(i) Given y>0, if two LMIs (33), where i =2, j=1,2 are feasible, then (7) is internally
exponentially stable and the cost function (10) achieves J <0 for all non-zero w € L, vel, and
for the zero initial condition.
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Remark 3
We note that the LMIs of Theorem 1 and Corollary 1 are affine in the system matrices. Therefore, in
the case of polytopic type uncertainty with A, By, By, Cy, and D1 from the uncertain time-varying

polytope

M M
Q=3 (09, 0SS X fi(0=1.
= e

J (50)

Q; =AY BY BY ¢\ py,
one have to solve these LMIs simultaneously for all the M vertices Q;, applying the same decision

variables.

Remark 4
The method of this paper can be extended to the case of 0<#,, <#,<n,, by modifying the functional
(26) as follows:

_ 2
Vnm(ts Xty Xp) = Vnm(t) = Vﬂm(-xlv Xe)+ 30 Vilt, xp, Xy),

i=1
where Vi, V, are defined by (27) and

t

tf"]m
Vi, (X, X)) = xT(t)Px(t)+/ 62“(57’>xT(s)Sox(s)ds+/ 2 = DxT(5) S x(s)ds
ti

tfnm ™
0 t 1 “MNm 1
+1,, / / e2*=D5T(s)Rox(s)dsdh+ / / 2605 T(s)
—1y J1+0 ™M~ Nm J—1y Jt+0
x R1x(s)ds do,

where P>0, §;>0, R;>0 (i =0, 1). The latter functional leads to analysis in the following two
cases: (1) i, +ny <ty (e.g. if n<sk41—sk) and (2) n,, +1y>7m. In the first case one can
consider three intervals for 7:

N TN ST == TE€ [Ny, Mpg)s TEMpgs N +1py) and T€ [, +1y, T,

which will result in six LMIs (instead of four for #,, =0). The second case leads to consideration
of two intervals for t:

N+ ny=>tu=1€n,,1y) and t€[ny,Tm]

and to four LMIs. It can be seen that such an extension essentially complicates the conditions and
will not be given in this paper.

3.2. Application to network-based design

We apply the results of the previous section to design problems.

3.2.1. State-feedback design. In order to find the unknown gain K that exponentially stabilizes
(13) with notations (14) and leads to J; <0, we apply matrix inequalities of Theorem 1 to (13).
This leads to nonlinear matrix inequalities because of the terms P2T BK, P3T B> K . Following [20],
we assume that P3; =¢ P>1(i =1, 2), where ¢ is a scalar. We arrive to

Corollary 2 ~ _ _ _ _ -
Given o>0, let there exist n x n-matrices P>0, R>0, U>0, X>0, §>0, Q, Ty, T»;, M»;, Yj;, and
Zij(i, j=1,2), an n, x n-matrix L and a tuning parameter &>0 such that four LMIs (28)—(31) are
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feasible, where P, R, U, X, S and T, M, Y, Z with subindexes are taken with bars and where
Oy = QTAT+AQ+24P+85—V -1,
0 = —&(Q+ 0D +R,
Q= QTAT+AQ+24P+8—Y — 13,

Op=P—Q+e0 AT Ty,

@162?5—2?1+32L—T11, (Dz(,:?sz—Z;rz-i-SBzL,

_ _ (51)
Q=P—Q+:0 ATV,

Qs =M, —ZL +BL, Qp=—eQ+0N+R, Qs=M),—Z1,+eBL.

Then the stabilizing gain is given by K =L Q~!. In the above conditions if only two LMIs ¥, <0,
Jj=1,2, are feasible, then the results are valid for (13) with constant delay 1, =1n,,.

Proof
Consider (42) (48) with notations (14). Assuming P3; =¢Py)(i =1,2), where ¢ is a scalar, we

denote 9=P;;', P=0QTPQ, R=0"RQ, U=0"UQ, §=0"50, X=0"X0, T1=0"T1 0,
TZZ—Q T21Q9 My =

Q MZZQa Yz —Q Yl]Q,
cation of (42), (48) by diag{Q7, ...,

Zij=0"Z;0 (i,j=1,2), and L =K Q. Multipli-
0T} and diag{Q, ...,

0}, from the right and the left, completes

the proof. O
For the state-feedback Hs, control, the resulting LMIs have the following form:
i | B cT
| eB] 0
lI"ij|oc_ | 0 0
| 0 L™DL |<0, i, j=1,2. (52)
* | =10
| * | * -1 |

Remark 5

The results of Corollary 2 apply the tuning scalar parameter . One way to address the tuning issue
is to apply a numerical optimization algorithm, such as the program fminsearch in the optimization
toolbox of Matlab.

3.2.2. Static output-feedback Hy, control. It is well known that static output-feedback stabilization
is a non-convex problem. We suggest here some solution to this problem (which may be conser-
vative). Assume that B, is of full rank. Then there exists a mappmg x> Tx with non-singular
n x n-matrix T, such that B, has the following partitioned form B =[0 BT], where B € #™*™ is
non-singular. Hence, without loss of generality, we take Bj in the above form.

Corollary 3

Given y>0 and tuning scalar parameters &;(i =2, 3) and a constant matrix G € %’"X("_m), let there
exist n x n-matrices P>0, R>0, U>0, X>0, §>0, Ty, To;, My;, Yj;, Z;(i, j=1,2) and matrices
K eR™¥P | Gy e RN—mxn=m) Gy e g=m>xm g =2 3), such that four LMIs (33), where the
slack variables P,;, P3;, i =1,2 are chosen of the following form:

Gy Gn G311 Gz .
Py = , Pai= , =12 (53)
G el G &l

with notations given in (8), (32), are feasible. Then (7) is internally exponentially stable and the
cost function (10) achieves J <0 for all non-zero w € Ly, v €l and for the zero initial condition.
If in the above conditions only two LMIs, corresponding to i =2, j=1, 2, are feasible, then the
results are valid for (7) with constant delay n; =1n,,.
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Proof
Taking into account (53), we have

Pj;ByKCy=col{G'BKCy,£;BKCy}, i=1,2, j=2,3.

Substitution of (8) and (53) into matrix inequalities of Theorem 1 and Corollary 1 completes the
proof. |

The result for the static output-feedback exponential stabilization with a given decay rate can
be formulated similarly.

4. EXAMPLES

Example 1
Exponential stability and L;-gain analysis.
Consider the system from [1,9]:

0 1 0 0.1
x@) = |: :|x(t)+ |: :| u(t)+ |: :| w(t),
0 -0.1 0.1 0.1 (54)

z(®) =10 1]x()+0.1u(2),

where u(t)=—[3.75 11.51x(t — 1), t<t<ty+1. The closed-loop system with w=0 and with
constant delay t

, 0 1 0 0 s
O=10 o1 MO Zoars —1as]TT? 53)

is asymptotically stable for t<<1.16 and becomes unstable for t>1.17. The latter means that all
the existing methods via time-independent Lyapunov functionals cannot guarantee the stability of
(55) for the sampling intervals that may be greater than 1.17. When there is no network-induced
delay, i.e. 17, =0, the resulting 73 determines an upper bound on the variable sampling intervals
tx+1 —tx. The results (obtained by various methods in the literature and by Theorem 1 with «=0)
for the admissible upper bounds on the sampling intervals, which preserve the stability, are listed
in Table I. From Table I, we can see that the result by Theorem 1 almost coincides with the result
of [17] and is close to the exact bound 1.72 for the constant sampling.

For the values of 7,, given in Table II, by applying various methods in the literature and
by Theorem 1 with =0, we obtain the maximum values of 7, that preserve the stability (see
Table II). The LMIs of Theorem 1 with X>0 and U >0 (the non-zero X and U correspond to the
discontinuous terms of Lyapunov functional) lead to less conservative results than the same LMIs,
where U =0 or X =0 (see Table II). We note that in this example the results of Corollary 1 for
the constant ; =1#,, coincide with the results of Theorem 1 for the variable 0<#, <77;,. Choosing
next 7y =1.1137, by applying Theorem 1, we obtain the maximum value of the decay rate « given
in Table III for different bounds #,,.

Consider next the static output-feedback controller u(t) = —0.1122y(tx —n,), tx <t <tx+1, Where

Yt —n)=[1 Olx(tx —ny)+0.2v(t — 1), (56)

and where 1, =0.1, 1)y =1.5. Applying LMIs of Theorem 1 (with the zero and with the non-
zero X and U), we find that the resulting closed-loop system has an Lj;-gain less than y=1.27

Table I. Maximum upper bound on the variable sampling.

Method [25] [13] [27] [28] [17] Th 1

M 1.04 1.11 1.36 1.36 1.69 1.68
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Table II. Maximum value of 7y for different #,,.

/My 0 0.2 0.4 0.6 0.8
[25] 1.04 1.04 1.04 1.04 1.04
[14] 111 1.01 0.95 0.90 0.88
Th 1 (U=0) 1.28 1.22 1.17 113 1.09
Th 1 (X=0) 1.61 1.17 1.10 1.08 1.07
Th 1 1.68 1.26 1.18 1.14 1.10

Table III. Maximum value of o for different #,,.

Ny 0 0.01 0.1 0.2
(U>0, X>0) 0.26 0.21 0.12 0.07
(U>0, X =0) 0.14 0.12 0.05 0.01

(for X=U =0) and less than y=1.17 (for X>0 and U>0). Hence, the discontinuous terms of
Lyapunov functional improve the performance (the exponential decay rate and the L,-gain).

Example 2
State-feedback stabilization.
Consider a two axis example of a three-axis milling machine tool from [2]:

0 1 0 0 0 0

) 0 —18.18 0 0 515.38 0

x(t)= x(t)+ u(t), (57)
0 0 0 1 0 0
0 0 0 —17.86 0 517.07

where the constant network-induced delays n;, =n,; =50 ms were considered, the sampling period
was chosen to be 100 ms and it was assumed at most two successive data packet dropouts. Under
the above assumptions the resulting value of 75 equals 350 ms. Under some additional assumptions
on the distribution of packet dropouts, a state feedback controller has been found in [2] that
exponentially stabilizes the system with the decay rate o=1.0735.

Without additional assumptions on the packet dropouts, we apply Corollary 2 with ¢=0.4 and
we find that the state feedback with the gain

© —0.0775 —0.0043 0 0
1 o0 0  —0.0759 —0.0042

stabilizes the system with a greater decay rate a=1.2408 for variable network-induced delays
0<n; <50ms.

Example 3
Static output-feedback Hy, control.

We consider (54) with the measurement given by (56). It is assumed that the network-induced
delay 7, satisfies 0<#7;, <17, =0.1 and that 0<tx41 —sx <ty =1.5. Choosing g2 =¢3=10,G=0.5
and applying Corollary 3, we obtain a minimum performance level of y=1.51. The corresponding
static output feedback control law is u(r)=—0.1122y(¢). As we have seen in Example 1, the
above controller, in fact, leads to a smaller performance level of y=1.17 (which follows from
the application of Theorem 1 to the resulting closed-loop system). The latter improvement of y
illustrates the conservatism of the design method.
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5. CONCLUSIONS

A piecewise-continuous in time Lyapunov functional method has been presented for analysis and
design of linear networked control systems, where variable sampling intervals, data packet dropouts,
and variable network-induced delays are taken into account. This method has been developed in
the framework of time delay approach. The presented results depend on the upper bound #,, of
the network-induced delays. The new analysis has been applied to the state-feedback and to a
novel static output-feedback H, control. Different from the observer-based control, the static one
is easy for implementation.

The presented method essentially reduces the conservatism. It gives insight for new constructions
of Lyapunov functionals for systems with time-varying delays. The method can be applied to
different networked control design problems.
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