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Abstract

Nonlinear implicit Lyapunov function based control algorithms with delay in control and /or measurement channel are presented.
The proposed control algorithms provide global asymptotic stability for all delays less than a certain threshold value and
global asymptotic stability with respect to a compact set containing the origin for any delay over the threshold value. The
algorithms are also applicable for the fast-varying delay and sampled-data cases. The theoretical results are supported by

numerical simulations and comparison.

1 Introduction

Control development for plants with input delays has re-
ceived increasing attention in the very recent years, due
to the wide use of teleoperated and networked systems
(see e.g. [2]-[8] to name a few). The lags and delays usu-
ally appear in robotic remote control systems, aerospace
and seabed applications, medicine (for instance, tele-
surgery), etc. Such an attention is due to the time-delays
can be a source of oscillations and system instability in
many cases. Therefore, stability analysis and develop-
ment of control algorithms, which are robust with re-
spect to uncertain and time-varying delays, are of the-
oretical and practical importance. Another motivating
point for studying this topic is that modern control algo-
rithms are mostly digitally implemented, i.e. in applica-
tions sampled-data control naturally appears. Accord-
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ing to [13], [5] a sampled-data control system can be rep-
resented as a system with time-varying delay in control
channel, where the delay is piecewise linear (sawtooth).

Despite of variety of methods solving the described
problem, most of them deal with linear control systems.
There is a number of control schemes in the literature
to handle the systems with input delays: predictive or
adaptive control, H,, control techniques, application
of delay identification methods, sliding mode control
techniques, etc. (see, for example, [2]-[12], [31], [32] and
references inside). Each of these schemes has different
features (i.e. whether the delay is known, whether the
delay is constant or time-varying, known delay and its
derivative bounds, etc.) that should be considered when
designing a control system. For example, the use of
methods based on Artstein reduction requires knowl-
edge of the delay (or application of delay identification
methods [32]), that may suffer from being sensitive to
parameter uncertainties and, still more, to delay mis-
matches [2]. In the case of uncertain delay with known
boundaries, the synthesis of control algorithms becomes
more complicated. For this case, for most approaches
even matching additive disturbances cannot be com-
pletely rejected, which implies the ultimate boundedness
(in the best case) instead of the asymptotic convergence
[2]. For example, the sliding mode control presented
in [31] is designed to achieve ultimate boundedness of
the closed-loop system with a domain of convergence
proportional to the delay and disturbance amplitudes.
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Note, that constructive and computationally tractable
conditions (e.g. in the form of Linear Matrix Inequalities
(LMIs)) exist for linear time-delay models only [2]. The
LMI approach provides constructive finite-dimensional
conditions, in spite of significant model uncertainties
(see, for example, [5], [31]).

Of particular interest is the use of homogenising control
algorithms due to delay robustness properties of nonlin-
ear homogeneous systems. For example, if for zero de-
lay the system is homogeneous with negative degree and
globally asymptotically stable, then for any delay it is
converging to some compact set around the origin [28].
In other words, the system has delay-independent ISS
property, which is not observed for linear systems.

The presented results combine delay robustness prop-
erties of nonlinear homogeneous systems with construc-
tive conditions in the LMI form. In particular, the pa-
per addresses robustness analysis of Implicit Lyapunov
Function (ILF)-based control system introduced in [29].
It has been shown, that ILF control algorithm preserves
boundedness of the system trajectories for any delay and
guarantees finite-time stability of the origin in absence
of delay. Based on this result in this note ILF-based con-
trol algorithms are developed, which preserve asymp-
totic stability for small delays 0 < 7 < 7y and global
asymptotic stability with respect to a compact set con-
taining the origin for 7 > 7. Since all proofs in this
work do not contain any constraints on the delay deriva-
tive, presented algorithms can be used for the case of a
time-varying delay 7(¢). Such control algorithms may be
useful, for example, when the data transmission channel
is unreliable and fickle (for instance, the delay of data
transmission depends on the number of network users,
there are packet losses, etc.).

The presented feedbacks have several advantages:

e the closed-loop system is robust in the sense of ISS
stability with respect to any time-varying delay;

e unlike most of the corresponding approaches, a large
increase of the delay value does not lead to an instabil-
ity of the closed-loop system. Therefore, the proposed
results can be used for system protection against un-
foreseen increase of the delay;

e the feedbacks allow to reject some non-Lipschitz dis-
turbances;

e the results don’t require the use of delay identification
algorithms;

e in the absence of delay one of the presented feedbacks
provides finite-time stability.

Notation: R™ denotes the n dimensional Euclidean space
with vector norm |- |, Ry = {s € R: s > 0}, R> =
{s € R:s > 0}, diag{\;}_; is the diagonal matrix
with the elements )\; on the main diagonal, the notation
P > 0, for P € R™*"™ means that P is symmetric and
positive definite, the minimal and maximal eigenvalues

of P are denoted by Apin (P) and A\ppqz (P), respectively.

The Banach space of continuous functions ¢ : [-7,0] —
R™ with the uniform norm [|¢|| = sup_, <.« [¢(c)] is
denoted by C[_; o). The symbol 1,m is used to denote a
sequence of integers 1,...,m.

2 Problem formulation

Consider a single input control system of the form
z(t) = Az (t) + bu(t) + d(t, z(t)), (1)

where z(t) € R™ is the state vector, u(t) € R is the con-
010 - 0 0
001 -

S0 0

trol input, A = b=, d: R o
000 - 1 0
000 - 0 1

R™ describes the system nonlinearities, uncertainties and
disturbances, which may be non-Lipschitz or discontin-
uous. The presented system appears for a number of
control applications since many controllable single-input
nonlinear systems can be transformed to a canonical
form like (1) (see, for example, [14]). Note that in the
presence of delayed control the use of feedback trans-
formations leads to appearance of additional terms that
should be considered as disturbances.

Assume that there is delay 7 in the control (and/or mea-
surement) channel, i.e.

& = Azx(t) + bu(t — 7) + d(t, x),
or retreating ftt_T u(s)ds as a disturbance
& = Az(t) + bu(t) + d(t,x) + d-(t), (2)
where d.(t) = —b ftt_T u(s)ds. Tt is assumed that the
delay 7 is unknown, but its upper bound is known, i.e.

T < To, To € Rs.

The aim of the paper is to develop the stabilizing control
algorithms for the system (2), which

e provide finite-time attractiveness of some compact set
around the origin for any delay 7 (for 7 = 0 the origin
is finite-time stable);

e provide asymptotic stability of the system for the de-
lay 7 < 79, 70 € Rs and preserve boundedness of the
system trajectories for any delay 7 > 7.

3 Preliminaries

Let us consider the system



where z € R” is the state vector, f € R® — R™ is a
vector field. If the vector field f is discontinuous with
respect to x, then the solutions of (3) fall into the area
of differential inclusions and need to be understood in
the sense of Filippov [15].

3.1 Implicit Lyapunov function method

The following theorem presents the ILF method [22],
[23] for finite-time stability analysis.

Theorem 1 [29] If there exists a continuous function

Q:R. xR" >R
(V.z) = Q(V, z)

such that

C1) Q(V,z) is continuously differentiable for Vx €
R™\{0} and VV € R+ ;

C2) for any x € R™\{0} there exist V— € Rs and
V*t eRs suchthat Q(V~—,x) <0< Q(V*,x);

C3) for @ = {(V,x) € R Q(V, 2) = 0}

lim V=0, lim |[z] =0, lim V=+o0;
0 V-0t [l ]| —o0

= —0
(V,z)eQ (V,z)eQ (V,z)eQ

C4) the inequality —oo < % < 0 holds forVV € Ry
and Vz € R™"\{0};

C5) the inequality %ﬂx) < th_“% holds
V(V,z) € Q, where 0 < o < 1 and h > 0 are some
constants.

Then the origin of the system (3) is globally finite-time

stable with the settling time estimate T (xg) < Z—O
m

Based on this result in [29] a finite-time stabilizing con-
trol law has been developed for the system (1).

Introduce the implicitly defined Lyapunov function by

Q(V,x) =z"D(V-)PD(V )z -1, (4)
where D()) is the diagonal matrix of the form D()\) =
diag{\'*("=Dmyn_and P € R : P = PT > 0.
Denote the diagonal matrix H,, = diag{1+(n—i)u}’,.
Theorem 2 [29], [19] If

o the system of matriz inequalities

{AX+XAT+by+yTbT+L+R<O, -

10 >XH,+H,X>0, X>0, R>Q0,

is feasible for some R € R™*" pu € (0,1], a € Ry,
X € R™*" gndy € RY*7;

e the control has the form
uw(V,z) = VIPED(V Yz, (6)
where k = yX 1,
VeR,:Q(V,x)=0 (7)
and Q(V,x) is defined by (4) with P = X~1;
o the disturbance function d(t,x) satisfy

dY(t,z)D(V-H)RID(V-1)d(t,x) <

—2u,. T —1 -1 (8)
BV =23TD(V-Y)YPLPD(V—1)z

with 8 € (0,1) and (t,z) € Ry x R™.

Then the closed-loop system (1), (6) is globally finite-
time stable and the settling time function estimate has the

form T (zp) < %O‘L—ﬁ)’ where Vo € Rs: Q(Vp,x0) = 0.
3.2  Weighted homogeneity

For any r; >0, i = 1,n and A\ > 0, define the dilation
matrix D(A) = diag{\"}_; and the vector of weights

r=(ry,...rn)’.

For any r; > 0,7 = 1,n and z € R™ the homogeneous
norm can be defined as follows [25], [16]

n 1/p
- |p/Ti > .
|| (Zla?z ) ) P2 T08X Ti.
iz

For any r; > 0,7 = 1,nand ¢ € C[_; o the homogeneous
norm can be defined as follows [21]

n 1/p
= P/ Ti > .
1ol <Z [EA ) Lo max

=1

Define B} = {¢ € C_1q) : ||#][» < p} as a closed ball of
radius p > 0 in C_; .

Consider an autonomous functional differential equation
of retarded type [27]:

o(t) = f(ze), t 20, 9)

where z(t) € R" and z; € C|_, g is the state func-
tion, x4(s) = x(t + s) for s € [-7,0], f : C—r o) = R
is continuous and ensures existence and uniqueness of
solutions in forward time [27], f(0) = 0. We assume
that the system (9) for the initial functional condition
xo € C[_;) has a unique solution.



Definition 5 [24] The function g : C|_; g — R (vector
field f: Ci_ g — R") is called r-homogeneous (r; > 0,
i = 1,n), if for any ¢ € C|_ o) the relation

holds for some d € R (d > —mini<;<, ;) and all A > 0.

In both cases, the constant d is called the degree of ho-
mogeneity. The system (9) is called r-homogeneous of
degree d if the function f admits this property.

The introduced notion of weighted homogeneity in
C|_7,0) is reduced to the standard one in R™ if 7 = 0.

Theorem 3 [25] Let f: R™ — R™ be defined on R™ and
be a continuous r-homogeneous vector field with degree d
(d < 0). If the origin of the system (3) is locally asymptot-
ically stable then it is globally asymptotically stable (glob-
ally finite-time stable) and there exists a continuously dif-
ferentiable Lyapunov function V which is r-homogeneous
of degree v > —d.

By definition of homogeneity there exist constants
c1, co > 0 such that

allzll; < V(z) < coflz]y. (10)

For example, the system (1), (6) for d(t,z) = 0 is r-
homogeneous of degree —p with r = (1 + (n — 1)p, 1 +
(n—2), ..., 1)T and the ILF is homogeneous of degree 1,
where the parameters ¢y, co can be estimated as follows

ne ne

1 1
L A (P)  Agimin (P)
C1 — Imin T 5 T s

1

Co = Mmax {(nAmax(P)) rmax (n)\max(P)) Zrlt‘i“ } .
(11)

In [26], [28], [17], [18] robustness with respect to delays
has been discussed for homogeneous systems.

Lemma 1 [26] Let f(@;)=F[x(t),x(t—7)] in (9) and the
system (9) be r-homogeneous with degree d>0 and glob-
ally asymptotically stable at the origin for =0, then for
any p > 0 there is 0 < 79 < 400 such that (9) is asymp-
totically stable at the origin in B} for any delay 0 <7 <T.

Lemma 2 [28] Let f(x:) = Fla(t),z(t — 7)] in (9)
be uniformly continuous and the system (9) be r-
homogeneous with degree d < 0 and globally asymptoti-
cally stable at the origin for 7 = 0, then for any e > 0
there is 0 < 179 < 400 such that (9) is globally asymptot-
ically stable with respect to B] for any delay 0 < 7 < 79.

4 Main results

In this section, first, we provide an LMI-based approach
to evaluate the domain of attraction of a finite-time sta-
ble control (6) in the case of the delayed plant in (2).
Second, a uniting control is designed with commutation
between two laws providing a global bounded of all tra-
jectories in (2) for any delay, and convergence to the ori-
gin for a sufficiently small one.

4.1 Control providing boundedness of the system trajec-
tories in presence of delay

Lemma 3 (Disturbance-free case) Let the system of lin-
ear matriz inequalities

AX + XAT + by +yTvT + L+ R <0,

IX>AX+XAT > X, X>0, L>wX, (12)

X yT
XH,+H,X >nX, ¢ >0,
Yy

Op—1 O

0 7an
Tans 0, (o € Ry, X € R™7, ¢y € RY™, The sys-
tem (2), (6) with d(t,z) = 0 is globally asymptotically
stable with respect to Bf/Tcl for any c € Ry if

be feasible for R = < ) and some u € (0,1],

- \/Tnnwoct (13)
VI (0 + 27/ Pan) + Vg + |kn| VT

where P = X~k =yX =1 l1 = Apax (XV2((1 = p) I+
H,) Tk ((1—p) I+H )X Y?) | lo=Amax (X1/2ATKTRAXY/?).

T

Note that in absence of the delay (7 = 0) the origin is
finite-time stable.

Proof. The system (2), (6) for d(¢t,z(t)) = 0 is r-
homogeneous of degree —pu and according to [28] all
solutions of (2) stay bounded for 0 < ¢t < 7 and converge
to some compact set around the origin asymptotically.

In accordance with Theorem 2 one can obtain V(x(t)) <
—COVI=#(x(t)), C € Ry if the following inequality holds

dT () DV ()R D(V-1(t))d-(t) <
6V—2u (t).’IIT (t)D(V_l (t))PLPD<V_1 (t)).’l?(t)

for some € (0

,1). Rewriting this inequality after sub-
stitution d,(¢) = b [

Ji_. u(s)ds we yield

2

(/t; u(S)dS) < Pn BV (£)272H, (14)



Now, let us consider derivative of the ILF (7) calculated
for the system (2) for t>7. Denote V (¢)=V (x(t)). Firstly,
introduce y=14p for some p >0 and following Lyapunov-

Razumikhin approach consider the term V(#) for the case
~V (t) > V(t+0), ¥O[—27,0]. According to [29] we obtain

[V (z(t) =
‘( TW)D(V=1(t))(H,P + P%)D(V’l(t))a?(t))71 X
(V1 r)zT (#)D(V =L (t)(PA+ ATP)D(V =1 (1) (t)+

Vl—ﬂ(t—r)xT(t)D(V—l(t))Pka(V—l(t—r))w(t—r))\g
N VITR(E) x
(|2 (&) D(V (1) (PA+ ATP)D(V =1 (t)x(t)| +
|2~yl*/‘xT(t)D(V*1(t))Pbk:D(V*l(t —7))z(t — ’7')|) <
=tV (t)t-+r (L + 2ylH P,m() )

(15)

In order to apply Lyapunov—Razumikhin Theorem as-
sume that vV (¢) > max{c,supge[_or, 9 Vit —0)} for

¢ € R., then considering the term ft u(s)ds with
V(t) = £ and taking into account (15) we obtam

f:_T u(s)ds‘ =

S VRSV ($)k((L = p)] + H) DV~ (5))a(s)ds+
S VT () kAD(V = (5)a(s)+

ftti V=r(s)VIH(s—1)kbkD(V 1 (s—7))x(s—7)ds| <
n7t e+ 291 Pan) \F’ft Tvl 2#( )ds’+

Vi [ ViR (s)ds| it~ V=2 (s)ds| <
(VI (e + 291 “\/H)+f+vl k] v/C) X

TeTHALTRY IR (),

(16)
Substituting (16) into (14) we yield

VTunBooct
(V1 (e 29 P OV A9 H ki [VC)

Since o can be chosen arbitrary small and S can
be chosen arbitrary close to 1 we can rewrite this
expression as strict inequality (13). Thus, accord-
ing to Lyapunov-Razumikhin Theorem [20] the sys-
tem is asymptotically stable with respect to the set
Q. = {x € Cl_ar): V(2(s)) < ¢,s € [-27,0]}. Finally,
since Q.CB?7 o/er validity of Lemma 3 is thus concluded. B

Remark 1 From the results presented in Lemma 3,
knowing the value of delay, one can find the compact
set BZ/Tc the system asymptotically converging to. And

vise versa, for a given ¢ one can easily find a value 7y

such that for any 7 < 79 the system (2) (6) is globally
asymptotically stable with respect to BC oo
Remark 2 The result of Lemma 3 holds for the case of
time-varying delay and sampled-data control realization.

Remarks 1, 2 remain true for the all subsequent results
presented below.

Corollary 1 The system (2), (6) can be asymptotically
stabilized with respect to an arbitrary small set for any
bounded delay by appropriate choosing the parameter c
and changing the matriz variable P = P/v, v eRs.

Proof. Let the LMI (12) is feasible. Then for the change
of the matrix variable P = P/v, v € Rs we can ob-
tain the corresponding result with X =p1l= = vX,
y—Uy,k—yX l— kg R=vRandi =1 @ = w,
n =, 5 = v(, l; = vly and I = vly. Note that
this change does not affect on the condition (13) and
the system is asymptotically stable with respect to

the set Q.. According to (4) with P = P/v we have

U max{c min c'max
Qe €T = {z€Clarg: ||zl < L \/{/\M(P) ) }
Then by choosing the parameters v and c the system can
be asymptotically stabilized with respect to an arbitrary
small set I' and any delay 7 (i.e. the bigger value ¢ the
bigger 7o and the smaller value v the smaller set T'). W

Example 1 Consider the system (2) for n = 3 in
the disturbance-free case (d(¢,z(t)) = 0). Define ILF-
based control in the form (6) with the parameter
u = 0.3. The matrix P > 0 and the vector k are ob-
tained from the system (12) with r,, = 0.99, n = 1:

1.0191 2.0359 1.0155 —1.0046\ T
P = ( 20359 5.0857 3.0452 | and k = ( —3.0112 | .
1.0155 3.0452 3.0446 —3.0074

Obtained value of maximal delay for ¢ = 5 is 7p =
5.1 x 1072. The estimation ¢; = 0.1812 is obtained in
accordance with (11). Then the system (2), (6) is glob-
ally asymptotically stable with respect to B37 sg4s for
any delay 7 < 79 = 5.1 x 1072,

It is easy to extend Lemma 3 for disturbed case.

Lemma 4 (Disturbed case) Let the system of linear ma-
triz inequalities

k(AX + XAT + by +y"o") + Ly + Ry <0,
(1—k) (AX+X AT +by+y"b") + Lo+ Ry <0,
Xy

T)

>0, (17)
y ¢
XH,+H,X>nX, X>0, L >wmX,

weX > Ly >0, w3X > Ry >0,

X > AX + XAT > —1X, <




) Op—1 O
be feasible for Ry = and some p € (0,1],
0 7an
Kk € (0’ 1)) rnn7n7C7L7w1aw27w3 S IR>7 X € Rnxn’
y € R and the inequality

d" (t,x(t))D(V =1 (1)) Ry ' D(V~
BV =2 (t)xT (t)D(V ™

H(t))d(t, 2(t)) <
Y1) PLaPD(V=H (1) (t)

holds for § € (0,1) with V(t) > c. The system (2) (6)
is globally asymptotically stable with respect to BC/C for

any c € Ry if

(18)

< (VI (04 2v/PanC + 2y/@2m3) + Vot

_ (19)
|kn |/ + \/CWQW[;) ' [Tran@1CH,
where P = X1k =yX ™1 l1 = Apax (XV2((1 — p) I+

H, )k k(1—p) I4+H,) X V?), lhy=Amax (X 2ATETRAX /).

Note that if 7 = 0 and the inequality (18) holds globally,
then the origin is finite-time stable.

Proof. Rewrite for disturbance case the expression (15)

‘V (t) )] VoL)2T () D(V-A(t)) (H, P + PH,)x
D(V='(t)x ()) LV ()T () DV (1) (PATAT P)x
DV )(t)+ 2V =Y eV =1 (t—7)aT(t)D(VY(t)) Pbk x

DVt —7))a(t —7)+
2xT(t)D(V*1(t))PD(Vfl(t))d(Lm(t)))| <
V() (L4 291V Pond) +

297tV (8)|dT (¢, x(t)) D(VH(t)) P2 x
|PY2D(V())x(t)|<

T VIE(E) (1 + 291 Pon + 2y @3 )

and the expression (16)

ftth u(s)ds‘ =
[ VsV ()k((1—p) [+ H)D(V =1 (s))a(s)dst
[l V2 ($)kAD(V = ()2 (s)+

[ Vr(s)VIr(s—T)kbkD(V =} (s—7))a(s —7)ds+

ftt_T VI=#(s)kD(V~1(s))d(s,z(s) ds‘ <
(n_l\/E (L+271_M\/Pnnc+2\/w2wdﬁ)+

Vit =kl VO) | [, V12 (s)ds|+

[l Vimr(s) |kD(V=1(s))d(s, x(s))| ds <

TeHy T (VI (v + 294 PanC + 2y @2w@sfB) +
\/1724’ ’Yli#‘kn|\/z+ vV Cwyz;;ﬂ) Vli#(t).

According to [19] it can be shown that

T

DV (t)a(t) ) " ( DV (t)e(t) >+
- (1) )

T

) W2< DV (1) (t) >+
ta(t)) D(V=H(B)d(t, a(t))

FVHOAT DV )R DV (1) de (1)~

(V=M O)PLLPDV (1)

V—l( )Ry 1Ji)(v—l

S
b

~—

V=H(t) k(P (A+k) + (A+bk)T PH+
W= PL,P
P V()R
V() (1—k) P(A+bk)+H A+bk)T Py
W= PL,P
P ~VHt R,

P

P

are negative semidefinite. Then, taking into account (18)
we obtain

V < VAL (D ()R DV
V()2 () DV (1) PLyPD(V ™

H(t)d-(t)—
H(t))x(t)

The remaining proof follows a line similar to Lemma 3.1

Remark 3 If the matching condition d;(¢,z(t)) = 0,
i = 1,n —1 holds, then to relax the system (17) the

0,1 O
matrix Ro can be chosen as Ro= nt s Tnn € Rs.
0 7Tnn

Remark 4 Considering the case of sampled-data control
realization for the system (1) by Lemma 3 (or Lemma
4) global attractiveness of a compact set containing the
origin can be shown only. In [29] this issue was studied
more precisely where global asymptotic stability of the
origin is proven.

Example 2 Consider the system (2) for n = 3 in the case
of matched disturbances di(t,z(t)) = do(t,z(t)) = 0,
ds(t,z(t)) = 0.123* Define the control (6) with
the parameter ; = 0.6. The parameters of the con-
trol (6) were selected solving the LMIs (17) for
Pan = 0807, 7y = 0.183L & = 0815 5 = I
P (SRR RN ana k= (39E) sinee
1.0136 3.0404 3.0398 —3.0050
d% < 001|272 and V(z) > c1]jz||, it can be eas-
ily checked the inequality (18) holds. The estimation
¢1=0.218 is obtained in accordance with (11).



Then, according to Lemma 4 the system (2), (6) is
globally asymptotically stable with respect to BCQ/TC1 =

B%§_7612 (c = 3) for any delay 7 < 79 = 5.36 x 1072,

4.2 Control providing asymptotic stability in presence
of delay

Using of Lemma 3 and Lemma 4 allows to design new
hybrid stabilization algorithms, which preserve asymp-
totic stability of system trajectories.

Consider two implicit Lyapunov functions defined by

Q1(V,z) = xTD#(V_l)PDH(V_l)x -1,
Q2(V,2) =2"D, (V-HYPD,(V Yz — 1,

where P € R™" P > 0, D, ()\) = diag{\'*(»=Dr}n
and D,(\) = diag{\'T(~V¥}7 . Denote H, =
diag{l1+ (n —)p}, and H, = diag{1+ (i — L)} ,.

Then the following results can be obtained.

Theorem 4 (Disturbance-free case) Let for (2),
d(t,z(t)) = 0 the system of linear matriz inequalities

AX+XAT+by+y"v"+L,+ R, <0, L,>w,X,
AX+XAT+by+y"v"+L, + R, <0, L,>w,X,
X yT
y ¢
XH,+H,X>n,X, XH +HX?>nX,

1X > AX + XAT > X, ( >>0, X >0

(20)
Op—1 O Op—1 O

be feasible for R, = nt JR,=(" ! and
0 7, 0 7,

some v € R, p € (0,1], ¢,0u, 00, Ty 70, ¢, Wy, @y €

R, X € R™*" y € R'*" and the control law u is chosen
in the form

V) VI=tED, (V Yz for aTPx>1,
w(V,z) =
Vit ED, (V-Ya  for 2TPx <1,

(21)
where k = yX ', P=X"" and V is defined by

_ T
V eR.: {Ql(V,:E)O for ' Px>1, (22)

Q2(V,z) =0 for 2TPx<1.

The system (2), (21) is globally asymptotically stable if

. Nam=m
< )
T < min { /Ty (424 Prn€) + VI |/ (23)

N
s V1, (1429 Pan) v+ kn /€ |

where 1y, =Amax(X /(1) I+H ) kT (1—p) I+H,,) X V/?),
I, = Amax (XY2((14+0) I+ H)ETk((14+v) [+ H, ) X /?)
and lo = Amax (X1/2ATkaAX1/2). Moreover, for any

T > 0 trajectories of the closed-loop system are globally
bounded.

Proof. The formula (22) implicitly defines the Lyapunov
function candidate, which can be prolonged by continu-
ity to the origin V(0) = 0. Note, that 27 Px < 1 =
V(z)<land 27Px > 1= V(z) > 1.

Similarly to Lemma 3 it can be shown that the set 2, =
{7 € cj_ar,0): V(x) < 1} is asymptotically attractive.

For the function Q2(V,z) in the similar way as in the
proof of Lemma 3 and according to [29] it can be shown,

that V (x(t)) < -CV*¥(x(t)), C €Rs with V() >1/v if

dE(t)D, (V=1 ()R, "D, (V= (t))d-(t) <
BV (t)xT (t) D, (V=1 (t))PL,PD, (V= (t))x(t)

for some 8, € (0,1).

The remaining proof follows a line similar to Lemma 3 to
show the system is asymptotically stable in ;. Validity
of Theorem 4 is thus concluded. ]

Theorem 4 proves very important advantage of nonlinear
control (21). Once designed it remains robust (in ISS
sense) with respect to any delay.

Example 3 Consider the system (2) for n = 3 in
the disturbance-free case. Define the control u in
the form (21) with the parameters p = v = 0.3.
The matrix P > 0 and the vector k are obtained
from the system (20) with r, = 1, r, = 2.5005,

0.3998 0.8005 0.3999)

= =15, w, =w, =1: P = (0.8005 2.0026 1.2014
M = T » R v 0.3999 1.2014 1.2012

—0.9998

T
and k = (@88%;) . Obtained value of maximal delay

is 790 = min{2.68 x 1072,2.9 x 1072} = 2.68 x 1072
According to Theorem 4 the system (2), (21) is globally
asymptotically stable if 7 < 79 = 2.68 x 1072, Other-
wise, similarly to Lemma 3 the system is converging to
some compact set around the origin. The simulation
results for 7 = 1.55 x 102 are shown on Fig.1.

—a

-y

5 10 15 2

Fig. 1. The simulation results for the ILF control (21)



Theorem 5 (Disturbed case) Let for (2) the system of
linear matrix inequalities

i (AX + XAT + by +yTb7) + L, + Ry, <0,
(1—ky) (AX+XAT +by+y"o" )+ L, + Ry, <0,
Ky (AX + X AT + by +y"0") + L, + Ry, <0,
(1—ky) (AX+X AT +by+y"b")+ Ly, + R, <0,

X yT
X > AX + XAT > —1X, c >0,
Y

XH,+H,X>nX, XH, +H,X>nX, X >0,
Ly 2w X, wp, X 2 Ly, 20, @, X 2 Ry, 20,

L, >w,X, w,X>L,, >0, w,,X>R,,>0
(24)
0p-1 O O0p—1 O
be feasible for R,, = ! , R, = '
0 7, 0 r,

and somerk, € (0,1),k, € (0,1),v € R>, n € (0,1],¢,¢,
Ns Mos s Tws @py @y € Rsy X € RV y € R the
control law u is chosen in the form (21) with k = yX 1,
P = X~ and the disturbance function d(t,x) satisfies

dT(t,x)D,(V~ )R D, (V=hd(t, x)
B, V~=2#2TD, (V- YPL,,PD,(V Yz if TPz >1,
d(t,2) D, (V"R D, (V- 1)d(t,x) <
ﬁVVQVZ‘T(t)D (V- )PLVZPD (vt

IN

Yo if 2T Px <1,
(25)
where B, € (0,1), B, € (0,1). Then the system (2), (21)

is asymptotically stable if

7<min{ (n; /11, (14 2V PunC+2\ /@@, ) + V02 +
|kn|\ﬁ+\/§wu2w%)_ N
(", (64 2V P + 2@, w0,) + Vit
lenlVC+ \CBr) Vs |

(26)

where 1, = Amax (X VA0~ )+H ) KTk (1—p) I+-H )X /?),
L, = Amax (X Y2((1+0) [+ H,)ETk((1+v) I+ H,) X /?)
and ls = Amax (XI/QATkaAXl/z). Moreover, for any
T > 0 trajectories of the closed-loop system are globally
bounded.

The proof is omitted since it repeats the arguments given
in the proofs of Lemma 4 and Theorem 4.

Example 4 Consider the system (2) for n = 3 with
disturbances dy (¢, z(t)) = da(t,z(t)) = 0, ds(t,z(t)) =
0.1sin(x1-2(¢)). Define the control u(t) in the form (21)
with the parameters p =1, v = 0.1. The matrix P>0
and the vector k are obtained from the system (24) with

02 0 02 0
R,,= ,R,,= , 7,=0.9045, r,=
0 0.1005 0 1.0751

1.4251, n,=1.8, n,=1.5, w,=w,=1, k,=0.9, k,=0.57:

T
P (SHRIBROMEY wa k= (1) Note
0.5195 1.4829 1.4819 —3.3534

that for the function Q2(V, z) the Lyapunov function is
homogeneous of degree 1 with r = (1,1+v,...,14+(n—
1)v)T. Then, we can use the following estimation of the
parameter ¢, € Ry : ¢, ||z]» < V:

Ao (P) Aau(P)

min min

c1, = min , = 0.2031.

1
ne

o=

n

Sincesin(z1) < |z1| = sin®(21?) < |z]%* it can be easily
shown that inequalities (25) hold.

Obtained value of maximal delay is 79 = min{2.24 x
1072,1.83x 1072} = 1.83 x 10~2. According to Theorem
5 the system (2), (21) is globally asymptotically stable if
T < 79 = 1.83 x 1072. Otherwise, similarly to the result
of Lemma 4 the system is converging to some compact
set around the origin. The simulation results for constant
delay 7 = 1072 are shown on Fig.2.

Fig. 2. The simulation results for the ILF control (21)

Let us compare the results with sliding-mode control law
presented in [31], which is closest analogue since

e it also implies ultimate boundedness of the closed-loop
systeim;

e in the case u = 1 the control law (6) realizes a high
order sliding mode control rejecting matched bounded
uncertainties and disturbances;

e the parameter tuning procedure is in the form of LMIs.

The benefits and advantages of the designed control laws
are as follows:

e the control law (21) is continuous; the control law (6)
is continuous for p € (0, 1) and continuous outside the
origin for the case u = 1;

e the control laws are robust with respect to both
matched and unmatched disturbances;

e the control law (21) provides asymptotic stability of
the origin for sufficiently small input delay;

e changing the parameter p one can change restrictions
on the disturbance function d(¢,z) and the conver-
gence region.



5 Conclusion

The paper presents ILF-based control algorithms for sys-
tems with the delay in control (and/or measurement)
channel, i.e. teleoperated and networked systems. Ob-
tained nonlinear control algorithms preserve asymptotic
stability for small delays 0 < 7 < 79 < oo and global
asymptotic stability with respect to a compact set con-
taining the origin for any 7 > 79. The results can be
used for the cases of a constant and fast-varying delays.
Efficiency of the proposed control algorithms is demon-
strated on numerical examples. There are a lot of topics
for future research. For example, the presented results
can be extended for linear MIMO systems using general-
ized homogenising stabilization algorithm presented in
[30]. Other directions are relaxation of restrictions, ex-
tension to output control case, study of transient perfor-
mances, etc.
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