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Prescribed performance control of uncertain
higher-order nonlinear systems in the presence
of delays

Thomas Berger, Lampros N. Bikas, Jan Hachmeister, and George A. Rovithakis

Abstract— We propose a novel feedback controller for
a class of uncertain higher-order nonlinear systems, sub-
ject to delays in both state measurement and control in-
put signals. Building on the prescribed performance con-
trol framework, a delay-dependent performance correction
mechanism is introduced to ensure the boundedness of all
signals in the closed-loop and to keep the output tracking
error strictly within a dynamically adjusted performance
envelope. This mechanism adapts in response to large
delays that may cause performance degradation. In the
absence of delays, the correction term vanishes, and the
controller recovers the nominal (user-defined) performance
envelope. The effectiveness of the proposed approach is
validated through simulation studies.

Index Terms— Delays, prescribed performance control,
uncertain nonlinear systems.

[. INTRODUCTION

In recent years, significant research efforts have been de-
voted to the design of controllers for linear and nonlinear
systems. Early works often assumed ideal communication
between the controller and system, including measurement
and control input signals. However, from both theoretical and
practical perspectives, delays are inherent in most control
systems and can significantly affect performance and stabil-
ity [1]. Therefore, designing robust controllers that account
for communication delays is of paramount importance. It is
especially crucial to consider both measurement and control
input delays, as these are common in practical applications,
and recent progress has been reported in this direction [2]-
[11].

A common focus of these studies has been on establishing
stability conditions, often without explicit consideration of
performance objectives. In trajectory tracking problems for
uncertain nonlinear systems, beyond stability, it is essential to
ensure strict bounds on the output tracking error, encompass-
ing transient and steady-state behaviors. Ideally, these bounds
should be prescribed and user-defined.
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Two prominent methodologies addressing this are funnel
control (FC) and prescribed performance control (PPC). FC
was introduced in [12], with a recent survey provided in [13].
PPC was initially presented in [14] with further develop-
ments in [15]. When assuming delay-free communication,
both methods can guarantee prescribed performance charac-
teristics—such as maximum overshoot, convergence rate, and
steady-state error.

In the presence of measurement and control input delays,
approaches such as the bang-bang controller based on FC
were proposed in [16] where constant delays were considered.
However, these methods often involve increased complexity
and require high-order derivatives of reference signals. Under
the PPC framework, an initial attempt to address communi-
cation delays was made in [17], where the control design
aimed to satisfy prescribed performance objectives. However,
the boundedness of all closed-loop signals is only assured for
first-order systems under the proposed control scheme.

Extending prescribed performance guarantees under delays
to uncertain nonlinear systems of arbitrary order remains a
challenging open problem. Motivated by this gap, in this
paper we propose a modified control scheme based on [17],
enhanced with a delay-dependent performance correction term.
This controller enforces prescribed performance for a class
of uncertain higher-order nonlinear systems under constant
measurement delays and time-varying control input delays.
Our approach guarantees the boundedness of all signals in the
closed-loop and ensures that the output tracking error evolves
strictly within a dynamically adjusted performance envelope,
thereby overcoming the limitations of [17]. The correction
term explicitly depends on the delay magnitude and vanishes in
the delay-free case, thereby recovering the nominal prescribed
performance. The proposed controller is of low-complexity,
maintaining simplicity in implementation.

The remainder of this paper is organized as follows: Sec-
tion II states the problem, Section III details the proposed
controller, and Section IV presents the main results. Simulation
studies validating the approach are provided in Section V, and
conclusions are drawn in Section VI. The proof of the main
theorem is included in the Appendix.

A. Notation

In the following let N denote the natural numbers, and
R>, = [1,00) for 7 € R. By ||| we denote the Euclidean
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norm of x € R™. For some interval /] C R, some V C
R™ and k € N, L2(I,R™) (L.(I,R™)) is the Lebesgue
space of measurable, (locally) essentially bounded functions
f: I — R™ WFk>(I,R") is the Sobolev space of all
functions f : I — R™ with k-th order weak derivative f(*) and
fof®, 0 f®) e L°(I,R"), and C*(V,R") is the set of k-
times continuously differentiable functions f : ' — R”, with
C(V,R") := C°(V,R"). Furthermore, K, denotes the set of
continuous, strictly increasing and unbounded functions, and
KL is the set of continuous functions, strictly decreasing with
limit zero in the first argument and strictly increasing in the
second argument.

II. PROBLEM STATEMENT

A. System class

We consider nonlinear multi-input, multi-output systems of
n-th order of the form

where T; = (.%'1,1, N N IR L IR 7.’17m7j)—r, ] =
1,...,n, is the part of the state available for measurement,
n : R>o — RY is the state of the internal dynamics, u; :
[-7s — Tu,00) > R, i =1,...,m, are the control inputs and
Yi '= T 1,% = 1,...,m, are the system outputs. The functions
h, fijs9iks 1,k = 1,...,m, are assumed to be piecewise
continuous and bounded in ¢ and locally Lipschitz in (Z,,n)
for j = n, or locally Lipschitz in z; for j = 1,...,n — 1,
respectively.

We consider the problem of output tracking control with
the objective of achieving a prescribed performance of the
tracking error, under the effect of time-varying input delays
(described by 7,(t) > 0) and constant state measurement
delays (described by 7; > 0), see Fig. 1. The latter means
that only the delayed information z;;(t —7s) of the state
measurement is available for controller design. Because of this
delay, in order for the problem to be well-posed, an initial
history of the state is required on the interval [—75 — 7, 0],
where 7, > 7,(t) for all t > 0, i.e.,

(T M)l (= —70) = © = (T, 1%) € C([=75 =Ty, 0, R"™ ).

(2
For u; € L2.([-Ts — Tu,00),R), ¢ = 1,...,m, we call
(Tn,m) @ [—Ts — Tu,w) = RY™T4 € (0,00], a solution

of (1), (2), if it is locally absolutely continuous and satisfies (1)
for almost all ¢ € [0,w). A solution is called maximal, if it
has no right extension that is also a solution; it is global, if
w = OQ.

We need the following additional assumption on the non-
linearities f; ,, and h.

Assumption 1: For each ¢ = 1,...,m there exists d; €

L>(R>0,R) such that

V(t,x,n) S RZO x RM+a .
[fin(ts x| < @) ([Zn ]l + [In]] +1)-

Furthermore, the last equation in (1) is practically input-to-
state stable in the sense that there exists a constant ¢ > 0, a
K L-function x and a K -function ~ such that, for any £ €
£ (R>0,R™™) and any n° € RY the solution of 7(t) =
h(t,&(t),n(t)), n(0) = n°, is global and satisfies

V>0 [n)l < st [1°l) + v (supseo. 1§61 +c.

Additionally, the function + is linearly bounded, i.e., y(z) <
Y12 + 7o for all x > 0 and some 71,72 > 0.

Remark 1: We note that the Lipschitz assumption on the
nonlinearities f; , cannot be waived in general. For instance,
consider the system

i(t) = 2(t)? +ut — 1), T|_r0 = z¥ > 0.

Since the only reasonable choice for the input for ¢ € [—, 0]
is u(t) = 0, as the system is not “active” yet, this leads to the
initial-value problem

i(t) = 2(t)?, x(0)=2", telo,7],
the solution of which is given by
1 -t _ 0
z(t)=| -5t ,  t€[0,min{r,1/2"}).
x

If w% < 7, then this leads to a blow-up of the solutions, hence
existence of global solutions of the closed-loop system cannot
be guaranteed by any control algorithm.

Assumption 2: The delays 7, € C'(R>o,R) and 75, > 0
are assumed to be known exactly and bounded such that 7, >
7. (t) for all ¢ > 0. Furthermore, we assume that there exists
T < 1 such that 7,(t) < 7, for all ¢t > 0.

The strict boundedness requirement on 7,,(t) is necessary to
guarantee the satisfaction of the first-in first-out principle [17].
The required knowledge of the delays 75(-) and 7,(-) might
seem to be a strong assumption, but in many applications they
can indeed be estimated very well, or, by intentionally delaying
some measurements, a prescribed quantity can be achieved.

System ( )

Fig. 1. Structure of the closed-loop system.
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B. Control objective

The objective is, for given functions 9; €
WH°(R>_, ,R) which are bounded and satisfy
infy>_- %;1(t) > 0, and reference signals y4; €
Whe(Rs_,,R), i = 1,...,m, to design a controller

which achieves that
Vi=1,....mVt>0: |y;(t) — yai(t)] < Yi(t).

Furthermore, all closed-loop signals should remain bounded.
The controller should not require any knowledge of the system
parameters (initial history ¢, nonlinearities f; ;, g; %, h) and
should be of low complexity (no approximation or adaptive
structures are used to obtain that knowledge, no hard calcula-
tions are performed to create the control signal). A controller
which satisfies these requirements is inherently robust with
respect to uncertainties or disturbances (with the exception of
measurement noise).

Remark 2: The performance functions ¢; 1, ¢ = 1,...,m,
are user-defined and can be appropriately constructed to
introduce performance bounds on the output tracking error
with respect to transient and steady-state behavior. A can-
didate selection is the exponentially decreasing ;1(t) =
(AD L = ADe et 4 A5 with XY} > [y;(0) — ya,i(0)|. The
constants )\;?j > 0 and ¢;; > 0 are selected to prescribe
the maximum output tracking error at steady-state and the
minimum convergence rate, respectively.

Remark 3: The control objective, as formulated above, can-
not be achieved by any control algorithm, when the control
input is “switched on” at a certain time (usually ¢ = 0),
and zero before (that is, u(t) = 0 for ¢ < 0). Nevertheless,
the new design that we propose in Section III achieves the
prescribed performance objective with an additional correction
term, the magnitude of which depends on the magnitude of the
delays (and vanishes for zero delay). Similar control objectives
were considered in [17], however, the proposed control scheme
cannot guarantee the boundedness of all closed-loop signals
for the general case of systems of arbitrary order. The present
work overcomes this limitation by introducing a modified
control design.

[11. CONTROLLER DESIGN

In this Section we propose a control scheme to achieve
the control objectives stated in Section II. The control design
philosophy is based on the line of analysis of PPC structure
and incorporates a delay-dependent transformation of the
output tracking error, resulting in a closed-loop system that
includes at least one delay-free control input.

Let ¢;1 € WH°(R>_,,,R), i = 1,...,m, be given and
select the auxiliary functions 1; ; € WH>°(R>_,_,R) such
that infy>q ¢ j(t) > —7s, fori=1,...,mand j =1,...,n.
Further, choose the controller design parameters:

e a matrix S = (s;;) € R™ ™, which is sign definite,
i.e., there exist s* > 0 and o € {—1,+1} such that
ov' Sv > s*||v]|? for all v € R™,

« some freely selected control gains o > 0 and k; 5, ky, > 0,
1=1,....m,5=1,...,n—1.

The following expressions define the controller we propose for
i1=1,...,m,and t > 0:

i (t—7s) — ya,i(t—75) + L; 1 (1)

Zi,l(t) = wi’l(t_Ts) )
g (1=7) = a1 O+ X (D) (—e) (0
_ —1
Zz,j(t) - wlj(tf'rg) )
j=2,...,n,
i,5(t .
ai’j(t):_ki’jl—zg»(»()tﬁ’ ]:1,...,71—1
,J
Zn(t) = (z10(t), ... ,zmm(t))T,
- Zi’n<t)
u;(t) = —Uan(”zn(t)H)W,
3)
with
Lij(t) = L ja(t) — al; (), 1;,;(0) =0,
j = 1a , L — 17
Lin(t) = —al; o (t
alt) = =alia ) “

+ Z Sik (uk(t) - uk(thszu(ths))),
k=1

I; ,(0) =0,

and x : [0,1] — [0,1—=6], 6 € [0,1), an activation function of
the form:
0 s<6
— ) — i 5
xs) {3—5, 5> 0. ®

Furthermore, we assume that u;(t) = 0 for ¢t € [—75 — Ty, 0]
and, for simplicity,

Vt> —7g: '(/Jl,n(t) == wm,n(t> = wn(t) (6)

We like to note that the terms I; ; serve as correction terms of
the performance functions 1); ;, which are prescribed for z; ; —
Ya,s and x; ; —a; j_1, j = 2,...,n, respectively. Owing to the
input and state measurement delays, the desired performance
2,1 (1) — ya,i(®)] < ¥i1(t) and |2 ;(t) — aij—1(t + 75)] <
1;,;(t) cannot be achieved, but utilizing the correction terms

we are able to achieve |z ;(t)] < 1fori=1,...,m, j =
1,...,n. If no delays are present, i.e., 7, = 7, = 0, then
by construction we have I; ;(t) = 0 for all ¢ = 1,...,m,
j=1,...,n and t > 0, thus no correction occurs. Compared

to [17], the correction terms are the crucial modification of
the controller design, which facilitates its feasibility.

Remark 4: By incorporating the activation function x to
the control input, we enforce u; to be zero when z,, is small
(.e., ||zn|| < 9). In such case the I; ;-terms will converge to
zero, thus recovering the original shape of the performance
envelope. This modification allows the performance envelope
to be adjusted only when the error evolves sufficiently close to
the boundaries; a beneficial property in practice as one cannot
exclude the case where despite the presence of a large delay
the error evolves close to zero. In the context of funnel control
and funnel MPC, activation functions have been employed
in [18], [19].
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IV. MAIN RESULTS

Before we state the main result of this article we require an
additional assumption for feasibility of the control. Essentially,
the assumption states that the delays 7, and 7, (t) need to be
sufficiently small and, at the same time, .S needs to be a suffi-
ciently good estimate of the control input matrix G(¢,x,n) =
(gi,;(t,z,m)) € R™*™ for (t,x,n) € Rxo x R"™*4,

Assumption 3: Assume that

* infzﬁZO Y (t)

G t,l‘, -S|+C<s )
1G(t,2,m) = S| SuDrmg n (1)

sup
(t,x,m) ER> o XRm+4a

where C > 0 is defined as

eS| M ([ 72—, ,
C = 151l <1 — + — ||A||(TS+Tu)e”A”(Ts+Tu)>

o —Tu 1

with A = diag (4, ..., A) € Rrmxnm,

—a 1

SN
|

c Rnxn7
1
—

M, > 0 such that (note that y < o for n > 1)
ViE>0: [ledt] < Me (7)

and
¢ := max {a”fl, 1} (ng)n s nax lldillo

+ max {a", 1} (ng).

Remark 5: We like to note that Assumption 3 is indeed
quite restrictive and requires a significant amount of knowl-
edge of the control input matrix G(-), only up to slight
uncertainties. Furthermore, since S is a constant matrix, G(-)
is restricted to be globally bounded. In future research, we aim
to relax these assumptions.

The following result shows feasibility of the application of
the controller (3), (4) to the system (1) in the presence of input
and state measurement delays.

Theorem 1: Consider the system (1) satisfying Assump-
tions 1 and 2. Further consider the controller (3), (4) with
reference signals y;; € WH*(R>_,.,R),i=1,...,m, and
design parameters satisfying Assumption 3. Let ¢ as in (2)
be an initial history such that all signals in (3), (4) are well-
defined for t € [—7,, 7] (with I; ;(t) = 0 for ¢t < 0) and, in
particular, |z ;(t)| <1fori=1,...,m,j=1,...,n—1and
|[zn(t)|| < 1. Then the application of the controller (3), (4)
to the system (1) leads to a closed-loop system, which has
a solution and every solution can be extended to a maximal
solution (T, 1, 1.1,y Imn) @ [—Ts — Tuyw) — RZMFG
w € (0, 00], with the properties:

(i) global existence: w = o0;

(ii) all closed-loop signals z; ;,1; j,m, 1 = 1,...,m, j =
1,...,n, and the control input u are bounded;
the system output exhibits a prescribed performance in
the sense that, for all ¢t >0 and¢=1,...,m,

[yi(t—Ts) = ya,i(t—75) + L1 (t)] < hi1(t—7s)

(iii)

if n > 1, and if n = 1, then we have that

. 2
> (Wilt—70) = yai(t—7o) + L (1)) < i (t—70)%
i=1

The proof of Theorem 1 is relegated to the Appendix.

V. SIMULATIONS

To illustrate the applicability of our controller we consider
a mass-spring system mounted on a moving car, see Fig. 2.
This system was originally presented in [20] and has been
used to demonstrate the application of a funnel controller in
a delay-free setting in [21].

Fig. 2. Mass on car system

The car with mass m; (in kg) moves horizontally and is
actuated by input force u(t) = F(t) (in N). On the car, the
mass my (in kg) is mounted via a spring-damper combination
and moves along an axis inclined by the angle 3 (in rad). The
equations of motion are

mocosfB| (& 0 U
o ] (s) t (ks+d.§> = <0> ®

where z(t) is the horizontal position of the car and s(¢) is
the relative position of mass m on the car along the inclined
axis. The parameters ¢ (in N/m) and d (in Ns/m) denote
the spring and damper coefficients, respectively. The system’s
output is the horizontal position of mass mj,

y(t) = x(t) + s(t) cos B.

As we can only control the force acting on the car and
not m; itself, the system possesses internal dynamics. For the
simulations we choose the same parameters as in [21], i.e.,
mi; =4, me =1, k =2 and d = 1. The initial history of the
system for ¢ € [—75 — Ty, 0) is given by

my + mo
mg cos 3

x(t)=s(t) =0 and z(t)=3$(t)=0.

The goal is to control the input u(¢) so that the output y(t)
tracks the reference trajectory

ya(t) = cost.

Both the control input and the state measurement are subject
to a constant delay 74 = 7, = 0.05 [s]. All simulations are
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MATLAB generated (solver: dde23, rel. tol.: 10~8, abs. tol.:
10~®) and over the time interval [0, 10].

Case 1 (8 = 7): In this case, the system is of the form (1)
withn = ¢ =2and m = 1 as well as G(¢,z,n) = % as shown
in [13]. We choose the controller design parameters S = %
k1,1 = k2 = 1 and o = 1. The activation function is chosen
as x(s) = s with 6 = 0. For the performance functions we
choose

Pr1(t) =572+ 0.1 and 9y 2(t) = 10e 2 +0.5.

The application of the controller (3), (4) to (8) is depicted in
Fig. 3, showing the tracking error and funnel boundary in the
top image, the output and reference signal in the middle and
the input function in the bottom image. We see that apart from
the time frame ¢ € [1.8,2.1] the error y(t — 75) — ya(t — 7s)
remains in the original funnel 1, ; (t — 75) even without the
correction term Iy 1(t).

0 2 4 6 8 10

=u@)]

-160 :

0 2 4 6 8 10
time ¢ [s]

Fig. 3. Simulation of system (8) with delays 7« = 7. = 0.05 under
controller (3), (4) for 8 = %_

As mentioned before, the same system has already been
considered in a delay-free setting in [21]. However, when using
the controller therein and applying a state measurement delay
T as little as a 0.005 [s] and no control input delay 7, the
closed-loop system becomes unstable and the simulation fails
at t ~ 2.5, as the controller is not able to keep the error
between the funnel boundaries.

Case 2 (8 = 0): For 8 = 0, the system is of the form (1)
with n = 3 and ¢ = m = 1 as well as G(t,z,n) = 1 as
shown in [13]. We choose parameters = %, ki1 =ki2 =10,
ks = 3000, a = 1 and performance functions

Y11(t) =5e 2 +0.1

and
Y1.2(t) = b1 3(t) = 10e 2" +0.5.

Again, the activation function is chosen as x(s) = s with
0 = 0. The simulations we performed can be found in Fig. 4.
We see that in this case the output stays between the original
funnel boundaries for all £ > 0. The higher system order and
the larger gain constants result in a larger control effort.

o7 —walt 72 Edua( - )~ 1)
0 2 4 6 8 10

o0k | ‘ ‘
0 2 4 6 8 10
time ¢ [s]

Fig. 4. Simulation of system (8) with delays 7s = 7, = 0.05 under
controller (3), (4) for 3 = 0.

VI. CONCLUSION

A novel control approach is presented for a class of un-
certain nonlinear systems of arbitrary order, addressing the
challenges of state and control input delays. Extending the
PPC framework, we introduce a delay-dependent correction
term that actively compensates for communication delays. This
results in guaranteed, dynamically adjusted output tracking
performance. A key advantage of our controller is its adapt-
ability: it automatically recovers nominal performance when
delays are minimal, eliminating the need for re-tuning. The
effectiveness of this approach is validated through simulations.

APPENDIX
PROOF OF THEOREM 1

The proof of the theorem consists of four phases. In Phase 1
we derive the differential equations of the transformed closed-
loop system and in Phase 2 we guarantee the existence of
solution in a maximal time interval. Further, in Phase 3 we
prove that the solution evolves strictly within the prescribed
performance envelope during this interval. This enables us to
show that the solution is global and all signals in the closed-
loop system are bounded in Phase 4.

Phase I: First, let 57 > 0 be a constant, chosen large enough
with lower bounds to be specified later in the proof. Define
the set 2y := (—dy,07). We derive differential equations for
zij(t),i=1,...,m,j=1,...,nfort > 7,. To compute the
derivative of z; 1 we utilize the equation

i (t—7s) = fii(t, T1(t—75)) + 4 2(t—75)
= fi1(t, T1(t—=75)) + 2zi2(t)Vi 2(t—T7s) + @i (t)
+al; 1 (t) — Iiao(t),
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thus obtaining Furthermore, we can express Z;(t—7,) (and hence the depen-
1 dency of f; ; on it) in terms of

() = ( 16,81 (E-72)) + 2 (i (t—T)
Zi Vi (t—74) : : o Y11i(t=Ts)z1a(t), ooy Y j(t—T5)2m (1),

+aia () +ali () — ( ) — s (t—Ts) o Ya1(t=7s), -, Yam(t—7s),

oall(t) ceey Qmyj— 1()and
—alin(t) + Lia(t) = i (t-7)21 (1)) « La(), s Iy(®),
1 thus h;; : Rsp, % (—1,1)™+ x Q7 — R is well-defined
Y i ta t s i t i — s Z’J. =Ts 7 . 1
zZJZ 1(t—7s) (f ’1( Tt ) + 202 ()i 2(t—7) and continuous. For j = n we obtain
kz 174 l(t) . ;
- = 4t —Ts) — ¢i,1(t—Ts)Zi,1(t)) 1
1- Zivl(t)Q sz(t) = m fi,n(t_Ts; jn(t_TS)7 n(t_7-8>)
n\l—Ts

=t hig(t,2110(8), s Zma (), 2i2(t), Lia (b), ... Ima (1)),
where we used that we can express Z1(t—7;) (and hence the + Zgi7k(t—rs,§cn(t—rs), Nt—76))up(t—Ts — T (t—75))
dependency of f; 1 on it) in terms of k=1

L4 ¢1,1(t_Ts)zl,1(t)7 ) djm,l(t_Ts)Zm,l(t)a _di’ﬂ 1( ) _’(/}n(t_TS>Z'Lyn(t)

o Ya1(t—"Ts), ..., Yam(t—7s) and

o Iia(t), «ooy Ima(), o Z n+1 k n+1 kIz &(t)

hence hi1 : R>, x (—1,1)™*1 x Q7 — R is well-defined

and continuous. For j = 2,...,n — 1 we show in a similar _ B L .
way that + Z:sz,k(uk(t) up(t =75 =Ty (t TS)))>
i3 (1) R — (t,2;(t—7s)) + (t—7s) Jin(@=7o, Zn(t=7),n(t=75)) = Gin-1(t)
“ig\t) = i,j U T —Ts Lij+1{L—Ts in (U= Ts, Tn{l—Ts), —Ts)) — Qin-1
! by (t=7) \" a %(t 7s)

- di_,j—l(t) — i (t—Ts)zi4(t)
+> () (=) (= ali(t) + Ii,kﬂ(t)))
k=1

+Z gzk (t—75, Zn(t—75),n(t—7s))
k=1

— i) uk(t—Ts —Tu(t—75))

= wzj(:_Ts) (Zi,j+1(t)¢i,j+1(t_7—s) — % - ’; (nJrrlLfk)(_a)'fH-l—in,k(t)
J+1 Ui
()20 = 3 () a2 sl = Gl =Tz ()
k=1

=: h'L,n (t’ Zl,l(t)) MR zm,l(t)7 MR zl’nfl(t)7 MR zm,n*l(t)7

+ kz ( )it1- k] k(t) + (_Oé)j*kfi,k-i-l(t)) Zn(t), 2n(t—Ts —Tu(t—75)), 11 1(2), . ... ,Inl,n(t),n(t_fs))

where we can express T, (t—75) (and hence the dependency
+ fij(t,2;(t=75)) — @i j—1(t) of fi, and g; x on it) in terms of
1 k (t) ° 1/)1’1(15—7'5)21’1(?5)7 ey l/Jm’n(t—Ts)Zm’n(t),
4,5 %6, . t—"Ts), .- (t—7s)
— Zis t » t—Ts _ J =] yd71( s)y s Ydm s)s
wi,j(t_’rs) ( 7J+1( ),(/) 7J+1( ) 1-— Zi’j(t)z . a171(t), vany am,n_l(t) and

| e LA(D), .. Ton(t),
+ fi i (6T (E—75)) — i j(t—Ts)zi 5 (t) — di,j—l(ﬂ) i.e., there exists a continuous function

= hij(tzii(t)y oo 2ma () 21y 2m i (t), Fp:Rsp x (=1,1)m0=0 50 x Qpr — R™
Zi’jJrl(t), Il’l(t), ey Im’l(t), e 7_[1’j(t)7 e ,Im,j(t))

where we used that

such that, for all ¢t > 7,

J . jn(t_,rs) :F’I’L(t7zl,1(t)a-"7Zm,1(t)7'-'7zl,n71(t)7
> () ((fa)ﬂ“*’%,k(t) + (fa)f’“fi,m(t)) s Zmma1 (), 20 (8), T 1 (8), - I (1))
k=1
J . i+l ' The right-hand side of the differential equation for z; ,, is then
= Z (;7,16)( Q) TR () + Z (jfrik)(—a)”l_kli’k(t) a continuous function
k=1 k=2
j+1 Bin i Rsr x (=1, 1)) 5 02 x xQP" x R? — R,

= (j+{fk)(_a)j+1_kli>k(t)-

1 where  := B(0,1) C R™ is the open unit ball in R™.
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Phase 2: We show existence of a local solution. Consider-
ing (4) we have

La(t) L (t)
Li(t) A Iy n(t) b ()
N . ol | @
L (t) Al | Ima(t) by (t)
| T | Seee
I.myn(t) I (t)
=:I(t)eR™"

for t > 0, where for i = 1,..., m we have b;(t) € R™ defined
by

bi(t) = 0

é sie(wn(t) — up(t—ro—7u(t—7))

Defining ((t) := n(t—7s) the last of equations (1) becomes
C(t) = h(t—7s, Tn(t—75), C(1)).
Then, by (1), (3), (4) and Step 1 there exists a function
H:Rs,, x (—1,1)™"D 5 02 x Q'™ x RT — RZmnH4

satisfying
A1) ]
I(t) = H(t,2(t), zn(t—Ts —Tu(t—75)), I(t), ((t)), (10)
¢(t)
where
Zl,l(t)
e (f)
z(t) = :
Zl,n(t)
2 ()

Note that H is piecewise continuous and bounded in ¢ and
locally Lipschitz in all other variables. We define the operator

S : C([~Tu, ), R™) = L2 (R>,,,R™),
& (t — §(t—7‘s—7'u(t—7's))).
We can now rewrite (10) as
O\ ] .
I(t) | = H(t,2(t), I(t),¢(1), S(2)(1))
¢(t)

(1)

for some
H:Rs,, x (=1,1)™"D 5 Q x Q" x RIF™ 5 R™MH9

and where S is defined such that S(Z) = S(z,). Furthermore,
by assumption of the theorem, there exists a well-defined

initial history function z¥ € C([—7,,7s],R™") for z with
22(t) € (=1,1)™=1) x Q for all t € [~7,,7,]. Therefore,
it follows from (3) and the fact that u;(t) = 0 for t €

[~7s — Tu,0] and i = 1,...,m that
—oknx(12£ (D)0 (1)
wit) = e TE0T)
0, t € [—7u,0].

Hence, there exists aﬁwell-deﬁned initial history function I¥ €
C([0, 75],R™™) for I, given by

I?(t) = Jo e (s)ds, te (0,7,
o, t € [Ty, 0]

with b7 (s) = (bY(s)7,...,b8,(s) ") and

m
> sikuk(s)
k=1

Now, as a first lower bound on ¢;, we assume that 6; >
[I7;(t)|, for all t € [0,7], all i = 1,...,m and all j =
1,...,n; this bound can be determined a priori.

The initial history for ( is, according to (2), simply given
by ¢?(-) = n?(- — 75) € C([~Tu,Ts),R?). Overall, (11) is
equipped with the initial history

(27[_5 C)l[*'l‘u,'rs] = (ZLP7 ILPa CSO)

The existence of a maximal solution (Z,1,¢) : [Ty, w) —
R2mn+4 ) € (74,00, of (11), (12) such that the closure of

{ (t:2(6), 1(6), (1)) |t € [76,0) }

is not a compact subset of R, x ((—=1,1)™"=Y x Q) x
Q7" x R? then follows from [22, Thm. B.1].

Phase 3: We show that each z; ;(t) evolves strictly within
(=1,1) and z,(t) evolve strictly within Q, i = 1,...,m,
j=1,...,n—1, for all t € [r5,w). The proof follows a
recursive procedure.

Step 1 (j =1, t € [15,w)): We begin by considering the
positive functions

(12)

1
V;,l(t) = 522"1(25)2
for t € [rs,w) and ¢ = 1,...,m. By Step 1 we have
. zi1(t) ki121(t)
Vii(t) = 2 o () o (t—T,) — —= "
(1) Y (Zz,z( Wi2(t=7s) — 17 PO

— Ya,i(t—75) — qjji,l(ths)Zz’,l(t) + fi,l(t,fl(t*Ts)) .

(13)
Recall that Z; can be rewritten in terms of z; 1, %5 1, Y4, and
I; 1, as mentioned in Step 1, i.e., there exists a continuous
function F : R* — R™” such that, for all ¢ > 7,

:El(ths) = Fl (2171(0, ey qul(t), I171(t), ey Imyl(t),
’(/Jl’l(t), e 77/}m,1(t)7yd,1(t)7 e ,yd,m(t))-
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Since 21,1(1,‘)721',2@) S (—1,1), Ii7l(t) S QI, Yd, i 1/)1'71 are
bounded and f;; are locally Lipschitz in Z;; and bounded
in ¢, we deduce that

|fin(t,Z1(t—75))| < gzup |fia(t, FL ()] := fin,

where
Qeq = (=1, 1)™ x Q" x [=P1,91])™ X [~ Ya, ¥a]™

and 4 = max;=1,...,m SUP;>q Vi (D], Ya =
MaX;=1, . m SUP;> |ya,i(t)]. Moreover, 1/111 and ;o are
bounded by construction and ¢,; is bounded by assumption,
we can utilize (13) to obtain

., |2i,1(t)]  kialzia ()]
Via(t) < Bia(t—70) <Cz,1 T Zm(t)Q) (14)

for some C; 1 > 0. Choose ;1 € (0,1) such that

2
ki ki
€1 > maux{—wj1 + (20;’11> +1,te[Sl}P ]|Zi,1(t)}'
—Tu,Ts

Assume that there exists t; € (75, w) with |z;1(t1)] > €i1.
Since |z;1(t)] < ;1 for all t € [—7, 75,

to = max {t c [Ts,tl) | |Zz7l(t)‘ = 61'71}
is well-defined. Then we have

kialzia(t)] _ kiigin

d
an 1-— Ziyl(t)z 1-— 61271

|zia(t)] > €in

for all ¢ € (to,t1]. Utilizing that for a € [0,1) we have

Ci,l _ kiaa < 0

1—a?
& —Ci1a* —kipa+Cin < 0
=Y a’ + %a -1 > 0
i,1

kin kia \2
& —20;11—1— (20;11) +1 < a,

we find that, by construction of ¢; 1,

ki lzia(t)]
Vte (tg,t1]: Ciq — "2 < (.
€ (to,t1] i () <
Then it follows from (14) that
Vit e (to, 1] : Via(t) <0,

thus we arrive at the contradiction

i1 = |zi,1(to)| > |zi,1(t1)] > €41
Therefore, we have shown that

Vt S [fﬂ“w) . |Zl,1(t)| § 61‘71. (15)

We once again recall Step 1 to infer that also Z; ; is bounded
on [—7,,w) for all ¢ = 1,...,m. Then it follows from (3) that
;1 is bounded on [—7,,w), i =1,...,m.

Step j (j =2,...,n—1, t € [Ts5,w): Again consider the
positive functions

1
Vij(t) == izi,j(t)Q

fort € [r5,w) and i = 1,...,m. By Step 1, the only difference
between the differential equations for V;; and V; ;, except

from the changed indices, is the term ¢4 ;(t—75) appearing in
Vi.1(t), which is replaced by a; ;_1(t) in V; ;(t). Furthermore,
Zj(t—7,) depends (continuously) on more of the previous
variables (cf. Step 1), again all of which are bounded. Since
a;,1 1s bounded by the proof of the Case j = 1, we may

inductively show that there exists ¢; ; € (0, 1) such that

Vte [—’T_'U,(JJ) : |ZZ,j(t)| < Ei,j- (16)

and Z; ; as well as @; ; are bounded on [—7,,w) for all ¢ =
1,....m.

Step n (j = n, t € [15,w)): We consider the positive
function

21,0(t)
Vo (t) = Zn(t)—r
Zmon (t)
_ W( fl(t*Ts’x"(ths),n(ths))
Y (t—7s) fm(t_Ts’j”(t.—Ts),n(t—Ts))
Zl,n(t) dl,n—l(t)
— QLn(t_Ts) — . _ f(t) N Sﬂ(t)

Zm,n(t) dm;ﬂ—l(t)

+ (G(t—TS,.’fn(t—Ts),n<t—Ts)) — S)ﬂ(t—TS—Tu(t—TS)) ,

(I7)
where
3 (it () Rk (0)
k=1
I(t) ==

i (n+71l—k)(_0‘)”+1_k]m,k‘(t)
k=1
Ul(t)

and a(t) := :
Unp (t)

By recalling Assumption 1 and (3), (4) we can derive the
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estimate

|fi,n(t_7—57fn(t_75)7’7(t_7—8))|
<|di(t=7) [ ([t =7l + [n(t=75)] + 1)

Y11 (t—75)21,1(F)
<|di(t—74)| | 1+ :

1/}m,n (t - 7'-8 ) Zm,n (t)

+ Kt =75, [NO)) +51 sup  [[Zu(s)]| + 72+
s€[0,t—75]
I (¢
yd,l(t_TS) 171,( )
: J .
+ yd,m(t_Ts) + Z_: (;:]lc)(_a)j_kll,k(t)
al,l(t) k=1
am’n,l(t) z_:l (Z:;lc)(_a)n_klm,k(t)

< ldi(t=7)|(Cr + max {11} (13 )| 10

7 sup [|1(s)])))

SE[Ts,t]
<1+ sup [1(5)])
SE[Ts,t]

(18)
where Cy,C; > 0 exist due to the boundedness of
H(', H’I](O)H), ’(/Ji,j, Zi5s Yd,is di, 1= 1, o.M, ] = 1, ...5n
and a; j,t=1,....m,j=1,...,n—1

We like to emphasize at this point, that the above estimate is
quite conservative and one might find a better one depending
on the given system. As this estimate will essentially dictate
the upper bound for 7, + 7, (t—7) later on, a relaxation would
allow for higher state measurement and control input delays.

To utilize (18) in (17) we need to find an estimate
for ||f(t)|| We begin by defining

0
a;(t) == 0 eR” i=1,...,m
> Sikuk(t)
k=1
and
(1)
u(t) :== : e R™"
Uy (1)

for t € [15,w). Since t — t—75—T,(t—7s) is strictly mono-
tonically increasing on R>, by Assumption 2, there exists a
strictly monotonically increasing function I" : [—7,(0), 00) —
R such that

Vt>71s: T(t—1s—Tu(t—75)) = t.

By (9) and the fact that u;(t) = 0 for t € [—7s — 7y, 0] and

i =1,...,m, variation of constants leads to
- t t
1(t) :/ e (s)ds f/ A=) i(s—7y—7y(s—75))ds

0 r'(0)

t
= / et q(s)ds
0
t—Ts—Tu (tTs)
7t/" AT gy — I
0

1 — 7, (0(r))
t
= / eA=9)5(s)ds
t—T Ty (t75)

t—T 7o (t—T5) A(r—T(r))
_ / ([ ¢ )> A a(r)dr.
0

1 (0(r)
We can now estimate Hf (t) H by employing Assumption 3 and
the estimates (7), u < ||All, |[r —T'(r)] < 75 + 7, for r >0

)

and
VB eR™": ||I—eB| <|B|elBl,
so that
_ t
[1(t)|| < sup |la(s)|| / HeA(t—s) ds
s€[0,t] et (t-75)
=TT (t—75) eA(T—F(’I‘))
[l
0 =7 (0(r)
Me=t=9)ds

t
<wnmwa(/
s€0,t] t—Ts—Ty (tTs)

A(r—T(r t—Ts—T (tTs)
I— MH / Me H(E=9)qs
1 =7 ((r) || Jo

M
1

+ sup
r>0

< [IS1] sup |lu(s)

(1 _ e_U(Ta‘""Tu(t_Ts)))
s€0,t]

1
+Ssup —————— HI — eAlr=T(m)
rﬁu—m@mn(

. (e—M(T.s-‘rTu(t—’Ts)) _ e—/d))

o8

< [[S]I sup [lu(s)
s€[0,t]

M
Hu<Mn+maﬂwwMﬁmﬁm

+sup OAu-r—rwnaAvﬁfm-+n)>
r>0 1 - Tu

M
"

< IS sup |u(s) (T + Ty )M T T
s€0,t]

1

+1—ﬁ

@Ath+r@eMKu+my+n>>

M [T,
< |IS| sup [la(s)|| — -
s€(0,t] p\1l—T7y
2—7, -
. TnAuwg+rwaMWH+wv,
1—7y

(19)
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where 7, is defined in Assumption 2. Now observe that

Zn(t) '
1— [z (®)]?

Using this and (18) in combination with the boundedness of
Un, Zip and a; -1, 1 =1,...,m as well as

1
infy>0 ¢, (t)’

sup
(t,z,n)ER> o xRM+4

u(t) = —oknx([[zn (1))

0 := ||G(tal’»77) - SH < 09,

which exists by Assumption 3,
inequality

in (17) we arrive at the

Va(t) < lza(OIXCL (L + sup ||T(s)]])

+ O [[zn ()] fa(t =7~ 7u(t=72)|
+ A [z ()| max {a”, 1} (1)) [ T0)]|

S
FOM e+ gy (0) Sl
< zn(®)] (03 #2cu sup 16
- kUm0 5 [zl
+ O alt—r -] - XL 1_”%()”)

for some C5,C5,Cy > 0, where s* is defined in Section III

and

Cy == (1+ % )max {a" ' 1} (LgJ)n - max 1] 0o

,,,,,

+ max {a”, 1} (ng).

Next we employ (19) to further estimate

Valt) < za)l (03 + O\ sup [a(s)]

s€[0,t]
) knx(lzn 1) 5™ [lzn @)l >
+@>\ t— s Tu -
< lzn(®)]] (C’g + Cs\ sup LS)HQ
sefo,t] 1 — [|lzn(s)]|
) knx(lzn (1) 5™ Iz @)l )
+ @>\ t— s Ty -
(20)
for
S| M Ty
Cs = 05(7—5777—11,) = C4|l|l <1i7-u
2= g, e

according to (19). We note that

a(t—Ts—Tu(t—7s))l

nX(”Zn(t_’Ta_”'u(t_‘TS))||)||zn(t‘7'8‘7'u(t‘7'3))H >
1—|lzn (t=rs—Tu (=) b2 s

= +71u(t—7s),
0, otherwise.

Choose ¢, €

Cs Cs
-5 1,
€n>max{ 203+ (203) +

(0,1) with

1496
sup |z ()], }
tE[—Tu,7s]
where ¢ € [0,1) is as in (5) and
kn(1—6)s*
Coi=————AC5— 2O >0
2[1¥nloo

by Assumption 3. Assume that there exist { € (g,,1) and
t € (7s,w) with ||z, (¢)]| > ¢. Define

to :=inf{t € [rs, w) [z ()] > C},

which is well-defined since ||z, (¢)|| < &, for all ¢ € [T, 75].
By continuity there exists t; € (to,w) such that ||z, (t1)|| > ¢
and ||z, (t)|| > €, > 0 for all ¢ € [to, t1]. Therefore, we find
that

vt € [to, 1] x(lza(®)]]) > lzn(®)]| =0
149 1-6
— — 0= —. (21
§> 5 §= 5 2D
Furthermore, we observe that
Vi€ [—Tu,to] : lzn(@®)] < = [lzn(to)]l- (22)

Next we distinguish two cases.

Case I: There exists t € (fo,11] such that V,(t) < 0 for all
t € [to, t2). Clearly, t5 can be chosen such that ||z, (t2)| > ¢,
otherwise this contradicts the definition of ¢y. In this case, we
directly obtain the contradiction

¢ = llzn(to)ll = Iz (t) ]l > C.

Case II: Assuming the opposite of Case I leads to existence
of a sequence (tx) C (to,t1) with tx — to for k — oo such
that V,,(¢tx) > 0 for all k¥ € N. For k € N, define

T 1= max{t € [t()atk)"./n(t) = 0}7

then we have Vj,(t) > 0 for all ¢t € [r}, ;] and all k € N.
Choose p > 0 small enough so that

Cﬁ C(6 2
- -° - 1 23
2(C3 + pCs) - \/(2(03 + PC'5)> h®

which is always possible, Then, by continuity, there exists
k € N sufficiently large such that

[12n (8l 12 (0)
—lza(I” 7 1= Jza(m)lI”

Together with (22) and monotonicity of V,, on [ry,t;] this
implies that

En >

SE[to,Tk] 1

[[zn ()l 120 (O]

Vit € [t tk] : sup < + p.
sel0.) 1= [za(s)I* ~ 1= |lza(®)]|”
24
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Incorporating (21) and (24) in (20) leads to

' [1zn (D)1
Va(t) < llza(®) | Cs + pCs — Cs
L= [|lza(®)]?
En
< En (C,?, + pC5 - 061—5%)

<0,
where for the last step we used (23) and the fact that for any
a€0,1)

(C3+pC5) —Ce1%z < 0

—(C5 + pCs)a? — Cga + (C3 + pCs)
Cs

@+ Gt = < 0

A\
o

4
4

2
_Cq Ce
< 2(03+305)+\/<2<03fpcs)> t1 < e

Now V,,(t) < 0 for all t € [r,t;] directly contradicts the
choice of the interval 7y, t].
Overall, we have shown that

Vi€ [—Tu,w): |l2n(t)] < en. (25)

Phase 4: Employing (25), we further conclude the existence
of constants w; > 0, ¢ = 1,...,n, which are independent
of §; (since C3 and Cg which define ¢,, are independent of
d1), such that |u;(t)| < @;, i = 1,...,m, for all t € [75,w).
Therefore, invoking the definition of I; ;, we conclude that we
may choose §; sufficiently large such that foralli = 1,...,m,
j=1,...,n,and t € [75,w),

2": 175 (7s)]
aw_j

w=j+1

+1,(7)| < 61,

(26)
guaranteeing that I; ; evolves strictly within a compact subset
of ; for all ¢ € [75,w). Finally, it follows from (15), (16),
and (25) that Z evolves in a compact subset of (—1,1)™(=1) x
Q. Therefore, Step 2 implies that w = oco. Furthermore, we
have shown that all closed-loop signals remain bounded. This
finishes the proof of the theorem. O
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