Stability and performance of SISO control systems with First Order Reset

Elements *

Dragan Nesi¢! Andrew R. Teel! and Luca Zaccarian®

Abstract

We consider set-point regulation and L2 robust stability properties of a class of reset control systems consisting
of a minimum phase relative degree one linear SISO plant controlled by a novel first order reset element (FORE).
In particular, we provide precise tuning rules for the parameters of the FORE that guarantee set-point regulation
and Lo robust stability. These results rely on necessary and sufficient conditions for exponential and Lo finite gain
stability of a class of planar reset systems consisting of a scalar linear plant controlled by the novel FORE. We
construct a Lyapunov function for the planar reset system whenever our necessary and sufficient conditions for
stability are satisfied. Moreover, we show that the £, gain of the planar reset system decreases to zero as the pole
and/or the gain of the FORE are increased to infinity. This result and a small gain theorem are then used to prove
our main results for the class of SISO linear plants. A number of stability results, including Lyapunov conditions
for £, and exponential stability, for a larger class of reset and hybrid systems are presented and used to prove our

main results.

1 Introduction

Reset controllers were proposed for the first time by Clegg in [17] with the aim of providing more flexibility in linear
controller designs. In particular, Clegg proposed a particular reset element, the so called Clegg integrator, that acts
like a linear integrator whenever its input and output have the same sign and it resets its output to zero otherwise.
Clegg showed that the describing function of this device has the same magnitude plot as the linear integrator but it
has 51.9° less phase lag than the linear integrator. He predicted that this added flexibility will be useful in overcoming
some of the fundamental limitations of linear control. However, it was not until 1990’s that this was demonstrated by
way of an example in [5]; see also [19].

The first attempt to provide a systematic procedure for controller design exploiting Clegg integrators was presented

in [30]. Subsequently, in [26], some limitations associated with the use of Clegg integrators were highlighted and a new

*Work supported in part by ARC under the Future Fellowship and Discovery Grant DP1094326, AFOSR grant number F9550-06-1-0134,

NSF under Grants CNS-0720842 and ECS-0622253, by ENEA-Euratom and MIUR under PRIN projects.
TD. Nesi¢ is with the Electrical and Electronic Engineering Department, University of Melbourne, Parkville 3010 Vic., Australia

d.nesic@ee.mu.oz.au
fA.R. Teel is with the Department of Electrical and Computer Engineering, University of California, Santa Barbara, CA 93106, USA

teel@ece.ucsb.edu
81.. Zaccarian is with the Dipartimento di Informatica, Sistemi e Produzione, University of Rome, Tor Vergata, 00133 Rome, Italy

zack@disp.uniroma2.it



reset device called the first order reset element (FORE) was introduced together with a corresponding FORE controller
design procedure. These early results on reset control systems are summarized in a recent paper [12]. There has been a
renewed interest in this class of systems in the late 1990’s [8, 4, 6, 7, 12, 14, 15, 13, 23, 25, 24, 27, 46]. First attempts to
rigorously analyze stability of reset systems with Clegg integrators can be found in [27, 25]. In particular, an integral
quadratic constraint was proposed in [25] to analyze stability of a class of reset systems. BIBO stability analysis of
reset systems consisting of a second order plant and a FORE was conducted in [13] (see also [15]). Stability analysis of
general reset systems can be found in [7] (see also [24, 14]) where Lyapunov based conditions for asymptotic stability
were presented and computable conditions for quadratic stability based on linear matrix inequalities (LMIs) were
given. Moreover, in [7], BIBO stability of general reset systems was obtained as a consequence of quadratic stability
and an internal model principle was proved for reference tracking and disturbance rejection. All above mentioned

results use the same model of reset systems which in the case of FORE specializes to:

Ty = acxy + bev, if v #0,

=0, ifv=0.

(1)

where a. and b, are respectively the pole and input gain of the FORE (the model of the Clegg integrator corresponds
to a. =0 and b, = %); x, € R and v € R are respectively the state and the input of the FORE. Note that in (1) the
resetting rule of the FORE is characterized in terms of zero crossing of the input v. The dynamics (1) corresponds to
the characterization of FOREs used in several recent papers (see, e.g., [24, 7, 2, 3] and references therein) which have
translated into formulas the zero-crossing strategy commented in words in [26].

Recently, in [43] we proposed a different class of FORE models that were subsequently used in [34, 36, 35, 41, 44].

In particular, we allow resets to occur on more complicated sets and the model of the FORE within our modeling

framework takes the following form:

T = aety + bov, ifz.0>0,

=0, if x,0 <0,

(2)

Note that when using (1) in closed-loop (so that e will come from a plant output), extra conditions are enforced in
[24, 7, 2, 3], to avoid the occurrence of Zeno solutions (see [29, 22] and [20, page 72]), namely solutions that jump
infinitely many times in a compact time interval. On the other hand, it was proposed in [43] to augment the model
(2) with a clock variable in order to achieve temporal regularization that avoids Zeno solutions (see also [306]).

A detailed motivation for considering the class of temporally regularized FORE models (2) is given in [36, 43]
and we summarize it here: (i) it leads to a faithful (even though approximate) model of the Clegg integrator circuit
originally proposed in [17] (see [43] for details); (ii) it avoids problems with Zeno solutions or undefined solutions; (iii) it
allows us to state much less conservative Lyapunov conditions to estimate Lo gains than the class of models considered
in [7]; (iv) models of the form (2) are fully consistent with the hybrid systems modeling framework developed in [21].
In this framework, the solutions of a hybrid system enjoy structural properties that guarantee robustness of asymptotic
stability [21] and that enable results on converse Lyapunov theorems [10, 11] and invariance principles [37] for hybrid
systems. The results in this paper rely heavily on the converse Lyapunov theorems developed in these references; (v)
the models of the form (2) capture solutions that can be obtained by perturbing the nominal model with arbitrarily

small noise (for more details see [21]).



Our new modeling framework has been already used in a range of recent papers to address various analysis and
design questions for reset systems. We presented Lyapunov like conditions for L, stability and exponential stability
of reset systems in [36]. Our conditions involve locally Lipschitz Lyapunov functions as opposed to continuously
differentiable ones considered in [7]. This allowed us to consider piecewise quadratic Lyapunov functions in verifying
exponential or Lo stability of reset systems [42]. Some explicit Lyapunov functions have been computed in [44], while
the properties of reset set point stabilizers and necessary and sufficient conditions for exponential and Lo stability
have been reported, respectively, in [45] and [34]. LMI-based approaches for the Hs performance analysis and Lo
performance analysis of reset control systems have been proposed, respectively, in [40] and [1], while [31] addressed
the presence of input saturation in reset systems. Finally, [32] studied stability of reset systems in the presence of
nonzero reference signals.

In this paper, we continue the investigation of exponential stability and Lo stability properties of reset systems.
Some preliminary results presented here can be found in our conference papers [34, 43, 45]. First, we propose a novel
class of FOREs with new resetting rules that lead to a subtly different model from the one considered in [36, 43].
Then, we consider set-point regulation, Lo stability and exponential stability of a special class of reset systems that
consist of a relative degree one minimum phase linear SISO plant controlled with the proposed FOREs. The new reset
rules in FORE simplify the stability analysis considerably and together with the reformulation of the main result from
[36] become a key tool in establishing our main results. Another important technical contribution that we present are
necessary and sufficient conditions for exponential and Lo stability of a class of planar reset systems that consist of
a FORE controlling a scalar linear plant. Whenever the planar reset system is stable, we construct an appropriate
Lyapunov function. Moreover, we use these Lyapunov results to show that the Lo gain of the planar system converges
to zero if either the gain or the pole of the FORE (or both) are increased. This result is then used to show that the
considered class of SISO linear plant controlled with the FORE is exponentially and Lo stable if the gain or pole of
the FORE (or both) become sufficiently large. It should be remarked that the tools provided in this paper are a first
step toward a more ambitious goal of developing design rules for FOREs or reset control systems that are able to
systematically overcome intrinsic limitations of linear designs. As suggested in the conclusions of [26], this task will
be possible “when stability criteria for feedback loops containing [...] FOREs” will be available. We also emphasize
that one of the contributions of our paper are Lyapunov conditions for £, and exponential stability of a class of
nonlinear reset systems with new resetting rules, as well as equivalences among exponential stability, £, stability and
input-to-state stability of linear hybrid systems acting on cones. We believe that these results will be useful in many
other situations.

The paper is organized as follows. Notation and mathematical preliminaries are given in Section 2. Section 3
contains the definition of the novel FORE that we propose in this paper, as well as its motivation and comparison
to FOREs used in our earlier work. Results on set-point regulation of SISO plants with the novel FOREs are given
in Section 4. Stabilization and L, stabilization of relative degree one minimum phase linear SISO plants is given in
Section 5. A complete characterization of stability and Lo stability of a class of planar FOREs is given in Section 6
as these results are crucial in proving the results in Sections 4 and 5. A range of useful stability results, including
Lyapunov characterization of exponential and L, stability, are given for a class of nonlinear reset systems in Section 7.

While instrumental in proving our main results, these stability results are of interest in their own right and could be



useful in a range of other situations not considered in this paper. Most proofs are included in Section 8 and a summary

is given in the last section.

2 Definitions and notation

The sets of positive integers (including zero) and real numbers are respectively denoted as Z>( and R. The Euclidean
norm is denoted |- |. A function o : R>o — R is said to be of class K if it is continuous, zero at zero and strictly
increasing. It is said to be of class K if it is of class IC and it is unbounded. A function 3 : R>¢ X R>¢ — R> is said
to be of class KL if (-, ) is of class K for each ¢t > 0 and (s, ) is nonincreasing and satisfies lim; ., 5(s,t) = 0 for
each s > 0. A function §: R>g X R>g x R>g — R is said to be of class KLL if, for each » > 0, 8(-,7,-) and 5(-,-,7)
belong to class KL. Given two vectors = and ¥, (z,y) := [z7 yT]T.

Given the following generic nonlinear hybrid system with temporal regularization,

T =1,

(z,d)

ifreForr<p,

~

9

0
ifxeJ and 7> p,
g9(z)

T
++
ot

(where z € R", d € R™ and 7 € R>() we call its first equation the “flow” equation and its second equation the “jump”
equation. The two conditions at the right hand side are the “flow” condition and the “jump” condition. The solution
of the hybrid system will then flow or jump depending on whether its value at that time belongs to the so-called
“jump set” (namely, the set of states and inputs for which the jump condition is true) or it belongs to the “flow set”
or even both. Note that if an initial state belongs to both sets then both flows and jumps are possible which leads to
non-unique solutions.

According to the hybrid systems framework of [20, 21], a hybrid time domain is defined as a subset of [0, c0) x Z>0,
given as a union of finitely or infinitely many intervals [t;,¢;41] X {i} where the numbers 0 = ¢, t1,..., form a finite
or infinite nondecreasing sequence. The last interval is allowed to be of the form [¢;,T) with T finite or T' = +o0. To
guarantee existence of solutions (see [20, 21]), it is sufficient to assume that F and J in (3) are closed nonempty sets
and that f(-,-) is continuous in both arguments (in anticipation of the fact that d will be Lebesgue measurable). A
hybrid signal is a function defined on a hybrid time domain. Specifically, a hybrid signal d : dom(d) — R™ is called
a hybrid input in this paper. A hybrid signal ¢ : dom(¢) — R™*! is called a hybrid arc if £(-, j) is locally absolutely
continuous for each j. Denote £ := (z,7). A hybrid arc £ : dom(¢) — R™*! and a hybrid input d : dom(d) — R™ is a
solution pair (£, d) for the hybrid system (3) if:

(i) dom (&) = dom(d);
(ii) for all j and almost all ¢ such that (¢,j) € dom(&), we have

§(t,j) € Forr(t,j)<p,  @(tj) = f(xt,g),dt,5)); 7(t,j) =1;
(i) for all (¢, j) € dom(&) such that (¢,7 + 1) € dom(§) we have

f(t’j) € J and T(t’j) > ps $(t,j + 1) Zg(l‘(t,j)); T(t’j + 1) =0.



Due to the special structure of system (3), and due to temporal regularization which enforces for all (¢,5) € dom(¢),
Jj > 2that t; —t;_1 > p, Zeno solutions cannot occur and forward complete solutions are all forward complete in the ¢
direction (namely, given any forward complete solution £(+, -), for any ¢ € R>, there exists j such that (¢, j) € dom(E)).
Then we can make use of the following signal norms in this paper because any forward complete solution will be well

defined in the ¢ direction (see also Lemma 1 in Section 7.1). Given any function 7(-,-) defined on the hybrid domain

t J=L i t
dom(n), and any (¢,7) € dom(n), denote: / n(s)ds = Z/ n(s,1)ds +/ 7(s, j)ds. Using this notation, given
0 i=0 /'t i
t 1/p
any hybrid signal ¢(-,-) and any p € [1,00), define its £, norm of ¢ as ||([|, := 75lim </ |C(s)pds) and say that

¢ € £, whenever ||C||, < co. Similarly, define its Lo, norm of ¢ as: ! |||l := ess.sup [((¢,7)|. and say that ( € Lo
(t,5)€dom()
whenever ||(|loo < 00.

Based on the signal norms above, we can introduce the following stability notions adopted in this paper. System
(3) is input-to-state stable (ISS) from d to x, if there exist a class KL function 3(-,-) and a class K function ~ such

that for any initial condition (z(0,0),7(0,0)) = (z¢,70) € R™ x R>o and any d € L, all solutions satisfy

(8, 5)| < max{B(|zol, 1), v(ld]lc)},  V(t,5) € dom(x). (4)

The origin of the = dynamics of system (3) with d = 0 is (locally) asymptotically stable if there exists a ball B C R™
centered at the origin such that for any initial condition (z¢,79) € B x R>g, the bound (4) with d = 0 holds for all
solutions. System (3) is finite gain exponentially 1SS from d to z, if there exist constants v.o, m, £ > 0 such that given
any initial condition (zg,7) € R™ x R>g, all solutions satisfy the bound (4) with 3(s,t) = mse™* and (s) = Vo s
The origin of the x dynamics of system (3) with d = 0 is globally exponentially stable if there exist constants m, £ > 0
such that given any initial condition (xg,7y) € R” x R> the bound (4) with d = 0 and ((s,t) = mse~* holds for
all solutions. Given p € [1,+00), system (3) is finite gain L, stable from d to = (respectively, finite gain L, to Lo
stable from d to x), if there exist constants 7y,, v > 0 (respectively, Vp 00, Y0 > 0) such that for any initial condition

(x0,70) € R" x R>g and any d € £,,

A

zll, < olzol +plld(-)llp,

(respectively, [z(t, 7)] < 7olzol +p,colld()[lp,  V(t,5) € dom(z) ).

3 A new model of FORE and its Lyapunov implications

In this paper, we propose a novel model of FORE:

Er = Gy + bov, if ev? 4+ 2vz, >0 %)

zt =0, if ev? 4 vz, <0,

where € > 0 is a small number associated with the tilting of the flow set boundary (see Figures 1 and 2). One way
to understand the different FORE models (1), (2) and (5) is via the hybrid modeling framework of [21, 20]. Suppose
that (z,,v) is a solution pair for the system (5). Then, at any time (¢, j) € dom(x,), a solution of the hybrid system

LAs compared to the definition in [9], we do not need to be careful about the ess.sup disregarding isolated values of ¢ when multiple

jumps occur at the same time ¢ because this situation is ruled out by temporal regularization.



will flow or jump depending on whether its value at that time belongs to the jump set J or it belongs to the flow set

F or even both.

<A

Figure 1: The jump (grey) and flow (striped) sets for the model (1) (left), the model (2) (middle) and the new model
(5) (right).

Figure 1 shows the differences between the flow sets F and jump sets J for the three FORE models 2 (1), (2) and
(5). For instance, in the FORE model (1) the jump set J is the vertical axis and the flow model F is its complement
(left sub-figure). Note that in this case JNF = (. On the other hand, in the FORE model (2) the jump set [J consists
of the first and third quadrants including the axes and the flow set is the second and fourth quadrant including the
axes (middle sub-figure). Note that in this case J NF = {(z,,v) : & = 0 or v = 0}. The final (right) sub-figure
corresponds to the new FORE model and the only difference with the middle sub-figure is that one of the boundaries
of the jump and flow sets is slightly tilted. A sample trajectory starting from the same initial condition and with
the same input is given in all three sub-figures to illustrate the difference in dynamic behaviour that comes from the
differences among the jump and flow sets.

In order to avoid Zeno solutions, we augment the model (5) with a clock variable in a similar manner as in [36, 43]:

F=1,

if ev? 4 vz, >0or7<p,
T, = ey + bov

T =0,

(6)

if ev? 4+ 2vx, <0 and 7 > p,
b=

This type of rule has been used in [29] for instance where it was referred to as “temporal regularization”. The same
idea was also used in the context of reset systems in [13, §2]. The stability and performance results that we report in
the sequel all refer to reset control systems modified as in (6) where p is a sufficiently small positive number. When
dealing with the hybrid representation (5), temporal regularization is important. As a matter of fact, inspecting
the right sub-figure of Figure 1 and equation (5), it appears that given any initial condition at the origin (namely
anywhere in z,, = 0,0 = 0), the FORE could jump and it would jump at the same point because x, is already zero.
For closed-loops with plants of order higher than one and with FOREs of the form (5), the origin of the (z,,v) plane

corresponds to a subspace of the closed-loop state-space where the above commented Zeno solutions may occur; note

2In Figure 1, the v axis direction is reversed so that in the case of negative feedback with one dimensional plants (v = —xp), this is

exactly the closed-loop phase plane, which has been commented in [36, 35, 43, 44, 34, 41].



that these Zeno solutions do not converge to the origin of the closed-loop system. Temporal regularization in FORE
(6) overcomes this problem.

The motivation for using the model (2) as opposed to (1) was discussed in detail in [36, 43]. On the other hand,
the motivation for using (5) as opposed to (2) stems from a Lyapunov analysis that is discussed next. When using the
temporally regularized model (2) (see [36]), the temporal regularization causes the system’s state to slightly overflow
into the jump set J before the reset occurs and this makes the Lyapunov construction harder. In particular, all the
Lyapunov-based results reported in [34, 35, 36, 43, 44, 45] are based on the existence of a Lyapunov function that

satisfies standard regularity and growth conditions, in addition to the following flow and jump conditions:
1. it is a disturbance attenuation Lyapunov function in a slightly inflated version of the flow set F;

2. it does not increase when jumping from the jump set J.

Ly

N ‘ '
v VA \\ 1
Jump AL
cond’n cond’n

Figure 2: The sectors of the state space where the Lyapunov flow and jump conditions must hold for the temporally

regularized FORE (2) without strict decrease at jumps (left) and the FORE (6) with strict decrease at jumps (right).

The two requirements above are graphically represented in the left sub-figure of Figure 2. The striped region
represents the set on which the Lyapunov function is required satisfy the item 1 and the shaded region is where the
item 2 above should hold. Note that there is an overlap of these two sets where both items 1 and 2 should hold. This
stringent requirement makes the construction of appropriate Lyapunov functions hard in this case.

Conversely, the stability results for reset systems that use the model (5) and its temporally regularized version (6)

that we propose in this paper require a Lyapunov function that:
la. is a disturbance attenuation Lyapunov function in the flow set F;
2a. strictly decreases when jumping from the jump set J.

The right sub-figure of Figure 2 illustrates the two new conditions. The striped and shaded regions represent the sets
on which the Lyapunov function needs to satisfy items la and 2a respectively. It turns out that it is much easier to
construct Lyapunov functions satisfying conditions la and 2a rather than 1 and 2. Indeed, note that the model (2) as
it stands will never satisfy the item 2a because there are cases when a state jumps onto itself (this is whenever x,, = 0).
Therefore it is necessary to tilt the boundary between the flow and the jump set as shown in the right sub-figure of

Figure 1. More specifically, the “tilting” corresponds to transforming the horizontal sector boundary from x, = 0 (i.e.,



the z, axis) into x, = ex,. Then any state in the jump set will be mapped into the interior of the flow set (except for
the origin) and it will be possible to construct Lyapunov functions guaranteeing the item 2a.

The advantage of this new technique is that the proof of the main results of [36, 35] becomes simpler (it is formalized
in Theorem 6 in Section 7.1) and in some cases the Lyapunov construction might be simpler. Moreover, for situations
where item 2a is a natural condition to impose, the new Lyapunov tools of Theorem 6 might be more effective at
exploiting the underlying system features to effectively design Lyapunov functions that establish exponential and Lo
stability of the system with temporal regularization. As a result, Theorem 6 in Section 7.1 is formulated for larger

class of reset systems than those addressed in the rest of the paper.

4 Set point regulation of SISO linear plants with FORESs

Consider a strictly proper SISO linear plant whose dynamics is described by

P Ep Apxyp + Bpyu + Bpad, 7)

y = Cpmy,
where x,, € R™» is the plant state, u € R is the control input, d € R™¢ is a disturbance input and y € R is the measured
plant output (Ap, By, Bpq and C), are matrices of appropriate dimensions). The goal of this section is to show how

the set-point regulation of plant (7) using a FORE can be reduced to a stabilization problem in suitably transformed

coordinates. A block diagram of the arising control scheme is represented in Figure 3.

d
r v  b— U * Yy
— FORE P -
|

Figure 3: Set-point regulation of linear SISO plants using a FORE.

Suppose that the transfer function of the plant (7) from u to y does not have zeros at the origin. Then set point

regulation of the output y can be achieved from wu. To this aim, define the following scalar:

1
-, if A, is invertible,
r_ Cp Ay ' By, (8)

0, otherwise,
corresponding to the inverse of the DC gain of the plant, and define F' as a nominal value for F. Then, if the closed-
loop between the FORE (6) and the plant (7), with d = 0, u = x,, and v = —y is asymptotically stable, set point

regulation can be achieved by using (6) with the following feedback interconnection:
w=xz,+Fr, v=r—y. 9)

The following statement, whose proof is reported in Section 8.1, establishes useful set-point regulation properties of
the closed-loop under the assumption that the closed-loop with » = 0 is asymptotically stable. We use the notation

x = (xp, Tp).
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Figure 4: Example 1: linear response (dashed), FORE without feedforward (dash-dotted), FORE with feedforward
and nominal F' (bold) and FORE with feedforward and perturbed F' (thin solid).

Theorem 1 (FORE set point stabilizer) Suppose that the transfer function of the plant (7) from u to y does not have
zeros at the origin and that the origin of the reset control system (7), (6), (9) with r =0 and d = 0 is asymptotically
stable. Then the closed-loop (7), (6), (9) is such that:

1. zfﬁ = F, then for any constant reference r* € R:

a) if d =0, the equilibrium point z* = (x%,0), satisfying y* = Cpax’ = r* is globally exponentially stable;
P rlp

(b) the system is finite gain L, and L, to Lo stable from d to (x, — xy,x,) for all p € [1,+00);

2. sz % F, denoting AF = F — F, there exist positive constants k, £ and v such that for any constant reference

r* e R:

ly(t, ) = r*| < max{ke|2(0,0)|, ¥ldlloc, YAFr"}, (10)

where £(0,0) = (2,(0,0) — x5, 2,(0,0)).

The construction proposed in Theorem 1 and shown in Figure 3 generalizes the FORE control system construction
to the set point regulation problem. This generalization is quite intuitive when the plant (7) has in it an integrator,
or more generally an internal model of the reference, and is actually the case for all situations where FOREs have
been used in the literature (see for example the discussion in [7, Section 4.1]). As a matter of fact in that case F' =0,
the feedforward path in Figure 3 disappears and the scheme resembles the typical control scheme in feedback from
the set-point tracking error. However, when the plant does not satisfy det(A,) = 0, this intuitive generalization is no

longer effective and can lead to very undesirable closed-loop behavior, as shown in the next example.

Remark 1 Note that applying Theorem 7 to system (7), (6), (9) with » = 0 allows to conclude ISS and £, stability
from d to (xp,z,) for any p € [1,00). This property is less relevant here because we are dealing with set point

regulation. Nevertheless, by virtue of Theorem 7, it follows directly from the asymptotic stability assumption. o



Example 1 Consider the plant (7) in feedback interconnection (9) with the FORE (6). Use the following parameters
Ay=—15, Bpu=1 C,=1, b.=2 a.=1,

so that FF = 0.75. In Figure 4, the grey curve represents the reference signal r and the dashed line represents the
response of the system without resets and with the feedforward path (using F' = 13’), which is exponentially stable
for these parameters. Note that this response is only illustrative of how the reset mechanism changes the underlying
linear dynamics but can not be used to establish any superiority of reset control versus linear solutions. Indeed,
many alternative linear control schemes could be considered for this set point regulation problem, depending on what
the performance goal is. The solid line reports the response of the FORE control system implemented without the
feedforward path (or, equivalently, by selecting F = 0) and the bold line reports the response of the FORE control
system implemented according to Figure 4 with F' = F. Finally, the thin solid curve shows the response when F' is
increased by 10% with respect to the correct value. The resulting response is a slight deterioration of the desirable

bold response as anticipated by the result in item 2 of Theorem 1. o

5 Stabilization of minimum phase relative degree one linear SISO plants

In the previous section we addressed the set-point regulation problem under the assumption that the origin of the reset
system with zero reference is asymptotically stable. In this section we provide tools for stabilizing a FORE closed-loop
under the assumption that the plant is a linear SISO minimum phase relative degree one system. The underlying idea
in the Ly stability proof is to use a small gain theorem with the trends proven later in Theorem 5. Then using the
results of Theorem 7, we get exponential stability in the absence of disturbances.

Consider the plant (7) connected to the temporally regularized FORE (6) via the interconnection
U=z, vV=—y. (11)

Under a minimum phase and relative degree one assumption on the plant dynamics, there exists a nonsingular change

of coordinates so that we can write its dynamics as follows [28, Remark 4.3.1]:

2 = A.z+ B.yy+ B.qd (12a)
gy = apy+byu+C.z+ Eud , (12b)
w—/
d

where y € R,z € R™ ! and u € R are, respectively, the plant output, a part of the state corresponding to the
zero dynamics and the plant input. Since the plant is minimum phase, A, is Hurwitz and we assume without loss of

generality that b, > 0. To state the next result we introduce the following definition:

Definition 1 Consider the FORE control system with temporal regularization (7), (6), (11). Assume that « is a
suitable parameter of the closed-loop system. Then we say that the system is exponentially stable (or finite gain Lo
stable) conditionally to large « and hierarchically small (g, p) if there exists a* > 0 such that for each > «a* there
exists * such that for each ¢ € (0,e*] there exists p* such that for all p € (0, p*] we have that system (7), (6), (11) is

exponentially stable (finite gain Lo stable). o

10



It is understood in the above definition that the only parameters that we can change are «, ¢, p, whereas all other

constants in the model are fixed. Then we can state the following result, whose proof is reported in Section 8.1.

Theorem 2 Consider the closed loop between the plant (12) and the FORE (6) via the interconnection (11), where
the FORE (6) is parametrized by (ac,be, €, p). Let A, be Hurwitz and b, > 0 in (12). Then, the following statements

are true:

1. (unstable FORE feedback) the system is finite gain Lo and Lo to Lo stable from d to x, conditionally to large
ac and hierarchically small (e, p). Moreover, when d(t) = 0 the system is also exponentially stable conditionally

to large a. and hierarchically small (e, p);

2. (high gain feedback) the system is finite gain Lo and Lo to Loy stable from d to x, conditionally to large b, and
hierarchically small (g, p). Moreover, when d(t) = 0 the system is also exponentially stable conditionally to large

be and hierarchically small (e, p);

3. (high gain+unstable FORE feedback) the system is finite gain Lo and Lo to Lo stable from d to x, conditionally
to large (ac,b.) and hierarchically small (g, p). Moreover, when d(t) = 0 the system is also exponentially stable

conditionally to large (ac,be) and hierarchically small (e, p).

Remark 2 The three results in Theorem 2 can be interpreted in the context of the well known high gain feedback
stabilization of linear systems. In particular, item 2 states that the same result holds for reset control systems. The
novelty established here is in item 1 which states that high instability in the FORE is capable of stabilizing the
reset control system. This result is new and significantly less trivial because the underlying linear dynamics become
exponentially unstable for large values of a.. Despite this fact, our novel proof technique allows to establish the
exponential stability of the reset control system. Finally, item 3 simply states that if both the loop gain and the
FORE pole go to infinity, the same stabilization result still works. o

Remark 3 A result similar to Theorem 2 can be proved under appropriate conditions for a class of nonlinear SISO
systems that are minimum phase (in an appropriate sense) and relative degree one. For instance, consider a nonlinear

control affine system without disturbances:

i, = flzp) +g(xp)up

y = h(zp)

and suppose that there exists a (global or local) nonsingular change of coordinates (z,y) = T(z,) and an input

transformation u, = K (z;,) + L(x,)u such that the system in new coordinates and with the new input u becomes: *

z = F(z,y)
gy = ut+G(zy).

In other words, the nonlinear system is input-output linearized. Then, if we assume that the zero dynamics, which

correspond to the z state are finite gain £y stable from y to G(z,y), we can apply FORE design to the linearized y

3Conditions under which this transformation is possible are given for instance in [28, Chapter 4].
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state and use the same steps to conclude that increasing the gain or the pole (or both) of the FORE would stabilize

the overall nonlinear system. o

Remark 4 Our results can be generalized to a class of nonlinear MIMO plants that have the same number x of inputs

and outputs if there exists a coordinate and input transformation that yields the system in the following form:

z = F(Zvy)

For precise conditions under which such transformations are possible for control affine systems, see [28, Chapter 5];
typically, one would require vector relative degree (1,1,...,1) and zero dynamics that are stable in an appropriate
sense. In this case, applying a FORE to each SISO pair (y;,u;) we will obtain the planar system considered in the
next section and the overall system consists of x such decentralized systems interconnected in feedback with the zero
dynamics. With appropriate stability properties on the zero dynamics and by adjusting the parameters of all FOREs
we can show that stability of the closed-loop holds. o

6 Lyapunov properties of planar FORE control loops

In this section we characterize the exponential and L, stability properties of the planar reset systems that consist of

the FORE (6), interconnection conditions (11) and the following scalar linear plant

Tp = apTp+bpu+d,
Yy = Tp

where u € R is the control input, d € R is a disturbance input and z,, € R is the plant state.

Note that the above plant has the same form as (12b). Hence, the results of this section are instrumental in showing
stability for the class of SISO linear systems considered in Section 5. Indeed, results of this section are essential in
the proof of the results of Theorem 2 in Section 5. In particular, in Theorem 3 we characterize asymptotic and
exponential stability of the closed-loop giving necessary and sufficient conditions in terms of the system parameters.
Then in Theorems 4 and 5 we provide results about the Lo gain of the planar reset system from the input d to the
input y. We note that these results are of interest in their own right as they completely characterize stability properties
of a class of planar reset systems.

The closed loop (13), (6), (11) can be conveniently written in the following form

7 =1,
ifxTMxZOorTSp,
= Az + Bd
(14)
7t =0,
if T Mz <0 and 7 > p,
zt = A2

12



where = := (z,,z,) € R? and

ap by | 1
A ‘ B —b. ac| O
= . (15)
A, | M 1 0 |- 1
0O 0|1 0

where the sign in the selection of M comes from the negative feedback interconnection in (11) (see also the right
sub-figure of Figure 1). The next theorem establishes necessary and sufficient conditions for the exponential stability
and finite £5 gain (from d to x) of the planar FORE control system (14), (15). The proof is based on the Lyapunov

results of Theorems 6 and 7. It is reported in Section 8.2.

Theorem 3 (Stability conditions) Consider the planar FORE control system (14), (15) (i.e., the closed-loop system

(18), (6), (11)) and suppose that the loop gain byb. is positive. Then the following statements are equivalent.
1. The origin is (locally) asymptotically stable conditionally to hierarchically small (g, p).
2. The origin is globally exponentially stable conditionally to hierarchically small (g, p).
3. The system is finite gain Lo and Lo to Lo stable from d to (x,,x,) conditionally to hierarchically small (g, p).
4. At least one of the following two conditions holds:

(a) the matriz A in (15) is Hurwitz;

(b) the following condition is satisfied:

2v/bpbe + ac — a, > 0. (16)

Theorem 3 establishes necessary and sufficient conditions for exponential stability and Lo stability of planar FORE
systems. Another interesting aspect to study is to understand how the Lo gain compares to the L5 gain of the closed-
loop without resets (whenever it exists) and also the trend of the gain as certain parameters get large. In particular, it
is commonly acknowledged by practical experience that introducing resets improves the performance of a linear planar
control system, even though a formal proof of this fact was not available. Such a proof is given in the next Theorem 4,
whose proof is reported in Section 8.2. Moreover, it has been already noticed by studying certain gain estimates in [43]
that the Lo gain seems to become smaller as the loop gain and/or the pole of the FORE (namely a.) becomes larger.
This intuition arises from the fact that the step response generated by the closed loop is faster, by corresponding to
the patching of an exponentially diverging branch (having larger growth rate) followed by a flat-top at the desired
steady state (see also the simulations in [36, Figure 3]). However, a formal proof of these Lo gain trends has not been
established yet. It is now given in the following Theorem 5, whose proof is also reported in Section A. For the correct
statement of these theorems we need to clarify a suitable concept of gain estimate and of gain convergence, introduced

in the next definition.

Definition 2 Consider the FORE control system with temporal regularization (14), (15). Assume that v is an

input/output gain. Then we say that 7 is an asymptotic estimate of the gain v conditionally to hierarchically small

13



(e, p) or alternatively, that
v¥<3,
if for each (arbitrarily small) § > 0 there exists ¢* such that for each e € (0,&*| there exists p* such that for all
p€(0,p"], vy <y+4.
Assume that p is a suitable parameter of the closed-loop system and that v(p) is an input/output gain depending
on p. Then we say that (p) converges to zero conditionally to hierarchically small (g, p) as p tends to +oo, or

alternatively, that

p— oo =7(p) =50,

if for each (arbitrarily small) 4 > 0 there exists* p* > 0 such that for each p > p* there exists ¢* such that for each
e € (0,e*] there exists p* such that for all p € (0, p*], v(p) < 7. o

Remark 5 The goal of Definition 2 is to clarify what we mean by gain estimate and convergence to a value in terms
of the small parameters of the system. In particular, the gain estimates and trends established in the next theorem
require that first the parameter e characterizing the FORE resetting rule in (6) is sufficiently small and then that the
temporal regularization constant p is once again sufficiently small. This hierarchical selection is necessary because
larger (possibly unstable) FORE poles will cause larger state evolution and smaller selections of p will be necessary.
However, for fixed parameters, there always exists a small enough p for which the theorem statements hold. Similarly,
with reference to the second part of Definition 2, we note that in Theorem 5 we consider various situations when
p=acorp==Fk:=bb,orp=(a,k). In a design context, one should first fix the desired gain %, then choose p

sufficiently large and then impose first € sufficiently small and subsequently p sufficiently small. o

Theorem 4 (L, gain estimates) Consider the planar FORE control system (14), (15) (i.e., the closed-loop system
(18), (6), (11)) with temporal regularization) where the loop gain k := byb. is positive. Whenever the closed-loop is
exponentially, stable (so that, by Theorem & at least one of the two conditions at item 4 of Theorem & holds), the
following asymptotic estimates hold conditionally to hierarchically small (e, p) (in the sense of Definition 2) for the Lo
gain vy of the closed-loop from d to y:

1. if item 4a of Theorem 3 holds, then
€.p
Y S YL, (17)
where 7y, is the (finite, because A is Hurwitz) gain from d to y of the linear closed-loop without resets.

2. if item 4b of Theorem 3 holds, then

= 2(2 4 k) exp(k%)
T= #(21/beb, — max{a, — a,0}) — dmax{|acl, |a,|}’

dmax{|acl|,|ap|}

where Kk is any constant satisfying k > K 1= .
24/bebp—max{ap—ac,0}

4The parameter p is allowed to be a vector and in this case p > 0 means that each entry of p is strictly larger than zero.
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Figure 5: Comparison of the gain estimates obtained by using equation (19) from Remark 6 (bold), using the analytic

tools from [44] (dashed) and the numerical tools from [43] (dash-dotted).

Remark 6 It is of interest to investigate whether for fixed values of the parameters there is an optimal selection of k
within (18) which gives the tightest estimate for the £o gain. Indeed, by taking the derivative of the right-hand side
of (18) with respect to x and imposing that the derivative is zero, one gets two solutions (of a second order equation),
one of them always being smaller than & (thus not being usable) and one of them always being larger than . In

particular, the optimal k is determined as

R R R 4
=2 S41) (o414 =
K 5 +\/(2+)<2+ +7r)’

and, when substituted into the gain bound equation (18) it gives the following value, which only depends on the system

parameters:

. 14+ ko + Vko(ko + 2) exp (m—i—\/no(mo—i—Q))

2,/bcb, — max{a, — a.,0}

: (19)

where kg = 7 (R +2) and k1 = §(F — 2).

An example of the gain curve given by the function (19) is shown in Figure 5, when selecting a, = 0 and b,b. = 1
and having a. take values in [—0.5,0.5]. This curve is compared to the gain estimates obtained when using the
numerical and analytic tools given in [43] and [44], respectively. The latter estimates turn out to be tighter for this
special case, but the advantage of this construction is that it provides an estimate of the gain for a larger class of

systems (the constructions in [43] and [44] are limited to the case a, = 0 and b,b. = 1). o

Theorem 5 (Lo gain trends) Consider the planar FORE control system (14), (15) (i.e., the closed-loop system (13),
(6), (11)) where the loop gain k := byb. is positive. Let a, be fized. Denote by v(ac, k) the Lo gain of the closed-loop
from d toy as a function of the FORE pole a. and of the loop gain k := b,b.. Then the following trends hierarchically
conditioned by (g, p) in the sense of Definition 2 hold for the closed-loop system.:

1. k— +oo = v(ae, k) =20,
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2. a, — +00 = y(ae, k) =50,
3. k — 400 and a, — +00 = y(ae, k) =20,

namely, the Lo gain of the closed-loop decreases to zero (conditionally to hierarchical selections of (g, p)) as the loop

gain and/or the FORE pole are increased.

7 Properties of temporally regularized systems

In this section we provide a range of stability results for a class of nonlinear and a class of linear reset systems. These
results are essential in proving our main results presented in earlier sections but they are of interest in their own right

and, hence, they are stated here in more generality than what is needed in this paper.

7.1 Lyapunov conditions for exponential and £, stability

Even though the rest of the paper is concerned with homogeneous dynamics, we switch to a nonlinear formulation
here because the proof of the Lyapunov theorem reported next does not require linearity nor homogeneity of the reset
system dynamics. The theorem reported here is an interesting result in its own right and it deals with a class of
nonlinear reset systems. In this paper it will be instrumental for the proof of Theorems 3, 4 and 5.

We first establish formally the fact that the temporally regularized nonlinear system (3), does not have Zeno

solutions.

Lemma 1 All the solutions of (3) are uniformly non-Zeno.

Proof. Given any solution &(-,-) := (z(-,-),7(-,-)) of (3) it is evident that t; —t;_1 > p for all (¢,7) € dom(z), 7 > 2.

This implies that the uniformly non-Zeno definition in [21] (see also [18]) is satisfied with "= p and J = 2. °
Then we formalize the requirement that there is a Lyapunov function for the z dynamics of system (3), which

decreases both during flows and along jumps.

Assumption 1 Given system (3), a suitable output y satisfying |y|> < \o|z|* and an integer p € [1,+00), the locally
Lipschitz Lyapunov function V : R™ — R is such that there exist positive real numbers \;, i =1,...,7 andn € (0,1)
such that for all d:

Mlal? < V() < Aalal? (200)

mgix) F(z,d) < A3V (2) + a|zPYd],  for almost all z € R, (20b)
verg{a/)((x) v f(x,d) < =5V (z) — Xely|P + A7|d|P, Yz € F, (20c)
V(g(z)) <nV(z), VxeJ. (20d)

where OV (x) is the Clarke generalized gradient of V (-) at x (see [16] for its definition).
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Remark 7 Note that global asymptotic stability of the origin of

z = f(z,d), ifxelF,

21
xt = g(z), ifeeJ, .

(which has no temporal regularization) with d = 0 is equivalent to (20c) and (20d) with d = 0 and V'(-) positive
definite and radially unbounded. These conditions, a subset of the conditions in Assumption 1, are sufficient to
establish semiglobal practical asymptotic stability for the system (21) augmented with temporal regularization, i.e.,
the system (3). For details, see [21] or [11]. Here we also impose the stronger conditions (20a) and (20b) because we are
interested in establishing global asymptotic stability results, in addition to properties of the system with disturbance

inputs. This is why the extra conditions (20a) and (20b) are required. o

The following theorem establishes the sufficiency of the Lyapunov conditions of Assumption 1 to establish the
exponential and £, stability properties of the reset system with temporal regularization (3). This theorem should be
thought of as a valuable alternative to the approaches in [36, 35, 43, 44, 45] to analyze reset systems with temporal
regularization. In particular, as compared to [36, Theorem 1], the next theorem exploits the strict decrease at jumps
(which was not required in [36]) to compensate for a possible growth of V' outside the flow set F. This was not possible
in [36] because the Lyapunov functions were only required to not increase at jumps, thereby extra flow conditions had
to be imposed on a slightly inflated version of the flow set. This new technique leads to a simpler proof than that of
[36]. See Section 3 for a qualitative discussion of this fact. Note also that the results in [36] were stated for linear
dynamics while we allow the nonlinear case and, in addition, we don’t enforce here the assumption required in [36]

that after a jump the state belongs to the flow set.

Theorem 6 Given an integer p € [1,+00), assume that there exists a function V(-) satisfying Assumption 1. Then

if f(+,-) is continuous in its first argument, the reset system with temporal regularization (3) satisfies the following:
1. there exists p* > 0 such that for any p € (0, p*] the origin of the x dynamics with d =0 is exponentially stable;

2. the system is finite gain L, stable from d to y and for any e > 0, there exists p* such that for all p < p* the L),

1/p
gain from d to y is upper bounded by <)\7) + €.
6

Proof. For clarity of exposition we carry out the proof for the case p = 2. In the general case, the proof should be

extended by using Young’s inequality before (24) as follows:
—1 p—1 1 A4 !
Aglz[P7d] < (p— 1) w7 |z[” + A7d]” (22)

while the rest of the proof remains substantially unchanged. °
Since equation (20b) holds almost everywhere in R”, and around each point where the condition does not hold
there’s a full measure set of points where it holds, then following the reasoning in [38, page 100], it follows that

max v? f(z,d) < A3V (z) + \a|z||d|, V€ R™ (23)
veIV (z)

5For p = 1, (22) reduces to A4|d| and Ag in (26) should be replaced by %.

17



Adding to the right hand side the square A;(|d| — $T47|x\)2 we get

max v f(z,d) < XV (z) + \|d|?, Vaz, (24)
vedV(x)

A

where A\g = A3 + Do

Given any o > 1, define the function W : R>g x R™ — R>¢ as follows:
W (r,z) := exp(—Lmin {1, ap})V(z) (25)

where L > 0 is to be determined. Denote & := (7,z). By [16, p. 48], OW(7,z) C Oce(T)V (x) + e(7)0¢V (), where
e(r) = exp(—Lmin {7, ap}) and J¢ denotes the generalized gradient with respect to &, which is zero in the x direction

for e(7) and is zero in the 7 direction for V' (x). Then, we get for all x € R™ and all 7 € [0, p]

1 1 1
max v’ < max V(z)vT + max e(r)vT
vEAW (7,2) flz,d) vEDee(T) f(z,d) vEIV () f(z,d)
= —Lexp(—L7)V(z)+exp(—L7) max vTf(z,d) (26)
vedV (x)
< —Lexp(—L7)V(x) 4+ exp(—L7) (AsV (z) + A7|d|?)

< W(ro) (L4 A +229) = Agexp(=L7)lyl + Arld? .

where we used (24) in the next to last step and added the term exp(—L7) (—/\6|y|2 + Af\—T‘)V(Js)), which is positive by
(20a), in the last step.

Similarly, noting that for all 7, max V(z)vT [1] <0 (where x denotes “don’t care”) and also using (20c), we get

vEdee(T)
for all x € F:
max vl ! < exp(—Lmin{r,ap}) max v?f(x,d)
vedW (T,x) f(fﬂ, d) - ’ vedV (x) ’ ( )
27
< exp(—Lmin{r,ap})(= sV () — X¢|y|> + M7|d|?)
< = XsW(T,x) — Ng exp(—Lap)|y|* + \7|d|? .
Combining the two bounds (26) and (27) and selecting L > A5 + Ag + )‘f\—’l\" we have
T 1 2 2
max v < —XsW(T,x) — exp(—Lap)Xs|y|” + A7|d]*, Vax € Forr<p, (28)
veEdW (T,x) f(LU, d)
which corresponds to the flow set condition in (3).
Consider the change in W due to jumps. We have
W(0,9(z)) = V(g(x))
< nV(z) (29)
< nexp(Lap)W(r,z) .
log(1
Therefore, selecting p < p* = W, we have
wW(0,g(x)) <W(r,z), VYreJandT>p, (30)
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which corresponds to the jump set condition in (3).

The proof is completed integrating equations (28) and (30) along the trajectories of the system to derive an
exponential bound on |x| and the L2 bound from ||d||2 to ||y||2. In particular, by the results in [38, page 99], the good
bounds on the generalized gradients of W imply that the time derivative of W evaluated along trajectories satisfies

the same bound. °

Remark 8 The use of generalized gradients in Theorem 6 is motivated by the fact that the result is used in Theo-
rems 3-5 with locally Lipschitz Lyapunov functions. Note that it is not sufficient to impose the flow conditions (20c)
stated for the gradient of V' for almost all . More specifically, for (20b) it is sufficient to restrict the attention to
almost everywhere because by continuity of f, for each disregarded point there is a full measure set of points where the
condition holds, and (23) holds. However, this reasoning doesn’t hold for (20c) where the condition is restricted to the
set F for which no extra assumptions hold. In particular, one can construct defective cases with thin selections of F,
namely sets of measure zero, so that imposing a flow condition almost everywhere in F corresponds to not imposing
it at all.

It should be also emphasized that, different from here, in [36, Theorems 1 & 2] the flow condition has been imposed
on the gradient of V' almost everywhere in the flow set. This is sufficient there because in [36] the conditions on the
gradient are required almost everywhere in an inflated version F. of the flow set F, such that no points of F except
for the origin belong to the boundary of F.. Then except for the origin, any point in F has a neighborhood contained
in F., which allows to establish a flow condition on the generalized gradient of V' everywhere except for the origin.

This is enough to apply the results of [38] and obtain a global flow condition on the generalized gradient. o

7.2 Stability of linear reset systems acting on cones

In this section we will further restrict the class of systems analyzed in the previous section to the case of linear dynamics
acting on jump and flow sets that are cones. Under this homogeneity property, based on the results that recently
appeared in [39, 22], parallel properties to the well-known properties of linear (discrete-time or continuous-time)

systems are proved:
e (local) asymptotic stability of the origin < global exponential stability,
e global exponential stability < finite gain £, and finite gain £, to L stability from d to z with p € [1, +00),
e global exponential stability < finite gain exponential ISS from d to x.

The results reported here are instrumental for the proof of Theorem 1 in Section 4 and of Theorem 2 in Section 5.
More specifically, we focus on the following class of temporally regularized linear reset systems, which generalizes

the systems characterized by (14):

F=1,
ifxeForrel0, p,
i = Ax + Bd 31)
T+ =0,
ifxeJ and 7> p,
xt=A2

where x € R™ and 7 € R. We assume that (31) satisfies the following assumption.
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Assumption 2 The sets F and J are closed nonempty subsets of R™. Moreover, they both are cones namely, for

each A >0 and eachx e R*", v e F=>X x e F andx € J = Iz € J.

Theorem 7 If Assumption 2 holds, then the following statements are equivalent:
1. the origin of the x dynamics of (31) with d = 0 is (locally) asymptotically stable;
2. the origin of the x dynamics of (81) with d = 0 is globally exponentially stable;
3. given p € [1,+00), system (31) is finite gain L, stable and L, to Lo stable from d to x;
4. system (31) is finite gain exponentially ISS from d to x.

5. given p € [1,00), there exists a function W : R x R™ — Rxq that is continuously differentiable in R x R™\ {0}
and positive constants \;, i =1,..., 8 and v € (0,1) satisfying for all d the following bounds:
AlzlP < Wi(r,z) < Xo|zfP, V(r,z) e RxR" (32a)

V. W(r,z) + <V, W(r,z), Az + Bd > < —\sW(T,2) — Xg|z|? + A\7|z[P~|d],

Y(r,z) € F\ {0} (32b)
W(0,A.x) <vW(r,x), Y(r,z)eJ (32¢)
VW (r,2)] < Aslz[P™h, V(r,x) € F\ {0}, (32d)

where F = {(t,x): (x € F and 7 € [p,14p]) or 7 € [0,p]} and T = {(r,2): (x € T and 7 € [p,1+p]) or T €
(=00, 01U [1 4+ p, +0)}.

The proof of Theorem 7 is carried out by introducing the following system

7=min{l,1+p— 7}, )
if (xe Fand T € [p,1+p])or 7 €]0,p],
= Ax + Bd
=0, .
ifeeJand 1€ p, 1+, (33)
xt=A.x
Tt =0,
if 7€ (—00,0] U [p,+00),
xt =0

which is more convenient than (31) because for any initial condition the clock variable 7 converges to the compact set

[0,1 + p]. Then, Theorem 7 is proven by relying on the following lemma.

Lemma 2 The bounds in items 1 and 2 hold for the solutions of (31) with d = 0 if and only if they hold for the
solutions of (33) with d = 0.

Proof. Consider the invertible transformation ¥ : R>¢ — [0,1 + p):

T, if 7€ [0, pl,
p+l—exp(p—71) if72>p,
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whose inverse is given by
51(r,) = Tas if 7, €10, p],
p—log(l+p—m,) if1, €lp,1+p).

It can be verified by direct calculation that given any solution (7(-,-),z(-,)) of (31) with d = 0, the function
(3(7(-,-)),z(-,-)) is a solution of the auxiliary system (33) with d = 0. Therefore any bound on the x response
of (33), also holds for the z response of (31). Conversely, given any solution (7,(-,-), z4(-,-)) of the auxiliary system
(33) with d = 0, denote by (¢*, j*) the smallest hybrid time when the solution obeys the bottom jump rule in (33), where
possibly (¢*,7*) = (0,0) or (¢*,j*) = oo. Then for all (¢,5) > (¢*,7*) (this should be disregarded if (t*,j*) = 00),
and (t,7) € dom((7a,xa)), Ta(t,j) = 0 and for all (¢,7) < (t*,7*) (this means for all (¢,7) if (t*,j*) = o0), and
(t,j) € dom((74,4)), the function (X1 (7,(+, ), za(+,-)) is a solution of (31). Therefore any bound on the z response
of (31), also holds for the = response of (33). o

Proof of Theorem 7.

1 = 2. Consider a sufficiently small scalar s > 0 so that the asymptotic stability set B contains the set {z : |z| < s}.
Consider now any initial condition x(0,0),7(0,0) and denote by z(¢, j) the response of the x dynamics from the initial
condition z(0,0),7(0,0) with z(0,0) = min {m, 1} 2(0,0). From Assumption 2, given any solution (z(-,-),7(-,-))
of (31) and any A > 0, (Az(-,-),7(+,-)) is a solution and, since z(0,0) € B it follows that

a(t,4)] = max{ (0,0 1} 2(t,)] < max{ (0,01 1} B(min{]2(0,0)], s}, 1) = fa(2(0,0)] ),

s s
which establishes a global KL bound on the x response.

To obtain a KLL bound from the KL bound above, note that because of temporal regularization, for any ¢,j €
dom(x), j > 1, p < tj4q1 —t;. Taking a sum on both sides, for any (¢, k) € dom(x) we get kp < Xk: tiv1—t; =tpe1—t1,
which implies for all ¢t € [tiy1,tiy2], kp < t. Therefore, for all ¢,k € dom(z), we have mai(illf —1,0}p < t, which
implies £ + w < t (see also the similar discussion in [20, pp. 34-35]). Define now the class KLL function

Bls,t,j) i= Bo (5,4 +==UL02) - Then for all ¢, € dom(z), we have B(|2(0,0)],t,5) > Ba(w(0,0)|,¢) and,

consequently,

|2(t,5)| < Be(|2(0,0)],) < B(l2(0,0)],¢,5), (34)

which provides a class KLL bound on |x(t, 7).

Based on Lemma 2, the bound (34) holds also for the solutions of (33) with d = 0 and moreover all solutions
to (33) in the 7 variable converge to the set [0,1 + p]. Then, applying [11, Theorem 7.9], we get that the class
KLL bound is robust because the asymptotically stable set A = {(z,7) : = = 0,7 € [0,1 + p]} is compact. In
light of the robust bound (34), consider now system (33) and note that by Assumption 2, it satisfies the Standing
Assumption 1 in [39] and [39, Definition 5] with, O = R"*1 I'(s,(r,x)) = sz and § = 0. Moreover, the bound
(34) establishes a KLL bound in the sense of [39, Definition 1] with w(7,z) = |z|. Then, all the assumptions of [39,
Theorem 2] with § = k = 1 and ¥ = w are satisfied and by item 2 of [39, Proposition 3] there exist m, ¢ > 0 such that
lz(t,7)| < ml|z(0,0)le=*, V(t,7) € dom(z), for all solutions to (33) with d = 0. Applying once again Lemma 2, the

exponential bound applies to all the solutions of (31) as to be proven.
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2 = 5. Similar to the previous step, by Lemma 2, if the exponential bound holds for all the solutions of (31), then it
also holds for all the solutions of (33).

Using the same function I' as in the previous step, all the assumptions of [39, Theorem 2] with § = k = 1 and
Y = w are satisfied again. Therefore there exist positive constants p > 0 and v € (0,1) and a continuous function
W : RxR" — R that is smooth on R x R™\ {0} and homogeneous with degree p with respect to I' (namely satisfying
W(r, Ax) = NPW (7, x) for all 7,2 and A > 0) such that for some o () and s () € Ko

ar(|z]) < W(r,z) < ax(|z]), (7, z) (35a)
V W(r,x)+ <V, W(r,z), Ax >< —puW (1, x), V(r,z) € F\ {0}, (35Db)
W0, A,z) < vW(r, ), V(r,z) € J. (35¢)

[(32¢), (32a)] Equation (35¢) coincides with (32¢). Define A\; := «a1(1) and Ay := as(1). Then, since W(-) is
homogeneous of degree p with respect to I" (that is, W (7, sx) = sPW (7, x) for any s > 0, and any 7, ), given any 7
and z € R™\ {0}, W(r,z) =W (T, |x||%) = |z|PW (T, |;ET|>7 which from (35a) leads to (32a).

[(32d)] Consider now the directional derivative of W (r,-) at any = # 0 in the direction w given by

W(r,z + hw) — W(r, )

<V ,W(r,z),w >= lim

h—0 h ’
and define the unit vector z := ﬁ and h := ﬁ Then, since W (7,-) is homogeneous of degree p, we get
W(ra+hw) =W(r,z) _ W(rlzlz+[z[hw) — W(r |z]2)
h |z|h
_ W(r,z+ Bi;:) —W(r,z) 7

therefore, since w is arbitrary, for any x # 0, VW (r,z) = |z|P~1V,W (T, ﬁ) Since W (-, -) is smooth, there exists
As € R>( such that : maﬁ ‘ V. W(r,z)| < Ag, which combined with the previous bound gives (32d).
= T€[0,14p],]2|=1
[(32b)] Using equations (35b) and trading some of the p to get (from (32a)) a good term in |z|P, also using (32d),

we get (32b) with A5 = 431, Ag = 532 and A7 = As|B|.

5 = 3. Consider the function U(t,j) = W(r(t,j),z(t, 7)), where (7(t,7),x(t,j)) is a solution of the hybrid system
having hybrid time domain dom(z) := [to, t1] x 0 |J [t1,t2] x 1 |J---. Then, using Young’s inequality in (32b) we get:

Ut,j) < —kglz(t,7)P + kald(t,7)|P, for almost all ¢ € [t;,¢;11], (36)

where k, = % and kg = 2(1;\31) (2(11—1»\7

PA6

P
) and using the same approach as in [9] the hybrid domain of the disturbance
d is selected as dom(d) = dom(z). Consider now any (t,7) € dom(x) and denote for simplicity ¢;11 = ¢. Then,

integrating equation (36) and rearranging (32c) gives:

ty

0<-Ul(ty, k) +U(tp,k—1), k=1, ..., j. (37b)

te41 tht1
0 < —U(tp i, k) + Ulte k) — k/ |x(s,k)\”ds+kd/ d(s, k)Pds, k=0, 1, ..., j,  (37a)
ty
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Summing up all the 2541 equations in (37), many terms are evidently simplified and the following bound is derived

(recall that t = tj41):

J tit1 J tit1
Ut,j) < U(to,0) — ks / |1‘(S,i)|pd8+kd2/ |d(s,)Pds,
i=0 7 ti i=0 7 ti
J tit
< Ulto,0) — kg Z/ |z(s,1)[Pds + kalld|[}, V(t,7) € dom(z). (38)
i=0 7t

By the left inequality in (32a), the bound (38) guarantees the desired finite gain £, to Lo bound with finite gain
2kd> Y

k 1/p
Yp,0o = <d> . Moreover, (38) guarantees the desired finite gain £, property with -y, = ( 7

C1
3 = 1. Based on the finite gain £, and £, to Lo, bounds, we use 5 [33, Theorem 3] to conclude exponential stability
when d = 0. Indeed, we have that all conditions of [33, Proposition 2] hold in our case and, hence, the closed loop
system is uniformly globally fixed time interval stable (UGFTIS) with linear gain (see [33, Definition 6]). This implies

that all the conditions of [33, Theorem 3] hold and, hence, we can conclude that the x dynamics of the system is UGES.

5 = 4. Since the function W (-, ) satisfies the assumptions of [9, Proposition 2.6] with w(x,7) = |z|, then by [9,
Proposition 2.7] (see also [9, Definition 2.1] the system is ISS from d to z. Finite gain exponential ISS can be derived
by slightly generalizing the proof in [9] using the Lyapunov function. Alternatively, the bound can be directly proven

by nesting the bounds given in the proof (5 = 3) above. The details are omitted because they are straightforward.

4 = 1. Local asymptotic stability trivially follows from the first term of the right hand side of the ISS bound (4). e

8 Proof of Theorems 1-5

8.1 Proof of Theorems 1 and 2

Proof of Theorem 1 Since —C, A, !B, is the static plant gain, then by the assumption on the zeros of the plant
it follows that —C, A !B,y # 0. Therefore, F in (8) is well defined and corresponds to the inverse of the static plant
gain. Consider now the dynamics (7), (6), (9) and for any € R perform the change of coordinates z, — &, := x, — 7,
where x is a vector satisfying the following (always solvable) set of equations: A,z5 = —By,z;, Cpry = r (note that

if A, is invertible, then x% = —AJ !Bz}, otherwise z7; € ker(A,) such that Cpa = r). Then the arising dynamics

6The results in [33] were stated for a special class of hybrid systems that does not include reset systems. However, all the results of [33]

that we use can be restated for general hybrid models that include the class of reset systems considered in this paper.

23



corresponds to

F=1,
ip = ApZp + Bpuy + BpuAFT* + Bpad if eg® — 29z, > 0 or 7 < p,

Ty = UcTy + bcﬂ

Tt =0,
53;; = Tp, if ? — 2gx, <0 and 7 > p,
zt =0

(where § = Cp,) which coincide with the dynamics (7), (6), (9), with r = 0, an extra constant disturbance propor-
tional to AFr* acting on the plant flow equation, and x,, replaced by Z,. Therefore, by assumption, the origin of the
reset, closed-loop with AF = 0 and d = 0 in the (Z,, z,) coordinates is asymptotically stable. Applying Theorem 7 we
conclude that the origin of (Z,,x,) is globally exponentially stable (this proves item la) and that (39) is finite gain
L, and L, to L, stable for all p € [1,00) and finite gain exponentially ISS from the disturbance By, AFr* + Bpqd to
the state (Z,,x,). Item 1b then follows from the £, and £, to L stability properties. Finally, item 2 follows from
the finite gain exponential ISS property. °

Proof of Theorem 2 We only prove the first case as the proofs of the two other cases follow almost identical steps by
using the results of Theorem 5. Consider the overall system as a feedback interconnection between the linear system
(12a) having inputs (y,d) and output z and the second order reset system consisting of (12b), (6), (11) that has inputs
(z,d) and output y. From item 2 of Theorem 5 we have that the gain of the reset system from d:=C.,z + Eyd to Y
can be reduced arbitrarily by adjusting a., e and p. Hence, the gain from (z,d) to y can be reduced arbitrarily for the
reset system. Since A, in the linear system (12a) is Hurwitz, then the system is finite gain Lo and Lo to L4 stable
from (d,y) to z with some Lo gain 7,. Hence, there exist sufficiently large a. and sufficiently small £ and p such that
the small gain condition (see also [33])

'Y(QC) * Yz <1

holds, which implies that the closed loop system (12a), (12b), (6), (11) is finite gain Lo and Lo to Lo stable from
d to (z,y). This completes the Lo and Lo to Lo stability proof. Global exponential stability then follows from the

equivalence between items 3 and 2 in Theorem 7. °

8.2 Proof of Theorems 3 and 4

We prove Theorems 3 and 4 together, by applying Theorem 6 and Theorem 7. The proof is carried out based on a

preliminary step and based on the following steps (in different order):

Step S1 Proves that item 4a of Theorem 3 implies the existence of a Lyapunov function satisfying the conditions of

Theorem 6 and guaranteeing (via Theorem 6) item 2 of Theorem 3 and equation (17) of Theorem 4.

Step S2 Proves that item 4b of Theorem 3 implies the existence of a Lyapunov function satisfying the conditions of

Theorem 6 and guaranteeing (via Theorem 6) item 2 of Theorem 3 and equation (18) of Theorem 4.
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Step N Proves that if both the conditions at items 4a and 4b of Theorem 3 don’t hold, then the reset system generates

responses not converging to zero (therefore, items 1 and 2 of Theorem 3 cannot hold).

Theorem 4 is then proven from Steps S1 and S2. As for Theorem 3, we have (1 < 2) and (1 < 3) from Theo-
rem 7. Moreover, (4 = 2) from Steps S1 and S2 and (=4 = —2, namely 2 = 4) from Step N, which completes the proof.

Preliminary step. Consider system (14), (15) without temporal regularization and perform the change of coordinates

T =Tz, where T := [(1) \/bgW} to get

where F := {&: £M# >0} and J := {# : #MZ < 0} with the following parameters selection:

TAT |
- TATl‘Tl\fMTl

@ Vb (40)
—\/prC e 0

1 0 |-& 1

0 0 |1 o0

with & = e4/b,/b.. The rest of the proof will be carried out in the coordinates Z.

Step S2. Define 6(-) : R?\ {0} — R and 7(-) : R? — R implicitly through the relationship:

51

r(Z)sin(0(2))
r(Z) cos(0(Z))

S}
I
—
N
—
N

=2

Differentiating (41) with respect to Z and using |Z|? = r(%)?, we get

I = V@ mme@» Cve@ [ r@n$me@»
cos(6(%)) (%) cos(6()) (42)

= TWaT 4 Vo) (J5)T,

ISH

where J := [ % §]. Then, right-multiplying (42) by JZ and &, respectively, and using J*J = I, J + J© = 0 and
|#|2 = r(£)? the following two equations are respectively obtained:
JF (7)2V(7)
z = r@Vr(z).

(43)

1 1
Define ¢ := arctan(é/2) and ©, : U [im + 20z, im + 7/2 — 20¢], ©f := J [im + 7/2 — 20, im + 7 + 20;), so that
=0 i=0
©,;JO; = [20¢, 27 + 20¢). Consider now the following candidate Lyapunov function:

V() = r(2)? exp(f(0(2))), (44)
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Figure 6: A level set of the function V'(-) in (44) (bold) and its relation to the sets ©; and ©; (spanned by the double

arrows) and F (striped) and 7 (grey).

where for any constant s > 0, f(-) : [20¢, 27 + 20z) — R is defined as:

—kmod, (0 — w/4), if 0 € Oy,
f(e) = sin?(0) cos?(0) . <45>
log ( +e=0) ifgee;

ai

. . L. 0, if 0 € [29g,77 + 29g) . .
with a; and ag ensuring continuity (see below) and mod, (0) := For illustration
0—m, it e r+ 202 + 20;).

purposes, Figure 6 represents a level set of V' (-) on the = (&, ) plane for some value of x and €. To ensure continuity

at the patching surfaces between © and ©; (namely, § = 0; and § = 7/2 — 26;), the constants a; and ay are selected
cos(46;) cos(46z)

and ay :=
exp(frmaz) €052(20:) — exp(frnin ) sin?(26;) e exp(fmin) c052(20:) — exp(finaz ) sin?(26:)
and fy,:, are defined below in (46). These selections are guaranteed to be positive for a small enough 6; (see also

) where f’maz

as ayp =

Figure 6).
Based on (45), since f(+) is decreasing in the upper equation and it is increasing in the lower equation, it follows
that:
fmin = —kK (SI + 29€> = f(m +20;)
< 1) < flx/2-26,) (46)

= —K (% - 295) = fmaw

for all 6 € [0, 2], so that the candidate Lyapunov function (44) satisfies
exp(frmin)|Z* < V(Z) < exp(fimaz)|Z[*. (47)

To show that the function (44), (45) decreases at jumps, we use the following claim whose proof is reported at the

end of the section to avoid breaking the flow of the current proof.

Claim 1 Consider the continuous function expressed in polar coordinates as V(z) = r*(z)p(0(z)), where

gaf(a), if@E@f,
p(0) = sin?(8) | cos2(6)
~a + Tan zf@ S @j,
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where @(-) is continuous and satisfies ws(0 + ) = ps(0) for all 0 € 20,7 + 20;], and a1 and ay are selected to
guarantee continuity of ¢(-). If Vp(0) < 0 for almost all 8 € Oy, then V(A,z) < nV(x), for all x in T, with
n = cos?(6z).

It follows from (45) that exp(—r7%) — exp(—k(§ — 0z)) = exp(—rF)(1 — exp(kbz)) > 0, then from Claim 1, the
following strict decrease condition at jumps

V(A7) <nV(z), ifFed. (48)

is guaranteed for some n € (0,1).
Consider now the derivative of V(&) along the system’s dynamics and observe that by virtue of (43) the following

(conservative) bound holds for almost all Z € R? and all d:

<VV(i),Ai+Bd> = exp(f(@(a?)))(?r(ﬁ:) < Vr(%), Az + Bd > +V f(0)r(2)? < VO(Z), Az + Bd > )

exp(f(6(%))) (:TST(AT + A)i + YLOFT(AT ] 4+ JT A)7 + 25T Bd + V f(a)ngJTBd), (49)
AV (F) + | E]|d]

IN

where A3 and )4 are large enough constants which always exist because |V f(0)| is bounded for almost all § and by
the bounds given in (47).

Regarding the directional derivative of V() in the flow set, first note that for all z € F, z # 0, 6(z) is in the
interior O of O, so that, by (45), V(-) is differentiable in F \ {0}. In F, the bound (49) can be improved noting that
Vf(0) = —k for all § € Oy, so that the second line in (49) gives

<VV(F),A5+Bd> = exp(f(0(7))) (@T(AT + A)7 - g:zT(ATJ 4+ JTA)E + 25T Bd — m?TJTBd), (50)
for all # € F \ {0} and all d. To suitably bound the right hand side of (50), define
m = 24/bcb, — max{a, — a.,0} — oy, (51)
where o, > 0 is a sufficiently small positive number, to guarantee that n; > 0. Such a o, always exists because, by
assumption, 2,/b:b, + a. — a, > 0. Also note that 7; defined in (51) satisfies
iT(JTA+ AT i > m|zf?, VzeF, (52)
As a matter of fact, by applying the S-procedure, and by the definition of F the above is true if JT/~1+/~1TJ77]1]+/LM >
0 for some g > 0. This last inequality is always satisfied using p = max{a. — a,,€,}, because based on the explicit
expressions in (40), it can be written as
2/bcbp, —m —pé  ap—ac+p max{a, — a.,0} + 0, — pé  max{a, — a. + €,,0}
ap — e+ p 2,/bcby, —m max{a, — ac +€,,0} max{a, — a.,0} + oy,
as long as €, > 0 and € > 0 are sufficiently small.

Then, using once again (40), it is straightforward to check that 7 (AT + A)Z < 2max{|ac|, |a,|}|#|?, so that the

flow set bound (50) becomes
<VV(2),Az+Bd> = exp(f(0(z)))
= exp(f(0(2)))

< - eXp(fmin)

/N

~ KM S
2max{la,|ap }E[? — S + (2 + x)|2| Bd] )

/N

~ 232+ 2+ x)zld))

=
J

o 177 + (2 + k) exp(fmaz) 7] 1d],
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for all & € F, where 1, := rn; — 4max{|ac|, |ap|} is a positive constant as long as x > and where in the

4max{lac|,lap|}
1
last line we have used the uniform upper and lower bounds on f(0) in (46).

By completing squares in the above bound we finally obtain:

2 e (24 K) exp(fnae)

2
d?, vze F\{o},
1 P - |d]| \ {0}

<VV(#),A% + Bd> < —exp(fmin)

which can be combined with (47) (48) and (49) to apply Theorem 6 from which it follows that the following estimate
for the L5 gain from d to Z holds:

Y= eXp(fma:r - fmzn)2(2”;_ﬁ)7 (53)

4 max{lac|,|ap|}

for any k > "

(so that n; > 0), whose right hand side converges to the right hand side of (18) as ¢
(therefore €, 0z and o) converges to zero. Finally, since |z,| = |Z,| < |Z|, the estimate (53) also applies to the £, gain

from d to x,, as to be proven.

Step N. If item 4b does not hold, then when 24/b,b. + a. — a, < 0 and note that the eigenvalues of A, corresponding
to Ao = %, where A := (a, — ap)? — 4b,b,, are both real because A > 0 by assumption. Moreover, a possible

choice of the corresponding eigenvectors (whenever A > 0) is given by

T
va=|a—atVE -255 | (54)

from which it appears that, under the stated conditions, both eigenvectors belong to the flow set. Indeed, their
second component is always negative and their first component is always positive because a, — a. > \/bPTC > 0 and
\/K < ap — Gc.

If also item 4a does not hold, then A is non-Hurwitz. Then at least one of the two eigenvalues is real non-negative
and by picking an initial condition equal to the corresponding eigenvector, the response of the reset system will remain
in the eigenspace which is completely contained in the flow set. Therefore the response of the reset system will never

jump and its solution, coinciding with the solution of the linear system will not be exponentially converging.

Step S1. We carry out the analysis in the transformed coordinates (40) after observing that Z, = z, by definition.
Since A is Hurwitz, denote by vz, the £; gain of the linear system without resets, then there exists P = [Di1 P12 ] such
that 7 P(AZ + Bd) + |Z,|> = 72|d|> < 0, for all & and d. We break the analysis in two cases: pja > 0 and pja < 0.
Case 1: p1a > 0. Since p12 > 0, then the Lyapunov function Vi (Z) := #T P% satisfies Assumption 1 for the reset
system and exponential stability and finite £5 gain with bound ~;, follows from Theorem 6. Indeed, the first two
conditions in (20) hold because VL (-) is quadratic, the flow condition follows trivially from the fact that the reset
system coincides with the linear one in the flow set and the jump condition follows from noting that applying the
S-procedure, condition #T (A, PA, — P)& <0 for all # € J is equivalent to the existence of ;> 0 such that

g _
H P12 — >0, (55)

P12 — D22

which is evidently satisfied selecting pu = p12 > 0.
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Case 2: p12 < 0. In this case consider the following candidate Lyapunov function:

%) ol [Pl pis] 2 if & (Ip — 0Z,) > 0, 50
2\T) 1=
T [p(1)1 p22+02¢71012] z if z, (ip — Uir) <0,

where o is a small enough positive constant such that o < %, which ensures pos + 20p12 > 0. Note that Va(+) is
Lipschitz because the two definitions coincide at the patching surfaces &, = 0 and z, = 02,.

Consider now the jump condition (20d) and note that for all Z satisfying the bottom condition in (56), it is
satisfied for some n = 77 decreasing with 6. In the remaining set, namely for all Z such that z, (Z, — 0@,) < 0, the

jump condition (20d) holds for the same 1 = 7 as long as o is small enough. Indeed, applying the S-procedure we get
the following inequality

Vo(Arz) — 0V (z) — pip (a?p + p22£T> =
4p12

AT Ppir —npun — . —Tp12 — MSI;ffZ

D22

—npiz — 'usl)lz

<0

— P22
which, by positive definiteness of [Pi} D12], is satisfied with @ = p1; and o small enough.
By the definition of Vi (+) in case 1 above, the function V5(-) in (56) also satisfies the flow condition (20¢) in all the

flow set but the small sector corresponding to the £ inflation, namely the set

T I
E={z2:2 z > 0}.
g =2
All the other properties of (20) trivially hold because Va(-) is the patching of two quadratic functions. Therefore, if
ATPdg;dé +oTe }j‘f:? < 0for all x € £ and all d (where Py := [} p22 ]), the result follows from applying Theorem 6
using V5 (+). Indeed Va(+) is differentiable everywhere in F except for the horizontal axis, where the generalized gradient
is given by the maximum of the directional derivatives and where we establish good bounds for them on both sides.

To show this final step we use the S-procedure and seek for a positive scalar p such that

2app11 + 1 /%(Pu —po2)+EN P11
* =2+ 2a,.pa2 0 <0, (57)

* * -3

where  denote symmetric entries and & = /b,b. > 0.

To find this value of j, consider the flow property of Vi(-), #7 P(A% + Bd) + |#,|> — v3|d|> < 0, which can be

ATp+pPA+CTC PB

written in matrix form as BT P 2

} < 0, where C' = { 1 0 } After suitable calculations, the condition
becomes
2app11 — 2kp1a + 1 k(p11 — pa2) + pia(ap +a.)  pn
* 2kp12 + 2acp2o piz | <0, (58)
* * -7
which holds for all # and d. Then, to guarantee (57), it is sufficient to select a = p* large enough so that
2app11 +1 k(p11 — paz) +pi2(ap +ac)  pu

* —2p" + 2acpar 0 <0 (59)

* * -2

29



(where we have used k > 0 and p12 < 0). Such a u* always exists because of (58) and because p* allows to make the

central diagonal term negative enough to compensate for replacing the off-diagonal term pi2 in (58) by a 0. Then,

pi2(ap+ac)

i, inequality (57) coincides with (59) and is guaranteed to hold. Note that £* > 0 because

selecting " =
p12 < 0 and ap, + a. < 0 from the assumption that A is Hurwitz.
Since (57) guarantees that the flow condition holds for & = &*, it also guarantees that it holds for all £ < &* because

they lead to smaller flow sets.

i () — sin’(9) | cos®(6) . 20, — .2 2 2000 a2
Proof of Claim 1 Define ¢;(0) := =+ . Then observe that r*(z) = z7 + z2 = r*(x)sin”(0(z)) +

a a

r?(z) cos®(6(z)) and since A, [57] = [7] for all z, then
r2(Apx) = r2(z) sin?(0(z)). (60)

Since by assumption ¢ is continuous and V(#) < 0 for almost all § € O, then

T ™
pp(m/2) < p(0), VO€ [5 — 20, 5} (61a)
pr(m+20:) < p(0), V0e[r,m+20g]. (61Db)
Note also the following simple relations:
sin(6) sin(26z) ™
<1; <1 — — 20| . 2
cos(20:) =7 cos(d) — Vo e [0’ 2 05} (62)
Now we establish three useful properties.
1. If 0 € [205, 5 - 295]7 then applying (61a), using (62) and also using cos?(20z) < cos?(f:), we get:
. 9 ™ ) ™ . 9 ™
. - < g 2 _90.) —« (90~
sin®(0)¢ (2) < sin“(0)¢ (2 295) sin“(0)p, (2 295)
_ Sin2(9) (cosza(feg) + sin2a(2295))
2 in®(6) 2(0) (_sin®(6) sin®(26c) (632)
= Co8 (295)( ai + as <cos2(295) cos2(9§ ))
< cos?(20:);(0) < mep(0).
2. If 6 € [7, 7 4 20;], applying the previous inequality (63a) with 6 = 7 + 20z and using (61b), we get:
sin?(0)¢ ) < sin?(7 + 20:)p T
< me(m+202) < np(6).
3. 1f 0 € [5 — 20z, 5 — 6z, since sin(f) < cos(fz) and from (61a), we get:
in2(0)p (=) < cos2(0:)p(0) = np(0 63
sin”(O)e (5) = cos™(0e)p(0) = np(0). (63c)

Finally, since # € J implies mod, (0(x)) € [20z, % — 0] [r, 7 + 20:] and since (0 + 7) = ¢(¢) by assumption,

combining equation (60) with the three bounds (63), we get
V(Az) = r?(A2)e(r/2)
= r*(a)sin®(0(x))p(n/2)

< r*(x)ne(8(z) =V (z).
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9

Conclusions

In this paper we introduced a new type of First Order Reset Element and discussed how it can be used for set point

regulation of a class of SISO linear plants. Then we discussed how this new FORE can be used for exponential and Lo

stabilization of SISO minimum phase relative degree one linear plants and stated necessary and sufficient conditions for

the planar reset closed-loop betwen a first order linear plant and this new FORE. Some results that are instrumental

to our proof but also of interest on their own have been also introduced: Lyapunov conditions for exponential and

Lo stability of nonlinear reset systems with temporal regularization and equivalences among exponential stability,

asymptotic stability, £, and £, to Lo stability and input-to-state (ISS) stability of temporally regularized linear reset

systems acting on cones.
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A  Proof of Theorem 5

Proof of item 1. The proof follows in a straightforward way from the bounds established in item 2 of Theorem 4.

Indeed, pick b.b, sufficiently large (which can be done because b.b, approaches +00) so that condition (16) holds and

4 max{|acl,|ap|}

fix k in (18) so that k > % := . Then (18) will hold with this « for any larger value of b.b, (because

24/bebp —max{a,—ac,
E is strictly decreasing, as b.b, grows). Finally, since & is fixed, (18) shows that the gain tends asymptotically to zero

as b.b, approaches infinity.

Proof of items 2 and 3. The proof of these two items is carried out by constructing a Lyapunov function satsifying
the conditions in Assumption 1 with y = z, and where )¢ is an increasing function of a. while A7 is independent
of a., so that the L5 gain bound of Theorem 6 will prove the £ gain trends. Since the proof is quite involved and
extensive, we summarize it here. First, in (64), (65) the Lyapunov function is proposed. Then all the properties in
Assumption 1 are proven for this function: equation (66) implies (20a), equation (69) implies (20d), equation (70)
implies (20b) and the remainder of the proof is used to show that (73) holds with ¢; and v* independent of a. and
k. This last fact implies (20c) with A\ and A7 having the properties summarized above. It is emphasized that when
xr € F (equivalentely 6 € Oy), the Lyapunov function that we select is the patching of three pieces, so the proof of
(73) is carried out analyzing separately the three pieces, one by one. More specifically, for each piece first the useful
inequalities (75), (77) and (79) are derived, respectively, and then these three inequalities are used to show (73) in the

three remaining items of the proof.

The Lyapunov function used here is defined along similar steps as those carried out in the proof of Theorems 3
and 4. In particular, consider the same common step used at the beginning of Section 8.2 and the polar coordinates
proposed in (41). Then, relations (43) will hold but instead of (44) we will use the following candidate Lyapunov

function:
V(&) = r(2)*0(0(2)), (64)
where ¢(-) is defined as
min{\/act®(0.(0)), /15(0.(0)), Vo3t(0.(0))}, if 6 € Oy,

90(9) = 2 2 (65&)
smal(G) + C022(0)7 ifo e @jy
0.(0) := mod,(0)+ v(3/4m — mod,(0)), Vo € Of (65b)
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9, if 6 € [29g,7r + 20;) . .
where ¢(0.) := —tan(6.), mod, () := and 6. corresponds to a slightly inflated
0 —m, if9€[7r+295,27r+295).

version of 0 in the set ©¢. Choose now 0z = ﬁ and after some computations, it can be verified that for all

0 € Op, t(0:(0)) >t (0 (5 —260:)) = O((*g and t(0.(0)) < t(f.(w + 20:)) = “E*)) so that for any arbitrarily
11 s =
small selection of v > 0 and given the selection above for 6z, there exist suitable constants ¢,,, @ > 0 such that the

function (65) satisfies the following bounds:
em|Z|® < V() < pu|F* Vi € R?, (66)

Finally, a; and ay are selected in the same exact way as in Step S2 of the proof of Theorems 3 and 4 to ensure
continuity of ¢(-).

Since the selection in (65b) is continuous and all trigonometric functions are continuous too, then there exist
K functions (namely continuous functions that are zero at zero and strictly increasing) ¢(-), and d(-) satisfying the

following bounds for all § € O:
[in(0)] < (1+€0) sin(@(0))], | cos(®)] < (1 + £(v))]| cos(6.(6))],
0(v) > |sin(0) cos(f) — sin(0.(9)) cos(fe(0))]-
Since §(-) is a class K function, then it is possible to choose v small enough so that the following bound holds:

S(v) < A=0.)y/bybe (68)

2a.

In particular, without loss of generality, we assume in the following that v < v* := min{0.1, 4}, uniformly over all
selections of a. and k = b,b., where vy is any positive number satisfying ¢(v;) < 1.

Note that the bound (68) imposes that v should become smaller as a. grows larger. Therefore also 6z (namely,
€) should become smaller for (66) to hold and consequently, the strict decrease at jumps given by 7 will also become
smaller. By Theorem 6 this also implies that the time regularization constant p will become smaller. Nevertheless,
according to the statement of this theorem, the L5 gain will converge to zero in the sense of Definition 2.

Regarding the jump properties of V(+), since t(0.(0)) = — tan(0.(0)) is a strictly decreasing function of 6, then the
three terms in (65a) are all decreasing in © and V() < 0 for almost all § € ©. Therefore, applying Claim 1, there

exists 7 < 1 such that the following strict decrease at jumps holds:
V(A.Z) <nV (i), VieJ. (69)

Consider now the derivative of V' along the systems dynamics and note that, using (43), similar to (49), the

following bounds hold for almost all z € R? and all d:

< VV(%),AZ + Bd > 2r(2)p(0(%)) < Vr(Z), A% + Bd > +7(2)*Ve(0(3)) < VO(Z), AT + Bd >

= 2037 (A% 4 Bd) + Vil JT (A% 4+ Bd)
(70)
= <,0(2ch9%12j + 20,32 + 27,d) + ch(\/bpbc(if, + 32) — (ae — ap)Tpiy + Trd),

< NV(@) + Mlilld
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where we have omitted the dependence on z, and where A3 and A\, are large enough constants which always exists
because |¢(0)| and |[V(0)| are bounded for all 6.
When only focusing on the directional derivative of V(-) in the flow set, the bound in (70) can be improved as

follows. First note that combining terms and by completion of squares, the third line in (70) leads to

N - d?
< VV(2),A% + Bd >< r? (290(%83 +accd) + Vo(y/bpbe — (ac — ap)soce) + €qp’s? + (V<p) ) + =
d
d2
r’ (QSO(\%I + accd) + Vol /Bpbe — acse) + [Vl (1 + L)) |ay|se| + 5(v)lac]) + cap® + 2 (VSO) (1+ €(V))2C2> +o
2
=72z 4 d—, (71)
€d

where we have used (67) and the shortcuts sg, s, cg and ¢, respectively, for sin(6(z)) sin(f.(0(z))), cos(6(%)) and
cos(0.(0(z))), respectively. Moreover, the dependence of r, ¢ and V¢ on & has been omitted for the sake of conciseness.
Finally, the positive number €4 is used in the completion of squares. Its selection will be clarified next.

The rest of the proof amounts to showing that for sufficiently large a., given a suitable selection for ¢, (independent

of a. and uniform over arbitrarily large values of k = b,b.), the term z in (71) satisfies
2 < —kp\/acs?, (72)

where k, = min{3, 3./bpb.}. Using (67), and since (71) holds for all of the three pieces of V in (65a), then for all d
and for all Z in the flow set

_ . 2
max vl (A% r2sin a —
3y AR S ()R Okt .

< () syl 4+ L
d

where v* is the uniform upper bound on v introduced above.

Combined with (66), (69) and (70), equation (73) can be used in Theorem 6 to show that as a. (and possibly also
14+ 4(v*)
Edkz\/a

k = b,b.) approaches infinity, an estimate of the Lo gain is given by , which approaches zero, as to be

proved.
To show (72), note that the upper formula for ¢(¢) in (65) (which applies to the flow set), leads to the following

selections in three different and disjoint subsets of ©:
1. ©y1, where min{\/a.t>(0.(0)), /t°(0.(0)), Vo3t(0:(0))} = \/act?(0.(0)). In this set we have
= Va.t®; Vop=-3(1—-v)/at’c?, (74)
and as long as a. > 1, then the following bound holds:
Vact® <1, (75)

indeed, the fact that we are in ©; implies that \/@\/i <1 (otherwise we would be in © ). Therefore V<1
and t? < v/t < 1, which implies (75).

2. Oya, where min{ /a.t*(0.(0)), /t° ), Vo3t(0 = ./t° . In this set we have

o =15 Vp=-251-v)t"c? (76)
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and the following bounds hold (otherwise we would be in the sets © ;3 and © yq, respectively):

o <ol acvt > 1. (77)
3. O3, where min{,/a.t*(0.(0)), /t° ), Va3t(0e(0))} = Voi3t(0.(0)). In this set we have

=0 Veo=—(1-v)o'’c? (78)
and since we are in © f3, then o'® < !5 (otherwise we would be in © f5), therefore the following bounds hold:
o<t, <o i?<o? (79)

(where we also used o > 0, t > 0).

To show that (72) holds for large enough a.., we will use equations (74)—(79) and derive bounds for z in (71) in the

three cases, as shown next.
1. Substituting (74) in (71), re-arranging and using (75) and t = —s/c¢, we get
z < Vact® (=3(1 —v)ac + 2Jac] + (2 + 3(1 + £(v))?)]ay,|)
—3/act c? ( (1 —v)\/bpbe — 6(v)|ac| — ;,92 - W) .
Since s2 < 1, v <v* <0.1 and based on the bound (68), the equation above becomes:

2 < Vaot? (—3(0.9)ac + 2|ac] + (2 + 3(1 + £(0.1))%)]a,|) — 3y/act?c™? (0'9 V;pb - %d - W) .

2
The first term in brackets is then negative as long as a. > % |ap|. The remaining term will provide the

o\ —1 ST
decrease condition, as long as ¢4 < w/bcbp% (W) so that 22 prbc - (% - w) €q > bebp

2
Indeed, it will imply z < —3\/@t20_27“;°bp which, using ¢=2 > 1, leads to (72) with k, = %\/b b.. Note that

the bound on €4 is independent of a. and remains satisfied for a fixed €4 if the loop gain b.b, tends to infinity.
2. Substituting (76) in (71), re-arranging and using t = —s/c, we get
z < P (=25(1 —v)ac + 2ac] + (2+ 2.5(1 + £(v))?)|ay)
o5l 52 ( (1 = )\ fonbe — 8(v)|ae] — ;%tmsz ~ 2501 +2f(1/))26dt1.5> .

Since s2 < 1, v < v* < 0.1 and based on the first bound in (77) and the bound (68), the equation above becomes:

0.9/b,b. 2.5(1 2
2 <25 (=2.5(0.9)ac + 2lac] + (2 + 2.5(1 + £(0.1))2)]ay|) —2.5¢" ¢ > (2” - 2%01-5 - W&ﬁ) .

Picking ¢; < \/ZCTP (2+7(1+5£(0'1))2 01'5> _1, the right term in brackets is greater than zero and the arising negative
term can be disregarded. The remaining term will provide the decrease condition. This follows from picking
ac > 8(2+2.5(1+¢(0.1))?)|a,| and noting that, similar to the previous item, this is sufficient to bound the first
term in brackets by ,,ac Then using the second bound in (77) we get

1 5 1
2 S —gadt™? = —oac/acVit?

1 1
S _g\/act2 S _g (16827

37



where we used ¢=2 > 1. This proves (72) with k, = . Note that once again the bound on €4 is independent of

a. and remains satisfied if the loop gain b.b, tends to infinity.
3. Substituting (78) in (71), re-arranging and using ¢t = —s/c, we get

2 S oM (—(L = v)ae + 2acl(+ L)% + 2+ (L+€(1))?)|ay))

2
—gtPe? ((1 —v)/bpbe — 6(v)ac| — eqo'®s* — (A +4W))%a Egj)) cd 01‘5> )

Since 52 < 1, v < v* < 0.1 and based on the bound (68), the equation above becomes:

z < o't (—0.9a. + 2]ac| (1 + £(v))2c® + (2 + (1 + £(0.1))?)|a,|) —o e 2 <09 'Qbﬂbc - (1 + (IH;(V))Z> 01‘56d> .

2 -1
Picking ¢; < b4¢bp ((1 + %) 01'5) , the right term in brackets is greater than zero and the arising

negative term can be disregarded. The remaining term will provide the decrease condition. To show this, first
note that based on the second bound in (79) and since v < v* < vy, where £(v;) = 1, then 2|a.|(1 + £(v))?*c? <

2|a.|22072, therefore selecting o = 5, the following bound holds:

2a a 1
< glBy (20 G — +(2+(1 1))?
o< o< S Slad g + (24 (14 (0)Pla
< oM (=G @+ (1 H0))ay)
< _glspe
= g 4’

as long as a. > 4(2 + (1 + £(0.1))?)|a,|. Finally, using the first bound in (79), 2 can be bounded as z <
—tac.0'Pt < —0.250%%a,s% < —0.25,/acs? whenever a, > 1. This proves (72) with k, = § > §. Note that once

again the bound on ¢4 is independent of a. and remains satisfied if the loop gain k = b.b,, tends to infinity.

Based on the above items, the bound (72) is proved and the proof is completed.
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