Chapter 2
Definition of Reset Control System and Basic
Results

2.1 Preliminaries and Problem Setup

The main focus of the book will be on the use of single-input single-output reset
compensators having as reset condition the classical condition of zero input. There-
fore, the main goal will be to analyze and design reset control systems with linear
and time invariant base systems. This chapter will be devoted to the definition of
a reset control system, developing basic conditions for a system to be well-posed.
In addition, an analysis of the dependence of zero crossing instants with respect
to initial conditions will be given, showing the complex patterns that may result
depending on the dimension of the after-reset surface.

Consider the feedback control system of Fig. 2.1, where the system P, with state
Xp, is described by

X =A +B N 0)= 5
P) {Xp(f) pXp () + Bpu(t), x,(0) =xpo @.1)

() = Cpx, (1)

and the reset compensator R, with state x,, is modeled in principle by the impulsive
differential equation

{ X, (1) = A x.(t) + Bre(t) ife(r) #0,
(R (2.2)

X, (tT) = Apx, () ife(r) =0,

where x,(0) = x,0 and v(t) = C,x, (). Here n,, is the dimension of the state x,, and
n, is the dimension of the state x,. In addition, x,(¢T), or simply xj, is the value
X, (t+¢)withe > 0T, A o 1s a diagonal matrix with diagonal elements (A,);; = 0if
the compensator state component (x,); is to be reset, and (A,);; = 1 otherwise, i =
1,...,n,. In general, it is assumed that the first n; compensator state components
are not reset, and the last n, compensator states are reset or set to zero at the reset
instants ¢ in which the compensator input e(¢) is zero. Thus, n, =nj +n, and A,

is given by A, = diag(/,;, On,). For the particular case corresponding to n; =0
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Fig. '2.1 Reset controller R b d [ =i, lra 7
applied to an LTI plant —H | R s P
] I

and n, = n,, that is, if A, is the zero matrix, the reset compensator will be referred
to as full reset. Otherwise, it will be referred to as partial reset.

The closed-loop autonomous unforced system is given by e(t) = —y(¢), u(t) =
v(t), where by definition the closed-loop state of dimension n =n, + n, is

X = (’;P) (2.3)

The result is the closed-loop system (without exogenous inputs)

{ X(t) = Ax(t)  ifx(t) ¢ A,
(2.4)

x(tT) = Apx(r) ifx(t) e A

with x(0) = xo and y(r) = Cx(r), and where xo = (}"°), A= (_ g,pc,, B/';ff), Agp =
diag(ly,, Ap) = diag(l,,, (In;, On,)), and C = (Cp, 0).

Therefore, to complete the closed-loop system equations, the set .#, which will
be referred to later as the reset surface, needs to be defined. Another set, the after-
reset surface .# 4, also plays an important role in the definition of closed-loop sys-
tem solutions. Note that reset actions occur when the state x(¢) contacts the re-
set surface .# at some instant ¢, that is, x(¢#) € .#, and then the state jumps to

ARX(t) € M. In general, the set .# g will be defined as
Mo =F(AR) NN (C), (2.5)

where Z(X) and 4/ (X) stand for the image and the null subspace of the linear
operator given by the matrix X, respectively. Thus, .#Zz is the set of states x that
belong both to the null space of C (and then the output is y = Cx = 0) and to the
image space of Ag (they are the after-reset states). In addition, the set ./ is defined
as

M =N (C)\ My (2.6)

where the after-reset states are removed from the reset surface. Otherwise, an infinite
number of resets would be produced after a reset action; in general, the reset system
(2.4) can exhibit rather complex behaviors that have been referred to as beating or
pulse phenomena in the literature on impulsive systems [1, 10]. They are related to
the fact that reset instants may not be well defined or may not be distinct; in addi-
tion, even if the reset instants are well defined and are distinct, they may converge
to a finite number and then the reset system exhibits Zenoness. This topic will be
analyzed in detail in Sect. 2.2.2; however, a common solution in practice to avoid
these behaviors is to use time regularization.
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A time regularization solution can be simply constructed adopting the scheme
proposed in [12]: the system (2.4) is modified including a temporal restriction over
the reset instants by simply avoiding resets if some minimum time between resets
A, has not passed. Thus, the closed-loop system will be described by

Ay =1, %)= Ax(1), x(t) ¢ M)V (A< Ap),

(2.7)
AT =0, x(t)=Arx(t), x@)e.H)N(A> Ap)

with A(0) =0, x(0) = xp, and y(¢#) = Cx(¢), and where the reset action is only
performed if the state x(¢) contacts the reset surface ./ at some reset instant ¢, j =
1,2,..., and in addition every reset interval Ay = t; — fx— satisfies Ay > Ay,
k=1,2,..., where A, > 0is some given constant.

2.1.1 Reset Control System Solutions

The reset control system given by (2.4) or (2.7) is a special class of a system with
impulse effects, or an impulsive system. There is a large literature on impulsive sys-
tems [1, 5, 8, 10, 11, 14]. Most of the work has been done in the area of systems
with impulses at fixed instants, or systems with impulses dependent on the state.
The case in which reset and after-reset surfaces are time independent, which is usu-
ally referred to as autonomous impulsive systems, has attracted considerably less
attention in spite of being relevant for engineering applications including control
systems, this being the case of reset control systems. The framework developed in
[8] will be (partly) adopted here. The LTI system described by the first equation in
(2.4) will be referred to as the linear base system, or simply the base system, while
the second equation in (2.4) will be referred to as the resetting law.

Let  C R” be an initial conditions set, and .%y, < [0, 0o), with Xg € R”", a dense
subset of [0, 00) such that _Zx, = [0, 00) \ %, is a countable set with a finite or infi-
nite number of elements; in fact, this set will be the set of reset times corresponding
to the initial condition xg. In general, an initial condition Xy may produce a finite
or infinite number of resets, depending on whether the set _Zy, is finite or infinite.
A function x : [0, 00) X Z — R”" is a solution to the reset control system (2.4) if the
following conditions are satisfied:

1. x(-, Xq) is left-continuous in ¢, that is, lim,_, ;- X(t, Xg) = X(¢, Xg) for all xg € ¥
and 7 € (0, 00).

2. x(-, xp) is differentiable in ¢, and % = Ax(t,Xo), for all t € Fy,.

3. x(t1,x0) = Apx(t, x0), forall 1 € gy, .

In addition, functions 7 : Z — [0, 00), k=1, 2, ..., are defined such that 7 (X¢)
is the kth reset instant of the solution x(-, Xg). Therefore, functions Ay : R" —
[0,00), k=1,2,..., are defined such that Ag(xg) = % (Xg) — Tx—1(Xp) is the kth
reset interval, with 79(xg) = O for any xg € R". The following result is directly
adapted from [1] with minimal effort.
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Proposition 2.1 For any initial condition Xo € 9, assume that t|(Xg) < 12(Xg) <
s < T (Xg) < -+ -, and T (X0) = 00 as k — oo, then there exists a unique solution
x(-, Xg) (X(-) in short) to the reset control system (2.4) that can be written in the
form x(¢t,x0) = W (¢, X0)Xg for t > 0, where the transition matrix W (t, Xo) is given
by

W(z,Xo) = eA(t—rk(Xo))AReA(rk(Xo)—rk_l(XO))AR . ..AReA” (x0) (2.8)
fort € (tx(x0), Tky1(X0)].

Proof Since reset instants are directly determined by the initial condition, for a

given initial condition xg € & and its reset instants #; = t;(Xg),k = 1,2,..., the
system (2.4) is an impulsive system with impulses at fixed instants 71, f2, . .., where
by assumption 0 =ty < t; <t < ---. A direct application of Theorem 3.6 and
Corollary 3.2 in [1] gives the result. 0

Note that in general if the formulation (2.7) for reset system is used then the
reset intervals are lower-bounded by the time regularization constant A,,, that is,
Ar(xg) > Ay, k=1,2,... for any x¢ € R, and thus the assumptions of Propo-
sition 2.1 are clearly satisfied. If time regularization is not performed, deadlock
and beating could be present if 1441 (Xp) = T« (Xo) for some initial condition x¢ and
some k; or even a Zeno solution may be obtained if 74 (x¢) < oo for k — oo.

Alternatively, if the initial instant is #o 7 0 and the initial condition is x(#9) = X,
then a solution x(¢, #g, xo) is defined in a similar way.

In Sect. 2.2, a detailed analysis of beating, deadlock, and Zeno solutions in the
reset system (2.4) will be given. It will be shown that under mild conditions it does
not have these behaviors and that time regularization is not necessary to have well-
defined solutions for forward time.

2.1.2 Characterization of Reset Intervals

An important question that has not been previously approached in the reset control
literature is the analysis of reset instants for a given reset control system. For ex-
ample, given the base system of (2.4), it is not evident if every initial condition will
cross the reset surface .# at some finite instant. Usually, since at least a reset action
is wanted for initial conditions in some set &, a common practice is to design the
base closed-loop system to have a pair of dominant complex poles, and thus to force
crossings after some arbitrarily large time.

In the following, it will be shown that this practice is, in fact, theoretically sup-
ported, and in addition an upper bound over resets intervals will be computed. In
general, the problem of computing crossings of the solution of a linear system gov-
erned by x(¢) = Ax(t), with an initial condition x¢ € R, with a given hyperplane,
is a particular instance of the reachability problem for linear systems. In general,
for arbitrary values of the state matrix A, it has been shown to be an open problem,
referred to as the continuous Skolem—Pisot problem [4, 9]. As discussed above,
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this is a central problem in reset control where a base system has to be designed for
the reset system to perform crossings with a reset surface.

For the analysis of the crossings with the hyperplane defined by the row vector C,
that is, the instants ¢ > 0 at which Ce4’ xo = 0, it is convenient to use the equation
CeATADix) — (O for some A € R, obtaining the same results [4]. This is a simple,
but key simplifying result because all the eigenvalues of A can be assumed to have
non-positive real parts without loss of generality, for some A properly chosen. In
addition, it has also been shown [4] that if for some initial condition X the matrix A
does not have dominant real eigenvalues and (A, C, Xo) is reduced, the continuous
Skolem—Pisot problem always has a solution for that initial condition.

By definition, an eigenvalue of A is dominant if it is the rightmost placed eigen-
value of A in the complex plane. In addition, the term Ce“’x can always be split as
CeA'xg = y|(t) + y2(t), where by definition the dominant term y; (¢) is not identi-
cally zero if (C, A, X¢) is reduced, and in addition y,(¢) tends to zero exponentially
fast as ¢ increases. This means that a reset control system with such a matrix A will
always produce crossings for the initial condition xo. Note that the set of states xg
for which (A, C, xo) is not reduced has a linear subspace structure, and will be re-
ferred to as Z. Note that if the modes corresponding to dominant eigenvalues are
unobservable then (A, C, Xg) is not reduced for any xo € R”, and thus & = R",
but in the case they are observable, (A, C, Xo) may not be reduced for some initial
condition Xy € R”, and in general Z is not the empty set.

In general, if the matrix A € R"*" has eigenvalues A{, A2, ..., As; such that k; =
index(A;), then it can be expressed as

01 s
A=(P ... P [ =) Pionos. (2.9)
Qx i=0
where J is the Jordan form, and J(%;) the Jordan segment associated to the eigen-
value A;. In addition, for a function f : R — R such that f(X;), f'(A), ...,

f (kf")(ki) exist for each i = 1,...,s, the value of f(A) can be determined by
using a generalization of the spectral theorem for non-diagonalizable matrices

) k,’—l (j) )\’ )
fay=x > %(A—kil)fGi, (2.10)

i=1 j=0

where G; = P; Q; is the spectral projector corresponding to the eigenvalue ;.
In the case in which the matrix A is diagonalizable, the expression of f(A) is
much simpler since index(A;) =1, fori =1, ..., s. In this case,

fA)=)" fO)Gi, @.11)

i=1

where in addition the spectral projectors are simply given by G; =v; WiT, with v;
and v; being the right-hand eigenvector and the left-hand eigenvector corresponding
to the eigenvalue A;, respectively.
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In the following, it will be shown how a reset control system produces an infinite
number of resets, and that the reset intervals are upper-bounded, if the base system
does not have real dominant eigenvalues.

Proposition 2.2 Consider the reset control system (2.4), where the matrix A does
not have real dominant eigenvalues, and a nonempty closed set of initial conditions
2 CR" \ #, then reset intervals are uniformly upper-bounded, that is, Ay (xo) =
Tkr1(x0) — e(x0) < Apm, k= 1,2,..., for any xo € 9 and some finite constant
AM > 0.

Proof 1t is assumed, without loss of generality, that A has dominant imaginary
eigenvalues. The case in which A has a pair of dominant eigenvalues will be
considered in the following (with multiplicity not necessarily equal to one), the
more general case of multiple dominant eigenvalues is a bit more involved but
follows a similar reasoning. The eigenvalues of A are ordered in such a way that
its spectrum is 0 (A) = {Ay, Ao, ..., As} = {if1, —iB1, a3 +iB3, ..., a5 +ifs}, and
a; <0,/=3,...,s.Inaddition, let k;,[ =1, ..., s, be the index of each eigenvalue.
Then, the output y(¢) of the reset control system can be expressed (using (2.9) and
(2.10) for computing e4?) as

vkll])\]l‘

y(z)—ZZ

=1 j=0

C(A — M1) Gixo, (2.12)

where Gj is the spectral projector associated to the eigenvalue A;. It can be split in
two parts as y(t) = y1(¢) + y2(t), where

2 ki— ll] it .
nwo=>y Z C(A—ipiD)! Grxo 2.13)
I=1 j=0
and
s k= 1t]eot1t ipt )
=YY ———C(A—(a+iB)D) Gixo. (2.14)
=3 j=0

Here y,(¢) tends to zero exponentially fast as ¢ increases since oy < 0,/ =n +
I,...,s, and thus it is clear that for any &y > 0 it is always possible to choose an
instant 7, large enough such that |y2(¢)| < €2]|xo]|, for t > ;.

In addition, defining constant matrices Z;; = ZI;Z 01 m € C and matrix

polynomials P;(t) = (Zki 1
expressed as

Z; /tf ), the dominant term of the output y(¢) can be

y1(t) = C(Pi ()P + Pr(t)e™P")xg
= C(Py,g(t) cos(B1t) + Py (1) sin(B11))Xo, (2.15)
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where P> (t) = Py (t), P1.r =2Real{P1}, and P; ; = 2Imag{P;}. Now, for instants
tm = m%—’f, with m € N, the value of the dominant term is given simply by y; (t,,) =
C Py r(tm)Xo, and since (C, A, Xp) is reduced for any xo € &, and 2 is closed,
there must exist some lower bound &1 > 0 such that |y;(#,)| > €1llxo]|, for any m
and xg € Z. This can be shown by contradiction, if it were false then it would exist
a sequence of states {xo1, X02, ...} = xo such as forany ¢ > 0, ||C Py r(¢)xon|| = O
as n — o0. Thus, since & is closed it must contain a state xo such as (C, A, xq) is
not reduced, which is a contradiction. Also note that for an m large enough, the sign
of y1(#) is constant for m > m; (for example, choosing #,,, as the Cauchy’s bound
of the roots of the polynomial C Py g(#)Xp). It will be assumed that y;(#,,) > 0,
otherwise t,,, = m%, m € N, may be chosen. Therefore, it is possible to find a large

Y2(tm)
Y1 (tm)

true that y(,,) = y1 () (1 + %) > 0, provided that t,,, > max{t,,,, f2}. A similar
reasoning may be applied to show that y(s,) < 0, with #, = nZ, for some 7, >
max{t,,, 12}, where n; is computed in a similar way. As a result, the output of the
reset system y(t) = C eAx, for some initial condition x € R”, is equal to O for t <
tm, with the upper bound #,, being independent of the initial condition ||Xo||. Then,
since the reset action is only active for ¢t > A, A1(X0) =11 (X0) < A+t =: Apy.
Obviously, the rest of the reset intervals are also upper-bounded by Ay, and thus
the proof is complete. O

ellxoll _

enough instant ¢, such as &, < ¢1 and thus | Xl =

| < z—f<1,andthenitis

2.2 Zenoness, Beating, and Deadlock

In control practice, it is required that the reset control system solutions x(¢, Xg) be
well defined in the sense that they exist and are unique for any ¢ > 0, as given in
Proposition 2.1. As it has been previously discussed, this may be complicated by the
fact that these solutions may exhibit complex phenomena such as non-continuability
of solutions or deadlock, beating or livelock, and Zenoness. These concepts will be
used as defined in [8]. Deadlock occurs when the state x(¢) cannot evolve in time
because no continuation, continuous or discrete, is possible. To avoid deadlock, a
typical assumption (adapted from [8]) is that

(A1) Vx(t) € #5, e > O such that V8§ € (0,¢) x(t + ) ¢ A,

that is, the after-reset states evolve with the continuous base dynamics for some
finite time interval. Beating appears when the system solution encounters the reset
surface after resetting, which in our case is simply avoided by assuming that

(A2) Mg A =10,

that is, assuming that the after-reset states are not elements of the reset surface.
Finally, a Zeno solution exists if a system solution has infinitely many reset actions
in a finite time.

By definition, the reset control system (2.4), with sets .#Zg and .#, is well-
posed if it satisfies conditions (A1) and (A2) (and thus it does not exhibit beating or
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deadlock, but Zeno solutions may exist in principle). Note that in the reset control
system (2.4), the reset action occurs at the instants ¢ at which the output y(¢) is zero.
The set .# g is defined as in (2.5), that is, as the set of states that belong both to the
null space of C (and then the output is y = Cx = 0) and to the image space of Ag
(they are the after reset states). In addition, the set .# will be defined as in (2.6),
where the points that are the after-reset states are removed from the reset surface to
satisfy condition (A2), otherwise an infinite number of resets may be produced after
a reset action, and beating would be present.

2.2.1 Well-posedness: Beating and Deadlock

To have well-defined solutions to the reset systems as given in last section, reset
instants have to be well defined and distinct. In general, two phenomena that have
to be avoided are deadlock (non-continuability of solutions), and beating or live-
lock. Another important type of solutions like Zeno solutions will be treated in next
section. In general, a reset control system as defined by (2.4)—(2.6) does not exhibit
beating, once the surfaces .#g and .# are defined according to (2.5) and (2.6),
respectively. On the other hand, additional assumptions have to be made to avoid
deadlock.

Proposition 2.3 The reset control system (2.4)—(2.6) is well-posed if the after-reset
surface Mg is a subset of the observable subspace of the linear base system, that is,

Map N N (Opase) = {0} (2.16)
where
C
CA
ﬁbase =
CAn—l

Proof Beating is avoided by defining the after-reset surface .#y by (2.6). Thus, the
proof is centered around deadlock. In general, given any initial condition xg € Z, the
reset surface .# is first contacted at the instant #; = 7;(X(). Then the reset instant
11 is simply given by f; = inf{t > 0|x(¢,Xg) € .#}, and thus is a solution of the
equation C eAl'xo = 0. In addition, it must be true that eA"1x, ¢ Z(AR) according
to the definitions of the after-reset and reset surfaces as given by (2.5) and (2.6),
respectively. For simplicity, consider first that the closed-loop state matrix A has
distinct eigenvalues, then the matrix exponential may be computed by using the
Caley—Hamilton method, that is,

eAt] =apl —|—O{1A+"'+0(n—1An7]» (2.17)
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where «;, i =0, ...,n — 1, are given by

M = gy + ajh +"'+an—1)»’1'_1,

el = g+ oiry+ - +Oln_1)»g_l,
(2.18)

M =ag+ ik + a1k
Using the vector notation AT = (A1 A2 ... A,), @ = (g @] ... ay—1) and €M1 =
" etilie;, where e; stands for the unit vector (0 ... 010 ... 0) in which the
ith component is 1, (2.18) can be compactly written as

M =v)a, (2.19)

where V(1) is a (nonsingular) Vandermonde matrix. Now, by eliminating & from
(2.17) and (2.19) the equation 0 = CeAlixy is transformed into

C

0=a’ 4 X0 = U
= . 0= e (X) OpaseXo, (2.20)

CA.n71

where U(A) = V(A)~!. Now, if condition (2.16) is satisfied, then the right-hand
side of (2.20) is an analytical function (in fact, a sum of exponentials) that is not
zero for all + > (0. As a result, it has no isolated zeros, and then the reset instant
t1 is lower-bounded. In other words, solutions of (2.20) may not be obtained for
arbitrarily small values of the reset instant #{, and thus deadlock does not occur if
condition (2.16) is satisfied.

In the case in which the eigenvalues of A may be repeated, a similar ar-
gument may be applied. Note that ¢4’ may be written as the infinite series

D(A) =372, l, . Thus the polynomial D(A) = > "2 )L;—,ti can be factorized as
D(A) = QM)P(X) + R(A), with R(A) = 0, or deg(R) < deg(P) = n. In addi-
tion, R has degree no greater than n — 1, and thus R(A) = Z;’_(l) o ])L Since

the characteristic polynomial is zero for the eigenvalues of A, D( x) = R(Ay) for
k=0,1,....n — L. And then D) = Y% Ml = M = R(ay) = Y1 b ]
fork=0,1,...,n— 1. This can be compactly expressed as VT(X)ot = e"’l, and the
expression (2.19) is obtained.

Now, if A has r different eigenvalues with respective multiplicity order n;, and as
a consequence the characteristic polynomial is p(A) = ]_[lf=1 (A — X))™, then again
there exist unique polynomials Q and R such as D(A) = Q(A) P(A) + R(A) where
D\ = e“' and R =0 or deg(R) < deg(P). Here R can be expressed as R(A) =

" (} a; A, where the coefficients are unique. Since p and its derivatives up to order
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n, are zero at A;,

d’D(i)  d/R(%)
dvi dad

=1,2,...,,Vj=0,1,...,n — L. 2.21)

This can be expressed by u = Wa, where

r ni—1

=3 et @e;nl, (2.22)

i=1 j=0

r ni—1 i

’ RERAVN

W=[> ) ewef 5 )
i=1 j=0 I

(2.23)

By using arguments based on the Lagrange—Hermite interpolation problem, it
can be shown that, in fact, the matrix W is invertible. And then an expression sim-
ilar to (2.20) may be obtained. Using similar arguments as those after (2.20), the
proposition is proved for the general case of repeated eigenvalues. O

Obviously, a reset control system will be well-posed if the base linear system is
observable. But some unobservable base linear systems can also define well-posed
reset control systems. Therefore, note that in the proof of Proposition 2.3 no par-
ticular structure of the matrices A, C, and A has been used. Thus, the result is in
general valid for any reset system given by (2.4) with arbitrary values of those matri-
ces. In the following, two examples corresponding to an ill-posed (not well-posed)
reset system and a well-posed reset control system are given.

2.2.1.1 Example (Ill-posed Reset System)

This example is used in [12] for analyzing some weak points in the definition of
reset systems given in [3]. Consider a reset system (2.4) with the following system
matrices

-1 0 0 1 00
A=l 0 -1 -1], Ar=10 1 0], C:(IOO), (2.24)
0 1 -1 0 0 0
where in addition the sets .#4 and .# are defined according to (2.5) and (2.6) as
Mo =R(AR) N A (C) =span{(0,1,0)"},
and

M =N (C)\ Mg =span{(0,1,0)", (0,0, ) }\ span{(0,1,0)" }.

Note that this reset system cannot be realized as a control reset system with the
structure of Fig. 2.1.
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In [12], it is correctly argued that for any initial condition xg = (0, a, 07 e . #y,
the solution is ill-defined since the continuous dynamics makes the system instantly
evolve to the set .#g and then the system instantly resets once the reset surface
is reached, making infinitely many resets without leaving the reset surface; in fact,
there is deadlock. Note that this is due to the fact that the after-reset surface .#Z is
a subset of the unobservable subspace of the linear base system, which is given in
this case by

C 1 0 0
N CA =4l=1 0 0] |=4(C)D #. (2.25)
CA? 1 00

2.2.1.2 Example (Well-posed Reset Control System)

This example, adapted from [3], shows how an unobservable linear base system
may define a well-posed reset system, as long as the unobservable subspace does
not contain after-reset states. Consider a reset control system (2.4)—(2.6) with

0 0 1 100
a=[1 —02 1|, ag=|0 1 0|, c=(010) (226
0 -1 -1 000

that has an unobservable mode corresponding to a stable pole-zero cancellation in
the linear base system, where the plant has a transfer function P(s) = %, and

the base compensator is C(s) = ﬁ (corresponding to a first order reset element—
FORE). In addition, the after-reset and reset surfaces are given by .#Zg = Z(Ag) N
N (C) =span{(1,0,0)7} and .# = A (C) \ M5 = span{(1,0,0)T, (0,0, DT} \
span{(1,0,0)7}, respectively. In this case, the set .#z is not a subset of the linear
base system unobservable subspace given by

c 0 1 0
N CA =N 1 —-02 1 =span{(1,0, —1)"}.
CA? —02 —0.96 —0.2

As a result, Proposition 2.3 may be used to ensure that the system is well-posed.
Figure 2.2 shows the system solutions corresponding to two initial conditions.

2.2.2 Zeno Solutions

In principle, the reset control system (2.4) may exhibit Zeno solutions even in the
case where it is well-posed (assuming that condition (2.16) is satisfied). Zeno solu-
tions are solutions to (2.4) that have an infinite number of jumps in a compact time
interval. However, as it will be shown in the following, condition (2.16) is sufficient
to avoid the existence of Zeno solutions.
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Fig. 2.2 System solution for the well-posed reset system example

Proposition 2.4 The reset system (2.4)—(2.6) does not have Zeno solutions if # g N
W(ﬁbase) = {0}

Proof The basic idea of the proof consists of showing that the reset system (2.4)—
(2.6), with an initial condition in .#z, can only have finite sequences of reset in-
tervals Ag,k=1,2,...,m —1suchas A, < A,_2 <--- < Ay = ¢, for some
¢ > 0 arbitrarily small but fixed, and some finite positive integer m. In fact, in the
following it will be shown that at most there will be sequences of length m — 1, with
m being the dimension of the after-reset surface .#z.

Without loss of generality, it is considered that the plant state equations (2.1) are
given in an observer canonical form, that is,

o0 --- 0 —ap bo
1 0 --- 0 —di b1
Ap=1|. . . . . . B,=| . |. C,=(00...1),
o0 --- 1 _anp—l bnp—l
(2.28)
then C = (0,0,...,1,0,...,0) and thus
C 0 0 -+ 0 0 1 o ... 0
CA 0 0 0 I —ay,—1 X X
ﬁbase: = . S
CA™! 1 —ay,1 -+ X X X X - X
(2.29)

where X stands for a non (necessarily) zero term.
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For simplicity, the case of full reset is approached at first. Thus, an after-reset
state X € .#Z g is given by

X= (X122, oy Xy =2, =1, 0,0, 0)F (2.30)

for some values xq, ..., x, ,—1€ R, with n, being the number of plant states. Thus,
m = np — 1 in the case of full reset.

Let us start with the case m = 1, which corresponds to second order plants and
full reset compensators of arbitrary order. In this case, if the reset control system
is well-posed, it is well known that the reset is periodic after reaching the set .Zz
from any initial condition; thus starting from .#g, the reset will be periodic and
Zeno solutions are not possible. In fact, there exists no initial condition in the set
M that contacts . in an arbitrarily small time since reset intervals are constant.

The case m = 2 is analyzed in the following. Consider an initial condition xo =
x! e M, that is, x! = (x1,x2,0,0,..., O)T. If the solution x(¢, 0, xl) contacts the
reset surface .#Zg at time #; = 1, thus A| = &1, for some ] > 0 arbitrarily small,
then

2
&
0=Ce?'x' =Cx' +6,CAX' + 7‘CA2x‘ 4o (2.31)

Since the control system (2.4)—(2.6) is well-posed, the right-hand side of (2.31)
is not identically zero for any x' € .#%. Now using the special structure given in
(2.29), one obtains

0=x+ %lxl +0(e2), (2.32)
where the terms of order 812 and higher maybe be neglected, in principle. Note that
for (2.32) to be satisfied for an arbitrarily small £; > 0 it must be true that x; # 0
and xo # 0.

In addition, the following after-reset state x2 is given by XX=A rX(11,0, xl) =
(x1+ 0(8%), X2 +e1x1+ 0(8%), 0,0,..., O)T. Repeating the argument, the solution
x(t, 11, x2) will again contact .# at the instant 1, = f; + Ajp. If Ay =&, <& for
some &7 > 0, then it is verified that

&
0=x2+e1x + szl +0(d), (2.33)

where the properties 0(8%) = 0(8%) for ey < ¢ej and O (ke) = O (¢), for a real con-
stant k, have been used. Now, using (2.32) and (2.33), the result is that given some
&1 > 0 arbitrarily small, ¢, = —¢&1 + 0(8%) < 0, which is absurd. Thus, by con-
tradiction it is true that &y > €1, and thus any initial condition in the set .#g that
produces a first reset interval &; > 0O arbitrarily small, gives a larger second reset
interval g5 > 0. Thus Zeno solutions do not exist in this case either.

In the rest of the proof, the terms O (¢{") are directly neglected for simplicity. For
the case m = 3, consider an initial condition Xy = x! = (x1,x2,x3,0,0,..., O)T S
M. Applying a similar argument, the result is now that if a sequence of decreasing
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reset intervals {e1, €2, €3} exists, with ] > &3 > ¢3 > 0 and &1 being arbitrarily
small, then

2
€1 &7
— — :O’
X3+ 2X2+ 6x1
2 2
& & £1€2 &5
£ L8 B =0, (234
m+<a+2)n+(2+-2 +6)m (2.34)
P e1+6)2 (61 +&)ey &2
m+<m+a+§>m+clzz)+(l2”3+§>M=Q

and now, eliminating x1, x», and x3, after some computation, ¢3 is given as a func-
tion of 1 and &, by the second order equation

(e1+e2)e2 + (21 + 262)e3 + 83 =0 (2.35)

having the solutions €3 = —&2 < 0 and ¢3 = —(¢1 + €2) < 0, which is a contradic-
tion. Thus, no initial condition in .#g can produce a sequence of resets intervals
that converge to zero, and again Zeno solutions do not exist for the case m = 3.

For the general case in which the dimension of .#Z is m, with initial state xg =

(m+ 11— —k)!

1

x! = (x1,x2,...,%,,0,0,...,0)7, asimilar reasoning results in the set of equations
m 8;,1_1
27( +1_k)'xk=0,
=1 m .
m i 8£n—181i—k
SN =0,
i=1 k=1 ’ ’ (2.36)
mo i m—i i—k
e 1+ -+ Em—
m ( 1 m 1) Xk =0,

1 k=1

which results in an algebraic equation of order m in &,,, with the solutions ¢, =
—&m—1>&m = —(Em—1+ &m—2)s ..., &Em = —(€m—1 + €m—2 + - + £1). And again,
a sequence of reset intervals {e1,&2,...,&,} With ey > e > --- > ¢, > 0 and ¢
arbitrarily small cannot exist, showing that a Zeno solution is not possible in the
full-reset case.

The case of partial-reset can be conveniently transformed into the full-reset form
by a change of coordinates, by a simple resorting of coordinates so that the bijectiv-
ity is guaranteed. We will consider the system structure decomposition by writing
the states as x! = (XIT,, X571, x;) where x,, € R"» stands for the states of the plant,
x; € R" for the non-resetting compensator states, and x, € R"» for the resetting
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compensator states. Define the linear transformation 7 from R” to R" such that

Xp Xﬁ
Tx=T|x; |=]|xp | =2, 2.37)
Xp Xp

that is,

Onﬁxn,, In,;xn,; On,;xnp
T = In,,xn,, On,,xnlg Onpxnp . (2.38)

Oanl‘lp Onpxnlg Iannp

Note that T is a square matrix, all of whose entries are O or 1, and in each row
and column of T there is precisely one 1. This means that 7 is a permutation matrix.
Clearly, such a matrix is unitary, hence orthogonal, so 77 = T~!. The nonsingular
matrix 7 allows us to rewrite the dynamical system via a similarity transformation
(congruence transformation):

z(t) = Az(t) ifz(t) ¢ A,
z2(17) = Agz(t) ifz(r) € A, (2.39)
y(t) = CT z(t) = Cz(v),

where A = TATT, AR =TARTT, and C =CTT7, and in addition the reset sur-
face is transformed into .# = {z €R" : TTz € .#}. Note that C = CT! = €n,+n;
so that the output is not changed by the transformation, i.e., y(t) = z, ot (1) as
expected. Henceforth, (2.39) is in full-reset form. Since observability is invariant
under similarity transformations, it is clear that (2.4)—(2.6) is well-posed if and only
if (2.39) is well-posed. Finally, to complete the proof it is necessary to show that the
observability matrix has the structure given in (2.29) (using state transformations
if needed). This is simply done by considering the substate z; = (:ﬁ ) In general,

there always exists a state transformation of z = (,2) tow= (;vpl) such that the
state submatrix corresponding to z; is in the observability staircase form, and thus
the observability matrix has the structure given in (2.29) once unobservable states
are eliminated. This concludes the proof. g

2.2.2.1 Example: Well-posed Reset Control System with Partial Reset

Consider a reset control system (2.4)—(2.6) where the plant, with state x, = (2), is
given by the state space model

A,,:(? _11> B,,:(é), c,=(01), (2.40)
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and the reset compensator, with state x, = (;‘Z) is given by

1 1
A,:<8 8) B,:<1), c=(1 1), Ap:<0 g)
(2.41)
that is, the reset control system has a partial reset compensator: it is a parallel con-
nection of an integrator and a Clegg integrator, where only the state x4 is set to zero

at the reset instants.
The closed-loop system is defined by the matrices

0 1 1 1 1 0 0O
1 -1 0 0 01 00
A=lo -1 0 of  Ax=[o o 1 of €=(0100),
0 -1 0 0 0 0 0O
(2.42)
and the closed-loop state x = (x1 x2 X3 X4 )T
This reset control system is well-posed, since
1 0 0
0 0 0
Magp = span ol | , N (Opgse) = span 1 , (2.43)
0 0 1

and then #Zg N N (Opgse) = {0}. Following the reasoning given in the proof of
Proposition 2.4, the closed-loop state x can be transformed into a state z in which
the observability matrix has the form (2.29). In this case, this is obtained with z =
(x3 x1 x2 x4)T. Thus, the initial conditions that produce a crossing in an arbitrarily
small time & > 0 are of the form z! = (1 —% 0 O)T, or equivalently,

& T
xlz(—zmo) . (2.44)
Now, the second after-reset state is given by
T T
x2:AReA8(—§OlO) :(%010) , (2.45)

and, according to Proposition 2.4, x> cannot produce a new crossing in a time less
than or equal to €. This fact can be verified by computing solutions to the implicit
equation 0 = Ce?'(a 01 0)7 for ¢, given a € R. The solution is shown in Fig. 2.3,
where t = 71 ((a 0 1 0)7) is given.

Note that for ¢ to have an arbitrarily small value, an initial condition x' in the
after-reset surface must have the form (2.44), that is, « = —e/2 in Fig. 2.3. Then, as
a result the state after the first reset x> has the form (2.45), that is, @ = +¢ /2 (see
also Fig. 2.3). And then the value of the second reset instant can be obtained from
Fig. 2.3. The result is that if the first reset instant is arbitrarily small, then the second
reset instant is arbitrarily close to 3.15.
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Cexpm(At) (,0,1,07 =0
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Fig. 2.3 First reset instant as a function of «

2.3 Reset Instants and the After-Reset Surface Dimension

In general, reset instants #; = 1x(xp), k = 1, 2, ..., can take different and complex
patterns for different initial conditions xo € &, and in fact this is a key property of
reset control systems since it determines the way in which the reset instants evolve
and also some important properties. For example, the fact that 71(xg) has a dis-
continuity in the example of the last section (Fig. 2.3) is directly related with the
non-existence of Zeno solutions.

A useful property is that functions 7 (xp) are homogeneous (of degree 0) since
Tk (@Xg) = T4 (X0), forany & > Qand k = 1, 2, ... . If the set of initial conditions is Z,
this means that the computation of reset intervals can be simplified, for example, to
those states that are elements of the unit ball (centered at the origin). On the other
hand, the set of not reduced states %7, as defined before Proposition 2.2, can be
obtained by using the spectral projectors of the corresponding eigenvalues.

In the rest of this section, it is assumed that the reset control systems are well-
posed and that their base systems have a state matrix A with a simple pair of com-
plex dominant eigenvalues A} = a1 +iB8; and Ay = 1 —if; (withindex 1). As far as
the computation of the set of not reduced states Z is concerned, it may be assumed
that oy = 0 without loss of generality. Thus, for an initial condition x( the output
dominant term before the first reset instant is given by (using (2.15))

yi(®) = C(Re{Gl}cos(ﬁlt) + Im{G} sin(ﬂlt))xo, (2.46)
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where G is the spectral projector given by G1 = v WIT, and v; and w are the right
and the left eigenvectors, respectively. Thus, the set & can be simply computed as

_ CRe{G1)
aer|(Cen))

where Re{G1} and Im{G} stands for the real and imaginary parts of G, respec-
tively. And thus the set of reduced states is given simply by R” \ Z.

The order of the reset control system, and in particular the dimension of the
after-reset surface, is key in the analysis of the reset instants, thus in the following
different cases corresponding to dimensions of the after-reset surface 1, 2, and > 3
are treated separately.

2.3.1 dim(A g) =1

In this case, since the after-reset surface has dimension 1, any initial condition
X( € /g can be generated by one vector u, that is, xo = ou for some « € R. Thus,
simply by using the homogeneity property of the functions # = 74 (x¢), k= 1,2, ...,
it is clear that 73 (Xo) = ¢ (0w) = 1% (u), that is, they are all constant functions over
the set .#, as long as (C, A, u) is reduced (otherwise there are no crossings). In
other words, starting from an initial condition in the after-reset surface, the reset
instants are periodic.

For initial conditions that are not elements of the after-reset surface, the first reset
instant is in general different. Using Proposition 2.2, if the reset system has a pair of
dominant complex eigenvalues then the first reset instant is uniformly bounded, that
is, ||t1(X0)|| < A, for some upper bound A > 0 and for any initial condition x¢ such
that (C, A, xp) is reduced. In the case in which (C, A, x¢) is not reduced, 71 (Xg) is
not necessarily bounded, that is, the initial condition may not cross the reset surface.

2.3.1.1 Example

Consider the reset control system (2.4)—(2.6) where the plant, with state x, = (g)
is given by the state space model

A,,:(‘l) _01>, B,,:(é), c,=(01), (2.48)

and the reset compensator, with state X, = x3, is given by
Ar=—1, B, =1, C =1, Ap,=0, (2.49)

that is, the reset compensator is FORE, and the state x3 is set to zero at the reset
instants.
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The closed-loop system is given by the matrices

0 0 1 100
A=|1 -1 o], Agr=|0 1 0], c=(010), (250
0 —1 -1 00 0

and the closed-loop state is X = (x] x2 x3 )T.
It can be easily checked that the system is well-posed since the base linear system
is observable. By definition, the after-reset surface is given by

1
MR = span 0 . (2.51)
0

Now, the subspace of not reduced states % is computed. The closed-loop state
matrix A has the eigenvalues A} = —0.12 + j0.74, A, = —0.12 — j0.74, and A3 =
—1.75. Thus, the reset control system has two complex dominant eigenvalues, with
their spectral projectors being

0.41-;0.28 0.15+ 034  0.12— j0.41
Gy=1]012-0.j41 029+ 0.14 —-0.16—j0.34 |, G, =G].
0.16 +j0.34 —0.27+j0.07 0.29+ j0.14
(2.52)
The subspace of not reduced states is % = .4 ((g Eﬁ}g: i)) which in this example
has dimension 1 and is given by

} —-0.41
Z = span 0.55 . (2.53)
0.72

Since, according to (2.51) and (2.53), every nonzero after-reset state is reduced,
it results in that the reset instants are periodic as discussed above. However, note that
if the initial condition is not an after-reset state, two types of solutions may occur
(see Figs. 2.4-2.5):

e solutions with no crossings if

—0.41
xo=o| 055 |,
0.72

for some real number o, and
e solutions with a first crossing at a finite time and then an infinite number of peri-
odic crossings.
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Fig. 2.4 Closed-loop output for three different initial conditions
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Fig. 2.5 Control input for three different initial conditions

2.3.2 dim( A z) =2

The case of dim(.#g) = 2 is slightly more involved since, as it will be described
below, the resets instants are not periodic in general, and a large variety of solutions
may appear regarding the number and structure of crossings associated to a given
initial condition. By simplicity, the particular case of a third order plant and a full
reset compensator is considered. Without loss of generality, consider an observer
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canonical form realization of the plant, that is,

00 —ao bO
Ay=|1 0 —a1 |, Bpy=|b1]. Cp,=(001). (2.54)
0 1 —ap b2

Thus an after-reset state x € .# is given by
x=(x1,x2,0,0,...,007 (2.55)

for some values (i;) € R2. Using again the fact that 7 = 74 (xg), k = 1,2, ..., are

homogeneous, for the systems solutions with an initial condition in the after-reset

surface it is enough to check the reset instants in some subset of R?, for example,
L . . s 6

Fh'e unit circle. Using polar coordinates (2) = (7)23:9), for p € [0, 00), 8 € [0, 27),

it is true that

pcos6 cos6
psiné sinf
u 0 =7 0 (2.56)
0 0
fork =1, 2,.... As aresult the reset instants are functions of the single parameter 6.

In general, the system’s solutions may exhibit no crossings, a finite number of
crossings, or infinitely many crossings. If the initial condition is an after-reset state,
that is, xo € .# g, no crossings or a finite number of crossings may occur if some of
the after-reset states are not reduced. Otherwise, an infinite number of crossings is
produced.

2.3.2.1 Example

Consider again the reset control system with a FORE compensator, with parameters
A, =-—1, B, =1, and C, =1, and a plant given by the state space model

0 0 —035
A,=[1 0 =240, B,=|1]. C,=(001). (2.57)
0 1 —435 0

The reset control system is well-posed since the base linear system is observable.
Using the parameter 6 as in (2.56), the function t; can be computed by solving the
implicit equation

cosf
CeA 5139 =0 (2.58)

0
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c &M (cos(8),sin(8),0,0) = 0
4 T T ]

Fig. 2.6 Reset instants corresponding to after-reset states as a function of the parameter 6

for #{ = 11(0). The result is given in Fig. 2.6, where it can be seen that the mapping
71 has a discontinuity at # = 7, and in addition it results in the reset instants being
uniformly bounded for initial conditions in the after-reset surface. This is due to the
fact that all the after-reset states are reduced, as it will be seen below.

The after-reset surface is given by

1 0
MR = span 0 ! (2.59)
REP ol']o :
0 0
and the subspace of not reduced states by
0.20 —0.81
5 _ CRe{G} _ 0.31 0.47
r=r ((CIm{Gl})) =spany o2 || —0.05 | [ (2.60)
0.16 0.35

thus it can be easily checked that .Zx N % = {#}, which means that all the after-reset
states are reduced. In Figs. 2.7 and 2.8, several simulations corresponding to differ-
ent initial conditions in the after-reset surface .#g are shown, including closed-loop
outputs and control inputs. Note that since the after-reset states are reduced, there are
an infinite number of resets corresponding to each initial condition, and as indicated
above, a bound over the reset intervals may be found.

In the case in which the initial condition is not an after-reset surface state, it may
occur that no crossings are produced. This is, in fact, the case for initial conditions in
the set Z given by (2.60). Otherwise, an infinite number of crossings are produced
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Fig. 2.7 Closed-loop output for three initial conditions in the after-reset surface
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Fig. 2.8 Control input for three initial conditions in the after-reset surface

in this example. Different simulations for not reduced initial conditions are shown
in Figs. 2.9-2.10
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Fig. 2.9 Closed-loop output for three initial conditions (not reduced)
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Fig. 2.10 Control input for three initial conditions (not reduced)

2.3.3 dim(A#Z z) =3

20

For higher order reset control systems, the functions t, k = 1,2, ..., depend on
more than one parameter, and in general they can be described by the values of 1
over the unit ball in R™, where m is the number of the after-reset states. In general,
the function 7; can exhibit an infinite number of discontinuities over that domain
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even in the case m = 2, resulting in very complex patterns of the resets instants as a
function of the initial condition. A detailed analysis of these patterns is still an open
issue. In the following, an example corresponding to a second order partial reset
compensator and a third order plant is analyzed.

2.3.3.1 Example

In this example, a PI 4+ CI compensator is used. It consists of a parallel connection
of a PI compensator and a Clegg integrator, and it is a partial reset compensator.
Consider the PI 4 CI compensator with a state space realization given by

0 0 1
0!

C,=(0202), D, =0.2, Ap=<(1) 8) (2.61)

and a third order plant given by

—220 -132 —0.72 1
A,=| 2 0 o |, B,=(0]. c¢,=(00133).
0 1 0 0
(2.62)

In addition, closed-loop state matrices are

-220 —-132 -0.99 020 0.2

2 0 0 0 0
A= 0 1 0 0 o1, C=(001.3300), (2.63)
0 0 —133 0 0
0 0 —133 0 0
and
1 0 0 0O
01 0 0O
Ag=10 0 1 0 O (2.64)
00 010
00 0 0O

In this case, the base system is unobservable, with the unobservable subspace in
this case being given by

N (Opase) = span 5 (2.65)
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Fig. 2.11 Closed-loop output for three initial conditions in the after reset surface

however, the reset control system is well-posed since the after-reset surface is

MR = span (2.66)

SO OO~
SO O~ O
el N eleNe]

and Az N N (Opase) = {0}. In addition, it can be checked that the after reset states
are not reduced, in other words, assuming initial conditions in the after-reset surface
there are always an infinite number of crossings.

In Fig. 2.11, closed-loop outputs corresponding to different initial conditions are
obtained. Also in Fig. 2.12 the different control inputs are shown. Note that in gen-
eral, as the dimension of the after-reset surface increases, the structure of the reset
instants becomes not that simple, for example, in the interval [0, 15]s one initial con-
dition does not produce a crossing while the others produce five reset actions. As a
conclusion, as the dimension of the after reset surface increases, the reset instants
occur with more complex patterns.

2.4 Reset Control Systems with Exogenous Inputs

As it is usual in control practice, reset control systems are driven by external or ex-
ogenous inputs such as reference or disturbance signals. In this case, well-posedness
of the reset control system can be analyzed using the arguments given in previous
sections, if the exogenous inputs are generated by an exosystem.
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Fig. 2.12 Control input for three initial conditions in the after-reset surface

Consider the reset control system of Fig. 2.1, where the plant and the reset com-
pensator are given by (2.1) and (2.2), respectively, and with a reference input » and
a disturbance input d generated by exosystems, with the state space models

wi(t) =A1wi(®), wi(0) =wio,
(2.67)
r(t) =Ciwi (1),
with w; € R™!, and
wo(t) = Aowa(t), wa(0) =wyo,
(2.68)
d(t) = Cowa(t),

with wy € R™2, These exosystems allow the generation of signals like steps, ramps,
sinusoids, . ... Now, the feedback connection is givenby e =r —y and u = v +d,
and the base linear closed-loop system may be described by

ﬂnzAmn+<g)mn+<£>dm (2.69)
r 14

where x = (’;(”), and x,, and x, are the plant and compensator states. In addition,
the reset instants are defined as those instants ¢ at which the closed-loop output
y(t) = Cx(¢) is equal to the reference signal r(¢) = C1wj(¢). Define the augmented

state z as z = (w! w! x7 )T . Then, the reset map can be defined in the augmented
1 W2 P g
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state space by

I 0 0 O
- 0O I 0 O
Ap = 00 1 0 (2.70)
0 0 0 4,
and the after-surface ., ® and the reset surface M as
My =R(AR) NN (O),
2.71)

M =N (C)\ M

with C = (C; 0 —C p 0). Finally, the closed-loop system in the augmented state
space is given by

Z(t) = Az_(t) ifz(t) ¢ A, 2.72)
2t = Agz(t) ifz(t) e A '
with the state space matrix
Aj 0 0 0
. 0 Ay 0 0
A= 0 B,C, Ap B,C, 2.73)
B.Cy 0 -B.C, A,

In the augmented space state representation, Propositions 2.3 and 2.4 can be
directly applied, giving the next result.

Proposition 2.5 Consider the reset control system of Fig. 2.1, with the plant and
reset compensator given by (2.1) and (2.2), respectively, and with inputs r and d

generated by the exosystems (2.67)—(2.68). If Mg N N (Opase) = {0}, where Opyge
is the observability matrix

_ CA
ﬁbase = : (2~74)

éAn+m1+m271

then

1. The reset system is well-posed.
2. The reset system does not have Zeno solutions.

Proof The augmented state can be partitioned as z = (,z(‘), and thus the state matrix

(2.73) is partitioned as
A= r BpGr , (2.75)
B.C, A,
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where
) Al 0 uo ) 0 )
A,=10 Ay u 0 |, B,=1 0], C,,:(ClO—Cp). (2.76)
0 B,CuA, B,

Part 1 of the proposition is a direct application of Proposition 2.3 to the system (2.72)
defined by the matrices A, Ag, and C. On the other hand, since the state matrix A
has the structure given in (2.75), it always possible to make a state transformation of
Z1 in such a way that corresponding principal minor be in the observer form. Thus,
the reasoning used in the proof of Proposition 2.4 may be used to prove Part 2. [

In general, a simple sufficient condition for the well-posedness of a reset control
system with exogenous inputs it that the augmented closed-loop system (2.72) be
observable, that is, the matrix Op,, be full rank.

2.4.1 A Well-posed Reset Control System with Exogenous Input

A simple example is shown here to illustrate Proposition 2.5. Consider the reset
control system of Fig. 2.1, consisting of the feedback interconnection of a Clegg
integrator and an integrator. The Clegg integrator has the state equations

X()=r(), x-)—rt)#0,
x0T =0, x0) —r@) =0, 2.77)
v(t) = x, (7).

In addition, consider a sinusoidal reference input r () = a sin(wt + ¢), for some
given constants a, w > 0, and ¢. It is given by the exosystem

{v‘vlm = (5, Dwio. w0 =(fenp)- 018

r(t)=(10)w;.
Since a disturbance signal is not considered in this example, Proposition 2.5 can

be used by eliminating the row and column blocks corresponding to the disturbance
exosystem in the matrices A, Ag, and C. The result is

0 o 0 0

- [-» 0 0 o0 .

A=17 0 o 1l ¢=(ro-10). (2.79)
1 0 -1 0
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15 ‘

Reference and closed-loop output

|
0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 2.13 Reference signal and closed-loop output corresponding to a well-posed reset control
system

Now, the observability matrix of the (augmented) base system is

1 0 -1 0

= 0 1) 0 -1

ﬁbase = —(1+ 0)2) 0 1 0 (2.80)
0 —o(l+w?) 0 1

which is full rank for any @ > 0 (and does not depend on a), and thus the sys-
tem is well-posed for any sinusoidal reference input. Figures 2.13 and 2.14 show
a simulation of the reset control system for w = 0.5 rad/s, with an initial condition
wi1(0) = (1 — )T for the exosystem, and with zero initial condition for the Clegg
integrator and the integrator.

2.4.2 A Reset Control System with Zeno Solutions

In general, Proposition 2.5 gives a simple and checkable condition for well-
posedness of the reset control system of Fig. 2.1 with exogenous inputs, for the
plant and compensator given by (2.1) and (2.2), respectively. For well-posedness,
the result may be also used for any reset system that can be expressed as (2.72) with
arbitrary values of A, A R, and C, since no particular structure of these matrices is
used to prove the result. However, for avoiding Zeno solutions the structure of these
matrices, related with (2.1) and (2.2), is a central part of the result. Thus, a reset
control system with a different structure may have Zeno solutions, this is the case,
for example, corresponding to a non-strictly proper plant in Fig. 2.1.



2.4 Reset Control Systems with Exogenous Inputs 87

1.5

Control input (v)

15 I I I 1 I I I I I
0 2 4 6 8 10 12 14 16 18 20

Time (s)

Fig. 2.14 Control input corresponding to a well-posed reset control system

In the following, an example developed in [6] is shown here to illustrate the
existence of Zeno solutions in reset control systems with external inputs, where the
plant is simply P(s) = 1. The resulting feedback system is a Clegg integrator with
unity feedback. In addition, a sinusoidal reference input is also considered. The
state space models (2.77) and (2.78) are again used, as a result the augmented state
matrices are in this case (the row and column block corresponding to the plant are
simply removed)

. 0 o 0 ) 1 00 )
A=|-» 0 0 |, Ag=|0 1 0], C=(10-1), (2.81)
1 0 -1 0 00

and the observability matrix of the augmented base system is given by

i 1 0 -1
Opase = | —1 o 1 (2.82)
1—? —w -1

which is full rank for any @ > 0. Although Proposition 2.5 cannot be used in this
case because the plant does not fit the model (2.2), the well-posedness can be assured
since @_’base is full rank. However, the well-posedness argument cannot be used for
assessing the existence of Zeno solutions. In fact, this system has a Zeno solution
with sequences of reset instants {#}, k =1, 2, ..., converging to t* = nm for every
integer n > 1.

Figure 2.15 (top) shows the output response y(¢) of the closed loop (and output of
the Clegg integrator) to the sinusoidal reference w(¢) = sinwt. It can be shown that
a Zeno behavior appears to the left of every t = km, k =1,2,3,.... The solution
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Time [s]

0.05

-0.05 ‘
22 . . . . 2.7

Time [s]

Fig.2.15 (Top) Response y(¢) to a sinusoidal reference of a feedback loop with a Clegg integrator;
(Bottom) detailed zoom of the three first visible resets close to t = 7

starting from the right of every y(km) = 0 escapes the Zeno behavior until it again
reaches another Zeno point at t = (k + 1)7.

Figure 2.15 (bottom) plots a detailed zoom of the first three visible resets close to
t = ;. These reset times are #; ~ 2.28, t» = 2.92, and 3 ~ 3.12. In fact, there exists
an infinite sequence of resets {f;} converging to o, = 7.

It is illustrative to see in Fig. 2.16 the time response of this system in a three-
dimensional plot that shows the time evolution of the state (wip, wlz,xp)—r =
(r,F, y)T. The first two coordinates are from the exosystem, and the first one is
the reference r () to the closed loop, in this case r(t) = sinwt and 7(t) = cos wt,
with w = 1. Thus the trajectory lies entirely within the cylinder 2 + 7> = 1.

The three-dimensional plot reveals clearly that, in the state space (r,7,y),
there are actually two Zeno accumulation points, namely Z; = (0, 1,0) and Z; =
(0, —1,0). The first one corresponds in the time domain (Fig. 2.15) to the zero
crossings of the reference for + = 2km and the second one for t = (2k + 1), with k
integer.

Figure 2.16 also shows two relevant planes: the null space .4 (C) of C =
(1,0, —1), that is, the plane y = r that triggers the reset action, and the plane .#Z
given by y = 0 where the state is projected immediately after a reset y(t,:r )=0.
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15
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05 M 1
rt) 15 2 drdt

Fig. 2.16 Trajectory (r(¢),7(t), y(t)) with Zeno behavior

The analysis of Zeno behavior in dynamical systems is an involved topic, and
we will not address it here rigorously. Notice from the previous proposition in this
section that the reset control systems that we are interested in (well-posed) do not
have Zeno behavior. However, in order to give an idea of the asymptotic behavior
close to the Zeno limit, let us complete the example with a simplified study based
on the Poincaré map. We refer the interested reader to the literature, for example,
[8], [7], and [13] for a full exploration of these features.

From Fig. 2.16 it is clear that from any initial condition the state evolves until it
reaches the reset condition at (rg, 7, yx) with y; = r and then resets to the point
Xy = (rk, 7, 0). Then, it flows again until a new reset condition holds and a new
reset moves the state to Xg+1 = (rk+1, 7x+1, 0). The sequence of after-reset points
{xx} defines a discrete-time map, or iteration Xy — Xx41, called the Poincaré map
of the reset system. Note that, since r,f + r',g =1 for all k, the Poincaré sequence
{x¢} € 2 is here defined on a one-dimensional manifold &2 given by r* + > =1
and y =0.

Since & is one-dimensional, the Poincaré map can be determined also from the
time domain plots of r(¢) and y(¢) in Fig. 2.15, for if we determine the sequence of
reset times {# }, then the Poincaré sequence is {x;} = {(sin#, cos#, 0)}. In Fig. 2.15
(bottom), we see the first three reset times #; ~ 2.28, 1, ~2.92, and 13 &~ 3.12. These
t tend from the left to 7o, = 7. Let us suppose that we start at t = . with y(#) = 0.
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The evolution of the Clegg integrator state is governed by:
y=r(t)—y@)=sint — y(), y(t) =0.

Since t; tends to r, a key simplifying assumption is that, in the limit, we can ap-
proximate sint by — (¢t — 7). This simplification is also helpful because the Poincaré
maps give rise to implicit equations not solvable analytically. In this way, close to
t =, we have:

y=—@—m) =y, y(t) =0,

having the solution
YO =t —m—De T x4 1, >4

To determine the next reset time #x41, we have to impose the condition y(#x4+1) =
7 (tx+1). Again we replace r (#¢1) = sintx4+1 by —(tx4+1 — 7). Thus the Poincaré map
tr — tr+1 is given implicitly by the condition

—(tgyr1 — W)=ty — 1 — l)ef(lk“ilk) —tky1 T+ 1.

Introduce the change of variables #y — 7 = di, with dy — 0. Using the asymp-
totic approximation e~ W1 = g~ (i1 —d) ng | — (dik+1 — di) gives rise to

—diy1 = (dy — DA —dgy1 +di) — deg1 + 1,

from which we can solve explicitly dy4+1 = d,? /(dr — 1). This law for dy — 0~
approaches dix1 = —d,%, or equivalently, approaches the limit relation

2
[ter1 — 7| = |t — 7|

which proves that there exists an infinite sequence of reset times #; tending to 7 and
governed, in the limit, by a quadratic recurrence law. This explains why in Fig. 2.15
there are only a few visible resets: to detect the reset at f; = 7w + dy, we should
implement a simulation step size smaller than |di|, that, from the quadratic law
|dx 11| = |dk|?, decreases very fast with k, implying a strong computational cost.

References

1. Bainov, D.D., Simeonov, P.S.: Systems with Impulse Effect: Stability, Theory and Applica-
tions. Ellis Horwood Limited, Chichester (1989)

2. Baios, A., Mulero, J.I.: On the well-posedness of reset control systems. Technical Report
TR-DIS-1-2011, University of Murcia (2011)

3. Beker, O., Hollot, C.V., Chait, Y., Han, H.: Fundamental properties of reset control systems.
Automatica 40, 905-915 (2004)

4. Bell, P.C., Delvenne, J.-C., Jungers, R.M., Blondel, V.D.: The continuous Skolem—Pisot
problem: on the complexity of reachability for linear ordinary differential equations (2009).
arXiv:0809.2189v2 [maths.DS]


http://arxiv.org/abs/0809.2189v2

References 91

10.

11.

12.

13.

14.

Branicky, M.S., Borkar, V.S., Mitter, S.K.: A unified framework for hybrid control: model and
optimal control theory. IEEE Trans. Autom. Control 43(1), 31-45 (1998)

Carrasco, J.: Stability of reset control systems. Ph.D. Thesis (2009) (in Spanish)

Grizzle, J.W., Abba, G., Plestan, F.: Asymptotically stable walking for biped robots. Analysis
via systems with impulse effects. IEEE Trans. Autom. Control 46, 51-64 (2001)

Haddad, W.M., Chellaboina, V., Nersesov, S.G.: Impulsive and Hybrid Dynamical Systems:
Stability, Dissipativity, and Control. Princeton University Press, Princeton (2006)

Hainry, E.: Reachability in linear dynamical systems. In: Computability in Europe 2008. Lec-
tures Notes in Computer Science, vol. 5028. Springer, Berlin (2008)

Lakshmikanthan, V., Bainov, D.D., Simeonov, P.S.: Theory of Impulsive Differential Equa-
tions. World Scientific, Singapore (1989)

Michel, A., Hu, B.: Towards a stability theory of general hybrid dynamical systems. Automat-
ica 35, 371-384 (1999)

Nesi¢, D., Zaccarian, L., Teel, A.R.: Stability properties of reset systems. In: Proc. of 16th
IFAC World Congress, Prague, Czech Republic (2005)

Schumacher, J.M.: Time-scaling symmetry and Zeno solutions. Automatica 45, 1237-1242
(2009)

Yang, T.: Impulsive Control Theory. Lecture Notes in Control and Information Sciences,
vol. 272. Springer, Berlin (2001)



2 Springer
http://www.springer.com/978-1-4471-2216-6

Reset Control Systems
Bafios, A.; Barreiro, A,

2012, XV, 254 p., Hardcover
ISBEMN: 978-1-4471-2216-6



	Chapter 2: Definition of Reset Control System and Basic Results
	2.1 Preliminaries and Problem Setup
	2.1.1 Reset Control System Solutions
	2.1.2 Characterization of Reset Intervals

	2.2 Zenoness, Beating, and Deadlock
	2.2.1 Well-posedness: Beating and Deadlock
	2.2.1.1 Example (Ill-posed Reset System)
	2.2.1.2 Example (Well-posed Reset Control System)

	2.2.2 Zeno Solutions
	2.2.2.1 Example: Well-posed Reset Control System with Partial Reset


	2.3 Reset Instants and the After-Reset Surface Dimension
	2.3.1 dim(MR) = 1
	2.3.1.1 Example

	2.3.2 dim(MR) = 2
	2.3.2.1 Example

	2.3.3 dim(MR) >=3
	2.3.3.1 Example


	2.4 Reset Control Systems with Exogenous Inputs
	2.4.1 A Well-posed Reset Control System with Exogenous Input
	2.4.2 A Reset Control System with Zeno Solutions

	 References


