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Closed-Loop Frequency Analysis of Reset Control Systems
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Abstract—This article introduces a closed-loop frequency anal-
ysis tool for reset control systems. To begin with sufficient con-
ditions for the existence of the steady-state response for a closed-
loop system with a reset element and driven by periodic references
are provided. It is then shown that, under specific conditions, such
a steady-state response for periodic inputs is periodic with the
same period as the input. Furthermore, a framework to obtain
the steady-state response and to define a notion of closed-loop
frequency response, including high order harmonics, is presented.
Finally, pseudosensitivities for reset control systems are defined.
These simplify the analysis of this class of systems and allow a
direct software implementation of the analysis tool. This methods
gives deeper insight into the performance of the system than that
achieved with the describing function method.

Index Terms—Convergent, frequency-domain analysis, pseu-
dosensitivities, reset controllers.

|. INTRODUCTION

Proportional Integral Derivative (PID) controllers are used in more
than 90% of industrial control applications [1], [2]. However, cutting-
edge industrial applications have control requirements that cannot be
fulfilled by PID controllers. To overcome this problem, linear con-
trollers may be substituted by nonlinear ones. Reset controllers are
one such type of nonlinear controllers, which have attracted attention
due to their simple structure and their ability to improve closed-loop
performance [3]-[18].

A traditional reset controller consists of a linear element the state of
which is reset to zero when its input equals zero. The simplest reset
element is the Clegg Integrator (CI), which is an integrator with a
reset mechanism [3]. To provide design freedom and applicability, reset
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controllers such as first-order reset elements [ 19], [20] and second-order
reset elements have been introduced [13]. These reset elements are uti-
lized to construct new compensators to achieve significant performance
enhancement [16], [21]-[24]. In order to further improve the perfor-
mance of reset control systems several techniques, such as the consider-
ations of nonzero reset values [8], [20], reset bands [25], [26], fixed reset
instants, and PI + C'I configurations [27], [28] have been introduced.

Frequency-domain analysis is preferred in industry, since it allows
ascertaining closed-loop performance measures in an intuitive way.
In addition, frequency-domain analysis gives valuable information on
the steady-state behaviour of the system. However, the lack of such
methods for nonlinear controllers is one of the reasons why non-linear
controllers are not widely popular in industry. The describing function
(DF) method is one of the few methods for approximately studying
nonlinear controllers in the frequency-domain and this has been widely
used also in the literature of reset controllers [8], [16], [24], [29]. The
DF method relies on an approximation of the steady-state output of
a nonlinear system considering only the first harmonic of the Fourier
series expansion of the input and output signals (assumed periodic). The
general formulation of the DF method for reset controllers is presented
in [29], which however does not provide any information on the closed-
loop steady-state response.

In this article, first, sufficient conditions for the existence of the
steady-state response for a closed-loop system with a reset element and
driven by a periodic input are given. Then, a notion of closed-loop
frequency response for reset control systems, including high-order
harmonics, is introduced. Pseudosensitivities to combine harmonics
and facilitate analyzing reset control systems in closed-loop config-
uration are then defined. All of these ideas are utilized to develop
a toolbox, which is briefly discussed. Note finally that, contrary to
the DF method, which provides only approximations for the periodic
steady-state response of reset control systems, the proposed tools allow
computing exact steady-state responses to periodic excitations.

This article is organized as follows. In Section II, sufficient
conditions to define a notion of frequency response are presented.
Then, a method to obtain closed-loop frequency responses for reset
control systems, including high-order harmonics, is developed, and
pseudosensitivities are defined. In Section 111, the steady-state response
of reset controllers to periodic inputs is studied. Finally, Section IV
concludes this article.

Il. CLOSED-LOOP FREQUENCY RESPONSE OF
RESET CONTROL SYSTEMS

Consider the single-input single-output control architecture in the
top diagram of Fig. 1. This includes as particular cases all schemes
discussed in Section I. The closed-loop system consists of a linear plant
with transfer function G(s), two linear controllers with proper transfer
function C'¢, (s) and C'g, (), and a reset controller with base transfer
function Cg(s). Let £ be the LTI part of the system and assume that
G(s) is strictly proper. The state-space realization of L is described by
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Fig. 1. Closed-loop architecture with reset controller (top). HOSIDF representation of the closed-loop configuration (bottom).

the equations

inputs are provided. This is based on the Hg condition [4], [30]-[32],
which we recall in what follows. Let

¢(t) = AC(t) + Buw(t) + Byur(t) s
) u(t) = Cug(t) + DuT‘(t) CO _ [p 5CER:| 7 By = XNy
L: M 0
er(t) = Cep((t) + Depr(t) npxnr
y(t) = O¢() p=p">0, peR™ ", BeR" “

where ((t) € R"r describes the states of the plant and of the linear
controllers (n,, is the number of states of the linear part), A, B, C,
B,,C.p, Cy, Dy, and D.,, are the corresponding dynamic matrices,
y(t) € R is the output of the plant and w(t) = [r(t) d(¢)]T € R? isan
external input. The state-space representation of the reset controller is
given by the equations

CR(t) ;é 0

@, (t) = Apao(t) + Breg(t),
” GR(t) =0 (2)

- (t7) = A,z,(1),
ur(t) = Crz.(t) + Dyer(t).

The closed-loop state-space representation of the overall system can,
therefore, be written as

(t) = Ax(t) + Bw(t), egr(t)#0

z(tT) = A,x(t), er(t) =0

u(t) = Cuz(t) + Dyur(t) (3)
er(t) = Cepx(t) + Depr(t)

y(t) = Cx(t)

[z.()" ¢BOT" € Rt and A=

~ 5 07y x
}, C = [01n, Cl, B:{Bﬂ+

where z(t) =

A, B,Cen
B.C,. A+ By,D,Cer

B, D. Oy T A Onyox A
[B b DR 0" 1:| ’ AP = [O 0 ]n7 "p:| > Cu - [CTDL‘z
uwtrlleR npx1 npxXne npxnp

CeRDrDSQ +Cu}, CeR - [len,« CeR]y and Du - DuDeRDr
with D¢, the feedthrough matrix of C¢, (s).

A. Stability and Convergence

In this section, sufficient conditions for the existence of a steady-state
solution for the closed-loop reset control system (3) driven by periodic

The Hg condition states that the reset control system (3) with w = 0
is quadratically stable if and only if there exist p = p* > 0 and 3 such
that the transfer function

H(S) = Co(SI - A)_IBO (5)

is strictly positive real (SPR), (A, By) and (A, Cy) are controllable and
observable, respectively, and

ATpA, —p <0. (6)

Definition 1: A time T > 0 is called a reset instant for the reset
control system (3) if er(1) = 0. For any given initial condition and
input w, the resulting set of all reset instants defines the reset sequence
{tr.}, with ty, < tgy1, for all k& € N. The reset instants ¢, of the reset
control system (3) have the well-posedness property if for any initial
condition xy and any input w, all reset instants are distinct, and there
exists a X > Osuch thatforall K € N, A < {1 — ¢ [8], [33].

Remark 1: 1If the Hg condition holds, then the reset control sys-
tem (3) has the uniform bounded-input bounded-state (UBIBS) prop-
erty and the reset instants have the well-posedness property [34]. There-
fore, the reset control system (3) has a unique well-defined solution
for ¢ > to for any initial condition zy and input w which is a Bohl
function [8], [33].

To develop a frequency-domain analysis method for the reset control
system (3), the following assumption is required.

Assumption 1: The initial condition of the reset controller is zero.
In addition, there are infinitely many reset instants and I}Lrglo t, = 00.

The second term in Assumption 1 is introduced to rule out a triv-
ial situation. In fact, if I}g& tr = Tk, then for all t > Tk the reset
control system (3) is a stable linear system. Two important technical
lemmas, which are used in the proof of the following theorem, are now
formulated and proved.
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Lemma 1: Let {t;} and {i,} be the reset sequences of the reset
control system (3) for two different initial conditions ¢, and Co of the
linear part and for the same input. Suppose Assumption 1 and the Hg
condition hold and w is a Bohl function. Then kh_rg@ (tr, —tx) = 0.

Proof: To begin with note that, for any initial condition xy =
T

[OT ¢ ] , the signal e in (3) can be obtained through the equation

#(t) = Az (t) + Buw(t) +

B»,« 2:| wI(t), 6R(t) # 0

xr(tT) = Ayzr(t),

er(t) = Cepxr(t) + Depyr(t) + [1 0wy (t)
with z;(0) = 0 and

®)

Since the linear part of the system contains the internal model (8) of
wy, and w is a Bohl function, based on [4], [31] ep is asymptotically
independent of w;. This implies that I}g?c (t, — 1) = 0. [ |

Lemma 2: Consider the reset control \system (3). Suppose Assump-
tion 1 holds, w is a Bohl function, and the Hg condition is satisfied.
Then, the reset control system (3) is uniformly exponentially conver-
gent.

Proof: To begin with note that the property of uniformly exponen-
tially convergence is as givenin [35]. Since the H g condition is satisfied,
according to Remark 1, the reset control system (3) has a unique
well-defined solution for any initial condition zy and any w which
is a Bohl function. Let x and & be two solutions of the reset control
system (3) corresponding to the some input w and to two different
initial conditions. Since the H condition is satisfied z(¢) and Z(t) are
bounded for all . Let Az := x — &, and let {t;,} and {#} be the reset
sequences of 2(t) and Z(t). Define M = {t € R¥|t # ¢ At # 1y}
By Lemma 1

vV § >0, 31 > Osuch that k > IT = [t — 1| < 6. )

Moreover, by the well-posedness property, there exists a A > 0 such
that A <?tp41 — ¢, and A < t~k+1 — 11, Thus, selecting § sufficiently
small yields

- tets ~
x(ty, +0) = e A x(ty) + / At Byy(r)dr (10)

ty

for all t;, sufficiently large. By (9), t;, = t;, + &', with 0 < ¢’ < 6. Thus

Bty +06) =24, (a‘&’j(tk)

tp+8 , B
+/ et Boy(7)dr

ty

thts -

+ / eA(t"'H*T)Bw(T)dT.
th 46

Now, by (10) and (11)

Azt 4 6) = A,Ax(ty) + (e A, — e~ 4 A)i (1)

Iy N o= tk+5/ Iy / —
— A0 >Ap / eAlte+d ’T)Bw(T)dT
tr

tp+8 B
—|—/ 6A(tk+5_T)Bw(T)dT

ty
+ (e — 1A, Ax(ty)
= A,Az(ty) + O(0, Z(tr), o(ty)) (11)
and, using (9)

lim O(5, &(t4), (1)) = 0. (12)

The same discussion applies to ;. Hence, for ¢ sufficiently large we
have

teM
t ¢ M.
Due to the satisfaction of the /{3 condition [4], [30], [31], there exist

a matrix P € R(»ptnr)x(nptnr) - p — pT > (), and a scalar a > 0
such that

{Aa’c(t) = AAx(t), (13)

Az(tt) = A,Ax(t),

PA+ ATP < —2aP (14)

ATPA, - P <0. (15)
Using the candidate Lyapunov function V (Ax) = %(AZ’)TP(AJJ)
yields

teM

t¢ M.

Thus, using (13) and (15) for ¢ sufficiently large yields Z(t,d) < 0.
Hence, since Az is bounded, there exist c,,, > 0 and IC > 0 such that

{V s —aV; (16)

V(Az(tT)) = V(Az(t)) + E(¢, ),

|lz2(t) — 21 (8)[| < Ke (17)

forall¢ > 0 (see Lemma 3 in the Appendix). This implies that the reset
control system (3) is uniformly exponentially convergent. |

Theorem 1: Consider the reset control system (3). Suppose Assump-
tion 1 holds, w(t) = wy sin(wt)', and the Hy condition is satisfied.
Then, the reset control system (3) has a periodic steady-state solution,
which can be expressed as Z(t) = S(sin(wt), cos(wt),w) for some
function S : R? — R™rF7p,

Proof: Since the Hg condition holds and w(t) = wy sin(wt) is a
Bohl function, by Remark 1 the reset control system (3) has a unique
solution for any initial condition x. In addition, the reset control system
(3) has the UBIBS property and, according to Lemma 2, it is uniformly
exponentially convergent. Hence, the proof of the existence of the func-
tion S relies on the results in [35]. We only need to show that S is unique.
To this end, similarly to [36], assume that the reset control system (3)
has two steady-state solutions Tz (t) = Sa(sin(wt), cos(wt), w)(t) and
Z1(t) = Si(sin(wt), cos(wt), w)(t), forw(t) = wo sin(wt). Since the
H condition holds, by Lemma 2 there exist «,,, > 0 and K > 0 such
that

Z2(t) — 21 (1) ]| < Ke om? (18)

hence, the claim. | |

Corollary 1: Consider the reset control system (3) with r(t) =
rosin(wt) and d = 0, for all ¢ > 0. Then, the even harmonics and the
subharmonics of the steady-state response have zero amplitude, and the

. . T LT
sequence of reset instants is periodic with period —.
w

!For ease of notation, we consider w(t) = wo sin(wt). However, Theorem 1
is also applicable in the case in which w(t) = [rg sin(w + ¢1), do sin(wt +

$2)]".



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 68, NO. 2, FEBRUARY 2023

1149

Proof: The response of (3) for r = rgsin(wt) and d = 0, for all
t > 0, is given by

2(t) = 1o (A0 (& + $(t) = $(1)) , £ E (trtira]  (19)

where
P(t) = (wl cos(wt) + Asin(wt))F
F= (I + A% 'B [(1)}
t={ts €RT, k€ Z* | er(ts) = 0}
1 1 -
= am(t:) = aApx(tk)' 20)
Thus

#(1) = o (A0 (6 +6(6)) — () . LE (hutia] @D

with

¢ = APEA(tS*ts—l) <;1peA(tsltsz> L APeA(tl—to)(&) + 1(to))

+ A eAltsato2) A eAC=tO) (T A Yep(ty)

+ A eAltsatoa) A AWt (T A Yip(ty)

o (- Ap)w(tsl)) — Ap(ts). (22)

According to [37], uniformly convergent systems forget their initial
conditions. By Lemmas 1 and 2, £, and the reset instants are unique for
any to and (y. Hence, the transient response of £, converges to zero,
which implies that

§s = Ape‘g(trt&m <(I - Ap)w(tsfl)

+ Apet et (1= A )p(ts )
4 Ape/i(tsfl*isffz)ApeA(tsfz*ts%)(I _ Ap)¢(t373)

4. +A065(t571—t372) L ApeA(tsfm“—tsfm)

x (I — Ap)w(tsm)> — A p(ts). (23)
Therefore, since reset occurs when
Cep@(t) + D, prosin(wt) =0 (24)

if {to,to1,..
{tsyts 1y ytsom}+ T also satisfy (24), which implies that the
w

ts_m} are reset instants and satisfy (24), then

sequence of reset instants is periodic with period —. Using this prop-
w

erty in (21) shows that Z(¢) = —Z(t + E) and tyy, —ts = T hence
w w
& = —&s44. This means that the even harmonics of the steady-state
response of the reset control system (3) have zero amplitude. In addition,
2
z(t) =z(t + —W), which implies that the steady-state response of the
w

reset control system (3) does not contain any subharmonic. |
Remark 2: The reset sequence {t;} and the reset values (. are
independent of the input amplitude for r(¢) = ro sin(wy).

7 Tq
t
0 ts tor1 topg—1 tstq

= >
w
Fig. 2. Steady-state reset instants of the reset control system (3).

We now show that the function S is derived explicitly for
r(t) = rosin(w;) and d = 0. Suppose that there are ¢ — 1 reset in-

stants between t; and t; + — (see Fig. 2). Assume sin(wts) = &,
w

then cos(wts) = £v/1 — k2 (without loss of generality, we con-
sider the positive value here). Using trigonometry relations, one
has that

T/}(ts) fO(K)
Y(ts +11) = fi(k, 1)

Y(ts+ 714+ 7g) = fo(k, 1, Ty Ty)- (25)

Moreover

oqi = Ap (6147"’ (gi—1(Ry&sy T1y ooy Tic1) + fic1 (Ko T1y ooy Tic1))

— fi(k, T, T2, .. .,Ti)> =gi(K, &, T1, T2y -, Ti) (26)

with i = 1,2,...,q and go(k, &) = &. Now, since eg(t) is zero at
reset instants, one has that

CER <€A7i (gifl(’%vgm Tl 7-7.'—1) + fifl("% T1y ey Ti—l))

— fi(k, 71,72, .. -;ﬁ)) + Degpsin(w(ts + 11 + -+ 7))

:Ei(h}7§s77-17"'77—i) =0 (27)
withi =1,2,...,q. In addition
F Tt T =
T1 T2 Tq = o (28)

é.s = 7§s+q = gq(“:fsyThTQa .- ~7Tq) + §s =0.

Moreover, by the well-posedness property of reset instants (see Defini-
tion 1), reset instants are distinct. Hence, there are ¢ + 2 independent
equations and g + 2 parameters (k,&s,q,T1,T2,...,74), ¢ € N. In
addition, the well-posedness property implies that the reset intervals
are lower bounded [8]. Hence

<> q< = 1. (29)
Aw

Furthermore, for ¢ = 1, the equations have always a unique solution.
Thus, there exists a bounded nonempty set Q = {Q; € N|Q; < ¢max}
such that for ¢ € @, the equations have a solution. Hence, Z, the steady-
state response of the reset control system (3) to 7(t) = rq sin(wt), is
the solution of (27)—(28) for ¢ = gmax. Since Z is periodic with period

2
—, one has
w

()= Y _ancos((2n+ Dwt) + by sin(2n + Dwt).  (30)

n=1
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According to Theorem 1, Z is unique and equal to the function S. Thus
zZ(t) = Zan cos((2n + 1)wt) + by, sin((2n + 1)wt)

n=1

= S(sin(wt), cos(wt), w). 31

Finally, one could also use De Moivre’s formula to find a formal
polynomial expansion for S in terms of sin(wt) and cos(wt).

B. HOSIDF of the Closed-Loop Reset Control Systems

In Section II-A, sufficient conditions for the existence of the steady-
state solution for the reset control system (3) driven by periodic inputs
have been presented. Moreover, the steady-state solution has been
explicitly calculated. In this section, the HOSIDF technique [38] is
applied to the steady-state response of the system to derive a notion
of frequency response for the reset control system (3), which allows
analyzing tracking and disturbance rejection performance (see the
bottom diagram of Fig. 1).

1) Tracking Performance: Consider the reset control sys-
tem (3) with 7(t) = rosin(wt) and d(t) = 0, for all ¢ > 0. We now
derive relations between the input r and the steady-state response of the
output y, of the error e, and of the control input u. To this end, consider
the steady-state reset instants ¢s,%s41,...,1544 and their associated
reset values &, €41, - - -, {544, Which are calculated through (27) and
(28).

Theorem 2: Consider the reset control system (3) with r(t) =
rosin(wt) and d(t) = 0, for all ¢ > 0. Let T}, (jw) be the ratio of the
nth harmonic component of the output signal y to the first harmonic
component of 7. Then

T(l,w) - Ciwl + A)F, n=1

T, (jw) = { T(n,w), n > 1odd (32)
0, n even
in which
~ q
2jwC , - _ .
T = A— Nt R 33
(n,w) = Z==(A = jnul) Z (imw) | 63
) eAltsti—tsti-1) I
R(Z,n,w) = ( eInwtsti - ejnWts+il>
x <£5+z-1 +¢(ts+i1)>. (34)

Proof: The proof requires a straightforward calculation, hence, it is
omitted (see also [39]). Note that ¢(t) is defined in (20). [ ]

Definition 2: The family of complex valued functions 7;, (jw), n =
1,2, ... is the complementary sensitivity of the reset control system
3).

Corollary 2: Consider the reset control system (3) with r(t) =
rosin(wt) and d(t) = 0, for all ¢ > 0. Let S, (jw) be the ratio of the
nth harmonic component of the error signal e to the first harmonic
component of r. Then

1, n=1

35
0, n>1. (35)

Sn(jw) + Tn(jw) = {

Corollary 3: Consider the reset control system (3) with r(t) =
rosin(wt) and d(t) = 0, for all ¢ > 0. Let C'S,,(jw) be the ratio of
the nth harmonic component of the control input signal u to the first

harmonic component of r. If the plant is stable, then

. T (jw)
cs, = —. 36
09) = Ginge) (36)
Definition 3: The families of complex valued functions .S, (jw) and
CS,(jw), n=1,2,..., are the sensitivity and the control sensitivity

of the reset control system (3), respectively.

2) Disturbance Rejection: In this section, relations between
d(t) = sin(wt) and the error e and the control input u are found in the
case in which r(¢) = 0 for the reset control system (3) using the same
procedure provided in Section II-B1. To this end, the matrix v (¢) has
to be replaced by

Up(t) = (wl cos(wt) + Asin(wt))Fp

Fp = (W T+ A*)7'B (37)

1

Letty, t, 1, .t and £, &y, ..., &, be the steady-state reset
instants and their associated reset values for the reset control system (3)
with d(t) = dg sin(wt) and r(t) = 0, respectively. In addition, since
r(t) = 0, (27) is changed to

Al
Con (A (G (BT o T 2) o Fir (53T )

— fi(K Ty, TSy - .,T{)) =Ei(x,&,m,...,T1) =0 (38)
withi =1,2,..., ¢ Now, substituting ¢ (¢) with ¢)p (¢) in the relations
(25) and (26), and considering (38) instead of (27), the steady-state
response of the reset control system (3) for d(t) = dy sin(wt) and
r(t) = 0 is found using the same procedure provided in Section II-A.

Corollary 4: Consider the reset control system (3) with d(t) =
do sin(wt) and 7(t) = 0, for all ¢ > 0. Let P.S,,(jw) be the ratio of
the nth harmonic component of the error signal e to the first harmonic
component of d. Then

P(l,w) +Ciwl + A)Fp, n=1

PS,(jw) = B(n,w), n>1lodd (39
0, n even
in which
— [1/
2jwC . o )
= —— I-A)™" R 40
Pln,w) = L= (nwl = A7 D Rolinw) | (@0)
i=1
A(t/sﬂ'*tlsﬂfl) I
Rop(i,n,w) = ¢ — - —
e]nwteri eJTLWts+1Z—1

X <£;+i—1 + wD(tls+i—1)) .

Corollary 5: Consider the reset control system (3) with d(t) =
dp sin(wt) and r(t) = 0, for all ¢ > 0. Let C'Sy,, (jw) be the ratio of
the nth harmonic component of the control input signal u to the first
harmonic component of d. If the plant is stable, then

—PS5(jw) n=1
S, (juw) = % _ @1
G(njw) e

Definition 4: The families of complex valued functions P.S,, (jw)
andC'Sy, (jw),n = 1,2,...,arethe process-sensitivity and the control
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em(t) = emag siN(Wt + Pmaz)

= e(t)
—en(t)
- = ew(t)
-—— ng(t)
- 65w(t)

emaw

—€mazx

Fig. 3. Error signal e(t) with its 1st, 3rd, and 5th harmonics. e, (t) is
fitted to e(¢) and it is an indicator of the maximum error of the system.

sensitivity due to the presence of the disturbance of the reset control
system (3), respectively.

C. Pseudosensitivities for Reset Control Systems

The analysis of the error signal e and of the control input u is one
of the main factors while designing a controller. In linear systems this
analysis is performed using the closed-loop transfer functions [40]. As
discussed in Section I, although reset control systems may be analyzed
using the DF of the reset controller in the closed-loop sensitivity
equations, this yields an approximation, which is not precise due to the
existence of high order harmonics. On the other hand, it is not trivial to
analyze reset controllers considering all harmonics. In order to perform
the analysis of reset control systems straightforwardly, we combine all
harmonics into one frequency function for each closed-loop frequency
response. In the literature, there are several definitions of Bode plot for
nonlinear systems [41], [42]. However, all of these focus only on the
gain of the system. In the following, pseudosensitivities, which have
both gain and phase components, are defined.

It has been proven that the error and the control input signals of the
reset control system (3) are periodic with period %’r (see Fig. 3). We
define the pseudosensitivity as the ratio of the maximum error of the
reset control system (3), for 7(¢) = ro sin(wt) and d(¢) = 0, for all
t > 0, to the amplitude of the reference at each frequency.

Definition 5: The Pseudosensitivity Sy, is, for allw € RT

SOC (jw) = eIIlaX (w)e‘]wn]ax (w)7 (pIIlaX - g - thIlaX
L (10 -y(0) L
Emax (W) = = sin(wtmax) — —CZ(tmax)
To To
with

tmax € {tezt | é(tezt) - 07 ts S tezt S ts+2q}
U{tsti |1 € Z, 0 <1i<2q}.

Using (3) and (21), tey is obtained from

é(text) = 0 = wcos(wtey) — CB sin(wtex)

(ez‘i(texﬁtsﬁ)(

P(tsyi))

£s+i

=C
+ - w(text))

text € (Fopirtoritn), i = {i € ZT | i < 2q}. (42)

Similarly, the pseudoprocess sensitivity, the pseudocomplementary
sensitivity, the pseudocontrol sensitivity, and the pseudocontrol sen-
sitivity of the disturbance can be defined (for more detail see [39]). We
conclude this section, with the following statement.

Corollary 6: Consider the reset control system (3). The pseudosensi-
tivities and the closed-loop HOSIDFs are independent of the amplitude
of the harmonic excitation input.

Remark 3: The presented results have been integrated into an open
source toolbox, which has been developed using MATLAB, see [43].
This toolbox facilitates the analysis and design for reset control systems.

[Il. PERIODIC INPUTS

In Section II, a notion of frequency response and pseudosensitivities
for reset control systems have been defined. These serve as graphical
tools for performance analysis of reset controllers. The pseudosen-
sitivities determine how a system amplifies harmonic inputs at vari-
ous frequencies, information which is essential for control designers.
However, this information is obtained for a single harmonic excitation
and since the superposition principle does not hold, it provides only
an approximation in the case of multiharmonics excitation. In this
section the steady-state performance in the presence of multiharmon-
ics excitation and periodic inputs is investigated. This is reasonable
since most references and disturbances are periodic [11]. For ease of

. a a a; .
notation let lcm(b—l, b—z, e b—l) denote the least common multiple
1 02 i
ay as a; ap Qs a;
of —,—=,..., and — and ged(-—, -—, ..., —) denote the greatest
b D, o and - and g (bl,bQ, ’bz-) g
.. a; G2 a; . .
common divisor of R and o in which a; € N and b; € N.
1 0 i

Theorem 3: Consider the reset control system (3). Suppose the H g
condition and Assumption 1 hold. Then for any periodic excitation of
the form

(8) = wosin | 22¢) +wysin | 22¢) + -+ + wysin ( 2t
w(t) = wp sin T w1 sin T wy sin T
(43)
with w; = [r;, d;]", the reset control system (3) has a periodic steady-
state solution of the form
Z(t) = ao + Zan cos(nwprt) + by, sin(nwpst)
n=1
1 1
oo 7)
To Ty Tn
Proof: Let t,,, . be the steady-state reset instants of the reset
control system (3) for w is givenin (43). By (3), the steady-state solution
for w as in (43) is given by

f(t) = eA(titsM) (€SM + 7wZ}M(tSM)) - wM(t)a te (t5M7t5M+ﬂ
(44)

Wy = 21 X ng(

where
Ynr(t) = ho(t) + 1 (t) + -+ Un(t)
i (t) = (w1 cos(w;t) + Asin(w;t))F;
F; = (w7l + A*) ' Bu;.

By Lemma 2, the reset control system (3) forgets the initial condition;
thus, using a procedure similar to the one in Section II-A, yields

:E(t) _ 6A(tftsM) ((I _ Ap)wM(tsM) + eA(tsttsM,l)

((I — A ur by 1) + oo+ AgetlonriTtonr2)



1152

IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 68, NO. 2, FEBRUARY 2023

ApeA(tstm+1*tSM*"") I- Ap)wM (tSM*m)))

- wM(t)v le (tSNI’t5M+1]'
Since the reseting condition is

Cep@(t) + Depp[1 OJwar(t) =0 (45)

if {tsM slspr—1y- -0 tSM,m} are reset instants and satisfy (45), then
te{ts, tsy—1r- o tspy—m}+ j—; are such that (45) holds, which
implies that the sequence of reset instants is periodic with period 5—;\;;

hence, Z(t) = Z(t + j—l’;), and using the Fourier series representation
yields

00

Z(t) = ao + Zan cos(nwyrt) + by, sin(nwast).

n=1

(46)

]

We conclude this section with the following statement the proof of
which can be found in [39].

Corollary 7: Consider the reset control system (3). Suppose the Hpg
condition and Assumption 1 hold. Then for any periodic input wp (t) =
wp(t 4+ Tp) the reset control system (3) has a steady-state periodic
solution with the same period Tp2.

IV. CONCLUSION

This article has proposed an analytical approach to obtain closed-
loop frequency responses for reset control systems, including high-
order harmonics. To this end, sufficient conditions for the existence of
the steady-state solution of the closed-loop reset control systems driven
by periodic inputs have been presented. Moreover, pseudosensitivities,
which serve as a graphical tool for performance analysis of reset
controllers, have been defined: these relate the error and control input
of the system to the reference and the disturbance. All calculations are
performed in a user-friendly toolbox to make this approach easy of use.
The proposed method predicts the closed-loop performance of reset
control systems more accurately than the DF method.

APPENDIX A

Lemma 3: Consider a positive and bounded function V'(¢). Suppose
that there exists o > 0 such that

V< —aV te M @7
V(Az(th)) = V(Az(t)) + Z(t,0), t¢& M.
If for ¢ sufficiently large
=(t,0) <0 (48)
then there exist ,,, > 0 and K > 0 such that
V(t) < Ke *mt, forallt > 0. (49)

Proof: Since V' is bounded, by (47) and (48), V' achieves its maxi-
mum value at some time ¢,,,, < oco. In other words, there exists a time
0 <t,,, < oo such that

V(to,) 2 V(D). t<ty, 50)
ty,,) > V(). t>t,,

V(tu,)
Due to lack of space, it is not possible to have illustrative examples in this

article. In [39], there are several practical example which show the effectiveness
of the proposed approach.

Therefore, by (48) and well-posedness property, there exists a
bounded set 7 = {t; > t,,.| t; ¢ M AE(t;,0) >0, ¢ € N}. Thus,
using (50) there exists a bounded set A= {ca; >0| V(t;) =
e~iti=tem)V/ (¢, ), t; € T}. Since the set A is bounded, there exists
aa’ > Osuchthatforall a; € Aonehasthata’ < «;.Now considering
.y, = min(a, ), based on (47) and (48), yields

V(t) <eomttom)y(t, )= Kemt forallt>0. (51)
Finally, if 7 and A are empty sets, then selecting «,,, = « the claim
yields.
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