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Abstract. In this paper we propose an energy flow resetting control architecture as a means
for achieving enhanced energy dissipation in combustion systems. The overall framework
is based on a hybrid controller architecture wherein the closed-loop dynamical system is
characterized by impulsive differential equations. The proposed framework is used to design
high-performance hybrid controllers for suppressing thermoacoustic oscillations in combus-
tion chambers by efficiently dissipating modal system energy.
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1. INTRODUCTION

Engineering applications involving steam and gas tur-
bines and jet and ramjet engines for power generation and
propulsion technology involve combustion processes. Due
to the inherent coupling between several intricate phys-
ical phenomena in these processes involving acoustics,
thermodynamics, fluid mechanics, and chemical kinetics,
the dynamic behavior of combustion systems is character-
ized by highly complex nonlinear models (see [1] and the
references therein). The unstable dynamic coupling be-
tween heat release in combustion processes generated by
reacting mixtures releasing chemical energy and unsteady
motions in the combustor develop acoustic pressure and
velocity oscillations which can severely impact operating
conditions and system performance [1]. These pressure
oscillations, known as thermoacoustic instabilities, often
lead to high vibration levels causing mechanical failures,
high levels of acoustic noise, high burn rates, and even
component melting.

In [2] a novel class of controllers, called resetting virtual
absorbers, were proposed for vibration control of lossless
structural systems. The key idea of resetting control is
to achieve enhanced energy dissipation between intercon-
nected systems. Specifically, if a dissipative or lossless
plant is at a high energy level, and a dissipative feed-
back controller at a low energy level is attached to it,
then energy will generally tend to flow from the plant
into the controller, decreasing the plant energy and in-
creasing the controller energy [3]. Of course, emulated
energy, and not physical energy, is accumulated by the
controller. Conversely, if the attached controller is at a
high energy level and the plant is at a low energy level,
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then energy can flow from the controller to the plant,
since a controller can generate real, physical energy to
effect the required energy flow. Hence, if and when the
controller states coincide with a high emulated energy
level, then we can reset these states to remove the emu-
lated energy so that the emulated energy is not returned
to the plant. Since active energy flow resetting control for
interconnected systems gives rise to discontinuous closed-
loop motions, impulsive differential equations [4—6] pro-
vide the mathematical foundation for analyzing hybrid
resetting controllers. Motivated by the results of [2], the
authors in [5,6] develop a general framework for feedback
systems possessing discontinuous motions by addressing
stability, dissipativity, feedback interconnections, and op-
timality of nonlinear impulsive dynamical systems. The
results in [5,6] provide a general analysis and synthesis
framework for hybrid feedback control systems in that
they apply to nonlinear dynamical systems with abstract
energy notions for which a physical system energy inter-
pretation is not necessary.

Utilizing the time-averaged combustion model developed
in [1] for capturing thermoacoustic instabilities, in this
paper we develop active energy flow resetting controllers
to mitigate combustion induced pressure instabilities in
combustion systems. The hybrid resetting controller can
be viewed as a specialized technique for severing the cou-
pling between the acoustics and unsteady combustion to
effectively enhance the removal of energy in the combus-
tor. In particular, significant modal energy dissipation is
achieved via the hybrid resetting controller to suppress
thermoacoustic oscillations. The proposed framework is
used to design two kinds of hybrid resetting controllers;
namely, time-dependent and input/state-dependent re-
setting controllers. The overall framework demonstrates
that hybrid resetting controllers provide an extremely ef-
ficient mechanism for dissipating energy in combustion
processes.



. NYDRNIY RESELT1I1IING UVUINTIRULLIVWS

In this section we apply the theory of impulsive differ-
ential equations [4] to the analysis and design of hybrid
resetting controllers. We consider a continuous-time non-
linear plant of the form

p(t) = folzp(t)) + Gplzp(t))u(t), 2(0) =z, (1)
y(t) = hp(zp(t)), (2)

where t > 0, z,(t) € R™, u(t) € R™, y(t) € R, f, :
R™ — R™ is Lipschitz continuous and satisfies f,(0) =
0, Gp : R — R <™ and h, : R — R' and satisfies
hp(0) = 0. Furthermore, we consider a hybrid resetting
controller of the form

Ee(t) = fec(@c(t)) + Geel(zc(t)y(t),  2c(0) = Tco
(t, ze(t),y(t)) §Z , (3)
Aze(t) =fac(ze(t) +Gac(@e(8))y(t), (t, zc(t), y(t)) € Sc(4)
u(t) = hee(@e(t)), (5)
where t > 0, z.(t) € R, fec : R% — R™ is Lipschitz
continuous and satisfies fo.(0) = 0, Gee @ R — R
fac : R* — R™ is continuous and satisfies f4.(0) = 0,
Gac : R — R™*! hee : R% — R™ and satisfies hec(0)
=0, and S, C [0,00) x R? x R is the resetting set. Here,
we assume that u(-) is restricted to the class of admissible
inputs consisting of measurable functions u(t) € U for all
t > 0, where the constraint set U/ is given with 0 € U.
We refer to the differential equation (3) as the continuous-
time controller dynamics, and we refer to the difference
equation (4) as the resetting control law. Hence, a hybrid
resetting dynamic controller consists of three elements;
namely, a continuous-time differential equation, which
governs the controller states between resetting events; a
difference equation, which governs the way the controller
states are instantaneously changed when a resetting event
occurs; and a criterion for determining when the con-
troller states are to be reset.

The closed-loop system (1)—(5) is given by

i(t) = fe(z(t), (L)) €S, (6)
Az(t) = falz(t), (b)) €S, (7)
where
A p( (xp)h (c)
felo) = { Feelwe) + Geolae) hy (x,) } ®
fd(CE) = |: fdc L +Gdc(wC)hp(wp) :| ’ (9)
x 2 [ip}e]l&” n =n, + ne, (10)

and S £ {(t,z) : (t,zc,hp(xp)) € Sc}. Note that the
closed-loop system (6), (7) has the form of an impulsive
differential equation [4-6]. However, while the closed-
loop state vector consists of the plant states and con-
troller states, it is clear from (9) that only those states
associated with the controller are reset.

Next, we present a key stability result from [5,6] on feed-
back interconnections of dissipative impulsive dynamical
systems used later in the paper. For this result, we view
(1), (2) and (3)—(5) as separate interconnected subsys-

tems with inputs w and u. £ y and outputs y and y. =
—u, respectively. Now, a time-dependent resetting con-
troller with input u. = y and output y. = —u can be writ-
ten as (3)—(5) with S, defined as S. 2 T x R x U, where

TE {t1,t2,...} and 0 < t; < t2 < ... are prescribed re-

setting times. Alternatively, a staté-aepenaent reserving
controller with input u. = y and output y. = —u can be
written as (3)—(5) with S, defined as S. £ [0, 00) x Z,
where Z. £ Zez. XU and Z.,, C R™. More generally,
an input/state-dependent resetting controller with input
uc = y and output y. = —u can be written as (3)—(5) with
S. defined as S, £ [0,00) X Z¢p, X Zew,, where Z,,. CU.
For the following definition let k € NV ;) Elk:t<tp<

t}, where t;, denotes the resetting times of the hybrid
controller (3)—(5).

Definition 2.1. A hybrid resetting controller G. of the
form (3)-(5) with ue = y and y. = —u is exponentially
passive if there exists a continuous nonnegative-definite
function V5 : R* — R, called a storage function, and a
scalar € > 0 such that the dissipation inequality

T

ETV(2o(T)) < €Valolto)) + / 2T (1)ye (£)dt

+ > 2eul () ye (),

kEN[iO T)

is satisfied for all ¢y, T > 0, and where z.(t), t > to, is
the solution to (3)—(5) with u. € R and z.(ty) = co.
A hybrid resetting controller G. of the form (3)—(5) is

passive if the dissipation inequality (11) is satisfied with
e=0.

For the statement of the following theorem recall the
standard definitions of passivity and zero-state observ-
ability of a nonlinear dynamical system given by (1), (2).
Furthermore, we assume all storage functions associated
with the plant and the controller are positive definite.
See [5] for further details.

(11)

Theorem 2.1 [5]. Consider the closed-loop system
consisting of the nonlinear dynamical system G given
by (1), (2) and the nonlinear hybrid resetting controller
Ge given by (3)-(5). If Sc = T x R"™ x U or S
[0,00) X Zcz. X Zey, and G and G, are passive, then the
closed-loop system (6), (7) is Lyapunov stable. If, alter-
natively, Se = 7 x R? x U or S; = [0,00) X Z¢p. X Zen,
and G and G, are exponentially passive, then the closed-
loop system (1), (2) is asymptotically stable. Finally, if

= [0,00) x Zoge X Zougs g is passive and zero-state
observable G. is exponentially passive, rank[G..(0)] = I,
and Assumptlon 3.1 of [5] holds, then the closed- loop sys-
tem (6), (7) is asymptotically stable.

3. STATE SPACE MODELING OF COMBUS-
TION PROCESSES

In order to develop a state space model for combustion
processes that capture the coupling between unsteady
combustion and acoustics, we consider the mass, momen-
tum, and energy conservation equations for a two phase
mixture in a combustor. Specifically, the conservation
equations are given by [1]

0

6—p+vg-Vp =W, (12)
p; +pvg - Vog +Vp = F, (13)
0
8—p+7pv-vg+vg-Vp =P, (14)

where p is the local density of the mixture, v, is the lo-
cal velocity of the gas phase, p is the local pressure, y
is the mixture ratio of specific heats, VW represents the
mass conversion rate of condensed phases to gases per



unit voiume, J- 15 the 10rce immteraction bpetween tne gas
and condensed phases, and P is the sum of heat release
associated with chemical reactions and energy transfer
between the gas-liquid phase. In this formulation we as-
sume that droplets are dispersed in the gas, which implies
that, if py and pg are the local pressures of the liquid and
gas phase, respectively, pi << pg, p = p, and hence ([1])
p= pR s, where R is the gas constant for the mixture
and T is the temperature of the gas.

The framework for analyzing combustion instabilities is
based on the conservation equations (12), (13), and (14)
for total mass, momentum, and energy, with the energy
equation written with the pressure as the dependent vari-
able. Writing all dependent variables as sums of mean (-)
and fluctuating (-)' parts given by

15
16
17
18

(
p(ri,ra,r3,t) = p+p'(r1,r,rs, t),
p(ri,ra,r3,t) = p(ry,ra,m3) + p'(r1,7r2,73,1),
Vg(r1,72,73,t) = Tg(r1,72,73) + Vg (711,72, 73, 1),
t)

Tg(Tl,TQ,T'Qg, = Tg(’l”l,’l"Q,’I":g)+Tgl(7“1,7“2,’l"3,t),

(15)
(16)
(17)
(18)

where (r1,72,73) represent generalized coordinates, and
assuming that the average values p, p, , Vg, T do not vary
with time and the average pressure p 1is unlform inside
the combustion chamber, a second-order approximation

of (12), (13), (14), and p = pRTy yields
2,/ 1 82 ' ~ /
VP — 5z =9, 0 VP =9, (19)

where @ £ 7% is the local average sound velocity in-

side the combustor, 71 is the outward normal vector of the
combustor chamber surface, and ¢ and ¥ are nonlinear
terms containing all physical processes of acoustic mo-
tions, mean flow, and combustion under conditions with
no external forcing [1].

To control combustion instabilities appropriate external
forces are needed to influence the unsteady mass, mo-
mentum, and energy in the combustion chamber. Hence,
control forces are included in the conservation equations
by modifying the nonhomogeneous terms of (12), (13),
and (14) to include control input terms of the form W,
Fe, and P., respectively. The specific forms of W,, F,
and P, depend on the type of control actuation used. In
this case, (19) becomes

1 9%p'(ry,72,73,1)
2 1/ ’ ’ ’ _
\4 p (7'1,7‘2,T3,t) - ? o2 -

o(r1,72,73,t) + @e(r1,72,73,1), (20)

nVp'(ri,ra,rs,t) =—=0(r1, 72, r3,t) — e (r1, 72,73, t),(21)

where

1 0P
az ot’
represent external inputs due to control actuation. Since
the input terms in (20), (21) are treated as small pertur-
bations to the acoustic field, the solution for the unsteady
pressure field p'(r1,7r2,73,t) can be approximated by

o0
=p > mijkOije(ri,ra,rs),

i\j,k=0

@cév'}-(lz_ 79cé

—Fia, (2

p'(r1,72,73,t) (23)

where ;;1 are the normal modes of the system forming
a complete set of orthogonal basis functions satisfying
(24)
(25)

= Viji(r1,m2,ms) + k?jk1/}ijk(rlar2>7'3)>
OZ’fL'VI/)ijk(Tl,T'Q,T'g;), i,j,k‘:O,l,Q,...,

where Kijk, t,J],F = U, 1, 4,..., are the wave numbers de-
fined by ki, = 24k and wijg, 0,7,k = 0,1,2,..., are the
natural frequencies. Now, using a Galerkin decomposi-
tion it follows from (20), (23), and (24) that

Hijk + w?jknijk = Fiji + usji, (26)
where
~2
Fijk 4 a (/ (P/‘/}ijkdv +7{ I9’(/Jijkd8>, (27)
pE;Jk Vm Sm
2
Uik £ _ (/ (Pc'(/Jijde +% 19(-’(/Jmkd8>,(28)
pE;Jk Vm Sm

A
B2 [y (29)
Vi
where V,, is any arbitrary material volume within the
continuum, Sy, is the surface that encloses Vy,, and dV
and dS are the infinitesimal volume and surface elements,
respectively.

Finally, using a one-dimensional combustor model whose
geometry is such that the longitudinal modes are decou-
pled from the transverse modes, it follows that the index
i is the only index in the triple 4, j, k that applies. Fur-
thermore, we substitute z for the generalized coordinates

(r1,72,73) so that V = fo (z)dz, where A.(z) repre-
sents the cross sectional area of the combustor and L is
the combustor length In this case, (26) becomes

+Z (dipmp(t
+Z Z (@ipgTp (£)71q () + bipgnp(H)ng(t)) = wi(t), (30)

p=1¢=1

iii(t) + wzm ) + eipnp(t))

where the constants d;;, €ip, Gipq, and b;p, depend on the
unperturbed mode shapes and natural frequencies of the
combustor [1] and the control input to the i*" mode is

given by a2 o
u;(t) = pE? ;Ua(t)l/)i(m)

Since in typical combustion devices pressure amplitude
and phase fluctuations vary slowly with time, we ap-
ply the method of time-averaging to approximate the
second-order nonlinear dynamical system given by (30)
by a corresponding system of two first-order differential
equations. In this case, the pressure amplitudes n;(t),
i=0,1,2,..., can be written in the form

i (t) = Az (t) sin(wit) + Bi (t) cos(wit), (32)

where A;(t) and B;(t) are assumed to be slowly time-
varying functions. Applying the method of averaging to
(30) over an interval 7 with u;(¢) = 0 yields

(31)

. 1 t+7
Ai(t) = F; cos(w;o)do, (33)
Wi St
Bi(t) = ~or ] F; sin(w;o)do. (34)
(2

For longitudinal vibrational modes with 7 taken to be the
period of the fundamental mode, that is, 7 = 27 /wy, it
follows that w; = iwy and

A = oA +6:B; +Zﬁz AyA;i_p — ByBi_,)
_Zﬂz AirpAp +Bt+pB ) (35)

. p—

B, = « 9A+ZﬂZAsz+BAzp)

p=1



+if Z(Ai+po — BitpAp), (36)

p=1
where «; = —%dii represents a growth/decay constant,
0; = —%Z represents a frequency shift constant, and

B = ((yv+1)/8y)w1. For details of this formulation see [1].

4. HYBRID RESETTING CONTROLLERS
FOR COMBUSTION CONTROL

In this section we apply the concepts of active energy flow
resetting control to the control of thermoacoustic insta-
bilities in combustion processes. To design hybrid reset-
ting controllers, we associate with the plant a positive-
definite, continuously differentiable function V,(zp), sat-
isfying V,(0) = 0, which we will refer to as the plant
energy. Furthermore, we associate with the controller
a positive-definite, continuously differentiable function
Ve(ze), satisfying V.(0) = 0, which we refer to as the em-
ulated controller energy. Finally, we associate with the

closed-loop system the function V (z) £ Vi (zp) + Ve(ze),
which we call the total energy.

4.1. Time-Dependent Resetting Controllers

To design hybrid resetting controllers for combustion sys-
tems we concentrate on a two-mode, nonlinear time-
averaged combustion model with nonlinearities present
due to the second-order gas dynamics. Furthermore, we
assume that actuation is provided by load speakers while
we measure pressure fluctuations via pressure-type mi-
crophones. Now, using (35) and (36), a two-mode, time-
averaged combustion plant model is given by

Tp1(t)= a1 xp1(t)H+-012p2 (1) — B(wpi(t)Tp3 (1) +Tp2 () pa(t))
+ug (2), zp1(0) = zp1o, t >0, (37)
Tp2 ()= —012p1(t) + a12p2(t) + B(zp2(t)Tps(t)
—Tp1(H)@pa(t)) +us2(t),  Tp2(0) = Tp2o, (38)
Ep (1) = Qa3 () +02pa (1) + B2, (1) =225 (1)) + uss (1),
Tp3(0) = Tpso,  (39)
Tpa(t)= —0axp3(t) + a2pa(t) + 26251 (8)wp2(t) + usa(t),

Tpa(0) = zpao,  (40)
where Tpr = Al, Tp2 = B1, ZUp3 = AQ, Tps = BQ,
ar,as, 3, 91,02 € R, and Usi, © = ,4, are added
control input signals. For the data parameters a; =5,
ay = =55, 6; =4, 6, = 32, v = 14, w; = 124, and
zpo = [1 11 1]T, the open-loop (usi(t) = 0,i = 1,...,4)
dynamics (37)—(40) result in a limit cycle instability.

To design a stabilizing time-dependent resetting con-
troller for (37)—(40) we first design a control law

us = —Kgzp + u, where Kj £ diaglks1, ks2, ks3, ksal,
A T A T
= [xply Tp2, Tp3, :L’p4] , Us = [u517 Us2, Us3, Us4] , and
u é [u1, us, uz, ug]", that renders the dynamical system
(37)-(4 ) passive. In this case, (37)—(40) are given by (1)
with
a1Tp1 + 012p2 — B(Tp12p3 + Tpatps) — ks12p1
o) = —012p1 +0nTp2 +0(Tp2ps — Tp1Zpa) — ks2Zp2
PP T3 + Oaxpy + B3 — x2y) — ks3Tps

—92$p3 + Q2T p4 + Qﬂmplme — ks4$p4
(41)

Gy(ay) = I, (42)
Now, with y = xp, ks1 = ks2 = a1, and kg3 = kgy = 0,

1t Iollows that (1), (&), Withh Jpl\Tp) and Gp{Tp) glvel
by (41), (42), and hy(zp) = zp, is passive with input w,
output y, and plant energy, or storage function, V;,(zp) =
a2 +ady+ 225+ 22, Hence, V(xp) f(2p) <0, 2, € R
Furthermore, (1), (2), with fy(zp) and Gp(zp) given by
(41), (42), and hp(zp) = zp, is zero-state observable.

To improve the performance of the above controller and
enhance energy dissipation, we use the flexibility in u to
design a hybrid resetting controller. Specifically, consider
the hybrid controller emulating the plant structure given
by (3)—(5), with Se = 7 x R? x R, and

1Tt + 0122 — ﬂ(xclw(ﬁ + Cl7c25l7c4) —keizer
f (1‘ ): —01xc1 +1 T2 +ﬂ(wc237c3 _370137(:4)_]‘7(:23702
cee ey + Oaes + B0 — 12) — keaes
—022c3 + 2%cq + 2BTc1Ter — KeaTes
(43)
Al
—X
fdc(wc) = —:L‘Ci ) Gcc(wc) =1, Gdc(xc) =0, (44)
c
—Tc4
hcc(l'c) = _[ Tcly, Te2, Te3, 1,04]T, (45)

where key > ay, ke > a1, ke > ao, and keqg > as.
It can be easily shown using Corollary 5.1 and Remark
5.3 of [5] that the hybrid resetting controller (3)—(5), with
dynamics given by (43)—(45), resetting set Se = T x R x
R', input y, and output —u, is exponentially passive with
emulated controller energy, or storage function, V.(z.) =
r + 93(2:2 +aZ; + a7, Hence, V{(2c) fee(we) < —eVe(ze),
7. € R, where ¢ = min{a; — kcl,al keo, an — kg3, ap —

kea}. Furthermore note that rank [Ge.(0)] = 4. Hence,
stability of the closed- loop system 1)7(5) is guaranteed
by Theorem 2.1. Finally, we note that the total energy
of the closed-loop system (1)—(5) is given by

V(z) = 251 + 2y +2p5 a0+ a0 + 30 a3+ 12, (46)
The effect of the resetting law (4) with fqc(z.) and
Gac(zc) given by (44), is to cause all controller states to
be instantaneously reset to zero; that is, the resetting law

(4) implies V¢(z. + Az.) = 0. The closed-loop resetting
law is thus given by

Az = fd(l‘) = [ 0000 — Tl — T2
Note that since

e+Az = Tp1 Tp2 Tps apa 0 0 0 0]
it follows that

T @7

— T3 — 1'(‘,4]

T, 48)

V(e + Az) = Vp(xp), (49)

and
V(z+ Az) —V(z) = —Ve(ze) < 0. (50)

Now, from (50) it follows that the resetting law (4)
causes the total energy to instantaneously decrease by
an amount equal to the accumulated controller energy.

To illustrate the dynamic behaviour of the closed-loop
system, let ap = 5, Qg = —55, ksl = 1, k‘SQ = 1,
ksgzo,ks :0 k:l—oz1+01 k2:a1+0.1,
ks = 0, kea = 0, and T = {2,4,6,...}, so that the
controller resets per10d1cally with a period of 2 seconds.
The response of the controlled system (1), (2) with the
hybrid resetting controller (3)—(5) and initial condition
7o =[11110000]T is shown in Figure 1. Note that
the control force versus time is discontinuous at the reset-
ting times. A comparison of the plant energy, emulated
control energy, and total energy is given in Figure 2.



Control Effort
cccc
AW N RE
L L ] L L

-15
o

Figure 1: Time-dependent resetting controller: Output and
control effort versus time
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Figure 2: Time-dependent resetting controller: Plant, con-
troller, and total energy

In this example the resetting times were chosen arbitrar-
ily. However, with the same choice of controller parame-
ters we can choose a resetting time to achieve finite-time
stabilization. Specifically, in this case the resetting time
would correspond to the time at which all of the energy of
the plant is drawn to the controller. This resetting time
can be obtained from the energy history of the closed-loop
system without resetting. In particular, the time instant
when the plant and controller interchange energies such
that plant energy is at zero will correspond to the reset-
ting time that achieves finite-time stabilization. For this
example, finite-time stability is achieved by choosing the
resetting instant at t = 1.6223 sec.

4.2. Input/State-Dependent Resetting Control-

lers

In this subsection we describe the mathematical setting
and design of an input/state-dependent resetting con-
troller. We consider the plant and hybrid resetting con-
troller as described in Subsection 4.1 with S = [0, 00) X
Zeg. X Zey, Where

Zepe X Zey 2 {(xe,y) : fac(ze) #0 and

Vcl(xc)[fcc(:vc) + GCC(mC)y] < 0}- (51)
(Note that since uc = y, Zeu, = Zcy.) The resetting set
(51) is thus defined to be the set of all controller state
and input points that represent non-increasing controller
energy while the controller is in the loop, except for state
points that satisfy fgqc(x.) = 0. As mentioned in Re-
mark 2.7 of [5], the states x. that satisfy fac(z.) = 0
are states that do not change under the action of the
resetting law, and thus we need to exclude these states
from the resetting set to ensure that the Assumption A2
of [5] is not violated. Furthermore, since the hybrid re-
setting controller given in Subsection 4.1 is exponentially
passive for S = [0,00) x R" x R, it follows that the
hybrid resetting controller is exponentially passive for
Se = [0,00) X Zep, X Zcy. Hence, asymptotic stability

Ol the closed-l00p system (1)—(o) 1S guaranteed by 11neo-
rem 2.1.

To illustrate the dynamic behaviour of the closed-loop

system we again choose a; = 5, as = —55, kg1 = ay,
ksr = aq, ks3 = 0, ks = 0, kei = oq +0.1, ker = oy +0.1,
kes = 0, and k.4 = 0, with initial condition zy =

[11110000]'. The response of the controlled system
(1), (2), with dynamics (41), (42), and hp(zp) = zp, and
the input/state-dependent resetting controller given by
(3)-(5) with dynamics (43)—(45) and resetting set (51) is
given in Figure 3. The total energy, plant energy, and em-
ulated controller energy versus time are shown in Figure
4. Note that the proposed input/state-dependent reset-
ting controller achieves finite-time stabilization.
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Figure 3: Input/state-dependent resetting controller: Out
put and control effort versus time
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Figure 4: Input/state-dependent resetting controller: Plant,
controller, and total energy
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