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Guaranteeing Disturbance Rejection and
Control Signal Continuity for the Saturated
Super-Twisting Algorithm

Richard Seeber

Abstract—The saturated super-twisting algorithm is a
second order sliding-mode control law for robust control
in the presence of a bounded control input. Its implementa-
tion is based on a switching logic and the resulting control
signal typically exhibits a single jump discontinuity. This
contribution presents novel stability conditions that allow
for tuning the algorithm such that perturbation amplitudes
up to the control input bound are rejected with a continu-
ous control signal. A simplified control law is furthermore
proposed, which is equivalent to the original algorithm
while being easier to implement.

Index Terms—Variable-structure/sliding-mode control,
constrained control, Lyapunov methods.

|. INTRODUCTION

ITIGATING or eliminating the influence of distur-

bances is one of the main goals of feedback control.
The field of sliding mode control offers several techniques for
dealing with large classes of disturbances, such as bounded
and Lipschitz continuous signals. One commonly used second
order sliding mode control law in that regard is the classical
super-twisting algorithm originally proposed in [1]. Closed-
loop stability conditions and performance indicators, such as
the finite convergence time and chattering amplitudes, have
extensively been studied in literature, see, e.g., [2], [3], [4]
and [5], [6], [7], [8], [9], respectively.

In practice, control input constraints have to be taken into
account. The design of sliding mode algorithms for saturated
actuators or constrained systems in general has thus repeatedly
been studied, see, e.g., [10], [11], [12]. For the super-twisting
algorithm in particular, a number of modifications to deal
with bounded control inputs have recently been proposed and
analyzed in terms of stability, see, e.g., [13], [14], [15]. One
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promising approach is the so-called saturated super-twisting
algorithm [13]. It consists in applying a relay controller
initially, until some switching condition is met, and using
the super-twisting control law afterwards. By means of a
Lyapunov based stability proof it is shown in [13] that the
control input stays within the saturation limits and that all
trajectories converge to the origin. The switch leads to a dis-
continuity in the control signal, however, and the proof in
principle can not guarantee convergence for perturbations that
exceed half the control input bound in magnitude.

This contribution presents a new stability proof that reme-
dies these facts. In particular, it yields conditions for the
rejection of perturbations with any amplitude less than the
control input bound, and permits to tune the switching condi-
tion such that a continuous control signal is obtained. For the
case of a continuous control signal, an equivalent version of
the control law is furthermore proposed that is considerably
easier to implement.

This letter is structured as follows: Section II presents the
considered plant and discusses some notational conventions
and definitions. The saturated super-twisting algorithm and its
existing stability proof are then briefly discussed in Section III.
Its limitations regarding the continuity of the control signal and
the permissible perturbation bounds are illustrated. Section IV
presents the letter’s main results, a stability condition and a
simplified equivalent control law that guarantee disturbance
rejection by means of a continuous control signal. The cor-
responding stability proof is then discussed in Section V; in
addition to the main results, it provides additional conditions
for the case of a discontinuous control signal that extend the
results obtained in [13]. Section VI compares these condi-
tions to results from literature and illustrates the algorithm’s
performance in a simulation. Section VII concludes this let-
ter. Some of the more technical proofs of some lemmas and
propositions are given in an Appendix.

Il. PRELIMINARIES
As in [13], a plant
(1a)

with the state x, the control input u, and a perturbation w is
considered. The perturbation is assumed to be bounded and

X=u+w
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composed of two components w; and w, that are Holder
continuous in the state and Lipschitz continuous in time,
respectively, i.e., w = wy + wy with

[wil < Ky/|xl,

where W, K, and L are non-negative constants.
The control task is to steer the state x to zero despite the
perturbation w by using a control input u that is bounded by

lwl < W, w2 < L, (1b)

lul = U. 2

Therein, U is a positive control input bound. Clearly, this
bound has to exceed the maximum perturbation amplitude W
for the task to be feasible; thus, U > W is assumed. For this
purpose, the following definition is introduced.

Definition 1: A control law is said to globally stabilize the
plant (1) in finite time, if for every initial condition x(0) there
exists a positive time instant t such that for any admissible
perturbation w one has x(f) = 0 for all r > 7.

The abbreviation |y]? = |y|Psign(y) is commonly used
throughout this letter, and |y]® in particular is written for the
sign of y. The saturation function saty; with positive parameter
M is defined as

)y vyl <M

All solutions of differential equations with discontinuous right-
hand side are understood in the sense of Filippov [16].

I1l. CONTROL ALGORITHM

This section discusses the saturated super-twisting algorithm
and briefly sketches the original stability proof given in [13].

A. Control Law

The saturated super-twisting algorithm consists in applying
a relay controller up to a time instant 7, when the state x for
the first time satisfies |x(7)| < y2. Therein, y denotes a non-
negative switching level parameter. For r > T, a super-twisting
control law is used.

The saturated super-twisting control law is thus given by

—U[x1° t<T
U= 1 (4a)
—ki|x124+v t>T,
. _Jo t<T
"Il kel =T,

T = inf{t : |x(1)| < y?},

(4b)
(4¢)

with initial value v(0) = 0. At the switching time instant, one
has v(T) = 0 and therefore

u(T) = ki (D)2 + W(T) = —kiy (D)1, S

Thus, one can see that kjy < U is required for u(T) to satisfy
the control input bound, and that a continuous control signal
is obtained if and only if

y=k'U (6)
holds.

- - - control input bound |u| = U

------ Lyapunov level set for w =0
Lyapunov level set for w = +W
parameter range for switching level v
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Fig. 1. lllustration of the original Lyapunov-based stability proof
from [13] in the |x] 1/2-v-p|ane: a Lyapunov level set, where the con-
trol input bound is satisfied, is guaranteed to be entered at the switching
time instant T if the switching level y is chosen within the depicted range.

B. Original Stability Proof

With the proof in [13], the perturbation amplitude W must
not exceed half the control input bound U, and obtaining a
continuous control signal is only possible if W is zero. To see
this, the original proof is briefly discussed in the following.

The proof is based on a Lyapunov function, originally
proposed in [2], which is a quadratic form with respect to
the variables |x]2 and v 4+ w. For this Lyapunov function, a
level set is constructed, inside which the control input bound
is satisfied. This is illustrated in Fig. | in the Lxl%-v—plane,
where the level set has the shape of an ellipse. As one can
see, the location of the ellipse’s center depends on the value
of the disturbance w. If the trajectory is guaranteed to be inside
this level set for r = T, it stays inside and satisfies the control
input bound for all # > T. Since v is zero at the switching time
instant, the permitted range of the switching level parameter
y is thus given by the part of the |x]2-axis that is contained
in the level set for any value of w.

One can see geometrically in Fig. | that it is impossible to
obtain a range for y that includes the choice (6) required for a
continuous control signal, regardless of the ellipse’s shape, for
a nonzero perturbation bound W. Thus, guaranteeing distur-
bance rejection in the presence of a continuous control signal
is impossible with the original proof. Furthermore, one can
see that the maximum perturbation amplitude is constrained
to values W < 0.5U, because the intersection of the level set
for w = W and for w = —W, and thus also the set of permitted
values for y, is empty otherwise.

IV. MAIN RESULT

In the following, the main results of this letter are stated:
conditions that permit rejecting perturbations with any ampli-
tude W < U while maintaining a continuous control signal,
and a control law that is equivalent to (4) but is easier to
implement.

Theorem 1: For given positive parameters ki, k», non-
negative perturbation bounds W, K, L, and a positive control
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input bound U, consider the control law (4) with the switch-
ing level y = kflU and initial condition v(0) = 0. If the
perturbation bounds satisfy the conditions L < k> and

K < ki — /2L + 2k», (7a)
K} — Kky — 2k,

W < Uz—, (7b)
ki — Kky + 2k;

then this control law globally stabilizes the plant (1) in finite
time with a control input u that is continuous with respect to
time, satisfies |u| < U, and is equivalently obtained via the
control law

u = saty(—k; I_xﬁ +v), (8a)
. _Jo lu| =U
V= {—kzmo jul < U (8b)

with initial condition v(0) = 0.

Proof: A proof of Theorem 1 is given in Section V. |

Remark 1: The simplified control law (8) essentially uses
conditional integration to prevent integrator wind-up. A similar
modification is proposed in [10] for the so-called “sub-
optimal” second order sliding mode controller, see [17]. The
result also fits nicely into the context of classical anti-windup
schemes for controllers with integral part, with additional
stability guarantees in the presence of disturbances.

Remark 2: Solving (7) for k; shows that for W < U the
theorem’s conditions are equivalent to k; > L and

ki > K + /2L + 2k, (9a)
K? U+w

k — — + 2k . 9b

1> 2+ 1 + y (9b)

This form of the conditions is useful for tuning purposes,
because it permits to select parameters ki, k; for any given
value of K, L, and W < U.

Remark 3: One can see from (9) that k; > +/2k; is a
necessary condition for the theorem’s applicability. Several
parameter settings have been proposed in literature that satisfy
this condition. It is shown in [9], for example, that choosing
ki ~ 24/ky minimizes the chattering amplitude in the presence
of a second order actuator. In [18] it is furthermore shown that
having k; > 24/k; is desirable if one seeks to minimize the
impact of brief violations of the assumed disturbance bounds
in practice.

Figs. 2 and 3 show block diagrams of the original con-
trol law (4) and the simplified control law (8). One can see
that compared to the former the complexity of the latter is
considerably reduced.

V. STABILITY PROOF

Similar to [13], the proposed stability proof is based on
the construction of an invariant set. To construct this set, the
behavior of the control input u at the saturation limit, i.e., for
|u| = U, is first considered. Computing the time derivative of
|u| for |u| < U along the closed-loop trajectories yields

d k
% — 5l 21 4+ 1)

- _%bcl*%(lul +wlul®) = ko [x1°1°. (10)

Bz,

Fig. 2. Block diagram of the saturated super-twisting algorithm (4). The
comparison block’s output is one when its input does not exceed y2
and zero otherwise, the or-gate’s output is initialized with zero, and the
switches are in the upper position when the input of the switchbox is

non-zero.

lL

Fig. 3. Block diagram of the simplified control law (8) for the saturated
super-twisting algorithm with continuous control input. The comparison
block’s output is one when its input is less than U and zero otherwise.

In the limit, as |u| tends to U, an upper bound is given by

dlul

kq 1
— < ——x|72(U - W) + k. 11
i = 2|x| ( )+ k2 (11)

This bound is negative, and thus u can neither exceed nor slide
along the saturation limit |u| = U, if
< 2L —w (12)
2ky
holds. In the following, a Lyapunov level set is designed,
within which x satisfies this bound.

The region, where (12) holds, corresponds to a vertical strip
in the Lx]%—v-plane. The elliptic level sets of the quadratic
Lyapunov function shown in Fig. | are therefore not the best
choice for this purpose. A new Lyapunov function V, whose
level sets are tailored to the task at hand, is thus proposed.
For this purpose, the state variables xj := x, xp := v+ wy and
new perturbations &1 = wi|x1|” 2, §; = Wy are introduced.
For t > T, the closed-loop dynamics are then governed by

i1 = —ki a2 + x4 81 |2 (13a)
=~k a1’ + 8 (13b)
and the perturbations 81, §> are bounded by
161l <K, [82] = L. (13¢)
With the state vector X := [x] xz]T, the functions
Vi) = (ki = K)%xl. Vo) =, (14)
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....... state bound |z1]3 — ;TIZ(U —w) additionally satisfy
- - - control input bound |u| = U k2(U . W)2
Lyapunov level set for w = +W (ki — K)*y? + (W + Ky)*<(ki — K)* ————, (18)
parameter range for switching level v 4k2
g Y P A then |#| < U holds for all times and |u| = U only holds at
| Pt f isolated time instants.
§ o Pl - f Proof: Given in the Appendix. [ ]
: W ! Condition (18) is the best condition that may be obtained
—% o —%’ ,f, 1213 with. the proposed invariar.lt set, but it is quite.involvec.i.. To
T — obtain a simpler, though slightly more conservative condition,
e =T B one may use the fact that
! W -
: U+~ 2.2 2 2
TV (ki —K)*y* + (W +Ky)* < [(ki —K)y + (W + Ky)]
= (kiy + W) (19)
holds, to see that the inequality
Fig.14. lllustration of the proposed Lyapunov-based stability proof in the k(U — W)
/2_y-plane: i inside whi -
|x7/#-v-plane: the Lyapunov level set is constructed, inside which the iy + W<(k; — K) 1 (20)

state bound (12) holds; this guarantees that the control input amplitude
can not exceed U.

and the state space regions

My ={x:0 <0l < (- Kl (153
My = {x 1 (k — K)lxi| < xlx17), (15b)
Ms = {x : xa]x172 <0}, (15¢)
the proposed function V(x) is defined as
Vi(x1) x € M,
Vx) = { Vax) x € M, (16)

Vitx) + Va(x) x e M;s.

The conditions, for which it is a Lyapunov function for
system (13), are given in the following lemma.

Lemma 1: Suppose that k; > K holds. Then, the func-
tion V(x) defined in (16) is continuous and positive definite.
Furthermore, if the conditions

ki > K+ 2(ky+ L)

hold, then V is non-increasing along the trajectories of
system (13), i.e., it is a (weak) Lyapunov function for that
system.

Proof: Given in the Appendix. |

Using the proposed Lyapunov function, conditions guaran-
teeing that u satisfies the control input bound (2) after the
switching time instant 7 are derived. In Fig. 4, this proce-
dure is illustrated in the |x] %—v-plane: The largest intersection
of a Lyapunov level set, wherein (12) holds, with the Lx"l%-
axis is determined. When y is contained in the interval thus
obtained, (12) and thus |u| < U are guaranteed for all time.
The resulting conditions and their actual computation are given
in the following proposition and its proof, respectively.

Proposition 1: Consider the closed loop formed by the
plant (1) and the control law (4) with positive parameters ki,
ky, a positive control input bound U, and the non-negative
switching level parameter y < kl_lU. If the conditions of
Lemma 1 are fulfilled and the perturbation bounds K and W

ky > L, 7)

2k

implies (18). Solving this inequality (20) for W yields the
following corollary to Proposition 1.

Corollary 1: Consider the closed loop formed by the
plant (1) and the control law (4) with positive parameters ki,
ky, a positive control input bound U, and the non-negative
switching level parameter y < kl_lU. If the conditions
of Lemma 1 are fulfilled and the maximum perturbation
amplitude W is bounded by

(k2 — Kk)U — 2kikoy
k3 — Kki + 2k,

) 2n

then the control input bound |u| < U holds for all times and
|u| = U only holds at isolated time instants.

Proof: The inequality (21) is equivalent to (20), which
implies condition (18) of Proposition 1. |

To actually prove Theorem 1, convergence of trajectories to
the origin for + > T, i.e., finite time stability of system (13),
remains to be shown. Since the proposed Lyapunov function’s
time derivative is not negative definite, and proving finite time
stability would thus require more extensive arguments, the
following result presented in [19] is used in the following.

Lemma 2 [19]: If the parameters ki, k> and perturbation
bounds K, L satisfy

ki > K+ vk + L,

then system (13) is finite time stable.

Proof: Given in [19, Sec. 3]. |

Theorem 1 may now be proven. As shown in Section III-A,
the control signal is continuous for y = k1_1 U. Furthermore,
conditions (7b) and (21) are equivalent for this value of y.
Thus, |u| < U holds for all times due to Corollary 1, and
the closed-loop dynamics are given by system (13) after the
switching time instant. Since (7a) and kp > L imply (22),
Lemma 2 guarantees finite time stability of that system. To see
equivalence of control laws (4) and (8), note that for y = kl_1 U
the switching time instant 7 defined in (4c) can be rewritten
as T = inf A/ with the set N given by

ky > L, (22)

N = {t : ‘—kl x(O1? + v(t)‘ < U}, 23)
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Fig. 5. Upper bounds for the perturbation amplitude W for K = L =0
permitted by the proposed conditions and the stability proof in [13] in
case of a continuous control signal.

because v(f) = 0 for r < T. Since |u| < U holds for almost
all t > T, one may replace the condition ¢ > T by |u| < U.
This yields the control law (8), which leads to a continuous
u(t), because the saturation function and involved arguments
are continuous. |

VI. COMPARISONS AND SIMULATION RESULTS

This section compares the proposed stability conditions
to those imposed in [13], and illustrates the closed-loop
performance by means of a simulation.

A. Comparison of Perturbation Amplitudes

For y =0 or W = 0, the conditions in [13] are given by
U U

or y < .
2 (putkipi)?

kl + 5
P11P22—P1p

(24)

W<

12+k1p22)?
1 4 uthpn”
P11P22—P1

1+

respectively. Therein, p11, p22 > 0 and p1, are parameters that
satisfy p11p2 > P%z and have to be chosen such that

~ 1
Vx) = pulal + 2pi2lal2x + polal? (25)

is a Lyapunov function for system (13). Both conditions in (24)
become more restrictive if either ¥ or W are nonzero. Thus,
W < 0.5U has to hold in any case. Furthermore, choosing
y = kl_lU to obtain a continuous control signal is only pos-
sible, if W = 0 and p1; + k1p12 = 0 hold. This requires the
inequality k; > /2ky to be fulfilled. To see this, evaluate
the time derivative of V along the trajectories of (13) without
perturbations for x, = 0; this yields

1
v = —(kip11 + 2kop12)|x1]?

x=0

= ki = 2y (26)
ki

One can thus see that k; > /2k> is a necessary condition for

V to be a Lyapunov function in this case.

Fig. 5 shows upper bounds imposed on W by Theorem 1
for the case of a continuous control signal in comparison to
those imposed by the original proof. One can see that in both
cases k; > +/2ky has to hold, but only the proposed approach
permits nonzero perturbation amplitudes W.

Fig. 6 depicts the same comparison for the case of a
discontinuous control signal using the bound obtained from
Corollary 1 for y = 0. One can see that in this case the

Bl

02l proposed condition, discontinuous u | |
’ --=--- original proof, discontinuous u
0k " : . ; : N
0 V22 4 6 8 10 12
k1
Vk2

Fig. 6. Upper bounds for the perturbation amplitude W for K = L =0
permitted by the proposed conditions and the stability proof in [13] in
case of a discontinuous control signal with switching level parameter
y =0.

original proof is the only one applicable for k1 < /2k;, while
the proposed approach imposes a less restrictive condition
otherwise.

B. Numerical Simulation

Fig. 7 compares the saturated super-twisting algorithm’s
performance with a continuous and with a discontinuous
control signal. For demonstration purposes, a constant per-
turbation w = 0.5U = W with U = 5 is applied. Therefore,
K = L = 0 holds, and k; = +/6k; with k; = 1 is chosen
in order to satisfy (9). The simulation was performed using
forward Euler discretization with a step size of 107#. One can
see that for y = 0 the closed loop takes longer to converge,
in addition to the discontinuity that is present in the control
signal. While the speed of convergence depends on the pertur-
bation, of course, the depicted behavior is representative for
the obtained performance on average.

VIl. CONCLUSION

In this contribution, a novel stability condition for the sat-
urated super-twisting algorithm was presented. It guarantees
disturbance rejection using a continuous control signal and
permits to significantly simplify the control law’s implemen-
tation. It is furthermore straightforward to use for the purpose
of parameter selection. The presented results thus make it
considerably easier to implement and tune the saturated
super-twisting algorithm in practice.

APPENDIX

Proof of Lemma 1: The function V defined in (16) is con-
tinuous, because Vi = 0 for x; = 0, V, = 0 for x, = 0,
and V| = V; for xp = (k; — K)|x1]2. It is furthermore posi-
tive definite, because V| + V, is positive definite and having
Vi =0 in case x € Mj or V, = 0 in case X € M leads to
the contradictions

0<x2Lx1'|%=0 or 0<(ki—K)xi| <O, (27)

respectively.
Computing the time derivative of V along the trajectories
of (13) yields for x € M,

. 1 1
Vi = (ki — K)*(—ki|x112 4 [x171%:2 + 81 1x112)

< (ki — K)2(=K + 81 Lx119)Ix1 ]2 <0, (28)
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10 [ - . . . . . .
~— Looking at (16), one can see that this maximum is obtained in
‘\\ case X € Ms, i.e., for x < 0, because V is smaller in either
s 5 T~ | of the two other cases. Thus, one finds
ol \_ _____ ¢ = Vi(y?) + Va(=W — Ky)
| | |
0 2 1 6 = (ki —K)*y> + W+ Ky)*. (35)
If co<cy, ie., (18), holds, then V<c; holds at the switching
5[ ‘ ] time instant 7. Due to Lemma 1, this inequality and thus the
—— =Y continuous u . . .
~ 6@1(’1, u state bound (12) are satisfied for all # > T. Since the relation
s ol 7 7 ciscontintous u | (D) = kiy < U is fulfilled, and %% <0 holds as |u| tends
to U as a consequence of (11), the bound (2) is satisfied for
] t > T and no sliding along |u| = U occurs. u
bl oo e \ = - g g lul
0 2 4 6
REFERENCES

Fig. 7. Plant state x and control input u obtained in a simulation with
parameters ko = 1, ky = +/6, control input bound U = 5, and constant
perturbation w = 2.5 using the saturated super-twisting control law with
a continuous and a discontinuous control signal.

because x3|x;11° < (k; — K)|x; I%, and for x € M>

Va = 222011 (k2 + 821x11%) < 0, (29)

because x; Lxﬂo > 0 and kp > L. In case x € Ms, ie., if
X2 |_x1]0 < 0 holds, one has

Vi+ Vo = x|l 1°[ (k1 — K)? — 2ko +2621x11°]

+ (ki — K)2(—ky + 81 [x11%) xy |2
<0l 1%k —K)* = 2(kx + 1)] <0, (30)

because k; satisfies (17). Thus, one has V <0, ie, Vis
non-increasing along the trajectories of system (13). |
Proof of Proposition 1: Consider the largest level set of the
Lyapunov function V defined in (16), inside which x; = x is
bounded by (12). It is characterized by V(x)<c; with

. k(U — W)?
ci =minj V(x) : |x1| = —_— 31
4k
With this x;, the minimum is attained for x € M, as
. 1
o = inf Vo) ¢ ol > (ki = Kl |7
K3 (U — W)?
=Vitx) =k —K)' ————, (32)
4l;

because V is bounded by this value from below also in the
two other cases x € M| and x € M3.

The largest value of V at the switching time instant T,
denoted by c; in the following, is now determined. At this
time instant one has |x;| = 2 and v = 0, and thus

1
Xp=v4+wr=v+w—2351|x1|2 =w—381y. (33)
Restricting considerations to positive values of x; due to
symmetry, one finds that ¢, is given by

2 = max max V([y2 w—Sly]T). (34)

Iw|<W [81]|<K

[1] A. Levant, “Sliding order and sliding accuracy in sliding mode control,”
Int. J. Control, vol. 58, no. 6, pp. 1247-1263, 1993.

[2] J. A. Moreno and M. Osorio, “Strict Lyapunov functions for the
super-twisting algorithm,” IEEE Trans. Autom. Control, vol. 57, no. 4,
pp. 1035-1040, Apr. 2012.

[3] Y. Orlov, Y. Aoustin, and C. Chevallereau, “Finite time stabilization of
a perturbed double integrator—Part I: Continuous sliding mode-based
output feedback synthesis,” IEEE Trans. Autom. Control, vol. 56, no. 3,
pp. 614-618, Mar. 2011.

[4] R. Seeber and M. Horn, “Necessary and sufficient stability criterion
for the super-twisting algorithm,” in Proc. 15th Int. Workshop Variable
Struct. Syst. (VSS), 2018, pp. 120-125.

[5] A. Ddvila, J. A. Moreno, and L. Fridman, “Optimal Lyapunov function
selection for reaching time estimation of super twisting algorithm,” in
Proc. 48th IEEE Conf. Decis. Control (CDC), 2009, pp. 8405-8410.

[6] A. Polyakov and A. Poznyak, “Reaching time estimation for ‘super-
twisting’ second order sliding mode controller via Lyapunov function
designing,” IEEE Trans. Autom. Control, vol. 54, no. 8, pp. 1951-1955,
Aug. 2009.

[71 V. Utkin, “On convergence time and disturbance rejection of super-
twisting control,” [EEE Trans. Autom. Control, vol. 58, no. 8§,
pp. 2013-2017, Aug. 2013.

[8] R. Seeber, M. Horn, and L. Fridman, “A novel method to estimate
the reaching time of the super-twisting algorithm,” IEEE Trans. Autom.
Control, vol. 63, no. 12, pp. 4301-4308, Dec. 2018.

[9] U. Pérez-Ventura and L. Fridman, “Design of super-twisting control

gains: A describing function based methodology,” Automatica, vol. 99,

pp. 175-180, Jan. 2019.

A. Ferrara and M. Rubagotti, “A sub-optimal second order sliding mode

controller for systems with saturating actuators,” IEEE Trans. Autom.

Control, vol. 54, no. 5, pp. 1082-1087, May 2009.

H. Tanizawa and Y. Ohta, “Sliding mode control under state and

control constraints,” in Proc. IEEE Int. Conf. Control Appl., 2007,

pp. 1173-1178.

G. P. Incremona, M. Rubagotti, and A. Ferrara, “Sliding mode control

of constrained nonlinear systems,” IEEE Trans. Autom. Control, vol. 62,

no. 6, pp. 2965-2972, Jun. 2017.

I. Castillo, M. Steinberger, L. Fridman, J. A. Moreno, and M. Horn,

“Saturated super-twisting algorithm: Lyapunov based approach,” in

Proc. 14th Int. Workshop Variable Struct. Syst. (VSS), 2016,

pp. 269-273.

I. Castillo, M. Steinberger, L. Fridman, J. Moreno, and M. Horn,

“Saturated super-twisting algorithm based on perturbation estimator,”

in Proc. 55th IEEE Conf. Decis. Control (CDC), 2016, pp. 7325-7328.

M. A. Golkani, S. Koch, M. Reichhartinger, and M. Horn, “A novel satu-

rated super-twisting algorithm,” Syst. Control Lett., vol. 119, pp. 52-56,

Sep. 2018.

A. F. Filippov, Differential Equations With Discontinuous Right-Hand

Side. Dortrecht, The Netherlands: Kluwer Acad., 1988.

G. Bartolini, A. Ferrara, and E. Usai, “Chattering avoidance by second-

order sliding mode control,” IEEE Trans. Autom. Control, vol. 43, no. 2,

pp. 241-246, Feb. 1998.

D. Zhang and J. Reger, “Hoo optimal parameters for the super-twisting

algorithm with intermediate disturbance bound mismatch,” in Proc. 15th

Int. Workshop Variable Struct. Syst. (VSS), 2018, pp. 303-308.

R. Seeber and M. Horn, “Stability proof for a well-established super-

twisting parameter setting,” Automatica, vol. 84, no. 10, pp. 241-243,

2017.

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


