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SUMMARY

This paper addresses the problem of optimal predefined-time stability. Predefined-time stable systems are a
class of fixed-time stable dynamical systems for which the minimum bound of the settling-time function can
be defined a priori as an explicit parameter of the system. Sufficient conditions for a controller to solve the
optimal predefined-time stabilization problem for a given nonlinear system are provided. These conditions
involve a Lyapunov function that satisfies a certain differential inequality for guaranteeing predefined-
time stability. It also satisfies the steady-state Hamilton-Jacobi-Bellman equation for ensuring optimality.
Furthermore, for nonlinear affine systems and a certain class of performance index, a family of optimal
predefined-time stabilizing controllers is derived. This class of controllers is applied to optimize the sliding
manifold reaching phase in predefined time, considering both the unperturbed and perturbed case. For the
perturbed case, the idea of integral sliding mode control is jointly used to ensure robustness. Finally, as a
study case, the predefined-time optimization of the sliding manifold reaching phase in a pendulum system is
performed using the developed methods, and numerical simulations are carried out to show their behavior.
Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Several applications of dynamical systems are characterized by requiring hard-time response
constraints. For instance, the design of control, observation and optimization algorithms at some
industrial applications are required to achieve high performance of their time response to match
certain quality or safety standards. In order to deal with these requirements, various developments
concerning to the concepts of finite-time stability and deadbeat control have been carried out (see
for example: [1-17]).

These time response constraints arise also in more sophisticated applications of finite-time
stability in some common problems of control systems design. One fundamental case is the design
of sliding mode algorithms since they are based on driving the trajectories of a dynamical system to
a certain desired manifold in a limited time period [9, 18]. Another basic case is the observer design
for nonlinear systems; here, finite-time convergence of the observer is a desired property since it
guarantees that the separation principle holds when used in combination with a global controller.
This principle allows the separate design of observers and controllers, making the closed-loop
system stability analysis easier. This advantage of finite-time convergent estimation is a remarkable
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2 E. JIMENEZ-RODRIGUEZ, ET AL.

feature, since the study of the separation principle in nonlinear systems is often a challenging task.
Furthermore, in the fault detection and isolation problem, the finite-time convergence property is
of paramount importance to guarantee the mode detection in a timely manner in order to apply a
recovery action [19], since there are situations where a late response may lead to a no recovery
scenario.

Nevertheless, the settling time of finite-time stable systems is often an unbounded function of
the initial conditions. This drawback can make difficult, even impossible, the appropriate design
of observers and controllers satisfying some desired time constraints. Consequently, it is important
and useful to make this function bounded to ensure the settling time is less than a certain quantity
for any initial condition. With this purpose a stronger form of stability, called fixed-time stability,
was introduced by [20] for homogeneous systems and it was proposed in [21-23] for systems
with sliding modes. The settling time of fixed-time stable systems presents certain uniformity with
respect to the initial conditions.

When fixed-time stable dynamical systems are applied to control or observation tasks, it may be
difficult to find a direct relationship between the gains of the system and the upper bound of the
convergence time; thus, tuning the system in order to achieve a desired maximum stabilization
time is not a trivial task. A simulation-based approximation to select the values of the tuning
parameters is proposed in [24] under the concept of prescribed-time stability; this method permits
the design of robust sliding differentiators for noisy signals, by expressing the gains as functions of
the desired settling time. Therefore, prescribed-time stable systems present a way to surmount the
tuning problem. However, this prescribed time usually constitutes a conservative estimation of the
upper bound of the convergence time; that is, the prescribed time is commonly larger, maybe quite
larger, than the frue amount of time the system takes to converge.

To overcome the above problems, a class of dynamical systems where the least upper bound of
the fixed stabilization time equals a tunable parameter were proposed and defined as predefined-time
stable systems in [25,26]. Predefined-time stability is strongly related to the continuous deadbeat
control; for example, a classical case of predefined-time stable controllers are those based on the
posicast method [1, 2], where part of the input command is delayed to achieve deadbeat control.
Several cases of the application of inputs with delayed parts in order to achieve deadbeat control are
presented by [27,28] for the stabilization of continuous systems and by [29-33] for observer design.
In most of this approaches, the predefined stabilization time is equal to the control input delay.

In contrast to most of the fixed-time stable systems, in those presented in [25, 26], for the
unperturbed case, the bound on the convergence time is not a conservative estimation but truly
the minimum value that is greater than all the possible exact settling times. In addition, this bound
is not based on simulations due to the fact that all the mentioned properties are characterized by
a suitable Lyapunov theorem. Moreover, the system structure contains no delay terms, making its
analysis and design easier when compared to the mentioned deadbeat methods.

As previously desired, the upper bound for the convergence time of the proposed class of systems
appears explicitly in their dynamical equations; in particular, it equals a system parameter. This
maximum stabilization time also appears in the main condition required by the proposed Lyapunov
theorem that characterizes the discussed family of systems.

On the other hand, the infinite-horizon nonlinear optimal asymptotic stabilization problem was
addressed in [34-36]. The main idea of the results is based on the condition that a Lyapunov function
for the nonlinear system is at the same time the solution of the steady-state Hamilton-Jacobi-
Bellman equation, guaranteeing both asymptotic stability and optimality. Nevertheless, returning
to the opening paragraph idea, the finite-time stability is a desired property in some applications,
but optimal finite-time controllers obtained using the maximum principle do not generally yield
feedback controllers. In this sense, the optimal finite-time stabilization is studied in [37], as an
extension of [36]. Since the results are based on the framework developed in [36], the controllers
obtained are in fact feedback controllers.

Consequently, as an extension of the ideas presented in [36—38], this paper addresses the problem
of optimal predefined-time stabilization (see [38]), namely the problem of finding a state-feedback
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ON OPTIMAL PREDEFINED-TIME STABILIZATION 3

control that minimizes certain performance measure, guaranteeing at the same time predefined-
time stability of the closed-loop system. In particular, sufficient conditions for a controller to
solve the optimal predefined-time stabilization problem for a given system are provided. These
conditions involve a Lyapunov function that satisfies both a certain differential inequality for
guaranteeing predefined-time stability and the steady-state Hamilton-Jacobi-Bellman equation for
ensuring optimality.

Finally, this result is applied to the predefined-time optimization of the sliding manifold reaching
phase considering both the unperturbed and the perturbed case. For the unperturbed case, the
developed result is used directly, while for the perturbed case it is used jointly with the idea of
integral sliding mode control [39-43] to provide robustness.

In the following, Section 2 presents the mathematical preliminaries needed to introduce the
proposed results. Section 3 exposes the main results of this paper, which are the sufficient conditions
for a controller to solve the optimal predefined-time stabilization problem and the particularization
to affine systems. Section 4 shows the application of the obtained results to the predefined-time
inverse optimization of the sliding manifold reaching phase. This is illustrated in a pendulum system
model in Section 5. Finally, Section 6 presents the conclusions of this paper.

2. MATHEMATICAL PRELIMINARIES

2.1. Predefined-Time Stability

Consider the system
w(t) = f(z(t),  x(0) =0, (D

where x € R™ is the system state and f : R™ — R" is a nonlinear function such that f(0) =0, i.e.
the origin = 0 is an equilibrium point of (1).
First, the concepts of finite-time, fixed-time and predefined-time stability are reviewed.

Definition 2.1 (Global finite-time stability [22])

The origin of (1) is globally finite-time stable if it is globally asymptotically stable and any
solution z (¢, zg) of (1) reaches the equilibrium point at some finite time moment, i.e., V¢ > T'(z) :
x(t,x0) =0, where T : R™ — R, U {0}.

Remark 2.1
The settling-time function T'(x) for systems with a finite-time stable equilibrium point, is usually
an unbounded function of the system initial condition. This is illustrated in Example 2.1.

Example 2.1 (Globally finite-time stable scalar system)

1
Consider the scalar system & = — |z|3 sign(x) with initial condition x(0) = zy € R. Its solution is
given by

() :{ (|x0\§ —%t) sign(zo) if 0 <t < T()
0 if t > T(l‘o),

where T(zo) = 2 |z 3 Thus, the origin is a globally finite-time stable equilibrium for this system.
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Figure 1. Solutions z(t) for different initial condi- Figure 2. Settling-time function 7'(zg). Note that
tions. this function is unbounded.

It can be seen, from Figure 2, that the settling-time function 7'(x¢) is finite for every x(, however,
it is unbounded.

Definition 2.2 (Fixed-time stability [22])
The origin of the system (1) is fixed-time stable if it is globally finite-time stable and the settling-time
function is bounded, i.e. ITjax > 0: Vg € R™ : T(x0) < Thax-

Remark 2.2

The settling-time function 7'(z() for systems with a fixed-time stable equilibrium point, presents
certain uniformity with respect to the initial conditions. However, it is hard to find a direct
correspondence between the parameters of the system and a desired upper bound of the convergence
time. This is illustrated in Example 2.2.

Example 2.2 (Fixed-time stable scalar system)

1
Consider the scalar system & = — || sign(z) — |#|” sign(z) with initial condition z(0) = ¢ € R.
The origin is a fixed-time equilibrium for this system, and it can be proved that Ti,x = 2.5 is a
bound for the settling-time function 7'(xz(), using Lyapunov analysis [22].

Figure 3. Solutions x(t) for different initial condi- Figure 4. Settling-time function 7'(z¢). Note that
tions. this function is bounded.

It can be seen, from Figure 4, that the settling-time function T'(z¢) is bounded. However, there
is no a direct relation between the bound T},,x and the system parameters, and also, Tix = 2.5 is a
conservative bound for T'(z¢) < 1.7.
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ON OPTIMAL PREDEFINED-TIME STABILIZATION 5

Remark 2.3
Note that there are several choices for T},,x. For instance, if the settling-time function is bounded by
T, it is also bounded by AT}, for all A > 1. This motivates the following definition.

Definition 2.3 ( [25,26])
Let 7 be the set of all the bounds of the settling-time function for the system (1), i.e.,

T ={Tmax > 0: Vg € R" : T(20) < Thax} - 2)
Then, the minimum bound of the settling-time function 7%, is defined as

Ty =inf T = sup T'(x). 3)
ZDOGR"
Remark 2.4
In a strict sense, the time 7'y can be considered as the true fixed-time in which the system (1) is
stabilized.

Remark 2.5

When Ti,ac or Ty can be expressed in terms of the system (1) parameters, it will be referred to the
notion of predefined-time stability, since the fixed time in which the system (1) is stabilized can be
defined in advance. The following two definitions are intended to characterize the aforementioned
cases.

Definition 2.4 (Strongly predefined-time stable systems [25,26])
For the case of fixed time stability when the time 7'y defined in (3) can be expressed in terms of the
system (1) parameters, it is said that the origin of the system (1) is strongly predefined-time stable.

The strong notion of predefined-time stability given in Definition 2.4 requires complete
knowledge about the system. Therefore, the given notion can not be easily applied to uncertain
systems since 7' is the minimal upper-bound of the settling-time function. Hence, it is presented
also a notion of weak predefined-time stability when an upper-bound of the settling-time function,
depending only on the parameters of the system known part, is available. The uncertain system part
is considered as bounded, and the bound is known.

Definition 2.5 (Weakly predefined-time stable systems)

For the case of fixed time stability, when the time T},,x defined in (3) can be expressed in terms of
the parameters of the system (1) known part, it is said that the origin of the system (1) is weakly
predefined-time stable.

In some cases, Lyapunov functions used for stability analysis are required to satisfy some
smoothness conditions. In this sense, the first differentiability class of functions C' 1 is introduced.

Definition 2.6
Let D C R™ be an open set and f : D — R. It is said that the function f is (of differentiability class)
C' in D if all of the first-order partial derivatives exist and are continuous in D.

With the above definition, the following lemma provides the following Lyapunov condition for
weak predefined-time stability of the origin:

Lemma 2.1 (Lyapunov characterization of weak predefined-time stability [25,26])
Assume there exist a C! radially unbounded function V : R™ — R, U {0}, and real numbers a > 0
and 0 < p < 1, such that

V(0) =0 )
V(z) >0, Va #£ 0, &)

and the time derivative of V' along the trajectories of the system (1) satisfies
V< —%exp(vp)vlfp. (6)
Then, the origin of the system (1) is weakly predefined-time stable and T},,x = i
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6 E. JIMENEZ-RODRIGUEZ, ET AL.

Lemma 2.1 characterizes fixed-time stability in a very practical way since the Lyapunov
condition (6) directly involves a bound on the convergence time. Nevertheless, this condition is
not enough to imply strong predefined-time stability. The following corollary provides a Lyapunov
characterization for strong predefined-time stability:

Lemma 2.2 (Lyapunov characterization of strong predefined-time stability [25,26])
Assume there exist a C'! radially unbounded function V : R® — R U {0}, and real numbers o > 0
and 0 < p < 1, such that
V(0)=0 (7
V(z) >0, Vo # 0, (8)

and the time derivative of V" along the trajectories of the system (1) satisfies

V= —%exp(Vp)Vl_p. 9

Then, the origin of the system (1) is strongly predefined-time stable and Ty = *.

Definition 2.7 ( [25,26])
For x € R™, the predefined-time stabilizing function is defined as

1 x
(25 Te) = ﬂexp(llxllp) P

(10)

B
where 0 < p<landT. > 0.

Remark 2.6
The function @, (z; ;) is continuous and non-Lipschitz for 0 < p < 1, and discontinuous for p = 1.

The following two lemmas give meaning to the name “predefined-time stabilizing function”.
Lemma 2.3 ( [25,26])
For every initial condition x(, the origin of the system
() = —Pp(z(t); Te), x(0) = o, (11)
with T, >0, and 0 < p <1 is strongly predefined-time stable with Ty =T, i.e., (t) =0 for
t > tg + T, in spite of the z( value.

Example 2.3 (Strongly predefined-time stable scalar system)

Consider the scalar system © = —®,,(x; T;.) with p = 1/2, T.. = 1 and initial condition z(0) = z¢ €
R. From Lemma 2.3, it follows that the origin is a strongly predefined-time stable equilibrium for
this system and 7y = T, = 1.

0 05
t 0

Figure 5. Solutions x(t) for different initial condi- Figure 6. Settling-time function 7'(zo). Note that
tions. this function is bounded and sup T'(z) = Te.
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ON OPTIMAL PREDEFINED-TIME STABILIZATION 7

It can be seen, from Figure 6, that the settling-time function T'(z() is bounded. Moreover, the
supreme of the settling-time function 7'(x) corresponds to the parameter 7, = 1.

The previous results have been applied to design a robust predefined-time controller for the
perturbed system
z(t) = A(t, z) + u(t), x(0) = mo, (12)
withz,u € R" and A : Ry x R* — R".
The objective is to drive the system (12) state to the point z = 0 in a predefined-time in spite of
the unknown perturbation A(¢, x).

Lemma 2.4 ( [25,26])
Let the function A(¢, z) be considered as an unknown non-vanishing perturbation bounded by

IAGz)| <8, 8> 0.
Then, selecting the control input as
x
u=—k—70r> —®,(z;T,) (13)
=l F
with 7, > 0, 0 <p <1 and k > 4, ensures the closed-loop system (12)-(13) origin is weakly

predefined-time stable with settling-time Tp,x = Te.

Example 2.4 (Weakly predefined-time stable scalar system)

Consider the scalar system & = —ksign(z) — ®,(z; T.) +sin(t) with p=1/2, T, =1, k=1 and
initial condition z(0) = x¢y € R. From Lemma 2.4, the origin is a weakly predefined-time stable
equilibrium for this system with Tipx = T = 1 > T'(z0).

05F
zo=1x10""1

T(x0)

0 05
t 0

Figure 7. Solutions x(t) for different initial condi- Figure 8. Settling-time function 7'(zo). Note that
tions. this function is bounded and T'(zg) < Te.

It can be seen, from Figure 8, that the settling-time function T'(x) is bounded. Moreover, an
upper bound of the settling-time function T'(z) corresponds to the parameter 7. = 1. However, 7T,
is not the least upper bound of the settling-time function T'(z).

Remark 2.7

As mentioned before, the exact knowledge of the system is required to apply the strong notion of
predefined-time stability. However, in practical cases, this is never accomplished. Consequently, in
the foregoing, the predefined-time stability notion will make reference to the weak one.

2.2. Optimal Control

Consider the controlled nonlinear system
o(t) = f(z(t), u(t),  x(0) = o, (14)

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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8 E. JIMENEZ-RODRIGUEZ, ET AL.

where z € R"™ is the system state, u € R™ is the system control input, which is restricted to belong
to a certain set i/ C R™ of the admissible controls, and f : R™ x R™ — R" is a nonlinear function
with f(0,0) = 0.
The control objective is to design a control law for the system (14) such that the following
performance measure

J(wo,u()) = / " L(a(t), u(t))dt, (15)

is minimized. Here, L : R™ x R™ — R is a continuous function, assumed to be convex in w.
Define the minimum cost function J*(xz(t), t) as

J*(2(t),t) = min { /t ! L(x(T),u(T))dT} . (16)

ueld
Then, defining the Hamiltonian, for p € R™ called usually as the costate,
H(x,u,p) = L(z,u) +p" f(z,u), (17)

the Hamilton-Jacobi-Bellman (HIB) equation can be written as

o oJ* (z, 1) dJ* (x,1)
0—223{” (xax >}+8t (%)

that provides a sufficient condition for optimality.
For infinite-horizon problems (limit as t; — o0), the cost does not depend on ¢ anymore and the
partial differential equation (18) reduces to the steady-state HIB equation

v/ AT
O—mmH<%m8J@)>. (19)

ueU Ox

which will be used in foregoing.

3. OPTIMAL PREDEFINED-TIME STABILIZATION

The main result of the paper is presented in this section. First, the notion of optimal predefined-time
stabilization is defined.

Definition 3.1
Consider the optimal control problem for the system (14)

min J(zo,u(")) = /000 L(z(t),u(t))dt (20)

weld (T.)

where
U(T.) = {u(-) : u(-) stabilizes (14) in a predefined time 7 }.

This problem is called as the optimal predefined-time stabilization problem for the system (14).

The following theorem gives sufficient conditions for a controller to solve this problem.

Theorem 3.1
Assume there exist a O radially unbounded function V : R® — R, U {0}, real numbers 7, > 0

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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ON OPTIMAL PREDEFINED-TIME STABILIZATION 9

and 0 < p < 1, and a control law ¢* : R™ — R™ such that

V(0)=0 1)
V(z) >0, Vz#£0, (22)
¢*(0) =0 (23)
G007 (@) <~ exp(V7)V17 )
Lo oV
n (w @2 ) —0 25)
T
H (xu %‘; ) >0, YueclU(T.). (26)
Then, with the feedback control
T
)= 0" (al) =g iy (0050 ) @)

the origin = 0 of the closed-loop system

&(t) = f(2(t), 9" (x(1))) (28)

is predefined-time stable with Tp,,x = 7T.. Moreover, the feedback control law (27) minimizes
J(xg,u(-)) (20) in the sense that

Jao. 6" (@() = min J(o.u() 9)
= V(o). (30)

Thus, the feedback control law (27) solves the optimal predefined-time stabilization problem for the
system (14).

Proof
Applying Lemma 2.1 to the closed-loop system (28), predefined-time stability with predefined time
T, follows directly from the conditions (21)-(24).

To prove (30), let z(t) be a solution of the system (28). Then,

V() = 20 (a(t), 6" (1),

From the above and (25) it follows

L(x(t), " (x(t)) = L(x(t), ¢*(x(t))) + % (@(t), 0" (x(t))) = V(x(t))
T
—# (2(0.6"(@(0). 51 ) = Via(0)
= —V(x(t)
Hence,
T @) = [ Vi)
0
= —tli)rglo V(z(t)) + V(zo)
= V(o)
Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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10 E. JIMENEZ-RODRIGUEZ, ET AL.

Now, to prove (29), let u(-) € U(T.) and let () be the solution of (14), so that

V(1)) = T2 f(a(t) u(r).
Then,
Lla(t), u(t)) = Lla(t), u(t) + O F((t) u(t)) — V(2 (1)

Y <z(t),u(t), ‘ZZT> = V(a(t).

Since u(-) stabilizes (14) in predefined time 7T, using (25) and (26) we have

J(z0,u(-)) = /0 h {”H (:c(t),u(t), ‘ZZT> - V(m(t))} dt

— — lim V(@(t) + V(o) + /OOOH <x(t),u(t), WT) dat

t—o00 ox

(o) + /OOOH (x(t),u(t), (;ZT> dt

Remark 3.1
It is important that the optimal predefined-time stabilizing controller u* = ¢*(z) characterized by
Theorem 3.1 is a feedback controller.

Remark 3.2

Note that the conditions (21)-(26) involve a predefined-time Lyapunov function (see Lemma 2.1)
that is also a solution of the steady state Hamilton-Jacobi-Bellman equation (19). As usual in optimal
control theory, these existence conditions are quite restrictive. However, these conditions are very
useful to obtain an inverse optimal predefined-time stabilizing controller, for instance, for a class
nonlinear affine control systems with relative degree one. This is a typical case in sliding mode
control design, and it will be considered in foregoing.

Remark 3.3
The main contribution of the paper is the proposed optimal predefined-time control concept, that
can be considered as an extension of the results presented in [36] and [37].

As a matter of fact, the hypothesis in [36]

Vi(2)f(z, ¢(x)) <0

implies asymptotic stability, while the hypothesis in [37]

V@) f(z, d(x) < —c(V(2))"

implies finite-time stability, and the hypothesis (24) in this paper

exp(VP)V1=P

0
O fw 6 @) < =

C

implies predefined-time stability (see Lemma 2.1).

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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ON OPTIMAL PREDEFINED-TIME STABILIZATION 11

Although Theorem 3.1 provides the sufficient conditions (21)-(26) for a controller to solve the
optimal predefined-time stabilization problem for a given system, it does not provide a closed form
expression for the feedback controller. Instead, the feedback controller can be obtained by solving
(27). To derive a closed form expression for the controller, the result of Theorem 3.1 is specialized
to nonlinear affine control systems of the form

o(t) = f(z(t)) + B(z(®)u(t),  =(0) = xo, 3D

where x € R” is the system state, u € R™ is the system control input, f : R®™ — R" is a nonlinear
function with f(0) = 0 and B : R™ — R"*™,
The performance integrand is also specialized to

L(z,u) = Li(x) + La(z)u 4+ u” Ro(x)u, (32)

where L : R® — R, Ly : R” — RY>™ and R, : R — R™*"™ is a positive definite matrix function.

The following theorem provides an inverse optimal controller which solves the optimal
predefined-time stabilization problem for the system (31) with performance integrands of the form
(32).

Theorem 3.2
Assume there exist a C*! radially unbounded function V : R — R, U {0}, and real numbers T,. > 0
and 0 < p < 1 such that

V(0)=0 (33)
V(z) >0, Va#0, (34)
T
1@+ B | 55 | malo) + G Bo)| H < eIV (39)
Ly(0) = (36)
oV 1 v ] 1% r
Li(x) + s (x) — 1 {Lz(x) + a—xB(x) Ry () [Lg(x) + axB(x)] = 0. (37)
Then, with the feedback control
I oV T
= 6(0) = =375 0) | Lalo) + G B (8)

the origin of the closed loop system

#(t) = f(2(t) + B(z(t))o (z(1)) (39)

is predefined-time stable with Ty, = T.. Moreover, the performance measure J(zq,u(-)) is
minimized in the sense of (29) and

I (2o, 0" (2(-))) = V(20)- (40)

Thus, the feedback control law (38) solves the optimal predefined-time stabilization problem for the
system (31).

Proof
We can see that the hypotheses of Theorem 3.1 are satisfied. The control law (38) follows from
a% [’H (:Jc7u, 8—‘;)] = 0 with L(z,u) specialized to (32). Then, setting u* = ¢*(z) as in (38), the

conditions (33), (34) and (35) become the hypotheses (21), (22) and (24), respectively.
On the other hand, since the function V' is C!, and by (33) and (34) V has a local minimum at

t;le origin, then %—,‘; »—o = 0. Consequently, the hypothesis (23) follows from (36) and the fact that
174 _

9 |y = 0-

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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12 E. JIMENEZ-RODRIGUEZ, ET AL.

Since ¢*(z) satisfies -2 [H (=, v, %—‘;)]u:(ﬁ*(m =0, and noticing that (37) can be rewritten in
terms of ¢*(x) as
oV T .
Li(z) + 5-f(2) = ¢ (2)Rz(x)9"(2) = 0 (41)

then the hypothesis (25) is directly verified.
Finally, from (25), (38) and the positive definiteness of Rs(x) it follows

(G ) = Do) + G 10 + Bl

= Lo ) + 90 £(2) + Bla] — Lz, 6*(2)) ~ o 11 (z) + B2)¢* (o)
= |B2(0) 4 G| (= () 4 Ratohu = 67 (@) a0

= —2¢"" (2)Ra(2)(u — ¢"(x)) +u" Ra(w)u — ¢ (2) Ro(2)¢" ()

= [u— " (@)]" Ra(2)u — ¢" (x)]
> 07

which is the hypothesis (26). Applying Theorem 3.1, the result is obtained. O

Remark 3.4

The feedback controller (38) provided by Theorem 3.2 is an inverse optimal controller in the
following sense: instead of solving the steady-state HIB equation directly to minimize some given
performance measure, a family of predefined-time stabilizing controllers that minimize a certain
cost function is defined. In this case, one can flexibly specify Lo(x) and Ry(x), while from (41)
L, (z) is parametrized as

ov

Li(w) = ¢* " (1) Ba(2)" (2) = 5 f () 2 0. (42)
Remark 3.5
As in Theorem 3.1, it is not always easy to satisfy the hypotheses (33)-(37) of Theorem 3.2.
However, for affine systems with relative degree one, the functions Ly (x) and Ro(z) can be chosen
such that the conditions (33)-(37) are fulfilled.

Recall that there is a direct connection between the notions of relative degree and sliding order

(see [44]). Then, the following section is motivated.

4. INVERSE OPTIMAL PREDEFINED-TIME STABLE REACHING LAW

In this section, first, some basic concepts corresponding to integral manifolds and sliding mode
manifolds are reviewed.

Definition 4.1 ([18])
Let o : R™ — R™ be a smooth function, and define the manifold

S={zeR":0(z)=0}. (43)

If for an initial condition z¢ € S, the solution of (1) x(¢,z¢) € S for all ¢, the manifold S is called
an integral manifold.

Definition 4.2 ([18])

If there is a nonempty set N' C R™ — S such that for every initial condition x( € N, there is a finite
time ¢; > 0 in which the state of the system (1) reaches the manifold S (43), then the manifold S is
called an sliding mode manifold.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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Remark 4.1
A sliding mode on a certain sliding manifold can appear only if f is a non-smooth (possibly
discontinuous) function. For this case, the solutions of (1) are understood in the Filippov sense [45].

Consider the following nonlinear affine system subject to perturbation:
#(t) = f(x(t)) + B(z(t)u(t) + At,z),  x(0) = o, (44)

where z € R"™ is the system state, v € R™ with m < n is the system control input, f : R" — R™ is
a nonlinear function with f(0) =0, B: R™ — R"*™ and A : R} x R” — R” represents a system
uncertainty.

With the above definitions, the main objective of the controller is to optimally drive the trajectories
of the system (44) to the set S (43) in a predefined time in spite of the unknown perturbation A(t, z:).
The function o : R™ — R™ is selected so that the motion of the system (31) restricted to the sliding
manifold o(z) = 0 has a desired behavior.

The dynamics of o are described by

0
o(t) = a(x(t)) + G(a(t))u(t) + afZA(t, ), o(x(0)) = oo, (45)
where a(z) = g—‘;f(x) and G(z) = %B(m).
It is assumed that o(z) is selected such that the matrix G(x) € R™*™ has inverse for all z € R".

It means that the system (45) has relative degree one.

Remark 4.2

In systems with first-order sliding modes, in the case when the relative degree is greater than one, the
finite (fixed or predefined)-time convergence can be achieved only for the designed sliding variable
(reaching phase), while the vector x(t) is stabilized asymptotically (see [9] and [18]).

The following results provide controllers which solve the optimal predefined-time stabilization
problem (20) for the system (45). There are presented two cases. The first scenario corresponds to
the non-perturbed system, and the second deals with matched non-vanishing perturbation.

4.1. Unperturbed case

Considering the case when A(¢,x) = 0, the following result, obtained as a direct consequence of
Theorem 3.2, gives an explicit form of the functions V', Ry and Lo which characterize the optimal
predefined-time stabilizing feedback controller (38).

Corollary 4.1 (Unperturbed system)
Consider the system (45) in absence of the perturbation term, i.e., A(t,x) = 0. The feedback
controller (38) with the functions V', Ry and Lo selected as

V(o) = cvii (0T o), (46)
Rofw) = 72 exp(-VP(o(x))) [¢7 (2)Ca)] 47)
Lo(z) = 27 (2) [G~(2)]" Ra(w), (48)

with T, > 0, 0 < p < 1 and 4c = (p + 1), stabilizes the system (45) in predefined time Ty = T..
Moreover, this controller solves the optimal predefined-time stabilization problem (20) for the
system (45) with the performance integrand specialized to L(x,u) = Ly (z) + Lo(x)u + u” Ry (2)u,
where Ly and R, are given by (48) and (47), respectively, and L; is given by (42).

Proof

It is easy to see that all the conditions of Theorem 3.2 are satisfied. Indeed, note that the function
V in (46) is C! (see Remark 4.3), and satisfies the hypotheses (33) and (34). In the same manner,
the function Lo in (48) satisfies the hypothesis (36), and defining the function L; as in (42), the
hypothesis (37) is also satisfied.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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On the other hand, the derivative of V" along the trajectories of the closed loop system
6 = a(z) + G(a)¢* (x),

is calculated as (note that H%—‘; | ’2 = Vi-p)

oV
V= e la(z) + G(z)" (2)]
oV 1 1 v’
= o0+ 60 (-3 @t - Rt et g, )]
1 v ||?
=_ AN
T.p exp(V) do
1
=_ T exp(VP)VIP,
Thus, the hypothesis (35) is satisfied. Then, the result is obtained by direct application of Theorem
3.2. O
Remark 4.3
Note that the partial derivatives of the function V defined in (46) are (c = [o7 ... opn)):
1
90FT
8V(a): ok —,foroc#0andk=1,...,m.
oy, T

(p+1) (a,‘g+z#kag)

Furthermore, note that as o (t) approaches to the origin the above expression vanishes

. |OV(o) 2T |ok] 2T lok| 2T 1-p
lim = lim — < lim —-— = lim |og| ™7 = 0.
o—0| Ooy, p+1 o0 5 5\ PHT p+1o-0 7H p+10-0

(% + 2 "j) Tk
Now, note that the partial derivatives of 1" at the origin do exist and are equal to zero
oV (o) V(o ... 0+h ... OH)y-v({0o ... 0 ... 07
= lim
80’}.C =0 h—0 h
_2

:cﬁ limm:cﬁ 1imh% =0.

h—0 h h—0

Since the above derivatives exist and are continuous at every point o € R™ , the function V' in (46)
is C'! in R™. Thus, its gradient is expressed in the vector form as

1
V(o) _ % for o#0
P = (p+1)(cT o) P+l
7 0

for o =0.

4.2. Perturbed case

Considering the case when A(t, z) is a matched non-vanishing perturbation, the following result
provides a controller that rejects the perturbation term A(t, ) in predefined-time. Moreover, once
the perturbation term is rejected, this controller optimally stabilizes the system (45) in predefined-
time. This will be achieved by applying the idea of integral sliding mode control [39,40,46].

Remark 4.4

From Remark 4.3, it is required p < 1 for V to be C L. However, in this case, it is not possible
to derive a discontinuous optimal predefined-time controller which can reject the perturbation.
Therefore, it is used the integral SM control idea, where the control is composed of an optimal
and a discontinuous parts.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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Corollary 4.2 (Non-vanishing matched perturbation)

Consider the system (45) and let the function A(¢, x) be a matched and non-vanishing perturbation
term, i.e. there exists a function A(t, z) such that A(t,z) = B(z)A(t,z) and ||G(2)A(t, z)|| <4,
with 0 < 0 < co a known constant. Then, splitting the control function w into two parts, u =
ugp + uq, and selecting

(i) ug as the optimal predefined-time stabilizing feedback controller (38), with the functions V,

Ry and Lo as in Corollary 4.1 with parameters 7., > 0 and 0 < p2 < 1, and
(ii) uy = —G—(x) [k;w Lo, (s;TCl)}, with T., >0, 0 < py <1, k>4, and the auxiliary
sliding variable s = o + z, where z is an integral variable, solution of Z2 = —a(z) — G(z)uy,

the system perturbation term A(t, z) is rejected in predefined time 7, and once the perturbation
term is rejected the system (45) is optimally predefined-time stabilized with predefined time
Ty = T.,, with respect to the performance L(x,u) = L1 (x) + La(z)u + u” Ry (x)u, where Ly and
Ry are given by (48) and (47), respectively, and L; is given by (42).

Proof
By the definition of s, o, z and u1, the dynamics of s are obtained as

p(83Te,) | + G(x)A

By direct application of Lemma 2.4, a sliding mode appears on the manifold s =0 for ¢ > T,
in spite of the initial value s(0) = o(0) 4 z(0). Once the dynamics of (45) are constrained to the
manifold s = 0, then, from $ = 0, the following equivalent control value is obtained as [9]:

Ul,eq = —A.
Therefore, the sliding mode dynamics of o
o =a(z) + G(x)up.

are invariant with respect to the perturbation. By the definition of wg and direct application of
Corollary 4.1, the desired result is obtained. O

5. EXAMPLE
Consider a pendulum system with viscous friction and an external perturbation [47]
&1 = g,

Tg = —% sin(zq) — %xz + %u + (), (49)
where z, is the angular position, x5 is the angular velocity, u is the input torque, J is the
moment of inertia, g is the gravity acceleration, L is the length of the pendulum, V; is the
viscous friction constant and v(¢) is an uncertain external perturbation, bounded by |v(t)| < §. Note
that the pendulum model (49) can be expressed as the affine perturbed system (44) by defining
Ay =10 1] u(t).

The pendulum parameters are shown in Table I.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
Prepared using rncauth.cls DOI: 10.1002/rnc



16 E. JIMENEZ-RODRIGUEZ, ET AL.

Table I. Parameters of the pendulum model (49).

Parameter  Values Unit
M 1 kg
L 1 m
J=ML? 1 kg - m?
Vs 0.2 kg - m?.s7!
g 9.8 m-s 2

Due to the structure of the model (49), the function o can be selected as o(z) = x2 + k21, with
ky > 0. The dynamics of o are described by the equation (45) with a(x) = — 4 sin(x;) — %xz +
]{31.%'2 and G(LL') = % 75 0.

5.1. Unperturbed case

Assuming v(t) = 0, the functions V/, Ry and L, are selected, according to Corollary 4.1, as

. Vs
_% sin(xy) — 73:2 + k1$2:| ,

and u* = ¢*(z) is implemented as in (38).
Finally, according to (42), the resulting function L; becomes

Ll(l')

2. PR 1ov]* av
=T exp(cPHioptT) |:L2(£L') + } - %a(x)‘

To show the performance of the optimal predefined-time controller scheme, simulations were
conducted using the Euler integration method, with a fundamental step size of 1 x 10~* s. The
initial conditions for the system (49) were selected as: x1(0) = w/2rad and 25(0) = Orad/s. In
addition, the controller gains were adjusted to: 7, = 1, k; = 1 and p = 1/2.

sigmalt)

1k X0 |
%00

1 2 3 4 5 6 7 8 9 10 ~o 1 2 3 4 5 6 7 8 9 10

time [s] time [s]
Figure 9. Function o (z(t)). Figure 10. Evolution of the states.
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Figure 11. Control input. Figure 12. Function [;[L1 4 Lau +

u” Rou]dr.
Note that o(t) =0 for ¢t > 0.827 s < T. = 1 s (Fig. 9). Once the system states slide over the
sliding manifold o (z) = 0, this motion is governed by the reduced order system

.’i‘l(t) = —k;xl (t)

This imply that the system state tends exponentially to zero at a rate of % (Fig. 10). Fig. 11 shows
the control signal (torque) versus time. Finally, from Fig. 12, it can be seen that the cost as a function
of time grows quickly to a steady state value, corresponding to V (o(0)).

5.2. Perturbed case

For this case, the perturbation term is taken as v(¢) = 0.5sin 2¢ + 0.5 cos 5¢. Note that |v(t)| < 1.
The part uq of the controller is selected as in the unperturbed case, according to Corollary 4.2. On
the other hand, the variable z and the part u; of the controller are chosen according to the item (ii)
of Corollary 4.2.

To show the performance of the optimal predefined-time controller scheme, simulations were
conducted using the Euler integration method, with a fundamental step size of 1 x 10~* s. The initial
conditions of the integrators were selected as: z1(0) = 7/2rad, 22(0) = Orad/s and z(0) = 0. In
addition, the controller gains were adjusted to: 7., = 0.5, T., =1, k=1, ky =1, p1 = 1/2 and

1.6 15
1.4
10
1.2 o
s
1 _ \
os R g N e ¥ el g
K 0.6 E 5l
0.4 -
-10 w—v(t)
0.2 ===y
~15}
ol
02 1 2 3 4 5 é 7 8 9 10 20 1 2 3 4 5 6 7 8 9 10
time [s] time [s]
Figure 13. Function s(z(t)). Figure 14. Perturbation cancellation.
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1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time [s] time [s]

Figure 15. Function o (x(t)). Figure 16. Evolution of the states.
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. . . . t
Figure 17. Control input. Figure 18. Function [, _ [L1 + Lou +
u® Ryu)dr.

Note that s(t) = 0 for ¢ > 0.2658 s :=ts—g < T, = 0.5 s (Fig. 13), and from that instant on,
the equivalent control signal u; ., (obtained using the low-pass filter 711 cq + ©1,cq = ©1, With
7 = 0.01 [9,46]) cancels the perturbation term v(t) (Fig. 14).

Once the perturbation is canceled, the optimal predefined-time stabilization of the variable o (t)
takes place. It can be seen that o(t) =0 for ¢t > 0.5 s < T, + T, = 1.5 s (Fig. 15). After the
system states slide over the sliding manifold o(z) = 0, this motion is governed again by the first
order system

.i'l(t) = —k:xl (t)

This imply that the system state tends exponentially to zero at a rate of % (Fig. 16).

Fig. 17 shows the control signal (torque) versus time. It is important to remark that this controller
yields discontinuous signals in order to cancel the persistent perturbation v(t). Finally, from Fig. 18,
it can be seen that the cost as a function of time grows quickly to a steady state value, corresponding
to V(o (ts=o)).

6. CONCLUSION

In this paper, the problem of optimal predefined-time stability was investigated. Sufficient conditions
for a controller to be optimal predefined-time stabilizing for a given nonlinear system were provided.
Moreover, under the idea of inverse optimal control, and considering nonlinear affine systems and
a certain class of performance integrand, the explicit form of the controller was also derived. This
class of controllers was applied to the predefined-time optimization of the sliding manifold reaching
phase, considering both the unperturbed and the perturbed cases. For the unperturbed case, the

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
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developed result was applied directly, while for the perturbed case it was used jointly with the idea
of integral sliding mode control to provide robustness.

For illustration purposes, the developed control schemes were performed for the predefined-time
optimization of the sliding manifold reaching phase in a pendulum system model. Simulation results
supported the expected results.

ACKNOWLEDGEMENT

This work was supported by CONACyT, México, under grant 252405. Esteban Jiménez acknowledges to
CONACYyT, México for the MSc scholarship number 426598.

12.
13.

14.

15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
26.
27.

28.

REFERENCES

. Smith OJM. Posicast control of damped oscillatory systems. Proceedings of the IRE Sept 1957; 45(9):1249-1255.
. Tallman G, Smith OJM. Analog study of dead-beat posicast control. IRE Transactions on Automatic Control Mar

1958; 4(1):14-21.

. Roxin E. On finite stability in control systems. Rendiconti del Circolo Matematico di Palermo 1966; 15(3):273-282.
. Weiss L, Infante E. Finite time stability under perturbing forces and on product spaces. I[EEE Transactions on

Automatic Control February 1967; 12(1):54-59.

. Michel A, Porter D. Practical stability and finite-time stability of discontinuous systems. /[EEE Transactions on

Circuit Theory Mar 1972; 19(2):123-129.

. Haimo V. Finite time controllers. SIAM Journal on Control and Optimization 1986; 24(4):760-770.
. James MR. Finite time observers and observability. Proceedings of the 29th IEEE Conference on Decision and

Control, 1990., vol. 2, 1990; 770-771.

. Ryan EP. Finite-time stabilization of uncertain nonlinear planar systems. Dynamics and Control 1991; 1(1):83-94.
. Utkin VL. Sliding Modes in Control and Optimization. Springer Verlag, 1992.
. Perruquetti W, Drakunov SV. Finite time stability and stabilization. Decision and Control, 2000. Proceedings of the

39th IEEE Conference on, vol. 2, 2000; 1894—-1899.

. Bhat S, Bernstein D. Finite-time stability of continuous autonomous systems. SIAM Journal on Control and

Optimization 2000; 38(3):751-766.

Hong Y. Finite-time stabilization and stabilizability of a class of controllable systems. Systems & Control Letters
2002; 46(4):231 — 236.

Orlov Y. Finite time stability and robust control synthesis of uncertain switched systems. SIAM Journal on Control
and Optimization 2004; 43(4).

Moulay E, Perruquetti W. Finite-time stability and stabilization: State of the art. Advances in Variable Structure
and Sliding Mode Control, Lecture Notes in Control and Information Science, vol. 334, Edwards C, Fossas Colet
E, Fridman L (eds.). Springer Berlin Heidelberg, 2006; 23—41.

Cortés J. Finite-time convergent gradient flows with applications to network consensus. Automatica 2006;
42(11):1993 —2000.

Cortés J. Discontinuous dynamical systems. /EEE Control Systems June 2008; 28(3):36-73.

Sanchez-Torres JD, Jiménez E, Jaramillo O, Botero H, Loukianov AG. A robust extended state observer for the
estimation of concentration and kinetics in a CSTR. International Journal of Chemical Reactor Engineering 2016;
14(1):481-490.

Drakunov SV, Utkin VI. Sliding mode control in dynamic systems. International Journal of Control 1992; 55:1029—
1037.

Lee KS, Park TG. New results on fault reconstruction using a finite-time converging unknown input observer. /IET
Control Theory Applications 2012; 6(9):1258-1265.

Andrieu V, Praly L, Astolfi A. Homogeneous approximation, recursive observer design, and output feedback. SIAM
Journal on Control and Optimization 2008; 47(4):1814-1850.

Cruz-Zavala E, Moreno J, Fridman L. Uniform second-order sliding mode observer for mechanical systems.
Variable Structure Systems (VSS), 2010 11th International Workshop on, 2010; 14 —19.

Polyakov A. Nonlinear feedback design for fixed-time stabilization of linear control systems. /[EEE Transactions
on Automatic Control 2012; 5§7(8):2106-2110.

Polyakov A, Fridman L. Stability notions and Lyapunov functions for sliding mode control systems. Journal of the
Franklin Institute 2014; 351(4):1831 — 1865. Special Issue on 2010-2012 Advances in Variable Structure Systems
and Sliding Mode Algorithms.

Fraguela L, Angulo M, Moreno J, Fridman L. Design of a prescribed convergence time uniform robust exact
observer in the presence of measurement noise. Decision and Control (CDC), 2012 IEEE 51st Annual Conference
on, 2012; 6615-6620.

Sanchez-Torres JD, Sanchez EN, Loukianov AG. A discontinuous recurrent neural network with predefined time
convergence for solution of linear programming. /IEEE Symposium on Swarm Intelligence (SIS), 2014; 9-12.
Sanchez-Torres JD, Sanchez EN, Loukianov AG. Predefined-time stability of dynamical systems with sliding
modes. American Control Conference (ACC), 2015, 2015; 5842-5846.

Kwon WH, Lee GW, Kim SW. Delayed state feedback controller for the stabilization of ordinary systems. American
Control Conference, 1989, 1989; 292-297.

Nobuyama E, Shin S, Kitamori T. Deadbeat control problems of multivariable continuous-time systems.
Proceedings of the 30th IEEE Conference on Decision and Control, 1991., vol. 3, 1991; 2662-2667.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
Prepared using rncauth.cls DOI: 10.1002/rnc



20

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.

42.
43.
44.
45.
46.

47.

E. JIMENEZ-RODRIGUEZ, ET AL.

Medvedev AV, Toivonen T. Feedforward time-delay structures in state estimation: finite memory smoothing and
continuous deadbeat observers. IEE Proceedings - Control Theory and Applications Mar 1994; 141(2):121-129.
Han SH, Kwon WH, Kim PS. Receding-horizon unbiased fir filters for continuous-time state-space models without
a priori initial state information. I[EEE Transactions on Automatic Control May 2001; 46(5):766-770.

Engel R, Kreisselmeier G. A continuous-time observer which converges in finite time. /EEE Transactions on
Automatic Control Jul 2002; 47(7):1202-1204.

Menold PH, Findeisen R, Allgower F. Finite time convergent observers for nonlinear systems. Proceedings of the
42nd IEEE Conference on Decision and Control, 2003, vol. 6, 2003; 5673-5678.

Raff T, Allgower F. An impulsive observer that estimates the exact state of a linear continuous-time system in
predetermined finite time. Mediterranean Conference on Control Automation, 2007. MED °07.,2007; 1-3.
Al’brekht EG. The existence of an optimal Lyapunov function and of a continuous optimal control for one problem
on the analytical design of controllers. Differentsial’nye Uravneniya 1965; :1301-1311.

Lukes DL. Optimal regulation of nonlinear dynamical systems. STAM Journal on Control and Optimization 1969;
7(1):75-100.

Bernstein DS. Nonquadratic Cost and Nonlinear Feedback Control. International Journal of Robust and Nonlinear
Control 1993; 3(1):211-229.

Haddad WM, L’Afflitto A. Finite-Time Stabilization and Optimal Feedback Control. /EEE Transactions on
Automatic Control 2016; 61(4):1069—-1074, doi:10.1109/TAC.2015.2454891.

Jiménez-Rodriguez E, Sanchez-Torres JD, Loukianov AG. On Optimal Predefined-Time Stabilization. Proceedings
of the XVII Latin American Conference in Automatic Control, 2016; 317-322.

Matthews GP, DeCarlo RA. Decentralized tracking for a class of interconnected nonlinear systems using variable
structure control. Automatica 1988; 24(2):187 — 193.

Utkin VI, Shi J. Integral sliding mode in systems operating under uncertainty conditions. Decision and Control,
1996., Proceedings of the 35th IEEE Conference on, vol. 4, 1996; 4591-4596.

Bejarano FJ, Fridman LM, Poznyak AS. Output integral sliding mode for min-max optimization of multi-
plant linear uncertain systems. /EEE Transactions on Automatic Control Nov 2009; 54(11):2611-2620, doi:
10.1109/TAC.2009.2031718.

Fridman LM, Poznyak AS, Bejarano FJ. Robust Output LQ Optimal Control via Integral Sliding Modes. Springer
New York, 2014.

Galvan-Guerra R, Fridman L. Robustification of time varying linear quadratic optimal control based on output
integral sliding modes. IET Control Theory Applications 2015; 9(4):563-572, doi:10.1049/iet-cta.2014.0095.
Levant A. Universal single-input-single-output (siso) sliding-mode controllers with finite-time convergence. /EEE
Transactions on Automatic Control 1972; :1447-1451.

Filippov AF. Differential equations with discontinuous righthand sides. Kluwer Academic Publishers Group,
Dordrecht, 1988.

Utkin VI, Guldner J, Shi J. Sliding Mode Control in Electro-Mechanical Systems, Second Edition (Automation and
Control Engineering). 2 edn., CRC Press, 2009.

Davila J, Fridman L, Levant A. Second-order sliding-mode observer for mechanical systems. IEEE Transactions
on Automatic Control Nov 2005; 50(11):1785-1789.

Copyright © 2016 John Wiley & Sons, Ltd. Int. J. Robust. Nonlinear Control (2016)
Prepared using rncauth.cls DOI: 10.1002/rnc



	1 Introduction
	2 Mathematical Preliminaries
	2.1 Predefined-Time Stability
	2.2 Optimal Control

	3 Optimal Predefined-Time Stabilization
	4 Inverse Optimal Predefined-Time Stable Reaching Law
	4.1 Unperturbed case
	4.2 Perturbed case

	5 Example
	5.1 Unperturbed case
	5.2 Perturbed case

	6 Conclusion

