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Abstract

A continuous output feedback control scheme rendering the closed-loop double integrator system globally stable in finite-time
is presented. In particular, the convergence time is independent of initial conditions. The bi-limit homogeneous technique
is used for controller and observer designs with fixed-time convergence. Then, a continuous output feedback control law is
proposed for nominal double-integrator system and its perturbed version. The homogeneity and Lyapunov techniques are used
to ensure the fixed-time stability of the closed-loop system under output feedback control framework. Finally, the efficiency of

the proposed algorithms are illustrated by numerical simulations.
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1 Introduction

The system with double-integrator dynamics is one of
the most fundamental systems in control theory and has
many applications in practice, such as spacecraft rota-
tion [1], rotary crane motion [2] and manipulator motion
[3]. Moreover, a design method developed for this sys-
tem can be extended to a more general case (via back-
stepping, for example). Therefore, control of a double-
integrator system has been of interest since the ear-
ly days of control theory. Most of the existing control
techniques provide an asymptotic or exponential stabil-
ity which implies the convergence of the system trajec-
tories to an equilibrium state over infinite horizon. In
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practice, finite-time convergence is much more desirable.
Moreover, the closed-loop systems under finite-time con-
trol law usually demonstrate higher accuracy and bet-
ter disturbance rejection properties [4]. Consequently,
the finite-time control techniques have been an intensive
subject in the last years.

The benchmark work on finite-time control was pro-
posed by Bhat in [4] where the relationship between
the regularity properties of Lyapunov function and the
convergence time was established. Thereafter, a num-
ber of finite-time control schemes have been develope-
d based on Lyapunov function methods [5], [6]. Anoth-
er finite-time control technique is frequently associated
with high-order sliding mode (HOSM) controls provid-
ing finite-time convergence to a sliding manifold. The
theory of HOSM was well-developed in [7] and [8]. Many
applications of the method can be found in aerospace
systems [9], mechanical systems [3] and electric system-
s [10]. Also, the finite-time output feedback was dis-
cussed in [11] for a double-integrator system. However,
the convergence time in these methods grows unbound-
edly when initial condition tends to infinity. Recently,
the fixed-time stability theory, first developed in [12],
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has been intensively investigated in [13],[14],[15],[16] and
[17]. The fixed-time stability is stronger than the finite-
time stability and it means that the convergence time of a
global finite-time stable system is bounded independen-
t of initial conditions. This property is especially useful
for either hybrid or switching systems with some kind of
dwell time. In addition, it looks promising for a system
if a controller or an observer can be designed to ensure
that the convergence is achieved in a fixed-time duration
regardless of initial conditions. A sufficient condition for
the fixed-time stability of nonlinear systems was pro-
vided in [13] and some fixed-time control laws, such as
[18] and [19], were derived based on this condition. How-
ever, it is nontrivial to construct a Lyapunov function
satisfying particular conditions for high-order systems.
The concept of bi-limit homogeneity introduced in [12]
shows that an asymptotically stable system is fixed-time
stable if it is homogeneous with negative degree in 0-
limit, and homogeneous with positive degree in co-limit,
which provides an alternate way to design a fixed-time
controller or observer. An arbitrary order robust sliding
mode differentiator was designed based on bi-limit ho-
mogeneous technique in [20] providing uniform conver-
gence regardless of initial conditions. The existing works
have been focused mainly on state feedback and how-
ever the output feedback is seldom discussed. It should
be noted that the linear growth condition, used in the
stability proof for systems under finite-time output feed-
back control [11], does not hold for systems under fixed-
time output feedback control. Therefore, the finite-time
escape may occur which makes the design of fixed-time
output feedback more challenging.

Motivated by the above observations, a new fixed-time
output feedback control scheme is proposed in this
work. The main contributions of this paper are twofold.
First, an unified framework for fixed-time convergent
controller and observer is developed based on bi-limit
homogeneous technique. Second, a continuous fixed-
time output feedback control law is constructed and
the fixed-time stability proof for the closed-loop sys-
tem is derived by using the homogeneity and Lyapunov
function.

The organization of the paper is as follows. Section II is
devoted to some definitions and lemmas related to the
homogeneity. Then, the state feedback controller and the
state observer are designed in Section IIT and IV, respec-
tively. In Section V, the synthesis design is introduced to
stabilize the double-integrator systems by output feed-
back. The simulation results are provided in Section VI.
Finally, the concluding remarks are summarized in Sec-
tion VII.

2 Preliminaries
2.1 Notations

Throughout the paper, the following notations will be
used. R is the set of real numbersand Ry = {z e R: z >
0}. For any non-negative real number «, the function
x> [x]” is defined as [2]® = |z|*sign(z) for any = €

e

R. It follows from the definition that % = alz|*7,
[2)° = sign(z), [z] = = and [2|* = z|z|. The function
I': R% — R is defined as I'(a,b) = 194 (1 +b) for any
a, be R+.

2.2  Definitions and Lemmas

Consider the nonlinear dynamical system
z(t) = f(x(t)),t > to,x(to) = o (1)

where = [z1,..,2,]T € R" is the state vector, f(z) :
R™ — R"™ is a possibly discontinuous vector field. In this
case, the solutions of (1) are understood in the sense
of Filippov [21,22]. Tt is assumed that the origin is an
equilibrium point of system (1). Throughout the paper,
it is assumed that the solution of (1) starts at to = 0,
denoted by X (¢, z¢) with z( as the initial condition.

r = [r1,..,rs] € R™ be the weight vector with
r; > 0,(i = 1,...,n). The dilation mapping is defined as
A% (z) = [N21, .0y A2y, )T for any A > 0.

Definition 1 /23] A function g(z) : R™ — R is said to
be r-homogeneous with degree k € R if for allx € R™ and
all A > 0 we have g(A%(z)) = Ng(x).

Definition 2 /23] A vector field f(z) : R" — R™ is
said to be r-homogeneous with degree k if for each i €
{1,...,n}, the component f;(x) is r-homogeneous of de-
gree of k + ri; that is fi(AL(z)) = NFH7if(z) for any
A>0andz e R".

Definition 3 [12] A function g(z) : R™ — R is said to
be homogeneous in the p-limit (p=0 or oo) with triple
(rp, kp, gp), where Ty = [rp1,...,Tpn] € R™ is the weight
vector, ky, is the degree, and g, the approzimating func-
tion, if g(x) is continuous, g, is continuous and not iden-
tically zero, and, for each compact set C € R™"\{0}, the
condition lim max |[A"*rg(A\" (2)) — gp(x)| = 0 holds.
A—p zeC

Definition 4 [12] A vector field f(z) : R* — R" is
said to be homogeneous in the p-limit with associated
triple (rp, kp, fp) where rp, = [rp1,...,7pn] € R™ is the
weight vector, ky, is the degree and f, the approrimating
vector field, if, for each i, ky +1p; > 0 and the function
fi(x) is homogeneous in the p-limit with associated triple

(Tps Kp + Tpis fpi)-



Definition 5 [12] A function (resp. vector field) is said
to be homogeneous in the bi-limit if it is homogeneous in
the 0-limit and homogeneous in the co-limit simultane-
ously.

Definition 6 [7] The origin of system (1) is said to be
globally finite-time stable if it is Lyapunov stable and for
any R > 0 exists T > 0, such that any trajectory starting
within the ball ||xz|| < R stabilizes at the origin in the
time T'.

Definition 7 [13] The origin of system (1) is said to
be fized-time stable if it is globally finite-time stable and
there exists a fixed positive constant Tp,q. such that T <
Tinaz for any zo € R™.

Remark 8 From the definitions, it can be seen that
the convergence time T for fized-time stable system-
s is bounded even when initial condition xy tend-
s to infinity. To illustrate this point, the follow-
ing two examples are considered. The origin of sys-
tem & = —[x]2,2(0) = xzo,x € R is finite-time
stable, since its solution has the form X(t,xzo) =
sign(zo)[\/|wo| — 3t]% for t < 24/|zo| and X (t,z0) = 0
fort > 2+/|xo|. The convergence time T = 24/|xg| = o0
as |zo| = oo. The origin of system & = —[z|2 — [x]2
is fized-time stable, since its solution is denoted by
X(t,zg) = sign(zo)tan®(arctan(y/|zo|) — 0.5t) for
t < 2arctan(y/|zol) and X(t,zo) = 0 for t >
2arctan(r/|zo|). The convergence time T is globally
bounded satisfying T < 2arctan(\/|zo|) < 7.

Definition 9 The origin of system (1) is said to be prac-
tically fized-time stable, if it is Lyapunov stable and there
exist a bounded region Q € R™ and T > 0 such that for
any R > 0 any trajectory starting within the ball||z|| < R
converges to ) in the time T and stays in ) forever.

Lemma 10 [12] For system (1), suppose that f(x) is
a homogeneous in the bi-limit with associated triples
(ro, ko, fo) and (Yoo, koo, foo)- If the origins of systems
z = f(x),d0 = folz) and too = foo(x) are globally
asymptotically stable, then the following statements hold

1) The origin of (1) is fized-time stable when condition
koo > 0 > kg holds;

2) Let dy, and dy,, be real numbers such that dy, >

max ro; and dy,, > max ;. Lhere exists a con-
1<i<n 1<i<n

tinuous, positive definite and proper function V(x) such
that the function % 18 homogeneous in the bi-limit with

. OV¢ Vo
triples (7‘0, dvy — 70,45 8—96?) and (roo,dvoo — Too,i d—%)

and the function %—‘; (z) is negative definite.

3 Fixed-Time State Feedback Control

To begin with, we consider the fixed-time stability of the
following double-integrator system

x'l = T2, $.2 = u, .Z‘(O) = X0 (2)

where x1 and x9 € R are the measurable state variables
and u € R is the control input. To ensure the fixed-
time stability of system (2), the following control law is
proposed

u(@) = = (ku[a )@ + K [a) + ko)) = (kaofra)

+ kylxa] + ki [22] 9/2)
(3)

where parameters k; > 0,k, > 0,k > 0, (i = 1,2) and
0i, 0%, (1 = 1,2) are given by

_4-30
S 3-20

(4)

0==2 =00, =
1 247972 y @1

with ¢ € (0,1). The parameters provided in (4) are cho-
sen from the homogeneity reasoning. To show that, let
fs(x) = [x2,u(x)]T denote the vector field of closed-loop
system (2) under control law (3). Furthermore, define
vectors

foo (@) =[x, =k [m1 ] — ko[x]%]" (5)

Fou(x) = w2, =k 21 )% — K52 )" (6)
It can be observed from (4) that 0 < ¢; < 1 < ¢}, (i =
1,2) hold for any ¢ € (0,1). It follows that fs,(z) and
fs.. (z) can be considered as approximating functions for
fs(z) in 0-limit and oo-limit, respectively. Furthermore,
a direct verification shows, taking r,, = [2=2, |7

1—0’ 1—p
the vector field fs,(x) is rs,—homogeneous of de-
gree ks, = —1. Similarly, the vector field f;_(z) is
rs., —homogeneous of degree ks, = 1 when fixing
rs. = [f%g, 31:2;]T. Therefore, the closed-loop system
(2) under the control law (3) with parameters (4) is
homogeneous in the bi-limit with (rs,, ks, fs, (z)) and

(Fsoer Fswo s fooo (%))

)

Theorem 11 Consider double-integrator system (2)
under control law (3) with parameters given in (4).
Then, the origin of system (2) is fived-time stable if
the parameters k; > 0,k} > 0,k > 0,(i = 1,2) and
0 € (0,1) are selected.

Proof. The proof is divided into two steps. First, we
prove that the closed-loop system (2) under the control
law (3) with the parameters provided in (4) is globally
asymptotically stable. Then, we show that its approxi-
mating systems in 0-limit and co-limit are also globally



asymptotically stable. Taking into account the bi-limit
homogeneity of the system, it follows from Lemma 10
that the proof is completed.

To examine the stability of this system, consider the
Lyapunov function candidate:

V =2k (¢} + Dl | + ki (o1 + 1)(eh + Dl [
+ 2k (01 + Dl |44 + (01 + 1) (e + Dol
(7)
It is obvious that V in (7) is continuously differentiable,
positive definite and radially unbounded. The derivative
of V' along the trajectories in (2) with control (3) is
derived by

V = kil 2| dy+ K T [y oy + K Ty ) iy +T0 g ) o

(8)
where IT = 2(p; + 1)(¢} + 1). Substituting (2) and (3)
into (8) results in

V = Iz, (/.:1 [0 ] + K [a1] + kg’[m@’l) — [z
s (a0 4 ) + KT )% 4 kafza

k[ + ks )
(9)
Since [x2| = x9 and [x2][22]* = |z2||22]|* hold for any
a >0, (9) can be rewritten as

V = o] (alwa|® + Kslas| + Kflaa| ) (10)

If follows from (10) that V' < 0 everywhere except on
the line 5 = 0 where V = 0. Furthermore, note that
for system (2) under control law (3) to guarantee the
condition V = 0, the system trajectory must evolve on
x1 = x5 = 0. By applying LaSalle invariance principle
[25], we have that the origin of the closed-loop system
is globally asymptotically stable.

For the system @ = fs,(z) with fs,(z) being de-
fined in (5), if the Lyapunov function is chosen as
Vo = 0.5(p1 + 1)|z2|? + kq|x1]9* T, it can be easily cal-
culated that Vo = — (o1 + 1)ka|zo[22+!. Similarly, if we
choose Vao = 0.5(¢; 4 1)|za|2 + k/|21|91 T for system
& = fo(x) with fs_(z) being defined in (6), it can
be seen that the equality Voy = —(o} + 1)kY|xo|%?
holds for any z € R?. The LaSalle invariance principle
[25] ensures the global asymptotic stability of systems
& = foo(x) and & = f5__ ().

It follows from the above analysis that all the conditions
in the first statement of Lemma 10 are satisfied, which,
in turn, prove the conclusion. This completes the proof.

4 Fixed-Time State Observer

In this section, a new fixed-time state observer is devel-
oped for the double-integrator system as follows

_ J _ _ -, 11
by =t Fafen)® 4 Bofen) + Rfer)es (D

1=+ kafer) @ + Kl fer] + ki [er |2
s=1u

with ey = 1 — &1, k; > 0,k} > 0,k > 0,(i = 1,2) and
the parameters g;, g;, (i = 1,2) are given by

01=00=20—1,00=2—0,0,=3-20 (12)

where g € (3,1). Subtracting (11) from (2) yields the
following error dynamics

fer] — K [e1]® + e

él = —]?31 ’761J§1 — ];le
- _ ) 1
{ Byler ) — Ky fe |2 4

by = —ka[e1]% —

with es = x9 — 5. The parameters (12) are designed
to ensure that the system (13) is bi-limit homogeneous.
To illustrate that, define e = [e1, e2]” and let f,(e) be
the vector field of system (13). Then, system (13) can be
rewritten as é = f,(e). With the following definitions

fpo(€) = [“k1fe1]® + ez, —ka[er|%]",  (14)

Fpo(€) = [=R{[er] + ea, =Ry [e1]%]" (15)
it can be found that f,,(e) is homogeneous with de-
gree k,, = —1 with respect to the weight vector
"o = 125> 125)" and f,.(e) is homogeneous with
degree k, = 1 with respect to the weight vector
[1%@, f%g]T. Since g € (%, 1), it can be observed
from (12) that conditions 0 < g; < 1 < g}, (i = 1,2)
hold. Therefore, the vector fields f,,(e) and f,__(e) can
be referred to as approximating homogeneous functions
for f,(e) in O-limit and oo-limit, respectively.

Tp, =

oo

The main result in this section is summarized in the
following theorem.

Theorem 12 Consider the observer (11) with param-
eters defined in (12). Then, the resulting error dynam-
ics given in (13) are fized-time stable if the parameters
0 € (%,1) and k; > 0,k, > 0,k > 0,(i = 1,2) are se-
lected.

Proof. Consider a Lyapunov function candidate

V =Fka(2 = 0)lea [ + Ky glea ' + K50(2 — ) ea
+0(2 — 0)le2?
(16)
It is obvious that V in (16) is continuously differentiable,
positive definite and radially unbounded for any g €



11). The time derivative of Lyapunov function is given
2
by

V = Z(Rafea) @ D4k Ter |02 4By e ] ) ér+E ea)
(17)

with E = 29(2 — p). Substituting (13) into (17) results in

V = —Ek; [ki]er[*?7 + Eilea* + k{lea |7T]
i%g [kilenP~2 + kiled[* 720 + K |er[P732]  (18)
[k1le | + kiler|” + kY [ex|* 2]

[I] (1]

It follows that V < 0 holds for any k; > 0,k > 0, k!’ >
0, (i = 1, 2). Furthermore, it can be easily found that the
only invariant set for system (13) is e; = es = 0 when
V = 0. It follows from the LaSalle invariance principle
that the error dynamics (13) are globally asymptotical-
ly stable.

If specified with k] = kb = k/ = Kk = 0 (or
by = ky = K, = K, = 0) in (13), (16)—(18), the
global asymptotic stability of system é = f,(e) (or
é = fp..(€e)) can be obtained, where f,,(e) (or f,_ (€))
is given in (14) (or (15))

Taking into account the bi-limit homogeneity of the sys-
tem (13), it follows from Lemma 10 that the system (13)
is fixed-time stable. This completes the proof.

5 Fixed-Time Output Feedback Synthesis
5.1 Synthesis Design

Now, we are in a position to construct a global output
feedback fixed-time stabilizing control law for double-
integrator systems. To this end, substituting x5 in (3)
by its estimated value &5 in (11) yields

u(@) = — (ki o + K] + KT 2) = (ool
+ K (2] + a2 ))
(19)

where only 27 is measurable and all control parameters
are the same with those in Theorem 11. The main results
about the output feedback control is summarized in the
following theorem.

Theorem 13 Consider system (2) under the output
feedback control law (19) with To generated by observ-
er (11). Then the closed-loop system (2), (11) and
(19) is fized-time stable if the controller parameters
ki kL kY 0i,00(i = 1,2) and the observer parameters
kj, ki, kY, 05, 05(7 = 1,2) are selected as in Theorems 11
and 12, respectively.

Proof. It follows form Theorem 12 that there exists a
finite time, i.e., 77, uniformly in initial estimation error
e1(0) and e3(0) such that #2(t) = xo(t) for t > T1. As a
result, the output feedback control (19) coincides with s-
tate feedback control law (3) for all ¢ > T} . Furthermore,
if the system trajectory under the output feedback con-
trol law does not escape during the interval ¢ € [0, 1], it
follows from Theorem 11 that there exists a finite time,
i.e., Ty, uniformly in x(7}) to ensure the fixed-time sta-
bility of double-integrator system. Therefore, the condi-
tion that the closed-loop system under output feedback
control law (19) does not escape in finite time is suffi-
cient to derive the conclusion of Theorem 13. It should
be noted that the method in [11] can not be applied here,
since the right hand side of the closed-loop system under
(2), (11) and (19) does not satisfy the linear growth con-
dition. To complete the proof, let us consider the Lya-
punov function V in (7). The derivative of V' along the
trajectory (2) under output feedback control law (19) is
given by

V=1 (k‘2332 [£2]92 + Kz [Za] + kY xo firﬂgé) (20)

with IT = 2(p1 +1) (¢} +1). Since &3 = x2 — eg, it follows
that o[22 |7 = zo|ze — ea|”sign(xs — e3) for any 9 > 0.
For the convenience of the proof, two different cases are
discussed.

Case 1: It is assumed that the condition |z3| > |es]
holds, which implies sign(za — e2) = sign(xz2). There-
fore, one has zo[#2|” = |2a||z2 — €2|” for any ¥ > 0.
Then, V in (20) can be rewritten as

V = *H|ZL‘2| (k2|l‘2 — €2|92 +k/2|2172 7€2| +k/2/‘$2 762|Q,2>
21)

Case 2: It is assumed that the condition |za| < |es]

holds. Since —zo[#2]? < |2a||lze — e2]” holds for any

¥ > 0and x4, es € R, the V in (20) satisfies the following
inequality

V < H‘.’E2| (k2|{,1;‘2 — 62‘92 + klz‘l'g — 62| + k/ZI‘fL'Q — 62|g/2>

(22)
Taking into account |zs] <Je2| and the well-known in-
equality |a—b|? < (Ja|+]b])? for any a,b € R and 9 > 0,
the inequality (22) satisfies

V < T(K292 |eg| 22t 4 2kb|ea|? + k292 |ey|2F1) (23)

Then, we will show that there exists a positive constant

M such that the derivative of the Lyapunov function
in (20) satisfies V. < M at any instant of time in the
both cases. Since the Theorem 12 ensures the fixed-time
convergence of es, which implies the boundness of es, it



follows that there exists a least upper bound of the right
hand side of (23). Denote the least upper bound by
M = sup{I1(k2292 |e|22 T 4 2khea|? + k292 [eq|22T1)},
it follows from (21) and (23) that the V in (20) satisfies

V < M. Therefore, V as well as the system states x1, o
can not escape in any finite time interval.

From the above analysis, it can be concluded that the
double-integrator system with output feedback control
law (19) does not escape in any finite time interval. Fol-
lowing the analysis at the beginning of the proof, one
has that the closed-loop system under (2), (11) and (19)
is fixed-time stable. This completes the proof.

5.2 Discussion on Robustness

For a further discussion, a key lemma is recalled.

Lemma 14 [12] Consider system & = f(x,d) with ex-
ogenous disturbance vector § = [0y, ...,0,])7 € R™ and
suppose that f(x,0) is a continuous homogeneous vec-
tor field in the bi-limit with triples ((ro,70), ko, fo) and
((Foos Too) s koos foo), where 9 € R™ and 7o € R™ are
weight vectors with respect to disturbance §. Then, un-
der the hypotheses of Lemma 10, the Lyapunov function
V(z) given in Lemma 10 satisfies

oV dy, +ko dy,_ +koo
5y (@ 0) < —kyT(V Mo Vi )

dy, ko dy +hoo (24)

+ ks D D0, 0|85 =)
j=1

where ky and ks are positive real numbers and function

I is defined in Section II.A.

Now, we proceed to discuss the robustness of the pro-
posed control scheme for the following perturbed double-
integrator system

l"l = T2, l"Q =u-+ A(t), $(O) =X (25)

Assumption 15 Suppose that the perturbation A(t) in
(25) is uniformly bounded with a known constant &y, i.e.,
|A(t)| < 8, and also Lipschitz continuous with a Lips-

chitz constant L, i.e., |A(t)| < L.

Applying the observer (11) for system (25) yields the
following error dynamics

fer] — K [e1]® + e

o]~ RYler )%+ Af) 20

In order to ensure the robustness against the non-
vanishing perturbation A(t), we select

N[ =

_ _ o 4_ _
0= 5.k = 0.k = ki, Ky = gk =k, (27)

Taking into account (12), (26) can be rewritten as

é1 = —];51 ([elj% + ’—€1J%> + e
¢ = —2k; (1[er]0 +2er] + 3[en)?) + Alt)
(28)
which coincides with the uniform robust exact differen-
tiator proposed in [15]. Following the result in [15], the

parameters k; and ko can be chosen from the following
set

o R
Q= {(kl,kg) eR |0 <k < 2\/5,]@ > § + ];;2}
1
U {(151,;52) € Rk > 21/00, ko > au}

(29)
in order to guarantee the fixed-time stability of system
(28). Then, the perturbation A(t) can be approximated
through equivalent control method [33]. It follows from
the above analysis that there exists a finite time, i.e., T},
such that e (t) = ex(t) = 0 for all ¢ > Ty, implying the
following identity holds

2y (5 Tea] O+ 2fer [+ 5 er ) +AH) = 0,6 > T (30)

Since e1(t) = ea(t) = 0 for ¢t > Ty, it follows that
[e1] = [e1)? = 0 for t > T}. Taking into account
[e1]° = sign(e1), the equivalent output injection A, (%)
can be obtained from (30) according to the definition of
equivalent control in [33]

Acq(t) = [kasign(er)]leq(t) = A(t) (31)

with [kysign(e1)]]eq(t) being an average value of the dis-
continuous function kssign(eq). In practice, Agy(t) can
be approximated by A, (t) using the following low pass

filter ) 1
Aey(t) = - [Egsign(el) — Zeq] (32)

with a small time constant 7 > 0.

Remark 16 [t should be noted that the effects of some
imperfections, such as small delays, sampling step, sam-
pling noise, etc., always make it impossible to achieve
the identity ea(t) = 0. In [28], Utkin succeeded in prov-
ing that if ea(t) remains within a §-vicinity of zero, e.g.,
lea(t)| < 6, the output of the first-order filter (32) is close
to the equivalent control A.4(t) satisfying the following
inequality

A, () = Aeg(t)] < O(7 +6) + O(3/7) (33)



From (33), it can be observed that estimation accuracy
is of the order O(7) in an ideal case. When some imper-
fections are included, the estimation accuracy is of the
order O(mazx|T+0,8/7]). In this case, in order to obtain
a good estimation of A.q(t), the filter time constant T can

be taken to be proportional to \/9, i.e., T = \/8, provided
that 6 is much smaller than 1. In this case, inequality
(33) leads to [Acy(t) — Aey(t)] < OWVSG). In addition,
the constant T should be selected to be larger than the
sampling time of the computer-implemented filter.

A practical fixed-time output feedback control law for
the perturbed double-integrator system is summarized
in the following theorem.

Theorem 17 Consider system (25) with the output
feedback control law

u(@) = — (ko + K] + KT %) = (ool

AT ALY B ()

(34)
where Ty is obtained from observer (11) with parameters
given in (12), (27), (29) and A.y(t) is obtained through
(32) with an appropriate time constant . Then, the o-
rigin of system (25) is practically fized-time stable if the
controller parameters k;, ki, k', 0; and o}(i = 1,2) are s-
elected as in Theorem 11.

Proof. Since the observer (11) with parameters in (12),
(27) and (29) ensures that error dynamics in (28) is fixed-
time stable, it follows that there exists a finite time,
ie., Ty, such that &, = x1,@2 = x5 for all ¢ > T7.
Next, we will show that the trajectory of system (25)
under the output feedback control law (34) does not
escape during finite time interval [0,77]]. To this end,
consider Lyapunov function (7). The derivative of V' can
be calculated as

V = —Ilz, (kQ (329 + kb [Z2] + k5 [22] ¢ 6A>
B (35)
where ea = A(t) — Ay(t) is bounded due to the bound-

ness of A(t) and A, (t). Following the same analysis for
Cases 1 and 2 in the proof of Theorem 13, the following
statements hold for the derivative of V.

Case 1: For |x2| > |ez|, implying sign(ze — e2) =
sign(zz), V in (35) satisfies

V < Hfas|(eal — kals — ] — kolas — e

1" ! (36)
— ky|z2 — €2|%)

Case 2: For |z3| < |es|, implying that —wza[2]? <
|z2||7e — ea]”? < 27 | eg |?*! holds for any ¥ > 0, V in
(35) satisfies

V< TR0 el 4 2o K2 g

+ lezlleal)
Since ea and eg are bounded, it follows from (36) and
(37) that V and so z; as well as x5 are bounded in
the time interval [0,77], which implies that z;(7]) and
x9(TY) are finite values.

In what follows, we will discuss the trajectory evolution
of system (25) under the control law (34) for all ¢ > T7.

Let fus(#,0) = [wa, —(k1[21] @ + ki [a1 | + K T21|9) —
(ko[i2|9 + k4[22] + kY [2]9) + ea]” be the closed-
loop vector field of system (25) under the control law
(34). Since &1 = z1,82 = zo for all t > TY, it fol-
lows that fus(#,8) = fus(z,d) for any t > T{. In
this case, the closed-loop system can be rewritten

as © = fus(x,0), which is homogeneous in the bi-
limit with associated triples ((Tusys70)s Kusq, fuso) and
((rusoovToo)vkusxa.fuso@)’Whereruso = [?:Sv 1iQ]T>7-0 =
lfgg,k’us(] = —17fu50 = [$2,—k1|_331JQ1 — kg’—l‘ljm +
6A]T and Tusy = [%5’31—_299]T’ - = 41__399,kusoc =
L fuso, = w2, =k [x1]® — kY[x1]2 + ea]”. Noting

that fus(x,0) = fs(x) and the system & = fy(z) is
fixed-time stable (see Theorem 11), it can be concluded
that & = fus(x,0) is fixed-time stable for all ¢ > T7.
Therefore, it follows from Lemma 14 that there exists a
continuous, positive definite and proper function V()
satisfying

oV
7fus(x; 5) S 7kVF(Vma Vn) + k5F(|6A|pa |6A|q)

d
(38)

dvyt+kusg
- and

. d Kus d k,
Wlthm: VU;1O,'I’L: Voo"" usoo7p:

Vo dv,
q = 7‘{‘/&;”““0. Since kys, = —1,kus,, = 1 and dy, >
max(%g, 1%9) > 2aswell asdy_ > max(f%g, 31__2;’) >
3 (see Lemma 10) for any ¢ € (0,1), it follows that the
conditions 0 < m < 1 < n, p > 0 and ¢ > 0 hold.
Since | ea |< 1 can be satisfied after ¢ > T by selecting
appropriate 7, the conditions |eal? < 1 and |ea|P < 1
hold. As aresult, the term I'(Jea |7, lea]?) in (38) satisfies

P
I(leal?, eal?) = A

= T (1 leal”) < Zleal” (39)

after finite time 77]. Next, two different cases will be
discussed.



For V > 1, it follows that £(1+ V") < D(V™ V") =
%(quV") < (I1+V™ holdsfor 0 <m <1 < n.
Taking into account (39), (38) can be rewritten as

Z—qus(xj) < —%(1 + V") + 2ksleal?, t > Tll
(40)
Since |ea| < 1 for ¢t > T{, condition 2ks|ea|P < £ can
be satisfied by selecting appropriate ky and ks. As a
result, (40) can be rewritten as 9¥ f(z,0) < —Erym.
Integrating the inequality from V =1 > 1toV =1
obtains that the system trajectory reaches the level

1—n
V(z) =11in a finite-time 73 < 2§jv—(zo_1)> <

n > 1, which is independent of initial conditions.

for

For V(z) < 1, it follows from 0 < m < 1 < n that
fVm < (V™ Vn) = %(1 + V™) < V™. Taking
into account (39), (38) can be rewritten as

ov k k
o Jus(2,8) < == (L= O™ + 2ksleal’ = -0V
(41)
for t > T, where 8 € (0,1). From (41), it follows that
W fus(2,8) < —E(1 — 9)V™ is strictly negative out-
1/m
side the set = = {z € R}|V(z) <V, = {W} / }.
Integrating this inequality from V =1, <1to V =V,
obtains that the system trajectory reaches boundary

1—m 1—m 1—m
V =V, in a finite-time T} < Yo 0(1:7‘:;) < 10_(Yim) <

ﬁ with ¢ = 0.5ky (1 — ), which is independent of
initial conditions. Then, the system trajectory remains
in the set = for all future time since % f,s(, d) is strict-
ly negative outside the set = and on the boundary of
E. The positive definiteness of V (z) implies that all so-
lutions of the perturbed double-integrator system (25)
under the control law (34) converge to some bounded
region when V' (x) belongs to the bounded closed set E.

In summary, the solution of system (25) under the con-
trol law (34) converge into a bounded region in finite-
time 7" < T| + T4 + T4 which is independent on initial
conditions. Hence, the closed-loop system is practically
fixed-time stable. This completes the proof.

Remark 18 [t is worth noting that some classic algo-
rithms, such as twisting [26], super-twisting algorithms
[29] and their modified versions in [11,15] can be recov-
ered formally from our proposed algorithms (3) and (11)
with an appropriate selection of parameters, e.g., the al-
gorithm in [15] is obtained from (11) if the parameter-
s are specified as (27). However, the proof given in the
paper is not applicable for the aforementioned classic al-
gorithms due to the fact that the homogeneity in bi-limit
requires the continuity of the right-hand sides.

6 Simulation Example

To confirm the property of fixed-time convergence with
respect to the initial conditions, several different system
initial values x¢g = [1,—1], o = [10%,—-10%] and zq =
[10%, —10%] are considered. The simulation is carried out
using Euler method with fixed sampling 10~* second.
To begin with, the fixed-time state feedback control law
(3) with k1 = ko = 2.0,k] = k), = 0.6,k] = ki = 3.0
and o = 0.6 is applied. In this case, the simulation re-
sult is shown in Fig.1. From the sub-plot in Fig.1, it can
be observed that the convergence time of the system
subject to different initial values (including the one far
away from the origin) is close, which shows a ‘weak’
dependence of the convergence time on the initial con-
ditions. Then, the fixed-time output feedback control
law (19) with observer (11) is tested. Without re-tuning
the control parameters, the observer parameters are s-
elected as k; = ko = 2.0, k] = k), = 0.6,k = ki) = 3.0
and ¢ = 0.6. The initial value of the observer is set
as &g = [10,—10]. In this case, the simulation result is
shown in Fig.2. The rapid convergence under different
initial conditions can also be observed when only output
is available.

To examine the robustness of the method, an external
disturbance A(t) = L[sin(t) + cos(t)] is added to the
double integrator system (25). The observer (11) with
parameters in (12) and (27) specified with k; = 1 and
ko = 2.5 is used. The initial values of the observer and
the controller parameters are the same as those provided
in the previous. The time constant 7 = 0.01 in (32)
is used in the simulation. In this case, the simulation
results are plotted in Figs.3 and 4. From Fig.3, it can be
seen that the system states converge to a small region
around the origin quickly, which implies the practical
fixed-time stability. Furthermore, Fig.4 shows that the
external disturbances can be approximated in a finite
time through equivalent control method.

Remark 19 Although the operation region of a plant is
always bounded in practice, the fixed-time approach helps
to design a control law, which is able to preserve the con-
vergence time even with the variation of operation region.
This property is especially useful in some cases where the
bounded initial conditions are not known a priori. Some
typical applications include state estimation, disturbance
estimation and fault estimation, where the initial estima-
tion error is bounded but unknown in practice. In these
cases, it is difficult to estimate the convergence time us-
ing the traditional finite-time control methods, because
the convergence time of the methods is heavily dependen-
t on initial estimation errors. Another application is for
the observation of a switched and hybrid systems with a
positive dwell time [32,20]. In this case, one cannot guar-
antee the convergence of state estimation before the next
plant’s takes place if a bound for the initial conditions is
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m. In our design, the higher order terms are added to
achieve uniform convergence with respect to initial con-
ditions and the lower order terms for the exact conver-
gence in finite time. As a result, the property of fixed-
time convergence is established through the combination
of higher and lower order components. The homogene-
ity and the Lyapunov function are utilized to guarantee
the fixed-time stability. Future work will focus on the
extension of the results to higher order systems.
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