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ABSTRACT The present paper proposes the application of global and exact differentiators with dynamic
gains based on higher-order sliding modes (HOSM) to the design of adaptive backstepping control for
nonlinear uncertain systems of strict-feedback type. The use of this kind of differentiator in the closed-loop
system allow us to guarantee global uniform stability (for any initial conditions) due to the variable nature
of the dynamic gain. The dynamic gain can grow or decrease with the unmeasured state. In addition,
asymptotic output tracking is also assured. In order to illustrate the results of the new theorem, the proposed
controller is applied to a high-performance aircraft system, suppressing the wing-rock phenomenon usually
observed for fast-speed flight conditions. Comparison results with a linear-inexact differentiator, a local
HOSM differentiator with fixed gains and the proposed global and exact HOSM differentiator with dynamic
gain shows the superiority of the latter over the former approaches. To demonstrate the practical efficacy
of the proposed approach, we conclude with an experimental test featuring a DC motor and the novel
differentiator-based backstepping control scheme.

INDEX TERMS Adaptive systems, backstepping control, global sliding mode differentiator, uncertain

nonlinear systems.

I. INTRODUCTION

Basically, the theory of nonlinear control can be roughly
divided into robust and adaptive methods. In adaptive systems
the control law is designed using dynamic estimates for the
unknown parameters of the plant. In this way, gains are
adjusted all the time from a given adaptation law. In robust
control, in general, we try to guarantee stability properties
with fixed (or even dynamic) gains for a given range of
variation of the plant parameters, which is the case, for
example, of the sliding mode control [1].

A. LITERATURE REVIEW

In this sense, the backstepping control [2], [3] allows certain
state variables to act as ‘“‘virtual control inputs” of other
variables, forming a cascade control project. This technique
is restricted to a certain class of systems called strict-feedback
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which name is given by the presence of a recursion in
the state equations that are dependent on each other (the
nonlinearities in the x;—equation depends only on the state
variables xi, x2,...,x;). In other words, all the unknown
information is lumped into the last state equation [4], [5].
This control strategy has several applications, for example,
in electric motors [6], diesel machines [7], jet engines [8],
robotics [9], quadcopters [10], ship positioning [11], control
of air vehicles [12] and attitude control of spacecrafts [13].

With the work of Krsti¢ et al. [14], it was possible
to attenuate the degree of complexity of the original
backstepping controller since the number of parameters to
be adapted became small with the introduction of tuning
functions. Despite this effort, the task of analyzing and
designing such controllers remains arduous.

New methods are presented in [15] and [16] to enable the
use of the adaptive backstepping approach in applications
that were prohibitively difficult by the conventional method
with analytic derivatives, ending the complexity arising due
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to the “explosion of terms” that has made other techniques
difficult to implement in practice. Futhermore, reference [17]
mitigates the control design using the backstepping procedure
by combining the feedback linearization technique with the
high-order sliding modes. However it’s application was only
valid to linear systems and also using fixed gain.

In [18], with the help of local exact differentiators
based on higher-order sliding modes and fixed gains [19],
a new perspective for adaptive backstepping control has
emerged. The proposal of [18] dramatically simplifies the
control design since it extinguishes the calculation of partial
derivatives of the stabilization functions required in the
backstepping by tuning functions [14]. However, this work
did not present the proof of stability for the class of nonlinear
systems considered (of the strict-feedback type) and, with
that, it gave us the opportunity to advance in this topic in
order to obtain a rigorous stability proof not presented in the
literature yet.

B. RESULTS AND CONTRIBUTIONS

The main ingredient proposed for this generalization was the
introduction of an exact differentiator based on higher-order
sliding modes (HOSM) with dynamic gains [20] in order to
guarantee the global stability of the modified backstepping
controller. This result is innovative since with the fixed-gains
a differentiator in [17] and [18], only local results could
be achieved or a very restricted class of systems could be
considered.

The use of the HOSM Differentiator with Dynamic Gains
and finite time convergence allows for a much simpler control
design while preserves the global stability and output tracking
properties of the closed-loop system. Note that if we simply
employ standard exact HOSM differentiator with fixed gains,
we would lose the globality and only local stability results
could be proved.

Another possibility to replace the global HOSM differen-
tiator is to use the more involved Kreisselmeier filters [21],
similar to linear differentiators, as done in traditional back-
stepping control. However, as a rule of thumb: the simpler
adaptation law, the better is the transient performance since
the convergence rate of the adaptation law is directly related
to the amount of filters applied to derive it as well as the type
of convergence achieved. Each filter imposes an additional
layer of adaptation with its own demanding dynamics to settle
down. In the traditional and more involved backstepping
designs, none of such filter dynamics converges in finite
time, compromising the transient performance of the overall
scheme. In addition, the proposed adaptive backstepping
approach based on dynamic gains is still simpler than
more recent backstepping control versions including neural
networks components [22] and/or sliding mode architectures
for the filter designs [23].

C. ORGANIZATION
o The second section is dedicated to briefly revisiting the
theory of traditional backstepping control [24].
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o The third section presents the problem formulation,
showing the type of plant to be studied (in the strict-
feedback form) and the backstepping adaptive control
approach through tuning functions [18].

o The fourth section describes the proposed HOSM
exact differentiator with dynamic gains which will be
employed in the proposed recipe for the new adaptive
backstepping control of the next section.

o The fifth section also states the main theorem with the
proof of global stability for the closed-loop system.

o The sixth section presents the simulation results involv-
ing the proposed controller via global HOSM differen-
tiator and dynamic gains by comparing its performance
with two other differentiation schemes: a linear differ-
entiator and another HOSM differentiator with fixed
gain. An engineering application example considering
the Wing Rock control problem is considered for the
evaluation scenario.

o The seventh section brings preliminary experimental
tests with a DC motor to illustrate the potential of the
proposed approach in a real-world scenario.

o The eighth section concludes the paper highlighting the
obtained advances according to our initial objectives and
discusses about future directions of investigation.

Il. REVISITING THE TRADITIONAL BACKSTEPPING
ADAPTIVE CONTROL

The backstepping control procedure involves recursively
selecting appropriate state variable stabilization functions to
act as inputs for a pseudo-control (virtual control laws) of
smaller subsystems, obtained during the control design for
the entire system. Each adaptive control stage produces a
new pseudo-control input for each subsystem, which is again
expressed in terms of the pseudo-control signal previously
obtained. This process is repeated until the actual control law
is obtained in the final stage.

For this reason, adaptive backstepping control is a
systematic iterative control design method. It is based on state
feedback with a final control law given by a Lyapunov control
function (LCF) and the dynamics of the closed-loop system.

First of all, we will consider a nonlinear system of the
strict-feedback type according to Figure 1 and described
below [24]:

%1 =x 40T 1(x)
%2 =x3 + 0T y(x1, x2)

Xn—1 = Xp + O*Tﬁan—l(xla ces Xp—1)
iy = u+ 6" gu(x)
y=xi. (1)
The vector x = [x1,...,x,] € R", u € Randy € R are
the state vector, the input and output signals of the system,
respectively. The vector of unknown constants 6* need to be
estimated throughout the design of the adaptation law. The
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FIGURE 1. Nonlinear system in the strict-feedback type with order n.

vector that has known nonlinear functions is given by ¢; € R
fori =1,...,n. The term B8 # 0 is a known constant. In this
system, nonlinearities depend purely on the variables being
fed back.

The control objective is to force the output y(¢) to track
the reference signal y,(¢), while keeping all the closed-loop
signals uniformly bounded. The controller is developed using
an iterative procedure as shown below.

A. DEFINITION OF ERROR VARIABLES z; AND z,
Consider

=X =Y, (2)
2 =X =Yy —ai, 3)
where z; is the output tracking error and it is intended
to ensure that it will ultimately converge to zero, that is,

lim;_, o z1(t) = 0. Thus, the time derivative of z; is defined
as

él :5)_,)‘)1‘7
=0 +6Tp 3,
=zn+a+07g, 4)

where o it is the first virtual control input to stabilize the
output tracking error z;. It is defined as

a; = —ciz1 — 07 1. (5)

Here, the constant ¢ is positive and é(t) is the estimate of 6.
The first virtual control entry oy acts as the desired value of
X7 in order to make the z;-subsystem stable.

The first Lyapunov function is defined as

1 1.~ s
Vi=-72+-6"T"19, 6
1 ZZ] + 5 (6)

where I' is a positive-definite matrix and 6 is the estimation
error, defined by 8 = 6* — 6. Through equations (4) and (5),
the first-time derivative of Vj is calculated as

Vi=z (_CIZI +20+ 9~T§01) —6Tr=19
=a(-an+n) -0 (Io-gz). @
The tuning function is defined as

T = @121 - (8)
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Replacing (8) into (7), results in
Vi=—c1zs + 2z — 07 (F_lé—fl) : )

In order to guarantee V1 < 0, the term z;zo needs to be
canceled.

B. DEFINITION OF THE ERROR VARIABLE z5
Now, the next error variable z3 will be defined and then the
subsystem (z1, z2) is studied:

B=X3— Y — Q2. (10)

From (3) and using (5), taking the derivative of zo we arrive
at

D=X2—yr— o
daq day
=73+ ay — a—mxz +9*T (§02 - _‘p]) +

8x1

30[1 A

day
_ 0, (11

Vr— —=

- 90
where «; is the second virtual control input to stabilize the
system (z1, z2) in (4) and (11):

30[1 AT 30[1
wm=—z-—cnt+t—x-0 (p-—¢ )+
0x] dx]
30(1 . aOll

+ + I, (12)
FITRUPY:

Equation (12) guarantees the stability of the subsystem (4)
and (11). In (12), we have ¢, as a positive constant and the
second tuning function 7, based on 7; as follows

do

lwl)zz- (13)

=1+ (fpz -
x|

The conditions for the proof stability of the subsystem (z1, z2)
requires a second Lyapunov candidate function that is chosen
by

1
Vo=V + Ezg. (14)

From equations (9), (11)-(13), the time derivative of V> can
be calculated as

Vo=—c12d+2122— 6" (F*Ié — rl) + 22(—z21 — 222+
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~ oo o X
+z3)+ Z29T ((pz — —1<p1) + 22— (Frz — 9) ,
axq 3

Vo= —c128 — 25 + 2023 + 67 (rz — F”é) +

8°; (F‘Ez —é) . (15)

C. DEFINITION OF THE ERROR VARIABLE z,
Analogous to the previous steps, we define
4 =X4— Yy —03. (16)

Now, the subsystem is (z1, z2, z3) and to deal with this, we use
the dynamic error z3 which is found from the derivative
of (11) along of (1), (13), (16), such that

Ja Ja do
B ey — —2xy — —Zx3 + 0*T (g3 — —2<p1+
0x1 ax2 0x1
dan ooy . 8012 . 0o A
— =)~ ——Vr— =y — 0. (17)
0x2 dyr ' oyr ' 00
The third virtual control input is «3:
dorn o A 00
w=—n—cat—nt+—x—0 (g3 - —@+
0xq dxo ax1
dan day oay .. dan
- — — Y+ —V +—In3+
5% ) 5, t g it g
oy dop dop
- —=¢ — — , 18
% (¢3 o, @1 oz <ﬂ2) (18)

with c3 being a positive constant and the third tuning function
73 based on 1 defined by

don dop
B=D+\B3— 51— ). (19)
x| dx2
Considering the third Lyapunov candidate V3 for the subsys-
tem (z1, 22, 23):
1
V3=V, + Ezg. (20)

From (16), (18) and (19), the time derivative of V3 can be
calculated as

Vi = —clz% — czz% — c3z% + 2324+ 67 (T3 - Fflé) +

fole] da 3
(F'L’z — 9) + 23— (Fg03 9) +
0 0

30(1 30[2 30(2 (21)
20 % x| ?1 oy $2

Recalling that,

dorg X dorg
~ (Ffz - 9) =0—F~T13 -
0 a0

= 9) ((03+
dorn dop
- —=¢ — — , 22
o, @1 o 92)z3 (22)
and replacing (22) into (21), one has
Vi = —clz% — czz% - Csz% + 2374 + 67 (T3 - Fflé) +
d 0 X
+ ( . “2) (Fr3 - 0) . (23)
30 a0
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D. DEFINITION OF THE ERROR VARIABLE z;
The error z; and its derivative are defined below:

(i—1)

=X =)y — -1,

i—1
. doj—q
Zi = Ziy1 + o — Z 39l€k
™ Pk

The virtual control input is now obtained «;:

et + 077 (ot

i—1
0o o1 A
) =2 om0 2%
gy 36

i—1
daj—1
=—Zi-1 —CiZi + Z Xk+1 — o7 (901
dx

(25)

where the constant ¢; is positive and t; is the ith tuning
function defined as

i—1
daj—q

=711+ (fﬂi - E <ﬂk)Zi- (26)
P 0xk

The Lyapunov function candidate for the subsystem
(z1, 22 - . . zj) is defined by

1
Vi=Via+ 53, 27)
whose derivative along with (24) is
i—1 .
= az +zzn +07 (n—T7'0)+
k=1

+(lezz

k=2

dag_1 A
= ', —0). 28
) (e d) @)

E. DEFINITION OF THE LAST ERROR VARIABLE z, AND
THE CONTROL LAW

Finally, the last error z, and its corresponding derivative are
defined by

== = (29)
n—1 9o .
=0+ Bu— D ——xcr1 + 0" (gt
P Xy
—1 _
n oty — 1 nz 1 (k) (n) _ %é
P 3Xk = 20
(30)
Hence, the control law u can be expressed as
1
= (a,, + y(")) . 31)
B
84501
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The virtual control entry «;, is given by

a1

0xy

n—1
Op = —Zn—1 — CnZn — ¢0 + Z
k=1

n—

1 n—1
. Doty day_q k=D
(=D Ty 4 > Ty
1 k=1

i Oxg dyr
—1 n—1
dap—1 X dag—1 dap—1
+ — 'ty + % ———1(@n — i),
06 " é 8 ; o ¥

(32)

where the constant ¢, is also positive and 1, is the last tuning
function defined as

n—1
00—
rn=rn1+(¢>n—z a;k gok). (33)

k=1

The candidate for the Lyapunov function and its respective
derivative for the subsystem (z1, 22 . . . z,) are

Vn =V + %Zi s (34)
and
. " - A " 01 X
V== g +0" (m=T7'0)+(3 s —s") (Ftu—6).
k=1 i—  9¢
(35)

Finally, choosing
6 =Tt,, (36)

and replacing it into (35), we can show that
n
Va=—> az <0. (37)
k=1

As the function V,, is negative, the asymptotic stability
of the tracking error of the variables z; (considering i =
1,...,n) and boundedness of the error of the estimated
parameter @ are finally proved.

In order to avoid the partial derivatives in the traditional
backstepping approach, as shown in this section, we will
formulate in the next one our control problem using the
modified version of this controller, as done in [18].

lll. PROBLEM FORMULATION
Consider the nonlinear strict-feedback system, as described
in equation (1).

The control objective is the same of section II.

In particular, the y,(¢) reference is the output of a reference
model with bounded and continuous input r(¢), or a signal
whose first n derivatives are known, uniformly bounded and
continuous by parts. Using the reference model paradigm,
consider the following stable linear system

ki
s 4 s+

yr(s) = r(s), (38)
my
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where " +m,_15" "' 4. .. +mq is a Hurwitz polynomial and
the gain k,, is positive.

To achieve the control objective, the adaptive backstepping
controller based on tuning functions [3] is used, but with
the advantage of eliminating the partial derivatives in the
controller structure.

Consider the following error variables in (39)—(40) and the
stabilization functions in (41)—(42):

1 =X1 — Yr, (39)
a=x—"" -, (40)
ol = —C121 — éT(Pl s (41)
o= —cizi— 21— 0 @i+ iy, (42)

where c; are positive constants and the tuning functions are
given by

=121, T =T-1+¢i%, (43)

fori = 2,---,nand ag = z9g = 19 = 0. In addition, the
estimate of the parameter vector 6* is obtained through the
adaptation law

0=T1,, (44)

where I' > 0 is the adaptation gain matrix.
Finally, we arrive at the control law based on state
feedback:

i= L, 4y (45)
;

where «,, is defined according to (42) for i = n as
n = —Cpin — Zn—1 — éT(pn + tp—t1 . (46)

Although the control law (45) seems to be simple, there is still
an issue to be overcome: it is necessary to obtain the derivative
of a,—1 that, a priori, is not available for the feedback design.
To try to eliminate this obstacle, the exact differentiator with
dynamic gain based on higher-order sliding modes (HOSM),
as presented in [20], [25], [26], and [27], will be used. In this
way, in addition to the exact differentiation, properties of
global stability can be ensured.

IV. GLOBAL HOSM DIFFERENTIATOR WITH DYNAMIC
GAIN

This section introduces the class of global HOSM differen-
tiators that guarantee the exact differentiation of signals for
arbitrary initial conditions. Since only the first derivative of
each o(t),j = i—1, is necessary, the idea is to use the HOSM
differentiator with dynamic gains £;(x, ) , u, t) for each signal
ajeR,j=1,...,n—1,asfollows:

L . -
G =V = e R b 0l — )2
xsn (b7 —ein) +e7. @D

é'_li—l _ —)Lil_lﬁi—l(x’ 0,u, t)sgn (é‘li_1 o Vé)_l) 89
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where the j = i — 1 index is used to indicate which variable
o;_1 1is associated with the differentiator.

The difficulty in calculating the upper bound £;_; for &;_;
is in the fact that ¢;_ always depends on ¢;_1. However, the
next lemma shows that ¢; is indeed a function of the state
x, of the estimate é, and of the time variable ¢ (due to the
dependence of y,(¢) and its derivatives up to order n), i.e.,
a;(x, é t). In particular, for i = n, the dependence on u will
be explict as well. Therefore, due to the knowledge of the state
of the plant and the reference model, it is possible to assume
known functions that upper bound ¢; , Vi =1, ..., n.

Lemma 1: There are known estimated upper bounds for

signsa;,i=1,...,n, sothat
loi| < ¥ilx,8,1), Vi>0, (49)
létn| < Yu(x,0,u,1), ¥t>0. (50)

Proof: The proof will cover the calculations up to the
definition of the signal &3 in function of «; and their
respective derivatives and is based on the equations in (42)
rewritten below:

AT
ar=—ciz1 — 0" ¢1,
- )
i =—¢izi—zi-1— 0" ¢+ a1,

It’s easy to see that oy is in function of &1, so we will skip
this step for calculating o3:

a3 =—c3z3—2—0 g3+, (51
. . d A .
Q) = —C22p — 21 — E(9T¢2) +ar, (52)
- . d ~p ..
a3 =—c33—20—0 93—z — 21 — 5(9 @) +ap.
(53)

The same process is repeated for calculating a4:

oy = —caz4 — 23 — 0 4 + a3, 54)
. . . dé‘T . . dz (éT )+
a3 = —C333—22—— —C2—21 — =5 oy,
3 33— - 0 g—ah =l — (0" ¢ 1
(55)
AT . . d »r
a4 = —c424 — 723 — 0" @4 — €323 — 20 — 59 Y3+
.. d? o
— % — 31— ﬁ(Q )+ aq. (56)

Error variables (40) and their respective time derivatives can
also be converted into functions dependent on o1 and yours
“i— 17 time derivatives:

U =X —Yr, 2 =X —Yr, L1 =% -y, (57)
D=X =y —ap, =X =y —ai, (58)
B=X3—Yr—az. (39

Replacing o in (59) by an expression in function of «q,
we obtain
B=x-Ytontu+0lep—d, (60)

VOLUME 12, 2024

) ) ) ) d A .
B=x3—-Yy,+0n+i +59T¢2—a1. (61)

And finally substituting the derivatives of the error variables,
we have

d g1 + —d
50 et
(62)

3=x3— Y, 02—y, — ) + X1 — ¥ +

the expression in (56) is established in function only of the
known variables, that is, of «; and their respective time
derivatives, the state, the reference model and the adaptive
law:
ay = —ca(xs — ¥, — (=303 — ¥ + 2002 — ¥ — )+

F @ —y)+0 g —d) — (o — 9 —a) — 0 g3+

. d ~r .

V)= 0 e+ 1))+
— (3 = Yr — (=202 = yr —a1) —x1 +y,) — éT(ﬂz-ﬁ-
1) — 0T g4 — 33 — V', + c2lha — r — @) +H1+

— (X2 — Y —ap) — (X1

——y ) — G )= LT gt
Ve 20792 — @) = (= §r —d1) — =07 g3

— (i — ¥, —d)— (& =) — ﬁ(éTW) +a.

(63)

By construction, we can realize that the time derivative of
each tuning function exhibits recursively the same structure:

=y, (0. 0.0+ file), (64)
0 =ﬂz(x7971)+f2(0617051,071)’ (65)
a3 = £3(x, 0,1) + falar, di, a1, o), (66)
04 =L(x,é,t)+f4(a1,o£1,d‘1,d'1', ar), (67)

&=y, 0,0+fer ... o), (68)
Giv1 =Y, 0.0+ firr(@ ... a1 (69)
G =V, (0,10 +fulr -..en®™). (70)

By mathematical induction, we finally arrive at the conclu-
sion that every signal ¢; can be derived from known signals,
ie., a;(x, 9, t) and a,(x, 0, u, 7). Hence, there exist known
functions v;(x, 9, t) and ¥, (x, 9, u, t) which are indeed upper
bounds for the right-hand sides of the equations (64)—(70),
according to (49)—(50), respectively. |

Lemma 2: Consider the dynamic gain of the differentia-
tor (47)—(48) defined by

Lici(x, 8, u, 1) : =k xl 4+ k5 gl + kL ul+

+x.0.1), (71)
where y]Te =D, )] In addmon qb(x 9 t) is a norm
bound for both nonlinear terms <p = [¢1,...,9u] and
pT = [¢1, ..., ¢ul while k’ ! k’ ! and kl U are positive
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constants. Thus, the following upper bound can be obtained,
for some finite time T > 0:

@it < Lic1(x, 0, u,8), Vt>T. (72)

Proof: 1t is not difficult to show that equation (42) can be
rewritten as
&1 = cizi+zie1 + 07 g+ ai, (73)
whose time derivative is
Gy =cizi+zi+0Tg+0T g+ (74)
With help from equations (40), (42), (43), (44) and (73),
we get
Gimt = ci(ki — Vi — 1) + (et — ¥ — dimo)+
+67 i +6"i +
= ci(i) + (i + 0T i) + 0T + 0T gt
— it i) =y —dia + &y

n
T
= ciCt) + (i + 0 pi 1) + [F( prka)] Qit
k=1
+07 g — eyl =y —cidis — i+ d. (75)

Now, the upper bound of (75) can be calculated using
equations (49)-(50) and following the same analogy made
in the proof of Lemma 1, that is, that both the stabilizing
functions and the error functions are dependents of the state
x, of the reference model y, and of a constant:

di1 < (@Plul + (ci + Dllyrll + 10" [l@ll(c; + D+

i
+ 1l + 0 (D ez @ill + 1016ill + i+
k=1

+ Yo+ Y,
< (@iB)lul + (ci + Dlyrll +0llelli(ci + 1) + |x;]+

1
+ ||F||||(p||2(p1||x|| +p2llyrll + D Wil r>)+

=1
+ 1IN + citizt + Yia + Vi,
< (@B)lul + (ci + DIyl + x| + 0llgli(c; + D+

l
+ Tl @illxll + p2llyrl) + z vi(x, D+
=1

+1011@ 1+ civrim1 + Pia + . (76)
where p; and p; are constants depending on the order of the

system and [|0*] < 0 the upper bound of the unknown term.
Defining the constants

kf_l >1,
K>+, (77)
K> (@),
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non-negative, one can obtain the upper bound for non-linear
terms such as

o(x,0,1) > Oll@lci+ D+ T2 @1 x| + pallyrI+

1
+ D e ) + 101gll + civrior + Yia + Vi
= (78)
The inequality (72) can be further increased by
iy < kxSl + K ] + px, 6. 1) (79)

Thus, the gains of the differentiator can be defined as in (71),
such that (72) is satisfied. |

Lemma 2, therefore, proposes that the gain is independent
of the stabilizing functions, which according to Lemma 1, are
in function of ;(x, t) e Yy, (x, u, t). The stability proof of this
differentiator will be presented below.

Lemma 3: Consider the global HOSM differentiator (47)—
(48) with dynamic gains (71) satisfying (72). If the parame-
ters )»j’-*l > 0 are chosen recursively, the following equalities

Gl O=wa. T O=da0.  ©0)

are globally satisfied in finite time.
Proof: In a similar way to that presented in [28], one can
find Lyapunov function of the auxiliary estimation error 7 =

|
% ,i=1,...,n—1, whose time derivative satisfies,
for some constant k > 0, the following inequality
. _.p=1 E'i_l . _
= —kV(@) » — £—)/(£i71)V(Z), 81
i—1
where

if Lio1>0 or

5 Y1
y(Lio) = o
' {yz if Li-1<0, O<y<y.

Thus, three cases can be admitted:
o The gain £;_ is constant. This case is addressed in [19].
o The gain £;_; is differentiable and grows at the most
exponentially (}2—:”
M;_1 > 0. This case is addressed in [29].

o The gain £;_; is differentiable and grows unboundedly
(Li—1 = 0). The system is globally stable in finite time,
according to [28].

< M;_) for a given constant

In closed loop, the differentiator converges and the control
signal leads the system to the equilibrium. Thus, the gain
decreases and enters into a compact region where all
the results of [19] or [29] can also be invoked. So, the
convergence of (80) can be guaranteed through the use of the
same arguments and statements in [19], [28], and [29].

In all the cases, thus (80) is satisfied in finite time. |

It is important to clarify that although we assume the
complete measurement of plant state, we still need to find
a norm bound for &;_;—see inequality (72) in Lemma 2,
which will be employed to construct the dynamic gain (71)
of the HOSM (differentiator (47) and (48), for ultimately
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obtaining an exact estimate of &;_1, according to (80) in
Lemma 3. The latter will be used in the derived control
law (45) and (46), for i = n. The crucial point here is to realize
that the computation of ¢&;_; depends on the unknown signal
a;, according to the expression (75) in the proof of Lemma 2.
However, at this point we do not need to know exactly «;.
We just need to find an upper bound for that. To this end,
Lemma 1 shows that implementable upper bounds for |¢;|
can be assured, forall i = 1, ..., n. Such upper bounds are
functions of the measurable signals x(¢), é(t), and yr(t) =
Gr(®), ..., y(®)]7, as shown in inequalities (49) and (50)
of Lemma 1.

V. GLOBAL HOSM DIFFERENTIATOR-BASED
BACKSTEPPING CONTROL

In this section, it is shown that the Adaptive Backstepping
Control via Tuning Functions presented in Section II can
be redesigned. Since the exact estimates of the derivatives
a;—1 can be obtained using the global differentiator presented
in Section III. Basically, the change is to use stabilization
functions of the type

ai=—cizi—zi1—0 @i+ ¢
(82)

AT
ap =—c1z1 — 0" ¢1,

The block diagram on Figure 2 and the Table 1 represent the
summary of the proposed control method. In the following
theorem, the main stability results are presented.

Theorem 1: Consider the plant (1), error variables (40),
tuning functions in (43), adaptation law (44), control
law (45), global HOSM differentiators (47)—(48) with
dynamic gains (71) satisfying (72) and the stabilization func-
tions (82). Hence, for any initial condition, all closed-loop
signals are globally uniformly bounded, and the tracking of
the system output y(t), in relation to the reference signal y,(t)
is achieved asymptotically.

Proof: The proof is divided into a few steps. We will first
prove that the exact estimates of ¢;_; are indeed obtained in
finite time, according to Lemma 3.

Step 1: From Lemma 2, it is possible to conclude that
each dynamic gain £;_| from the differentiators (47) and (48)
satisfy the conditions introduced in [28] and [29] in finite
time.

Thus, there are finite-time instants 7; > 0 for each ; such
that inequality (72) is satisfied, V¢ > max{Ty,...,T,—1}.
Then, the errors of the differentiators are forced to reach a
compact set in which the conditions given in [28] and [29]
can be invoked and it follows that equation (80) is satisfied.
Consequently, the derivative of the stabilization function
aj—1 is exactly estimated, that is, {1’_1 = ;_1. Since this
equality is achieved after a finite time t > T, being T :=
max{Ty, ..., Ty—1}, the next steps of the proof will be the
same as in [18].

Step 2: Consider the output error (39) and its derivative
through (1), given by

f=x+60To(x1) -y, (83)
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Replacing x, = zp + ¥, + a1 in (40) for i = 2, we have
H=n+a +607g. (84)
Now, considering the estimation error
6=06%-0, (85)

the Lyapunoy function candidate for calculating the system
stability of (z1, 0) is given by

1 1. 3
Vi=-72+-6T1r"19, 86
1 221 + ) (86)

and its derivative, through (84) and (85), is given by
Vi=2z (zz + o +éT¢1) —oTr! (é — F(plzl) . (87
Choosing the stabilization function
a1 =—cizi =07 g1, (88)
the following expression is obtained
Vi=—c1 + 2120+ 07 (n - r—lé) )
where the first tuning function is simply
T = @121 - (90)

Step 3: Supposing the error z in (40) and calculating its
derivative using (1), we get

n=x3+60"T pr(x1, 1) —F, — 6. 91)

Replacing x3 = z3 + ¥, + a» obtained in (40) and &1 for ;11
via (80), we get

D=znta+0Te—¢l. (92)
The new Lyapunov function candidate is
1 2
Va=Vi+ 52, (93)

and its derivative
Vo = —CIZ% + 22 (Zl +mtar 40T — §11) +
+67 (1’1 + ¢z — F_lé) , 94)
using (85), (89) and (92). Selecting the stabilization function
wm=—cn-u+i —0", (95)
we have the expession
Vo= —c12 — 32 + 2223 + 67 (r2 - r*‘é) . (96)
where the second tuning function is written as
) =T+ @22. 97

Step i: The error z; has it’s general expression (40) and
its derivative by means of (1) changing &;_ by (1’_1 along
with (80), leads to

9*T

Zi=xie1 + 0T @ixr, o x) =y — g (98)
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u(t)
( % Tn-1 = Tn +9*T<Pn71($17---~,$n71) y(t)
i = But+0Tpn(z)
y = m
Nonlinear Plant
( ) Backstepping Control
r(s yr ()
Em ) = — Yy
> T s T Ao v Z = lil y(i—l)
Control Law Zi = mi—Yr =i
- G Reference Model x(t) ar = —axn-0Tp X
—>| u= %(a" + yﬁm) I: a; = —cizi—2zi-1— 0T + dia
A A
A1 (1) L /
t é = FTn
t b ) I(t> o= eim
U( )w \ 4 l Ti = Ti—1+t @iz
|/~'z—1(rvévu-¢) =k el + k5 el + k5 ul + é(x, 0, 1) | 0 Adaptive Gain and
Dynamic Gains Tuning Functions
Q1 (t)
Global HOSM Differentiator \4 v
[ G = o = AT LA, 0,0, )¢ — iV Psen (G — i) G
= AT L@ 0w sen (G - )
FIGURE 2. Adaptive Backstepping control based on a Global HOSM Differentiator with Adaptive Gains.
TABLE 1. Summary of the main closed-loop equations.
& = xiq1+0Ti(1,...,2), i=1,..,n—1,
SISO Plant in = But0Ten(x),
Y = X1 .
Unknown Parameters 0* € RP
Reference Model yr(s) = S"+m.n—1§';n’1+»-»+mo r(s)
Estimate of the Parameters Vector 0= M,
Control Law u= %(an + yﬁ”))
Error Variables 21 =1 —Yr, Zi=7Tj— ysjil) — Q-1
Stabilization Functions o1 =—c1z1 — 0T 1,05 = —cizs —zi—1 — 0T s + 1
Tuning Functions TL = Y121, Ti=Ti—1+ ©izi
v — o1 i1 1/2, 5 _— 1/2 i1 —
C ! = v ! ==X IL'_ I,@,U,t C — Q-1 sgn (C — Q-1 +< ’
Global HOSM Differentiator D o i i)JlO o | 0 : ) 1
¢ = A7 Li—1(x,0,u,t)sgn (41 —
Dynamic Gain of the HOSM Diff. Lia(z,0,u,t) = k2| + k5 yrl] + ké_l lu| + ¢(x,0,t)
Replacing xj+1 = ziy1 +y§l)+a,' obtained in (40) fori = i+1, Finally, the choice of the stabilization function
we get R )
T -1
) . - o =—cizi—zi-1—¢; 0+, (102)
Zi=ziritait+e 08¢ . 99) ‘
) ) ) results in the expression
Now, the Lyapunov function candidate is
i
1 . 2 AT —1
Vi= Vi + 52, (100) Vi==> ag+aan +07 (n-1719) . (103
k=1
and its derivative can be calculated as: . .
- where the general tuning function is
i
. 2 T A
Vi=— ZCka + Zi(ZH +Zit1 +ai + @ 0+ T = Ti—1 + @iz (104)
k=1
i—1 = 1A Step n: Considering the last error z,, in (40), its derivative
— ¢l )+9T (r,-,l +¢izi—T 19) .o P! £ ror Zy in (40), its
along with (1) and the change of &, by ¢, with the help
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of (80), generates

tn = B+ eu) 0 =y =7 (105)
The last Lyapunov function candidate is
1,
Vo=Vy—1+ EZn s (106)
with time-derivative
n—1
Vi =— ZCkZ]% + zn(zn—1 + Bu+ ¢ 0+
k=1

—ym ;{"1) +67 (‘En_1 + Qpzn — r—lé) . (107)

Finally, the control law defined as

1 A -
w= g (~ern =z —@f0 47 ) (09

guarantees the global stability of the complete closed-loop
system since

n .
V== af+6" (rn _ r*‘é) . (109)
k=1

where the last tuning function is given by

Tn = Tn—1 1 @nZn - (110)
By plugging the parameter adaptation law
6=Trt,, (111)
into (109), we get
n
Vi=—> az. (112)
k=1

Thus, 27,6717 = [0,0]7 is a globally uniformly stable
equilibrium point. Moreover, using the theorem of LaSalle-
Yoshizawa [30], it can be concluded that the errors z; — 0 as
t — oo. |

V1. SIMULATION RESULTS

In this section, some simulation results for a third-order non-
linear system will be presented. The phenomenon presented
here is the Wing Rock' which corresponds to the existence
of a limit cycle on the longitudinal axis of a high-speed
performance aircraft. The example proposed in this section is
similar to that described in the work of Krstic et al. [3, page
180].

I'Watch the online videos available by NASA at:
https://www.youtube.com/watch?v=6EO07jJ8Phg
https://www.youtube.com/watch?v=JcFdOo-LtUU.
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Ro%Y

Pitch(P)

Yaw ()

FIGURE 3. High performance plane with angles ¢, p, 5. Image adapted
from https://images.app.goo.gl/GyAYQTzedvucavB76 (last view in
15/07/2021).

A. APPLICATION TO WING ROCK CONTROL
Consider the third-order system withx = [¢, p, EYNLE

¢=p,
p=81+0"0.p),
.11
4= —u——=éa,
T T
y=2¢. (113)

The vector ¢(¢, p) = [1, ¢, p, |¢|p, Iplp]’ represents the
nonlinearity of the system as a function of the state, 6% =
[61, 82, 63, 64, 05]7 are the unknown parameters and y is the
output of the system. The reference model adopted is y,-(s) =
mr(s). The entry is r(s) = 0. The goal is to
drive the system smoothly to the origin with a performance
specified by the reference model. In this example, only the
derivative of a» need to be estimated with the global HOSM
differentiator (47)—(48) with dynamic gain (71):

. 1 1
Co=vo=—20L; [{o —aa|? sgn (o — ) + &1, (114)

&1 = —hLasgn (61— vo) - (115)
The differentiator has dynamic gain given by

Lo(x, 0, u, 1) :=K218| + k3 lyr | + K3 lul + d(x, 6, 1),

(116)

with the following constants:
kf=%+c2c1+1+‘;—‘, (117)
k3 =cy+er+erer +1, (118)
=24 (119)

T T

and with the upper bound ¢ for the nonlinear terms defined
as

¢ = (c2+c1)0l@ll + (cre2+ 1+ [Tl llell+

+ 1161161 + ||F||(||¢||||¢|||:|P| + el + 1|+
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+ Iyrl)} + ||<p||2[l5|+ |j}r|+cl(|p|+|j’r|)])+ 150 -
U,
+ 20 ol (Ilfpll[lpl + 1yl + (o] + Iyrl)]) ., (120) 100 |,
being [|0*|| < 6 the norm bound of the unknown vector 6*. 50
In this example, it was not necessary to use the know ledge
of the upper bounds for the known signals, as suggested in
Lemma 1. 0
The errors variables are:
A=¢—yr, _500 1 2 3
n=p—yr—oa, (121) Time [sec]

33 =04 —Jr -, FIGURE 5. Control signal of the proposed adaptive controller
e . . . . backstepping for the Wing Rock system.
where as the stabilization functions obtained with the help of

the global HOSM differentiator are 15
o] = —C121,
AT 1 107
a=—czn—-—21—-0" ¢+ . (122)
Finally, the control law and then the adaptivation law are 5
given by:
Y S 2 1] ST -
U=rt 373 Z2+T8A+§1 +y,), (123) -~
=Tt =Tez. (124) -5 ‘
L . 0 1 z 3
The initial adopted conditions were ¢(0) = 0.5, p(0) = Time [sec]

8(0) = 0, while the unknown parameters 6* in the system .
were chosen as 6% = [0, —26.67, 0.76, —2.92, 0], the ~ FIGUREE. Statevariables.

constant T = 0, 67, the adaptivation gain ' = 0.02/, with 3000

the identity matrix denoted by /. The initial conditions of the —L.
estimated parameter é(O) = [0, —36.00, 1.03, —3.94, 0]7,

the control parameters ¢; = c¢3 = c¢3 = 5 and the 2000}

(}iferentiator constants are A(Q) = 1.5, )\% = 1.1 and

6 = 30. The numerical integration procedure for solving

ordinary differential equations was the Euler method and the

integration step was chosen as 4 = 10™%s. The simulation 1000
results can be seen in Figures 4, 5, 6 and 7.
0 L n
4 : : ‘ 0 1 2 3
Time [sec]
oL FIGURE 7. Dynamic gain of the proposed exact HOSM differentiator.
\% 0 B. COMPARISONS WITH OTHER DIFFERENTIATORS
UNDER MEASUREMENT NOISE AND DELAYED SIGNALS
ot In order to numerically compare the developed adaptive
backstepping control law with two other differentiator-
based schemes, we consider in the next results real-world
-4 ‘ ‘ ‘ imperfections, such as noises and delays. It is used as a
-1 -0.5 0 05 1 noise signal the sinusoidal function with amplitude 0.05 and
¢(t) frequency 1000rad/sec, and a delay of 0.1 sec in the
FIGURE 4. Phase plane for the open-loop (solid line) and closed-loop measured signals ¢(¢) and §4(¢) employed for the control
(dashed line) systems. design.
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1) GLOBAL HOSM DIFFERENTIATOR WITH DYNAMIC GAINS
Even under delays and measurement noise, the proposed
global HOSM differentiator with dynamic gain maintain the
basic properties of the control law leading to the convergence
of the output signal to the desired trajectory. The simulation
plots can be seen in Figures 8, 9 and 10.

sl —3(0) -~ o D) =+
—p(t) - - p(t) ——p(t) x
a(t) o(t)* O(t) * *
101 1
5 L

5 ‘ ‘ ‘ ‘
0 1 2 3 4 5
FIGURE 8. State variables of the Wing Rock system under *delays, **noise

and no imperfections using the Global HOSM differentiator with dynamic
gains.

2 3 4 5
Time [sec]
FIGURE 9. Control signal of the proposed Global HOSM differentiator

with dynamic gains for the Wing Rock system under *delays, **noise and
no imperfections.

3000

—
- L
ﬁ** |

2000

1000 f
I'\ s
¥ s AR AR VL INANPIRN
Ot . . 3
0 1 2 3
Time [sec]

FIGURE 10. Dynamic gain of the proposed Global HOSM differentiator on
the Wing Rock system under *delays, **noise and no imperfections.
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2) LINEAR DIFFERENTIATOR

Also called lead filter, the linear (inexact) differen-
tiator is based on the following first-order transfer
function:

(125)

S
yout(t) = T lf(t) s

TS
where y,,, (t) corresponds to the output, ¢ is the time constant
of the filter and the input f'(¢) is the signal to be differentiated.
The use of this differentiator requires a very low 0 < 77 < 1,
tending to zero so that the error between the output (estimate
of the derivative) and the ideal (exact) value also approaches
to zero. The control law, despite meeting the control objec-
tive, takes a huge effort due to the occurrence of the peaking
phenomenon [31]. The simulation results can be seen in
Figures 11, 12 and 13.

20] —0(0) - = GO)x (1) * »

—p(t) - = p(t)s (1) *

15 §(t) — — 6(t)x ——8(t) x
10 |
5 | 4

O < —

5 ]
0 1 2 3 4 5

FIGURE 11. State variables of the Wing Rock system under *delays,
**noise and no imperfections using the linear differentiator.

4
4 x10
—u(t)
- - -u(t)
3 u(t)** )
2 | i
1} f
1
1
ob = w
0 1 2 3

Time [sec]

FIGURE 12. Control signal of the adaptive backstepping with linear
differentiator for the Wing Rock system under *delays, **noise and no
imperfections.
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150
100
50 |
0 I I
1 2 3

Time [sec]

FIGURE 13. The same fixed gain (1/7f = 100) of the lead filter used for
the three studied cases: under *delays, with **noise, and without

imperfections.

3) HOSM DIFFERENTIATOR WITH FIXED GAINS

Based on the algorithm described in [17] and [18], the
following HOSM differentiator with fixed gain—also called
Robust Exact Differentiatior (RED)—can be employed to
estimate the base signal oy(#) (whose second derivative has
a local Lipschitz constant equal to Cppj > 0) according to:

_ 172

) 2 2 ~172] 12 2 2
(126)
(127)

- [2 2 2 2
{1 ==3 Cpysen (4“1[ ] —V<[)]) :

The algorithm guarantees that §(g2](t) = ap(1), {1[2](0 =

(5([2]([) if

g2 < Cray, VE=T, (128)

is at least locally satisfied, with some finite 7 > 0.
In this differentiator, the state must be confined to a region
of the state space and therefore does not apply to any
initial condition, with exceptions, when, for example, the
closed-loop system is homogeneous: local results imply

global results [29].

——Cy = 100 = =Cp = 1000 = ==Cpy = 3000
3000
2000
1000 === ========= =
OE .
0 1 2 3

Time [sec]

FIGURE 14. Selected gains of the HOSM differentiator with fixed gains on

the Wing Rock system over time.

84510

In the simulations, the constant Cj; was considered equal
to 100 (the gain of the lead filter), 1000 (a mid term value)
and 3000 (approximately the highest value of the dynamic
gain found in Figure 10). The simulation results can be seen
respectively in Figures 14 to 20.

200 t
100 | 1
0 e Enmarey
-100 ¢
B A N
—p(t) = = p(t)* —-—-p(t) * *
2000 5(t) - - oty () kx|
0 0.5 1 1.5

FIGURE 15. Unstable system with state variables of the Wing Rock
system with HOSM differentiator with fixed gain Cj; = 100 over time.

1000 '
I
500 | "
Omﬁ = — ,
== \ 1
A .
\ 1
-500 f \ l'
\
V!
— t - t * t kok v I
PP O RO O Y
0 0.5 1 1.5
Time [sec]

FIGURE 16. Unstable system with control signal of the HOSM
differentiator with fixed C[;; = 100.

20 ——B(t) = = P(t)x == p(t) * x
—p(t) = = p(t)* —-=-p(t) **
15 () = S(t)x ——5(t)
10+
5 L
0 Ko=rftees ——————————
_5 t

0 1 2 3 4 5
FIGURE 17. State variables of the Wing Rock system with HOSM
differentiator with fixed C[3 = 1000.
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100
—u(t)
-~ u(t)*
i u(t)**
50 1
! " .
1 ,\‘ "\‘ ~“ .
J o\ ’ Lo s s
‘I

50 L
0 1 2 3 4 5
Time [sec]

FIGURE 18. Control signal of the HOSM differentiator with fixed
Cpap = 1000.

15 — (1) ~ = G(1)x (1) % %
—p(t) - = p(t)x () *
10} o(t) o(t)* 5(t) * *
5 L
]
5
0 1 2 3

FIGURE 19. State variables of the Wing Rock system with HOSM
differentiator with fixed C[;; = 3000.

150
—u(t)
i - - u(b)*
100 [ u(t)** |
50 1
0 L - G n
-50
0 1 2 3

Time [sec]

FIGURE 20. Control signal of the HOSM differentiator with fixed
Cjz) = 3000.

In addition to being valid only locally, the main disadvan-
tage of the HOSM differentiator with fixed gain, as the name
itself says, is that the gain is fixed and therefore does not
decrease with time as happens in the dynamic gain according,
to Figure 10. Thus, the HOSM differentiator with fixed gain
may be more sensitive to measurement noise in practical
applications.
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VII. EXPERIMENTAL RESULTS WITH A DC MOTOR

An experimental evaluation of the proposed method is
showed below. Here, we restrict ourselves to some of the
considered relative degree compensation schemes.

The experiments were performed using a laboratory
prototype (Figures 21 and 22) based on a permanent magnet
DC motor 2342024CR with built in gear box (1 : 43), from
MicroMo Electronics, Inc., of the Quanser Consulting Plant
SRV-02. The control algorithm was implemented on a motion
control system based on a digital signal processor (DSP)
hosted in a microcomputer.

The control signal u is the armature voltage, which
is generated by a 12-bit digital-to-analog converter con-
nected to a linear power amplifier (motor driver). The
sampling frequency is 2.5 kHz. The motor angular posi-
tion is measured by an incremental optical encoder with
resolution 1000 counts per revolution (cpr). The reso-
lution of the measured angular position of the load is
172000 cpr due to the gear box and the electronics on the
card.

The following nominal relative degree two model of
the DC motor is used, neglecting the small electrical time
constant

_y_ kp
G(s) === ——7, (129)
u s(s+10)
where y is the angular position in degrees, u is the
armature voltage in volts and the gain k, € [600, 1000] is
uncertain.

QUANSER CONSULTINC
PLANT SRV-02

FIGURE 21.

FIGURE 22. DC motor (front view of the SRV-02 by Quanser).
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AT N T,
At

[=]

1.2
0 5 10 15 20 25 3

0

FIGURE 23. Experiments using linear lead filter or nonlinear HOSM-based
differentiator: output error z; (tracking a sinusoid). All angles expressed
in degrees.

0.3 T T T TT T T T

;fﬁ MR :

|
1 1 1 L
0 5 10 15 20 25 30 35 40

(=]

FIGURE 24. Experiments using linear lead filter or nonlinear HOSM-based
differentiator: output error z; in response to step inputs. All angles
expressed in degrees.

90 T T T T T T T

s \ | |

FIGURE 25. Experiments using linear lead filter or nonlinear HOSM-based
differentiator: y = x; (solid) and reference step inputs (dashed). All
angles expressed in degrees.

The aim of the experiment discussed here is to evaluate
the practical advantage of using HOSM-based differentiators
in adaptive backstepping control, compared to a linear lead
filter, for a simple but real application, in order to obtain
precise output tracking. In this experiment, the reference
model (38) was chosen as y,(s) (HS)2(—2+2O)r(s) and
the linear lead filter given by (125), with 7y = 2ms.
The HOSM-based differentiator is implemented as (114)
and (115), with Ao = 100 and A; = 2500.

In what follows, we discuss in detail the results of the
experiment. In Figure 23, the linear lead filter is applied
for t € [0, 16) seconds. Then, for ¢t € [16,26] seconds,
it was manually switched to HOSM-based differentiator
and, finally, it was switched back to the linear lead filter
thereafter. One can clearly note the better performance of the
nonlinear HOSM-based differentiator and the performance
degradation caused by the phase lag of the linear lead filter,

with 7y = 2 ms. This time constant was experimentally
tuned as small as possible so that the control chattering was
acceptable.

Figures 24 and 25 present the response of the system to step
changes in the reference input r(¢). For ¢ € [14, 28] seconds
and ¢ € [37, 40] seconds, only the nonlinear HOSM-based
differentiator is used, while in the remaining intervals of
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time, the linear lead filter is employed. Noticeable chattering
results appear in the latter case, during the steady state in
the step following experiment. In contrast, the chattering is
practically eliminated in the case of the nonlinear HOSM-
based differentiator. Thus, remarkably superior regulation
performance is observed when the proposed method is used.

VIIl. CONCLUSION

In this paper, a new backstepping adaptive controller was
proposed for a class of nonlinear systems of the strict-
feedback type. In addition, to simplify the original back-
stepping adaptive controller, avoiding the use of partial
derivatives in its control law, the use of the global HOSM
differentiator with dynamic gains ensured a globally stable
closed-loop control system. For any initial conditions, the
control law will act leading to the convergence of the output
to a desired trajectory.

According to the final numerical comparisons of distinct
differentiation schemes being employed in the backstepping
control law, we could conclude that the linear differen-
tiators lead to a highly sensitive-adverse phenomenon of
peaking. On the other hand, HOSM differentiators with
fixed gains are valid only locally, demanding increments
on the domain of attraction by increasing the constant gain
of the differentiator. This results in a potential increase of
the sensitivity of the overall closed-loop systems to real-
world imperfections, such as noises and delays. Experimental
results with a DC motor also support the advantages of
obtaining a more precise output tracking with the proposed
method.

For future works we could use the adaptive backstepping
control for nonlinear systems to improve the research
background, for example, event-based adaptive fixed-time
fuzzy control for active vehicle suspension systems with
time-varying displacement constraint [32], adaptive multi-
gradient recursive reinforcement learning event-triggered
tracking control for multiagent systems [33], nonsingular
finite-time event-triggered fuzzy control for large-scale
nonlinear systems [34]. We invite the readers to perform new
experimental works on the topic for different engineering
applications [35].
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