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Abstract: In this paper, an adaptive neural network control problem for nonstrict-feedback nonlinear
systems with an unknown backlash-like hysteresis and bounded disturbance was presented. Radial
basis function neural networks (RBFNN) were used to approximate the unknown functions and
the problem of the explosion of complexity problem was handled by utilizing the command filter
method. Furthermore, the influence of an unknown backlash-like hysteresis input was addressed
by approximating an intermediate variable. Based on the backstepping method and the command
filter technique, an adaptive neural network controller was designed via the approximation abilities of
RBFNN. With the help of the Lyapunov stability theory, the proposed controller ensures that all of the
signals in closed-loop systems are bounded and that the tracking error fluctuates close to the origin
within a bounded area. Finally, a real-world example based on the single-link manipulator was shown
to demonstrate the viability of the presented approach.
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1. Introduction

One of the main areas of system science research is the control of nonlinear systems [1,2]. There
have been several potential nonlinear system control methods over the years, such as sliding mode-
based controls and backstepping design-based controls [3—8]. Additionally, the backstepping control
method is one of the best methods for designing a controller for nonlinear systems. The backstepping
algorithm is based on the idea that a complex nonlinear system can be broken down into several
smaller subsystems, each of which is given a virtual controller and a Lyapunov function until the
design process for the entire controller is complete [9]. The backstepping technique has been used
successfully to achieve several notable accomplishments. It should be noted that these works assume
that nonlinearities are either directly restricted by constant variables or known functions, or are a linear
combination of unknown parameters or known functions.

Fortunately, these assumptions can be removed because of the universal approximation of fuzzy
logic systems (FLSs) and neural networks (NNs), which offer useful tools for developing control
schemes of uncertain nonlinear systems because of their effectiveness of nonlinear approximation
(see, [10, 11]). For instance, for a strict-feedback nonlinear system, an adaptive fuzzy controller has
been reported in [12] by using a fuzzy system and a backstepping process. For a class of nonlinear
strict-feedback systems, an adaptive fuzzy tracking control approach has been proposed in [13] based
on an observer. An adaptive neural control strategy has been investigated for nonlinear systems with
nonstrict feedback that are exposed to input delay [14]. There has been an analysis of a fixed-time
adaptive control problem for a class of uncertain nonstrict nonlinear systems [15]. For switched
nonlinear systems, a fixed-time fault-tolerant control problem has been addressed in [16]. An NN-
based finite-time adaptive control problem for switched nonlinear systems with time-varying delay has
been presented in [17]. Furthermore, for switched stochastic nonlinear systems utilizing time-varying
delay, a fault-tolerant control problem has been developed in [18].

However, implementing backstepping becomes more challenging as the order of states rises,
leading to the explosion of complexity problems caused by the calculation of the derivative of
virtual controllers [19]. Dynamic surface control (DSC), which is applicable as a first-order filter
to the virtual signal to avoid its repeated differentiations, was introduced to deal with the complexity
explosion. The DSC can also be easily combined with NNs or FLSs approximation techniques to
address nonlinear systems tracking problems. The DSC, however, ignores the issue of filtering errors
produced by a filtering procedure, which may negatively affect system performance [20]. Following
that, the command-filtered backstepping approach, one of the major nonlinear control innovations,
was developed to address the same problem. It not only solves the complexity explosion issue, but it
also provides an error compensation method to compensate for filter errors. Subsequently, numerous
novel adaptive command filter control techniques have been put forth for nonlinear systems including
switched nonlinear systems, nonlinear multi-agent systems, and stochastic nonlinear systems [21,22].
An observer-based adaptive fuzzy output feedback control scheme has been developed using the
command filter technique [23]. For a class of multi-input multi-output (MIMO) nonlinear systems
with an unknown control direction and input saturation, a command-filtered adaptive neural tracking
control approach has been presented in [24]. A command-filtered adaptive finite-time control for
nonlinear systems using immersion and invariance has been presented in [25]. For nonlinear systems
with quantized input signals through a command filter, a control issue has been reported in [26].
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Many real-world systems, including electrical power systems, piezoelectric actuators and bilateral
teleoperation systems, exhibit backlash-like hysteresis as one type of input nonlinearity [27]. It’s
vital to note that the nonlinear hysteresis input reduces system performance and can potentially make
the systems unstable [28]. To mitigate the effects of unidentified hysteresis, there are two distinct
approaches. The first approach involves building an inverse model of hysteresis to eliminate the effects
of hysteresis in controller design. The other approach is to use a differential equation to model the
hysteresis and then consider the effects as a bounded disturbance [29]. Therefore, a lot of effort
has been put into the analysis of the backlash-like hysteresis. An adaptive control technique for a
nonlinear system has been reported with backlash-like hysteresis without designing the inverse of the
hysteresis [30]. An adaptive fuzzy control problem has been identified for stochastic nonlinear systems
with unmeasured states and unknown backlash-like hysteresis [31]. An adaptive finite-time control
strategy 1s suggested for switched nonlinear systems with hysteresis that approximates backlash [32].
The neural approximation has been employed to report a finite-time adaptive controller for nonlinear
systems with unknown backlash-like hysteresis [33].

Inspired by the above discussions, an adaptive neural control problem via the command filter
technique is presented in this paper for a class of nonlinear systems with unknown backlash-like
hysteresis. The primary contribution of this work is summed up as follows:

e In contrast to previous findings [2, 4, 6], the nonstrict-feedback nonlinear system with unknown
hysteresis input is taken into consideration in this study. Additionally, differently from previous
findings [8—10], the influence of the unknown hysteresis input is compensated by estimating an
intermediate variable, and this method can avoid the singularity problem.

e The explosion of the complexity problem with the traditional backstepping design is resolved
using command filters and error compensation signals, suggesting that command filter control is
more suitable in some real applications.

e For the controller design, the associated adaptive parameters are reduced to only one, which could
reduce the computational load and improve the control performance. Based on the Lyapunov
stability theory, the suggested control strategy assures that all of the signals in closed-loop systems
are bounded and that the tracking error varies close to the origin within a small region.

The rest of the paper is structured as follows: The problem formulation and preliminaries are
presented in section two. The controller design process and stability analysis are presented in section
three. A simulation example is provided in section four to demonstrate the viability of the proposed
approach. The conclusion is shown in section five.

2. Problem formulation and preliminaries

Consider the following nonlinear systems in nonstrict-feedback form

b= O+ 8D +di(t), i=1,...,n—1,

& = [l + gu(Ou + dy (1), 2.1)
y= gl’
where £ represents the state vector, with & = [}, (s, ...,4,]", fi(-) is an unknown nonlinear function,

gi(+) represents the known nonlinear function, d;(¢) represents unknown bounded disturbances, y € R
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represents the system output and u € R represents the system input. The output of the unknown
backlash-like hysteresis is described as

du

dv dv
E—"HEHVV—M)-FC—, 2.2)

dt
where v denotes the input of the backlash-like hysteresis, m and ¢ denote the unknown constants, and
v > 0 represents the slope of the lines with y > c.

As mentioned in reference [28], (2.2) can be expressed as

u(v) = yv(t) + d(v), 2.3)

where
d(v) =[ug — yvole ™™ sgn v + ¢ f (c —y) e"EVgn,
Vo

where vy = v(0), uy = u(0) are the initial conditions of u# and v and d(v) is bounded, which has been
proved in [27] such that [d(v)| < D with D being a constant.
Control objective. In this work, the control objective is to design an adaptive control scheme that
ensures the system output y tracks a reference signal ; while ensuring that all signals remain bounded
within the closed-loop system. Additionally, the goal is to ensure that the tracking error e; = y —
converges to a bounded set.

In the process of designing a controller, a radial basis function’s NN [15] is used to model a
continuous nonlinear function f(X) : R” — R, which is represented as

fX) = WPX), (2.4)

where, X € Qx C RY represents the input vector, W = [W, ..., W,]T is the weight vector with [ > 1
being the number of nodes, and P(X) = [p;(X), ..., p(X)]’ € R!is the radial basis function vector with
pi(X) selected as a Gaussian function defined as

X —k)"(X - k)
pi(X) = eXP(— 7 , (2.5)
where «; = [ki,... ,K,-q]T represents the centers of the receptive field and 7 represents the width

parameter of the Gaussian function.
As described in [15], for any given constant € > 0 and continuous function f(X), there exists a NN
W*T P(X) such that
fX)=WTPX) +6(X), VX e Qy, (2.6)

where W* represents the ideal weight vector defined as

W* = arg min sup |f(X) - WTP(X)| , 2.7
WeR! xeQy

where 6(X) is the approximation error with |0(X)| < €. The following assumptions are considered:

Assumption 1. [4] Fori = 1,...,n, the desired signal {; and its ith order time derivatives {\ are
continuous and bounded.
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Assumption 2. [6] The disturbance di(t) satisfies |d;(t)| < d; for constants d;.

Assumption 3. [8] Let Q; € R" be an open set containing the origin, initial condition {y and reference
signal ¢;. Within system (1), f; and g; are bounded within in Qg. There are positive constants b,, and
by such that 0 < b, < |g;| < by. Without loss of generality, suppose that g; > 0.

Remark 1. It’s important to highlight that Assumption 3 specifies that g; is away from zero. Moreover,
as demonstrated in [8], such an assumption is both reasonable and commonly accepted.

Lemma 1. (Young’s Inequality) [34]. For all (x,y) € R?, one has

1 1
xy < —x" + =yl (2.8)
m n
wherem > 1, n>land(m-1)(n-1)=1.
3. Controller design and stability analysis

In this section, an adaptive control method is presented for nonlinear systems (2.1) using NNs and
the backsepping method via the command filter. Now, define the tracking error variable as e; = {; —
and e; = {; — . fori = 2,3,...,n. Moreover, the virtual controller @;_; is introduced to represent
the control input of the command filters and y; is the output of these command filters. From [35], the
command filters can be expressed as follows:

X1 = WpX2, (3.1
X2 = _ZT(UHXZ - wn(Xl - @), 3.2)

fori =1,2,...,n— 1. The initial conditions of each filter are given by y;(0) = @;(0) and y,(0) = 0.
Furthermore, we can choose the parameters w, > 0 and 7 € (0, 1] such that |y, — a;| < u, with g > 0.

Remark 2. It is important to emphasize that the use of the filtering command may introduce errors,
thereby adding complexity to achieving good tracking performance. To address this concern, an error
compensation mechanism is designed to reduce the errors ({11 — @;) that arise during the filtering
process.

The compensating signals & (i = 1,...,n) are defined as:
& = —kié + 816+ 81(Le — @), (3.3)
éi = —ki&i — gi-1&ic1 + gi€in1 + il liv1c — @), (3.4)
én = _kné‘:n - gn—l‘fn—l, (35)

where k; > 0 is given constants and £(0) = 0. Also from [36], ||£;]| is bounded with lim,_,, ||&| < é‘—ls),

where ky = 1/2 min{k;}. Define the compensated tracking errors as v; = e¢; — &;. To achieve the control
objective, the virtual control signals and controller are constructed as follows:

vi6PT P
—, (3.6)

1 ,
= | ke — vy + &4 -
a) ( 1e1—vi+4y 202

81
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1 . ViéPiTPi
a; = g— _kiei —Vi+ gi—1€i1 + (i,c - 2—612 s (3.7)
1 . v,0PTP,
V= PRy _knen — Vi + 8n-1€n-1 + gn,c - 2612 s (38)

where k; > 0 and a; > 0 are constants, vy is defined in (2.3) and 6 denotes the estimation of the unknown
parameter #, where 6 is defined as 8 = max(||W;||*;i = 1,2,...,n) with W; being the weight vector.
Step 1. Let V| = —v1 be a Lyapunov function. Dlﬁerentlatmg Vi yields

Vi =vi (A + (D0 + di() - L — &). (3.9)

Using the approximating ability of radial basis function NNs, one can approximate the unknown
function f;. Thus, for any € > 0, there always exists W] P;(X) NNs such that f; can be approximated
as

fi = Wl Pi(X) + 61, (3.10)

with §; representing the approximation error and |0| < €.
By applying Young’s inequality, we find that

1 1 1
nh < alv1||W1|| *PIP, + 2a1 + 21/1 + 261, (3.11)
1, 1
vid; < EVI + Edl (312)
Substituting (3.3), (3.6), (3.11) and (3.12) into (3.9) yields
. , 1 , 1 1 1.,
Vi < —kv3 + 212 vi (Wil - 8) PPy + 2a1 + 261 SdD + g1y, (3.13)

Step k (k =2,3,...,n—1). Consider the Lyapunov candidate function as
1,
Vi=Vi  + EV"’ (3.14)

then, based on the definition of the tracking error variable e; and the compensating tracking error
variable v;, the derivative of V; is given by

Vi =Vioi + v = Vi +vi(er — &)

<- Zk,v$+z 2, 2 (Iwi? - 6) PT P,

1

-
+3 Z &+ dD) + gV + i(f) + giir + di(0) = G — (3.15)
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By using the approximating ability of radial basis function NNs, one can approximate the unknown
function f; to design the virtual control signal. Thus, for any € > 0, there always exists WkT P (X))

NN such that f; can be approximated as
fi = W Pu(X) + 64,
with |64 £ €.

By applying Young’s inequality, we find that

1 2 2 1 2 1 2 1 2
Vi < Z_ain”Wk” P[P+ 3G+ 3 56

1 1-
Vidy < EV]% + Ed]%

By substituting equations (3.4), (3.7), (3.17) and (3.18) into (3.15), we have

k k
Vks—;k,-v%;zialz (Wi - 8) PIP; + < Z(a + € +dD) + gviVisl.

i=1
Step n. Consider the following Lyapunov function

Vo= Voo + 02

The time derivative of V, follows as:

n—1 n—1 n—1
1

v (WP = 8) PIP; + ~ Z B+ +d)

+ GuetVact Vi + Vi (fn + 8a(yv(®) + d(V)) + do(0) = Lo = &,).
Similarly, for a given ¢, > 0, we have
Fold) = W Py(X) + 6,

with |6,| < €,.
Furthermore, one has

1 1 1
T &2
Vnfn < ﬁVn”W JPPEP, + 2an+ 2vn+ 56
and 1 |
W, < =V2 + =d°,
% 2vn 5

1 1
d(v) < =V + =D
v, d(v) < 2vn + >

Substituting Eqs (3.5), (3.8) and (3.23)—(3.25) into (3.21), one has

Zkv +Z |W|| )PTP+ Z(a +e +d)+ D2

i=1

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)
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Design a parameter 6 as 6 = 6 — § and choose a Lyapunov function as
| Q.
V=V,+=-0"0, (3.27)
2B

where 8 > 0 is a design parameter.
By using (3.26) and taking the time derivative of V defined in (3.27), one has

. . 1 v 1. [ 1 2] 1
2 2 2 72 2 pT 2
V<- i:El kivi + E i:EI (Cll- + € + dl) + Be[iél 71.2[31/1- Pi Pi - 9) +§D . (328)
Define the adaptive law as
;o 1 A
6 = § —Bv? P! P; — 06, 3.29
2 2a§’8V’ i 0 (3.29)

where a; > 0, 0 > 0 and 8 > 0 are the design parameters.

Theorem 1. Consider the nonlinear system (2.1) with an unknown hysteresis input (2.2), assuming
that the system (2.1) satisfies Assumptions 1-3. Under the virtual controllers (3.6) and (3.7), real
controller (3.8) and adaptive law (3.29), the following outcomes can be affirmed: (i) The boundedness
of all signals within the closed-loop system can be assured; (ii) the system output y can closely track
the reference signal (.

Proof. By utilizing (3.29), we rewrite (3.28) as

. § 1 v Oxra 1
2 2, 2, T 2
V< —;kivi + 5;(% 6 +d)+ 00D (3.30)
Applying Young’s inequality, it is evident that
rn 1., 1
6'6 < —=0" + =6~ 3.31
<-3 5 (3.31)
Consequently, we can conclude that
V<- an ki + & Zn:(a-z +E+ ) - 25+ Qe lp e avin (3.32)
o4t a4t g 267 27 T ’ '
where a = min{2ky, ..., 2k,,0} and b = 3 Y (a? + € + d}) + 2%,92+%D2,
then, based on Eq (3.32) one has
b b b
V() < (V(to) — —) e 4 — < V() + =, Yt > 1. (3.33)
a a a
It is evident that v; and @ are bounded for i = 1,2,...,n. Since 6 is a constant, 6 is bounded in

probability. The norm ||&|| is bounded, and with e; = v; + & we can ascertain that the signal e; is
also bounded. Consequently, both £(¢) and all control signals remain bounded over any time interval.
By [36], we can conclude that a solution exists for ¢ € [0, o). Therefore, it can be established that

26 pp

limle)| < q/— +
t—o0

. 3.34
a 2k0 ( )

O
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Remark 3. It is clear from inequality (3.34) and the definitions of a and b that the design parameters
ki, o and a; have an impact on the tracking error e; = y — {;. The tracking error will be significantly
reduced by increasing k; and o while simultaneously decreasing a;.

4. Simulation results

This section gives an example to demonstrate the viability of the proposed control approach.
Example 1. (Single-link robot manipulator system application) Consider the following single-link
robot system [37] as depicted in Figurel:

1 )
Mg + Emlgl sin(g) =u, y=gq, 4.1)

where M stands for the moment of inertia with a value of 0.5kg - m?, [ represents the length of one m,
m; 1s the mass with a weight of one kg, g denotes the angle between the link and the horizontal ground,
g stands for the acceleration due to gravity at 9.8 m/s* and u represents the input torque.

Y

A

ml,l

q
g >
X

M

Figure 1. Architecture of single-link robot manipulator system.

Furthermore, (4.1) can be expressed as

&L =0,
& = u— somiglsin(d) + sin(?), 4.2)
y=4a,

where fi =0, f; = —ﬁmlgl sin({y), g1 =1, g = ﬁ, d; = 0, d, = sin(¢) and u represents the output
of a backlash-like hysteresis described in (2.2) with m = 1, y = 4.125 and ¢ = 0.432. The reference
signal is represented as {; = 0.5 sin(21).

The system (4.2) is subjected to control using the command-filtering neural controller proposed in
this paper. Error definitions are provided as follows: e; = {; — {; and e; = {, — {».. The virtual control
law is designed as

1

g = _(_klel -V +éd_
81

VléP{Pl) (4 3)

24

AIMS Mathematics Volume 9, Issue 1, 959-973.



968

Compensating signals are designed as

&1 =—ki&i + & + (L1 — ), (4.4)
& = —kb =&+ &+ (Lo — ). (4.5)
The compensated error signals are denoted as v; = ¢; — & for i = 1,2, and the control law v is given by
1 . vnoPlP
v=—|-kes—va+gier + e - 2—222 (4.6)
82Y 2a;
The adaptive law is designed as
5 1 .
— 2pTp _— -
0= Z VPP —0b =12 4.7)

The initial conditions are chosen as £;(0) = 0.5, £(0) = 0, and 6(0) = 0. The design parameters are
chosen by using a trial and error method as k; = 10, k, = 10,a;, = 1,a, = 1,0 =0.5and 8 = 2.

The simulation results are presented in Figures 2—7. Figures 2 and 3 display the comparative
simulation results obtained using the proposed method and the existing control method described
in [20], respectively. Observing Figures 2 and 3, it becomes evident that while the control method
outlined in [20] yields good tracking performance, the proposed control method exhibits a slight
improvement in tracking performance over the existing method [20]. Specifically, the tracking error
of the proposed control method is slightly better than that of the existing method in [20], ensuring a
more accurate and controlled trajectory for the tracked signal. Furthermore, Figure 4 offers insights
into the system state ,. The behavior of the adaptive law @ is illustrated in Figures 5 and 6 for both the
proposed control method and the existing control method detailed in [20], demonstrating its bounded
nature. The system input u and the control signal v are depicted in Figure 7. These simulation results
make it evident that the proposed control method not only ensures the boundedness of all closed-loop
signals in the system (4.2), but also achieves impressive tracking performance.

1 T T T T
T yExis’ting Cd

\AARAAAR D
MWV

0.5k

i i i i i L T o ER————
5 505 51 515 52 525 53 535 54 545 55
r r

r

10 20 30 40 50
Time (sec)

Figure 2. Tracking Performance. {; is the reference signal and ypoposed and Yexisiing are the
system outputs by using the proposed control method and existing control method in [20],
respectively.
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1 r . . .
—— e, (Proposed) —— e (Existing)

0.5 .

T

05 10 20 30 40 50

Time (sec)

Figure 3. Tracking error e;. e;(Proposed) and e;(Existing) represent the tracking error by
using the proposed control method and existing proposed method in [20], respectively.

4 T T T T
G2

2 . -
AVAVAVAVAVAVAVAVAYAVAVAVAVAVAY:
2t i
_4 r r r r

0 10 20 30 40 50

Time (sec)
Figure 4. The state variable ¢, .

1 -4 13 T T
1.2~ 0

1 -
0.8 .
0.6 i
0.4F .
0.2 .

0 N N PR e e e e ]

0 10 20 30 40 50

Time (sec)
Figure 5. The response of adaptive law 6 by using the proposed method.
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0 10 20 30 40 50
Time (sec)

Figure 6. The response of adaptive law 8, and 6, by using the existing control method in [20].

| 500 . . . .
-300+ 0 0.2 0.4 0.6 0.8 1 .

_4000 10 20 30 40 50

Time (sec)

Figure 7. Trajectory of v and u.

5. Conclusions

This paper addressed the adaptive neural control problem for nonstrict-feedback nonlinear systems
with unknown backlash-like hysteresis and bounded disturbance. By using the approximation abilities
of radial basis function neural networks (RBFNN), the command filter method and the backstepping
technique, an adaptive controller was designed, which effectively ensures boundedness of all signals in
the closed-loop system. The feasibility of this approach was demonstrated via a single-link manipulator
example. Future research will examine the inclusion of state variables that are not directly measurable,
improving the applicability for real industrial systems.
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