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Abstract—In this article, neural network (NN)-based sliding
mode control schemes are proposed for an n-link robotic manip-
ulator with system uncertainties, input deadzone, and external
perturbations. A novel error-shifting function is proposed to
release initial conditions. NNs are employed to approximate the
unknown parameters of both system uncertainties and input
deadzone. To update the sliding mode scheme, two advanced
sliding mode surfaces with error-shifting function and bar-
rier function are proposed to reduce the dependency of prior
information and to realize a finite time convergence result, collec-
tively. It should be pointed out that the proposed methods do not
require initial states to satisfy the prescribed constraint caused
by the barrier function and can be applied under unknown initial
conditions. Furthermore, finite-time convergence for both track-
ing errors and NN weights is guaranteed. The effectiveness of the
proposed schemes is demonstrated by simulation and experiments
on the KINOVA robot.

Index Terms—Adaptive sliding mode control (SMC), barrier
Lyapunov function (BLF), deferred performance constraints,
neural networks (NNs), robotic manipulator.

I. INTRODUCTION

RECENTLY, tracking problems of nonlinear
systems with performance constraints have been
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researched [1], [2], [3]. It is common to deal with performance
constraints with barrier Lyapunov function (BLF), which
would approach infinity whenever its arguments are approach-
ing the prescribed bounds. In [4], an integral BLF (IBLF)
was proposed to satisfy input saturation and performance
constraints. An adaptive control method with the neural
networks (NNs) was utilized to improve approximation
capability and adaptability. In [5], adaptive NNs and BLFs
were applied to deal with unknown deadzone function and to
meet performance constraints, respectively. It should be noted
that the aforementioned researches based on BLFs require
initial states to satisfy the prescribed constraints. It is very
difficult to meet the initial constraint in real environments.
Accordingly, a shift function was initially proposed in [6], and
the delay constraints on the states were fulfilled by integrating
this with barrier functions. In a subsequent study, detailed
in [7], the shift function was employed in conjunction with
impedance control to address the issue of the initial following
force not meeting the constraint in the context of human-robot
co-transportation. The methods in [8] extends the framework
of [6] by incorporating an event-triggered mechanism, a
strategic enhancement aimed at conserving computational
resources. However, the aforementioned methods are exclu-
sively applicable within the backstepping-based framework. In
contrast, this article introduces a more generalized framework.
This novel approach satisfies the delay constraint through the
utilization of a novel proposed error-shifting function, and a
deferred performance is realized within finite time.

Sliding mode control (SMC) is one of the techniques that
has been adopted in various adaptive BLF-based methods
to satisfy performance constraints due to its fast response
and insensitivity to external disturbances and parameter vari-
ations [9], [10], [11], [12]. There are many drawbacks in
tradition SMC, such as uncertain setting time and singular
problem. Thus, nonsingular terminal SMC (NTSMC) [13] and
nonsingular fast terminal SMC (NFTSMC) [14] have been
proposed to realize finite-time convergence without singular
points. Compared with NTSMC, a nonlinear term has been
added in nonsingular fast terminal sliding mode surface to
accelerate convergence rates. Many SMC-based methods sat-
isfy the requirements of constraints and guarantee asymptotic
convergence by entrapping sliding surfaces into BLFs directly,
and thus the sliding surfaces are constrained in reaching phase.
In [15], a variable structure via NTSMC with a novel guidance
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law was proposed to satisfy state constraints. In [16], bar-
rier functions were entrapped into sliding mode surface to
satisfy the error constraints. Although the reaching phase-
based schemes have simple control structure, the steady errors
are not constrained by barrier function directly and finite-time
convergence is also hard to meet. In this article, the BLFs
become a term of sliding surfaces in sliding phase, which
means less steady tracking errors than BLFs designed in reach-
ing phase and the nonlinear system is semiglobal practical
finite time stable (SGPFTS).

The control laws based on SMC usually contain two com-
ponents, including equivalent control and switching control.
Specifically, the equivalent control is utilized to cope with
system nonlinearities and to force the system states to reach
the sliding phase from the reaching phase. The switching
control is responsible for tackling the external disturbances,
system uncertainties and maintaining the system states on
the sliding phase. The harmful chattering is existence in the
switching control due to the sign function [17]. Up to now,
many useful methods are introduced to reduce chattering phe-
nomenon. The boundary layer is one technique to remove the
chattering phenomenon, but the better-chattering removal per-
formances cause steady state errors [18]. High-order SMC
is another technique to avoid chattering problem [17]. The
switching control based on sliding surface is entrapped into
high-derivative controller so that the input torques are contin-
uous. But the complex calculation of high-order differential
information increases implementation and time costs in prac-
tice, and thus some simple methods, degrading finite-time
stability, are proposed to eliminate or attenuate chattering,
including feedback linearization scheme [19], continuous full-
order SMC [20], and observer strategy [21]. In this article,
a mathematic technique is introduced to attenuate the issue
of chattering, and the tracking errors will converge to a
neighborhood region of zero.

Compensations of input nonlinearities are also essential
to restrain control systems from decreasing systemic per-
formances and to maintain precise motion. For tracking the
desired trajectory accurately, some pioneering works have been
developed to reduce nonlinear effects [22], [23], [24]. It is
worth pointing out that artificial NNs were widely utilized
for nonlinear systems because of their good approximation
performance [25], [26], [27]. First of all, NN-based control
methods have been proven that they require less information
of nonlinear system dynamics to achieve the same control
objectives. In [28], a prescribed tracking objective was met
based on radial basis function (RBF) networks, which were
utilized to cope with the uncertainties on robot systems.
In [29], the uncertainties of a car-like wheeled robot were
approximated by adopting RBF and thus a navigation system
was developed. Second, NN-based approaches have acted as
an effective deadzone approximation technique for nonlinear
systems. In [30], two RBF neural networks (RBFNNs) were
utilized to cope with the unknown width and slope of dead-
zone functions and to deal with the unknown dynamics of the
robot, respectively. In [31], a flatted NN structure based on
RBF with incremental learning was developed to compensate
the nonlinearities of deadzone functions and to estimate system

uncertainties. Finally, due to the outstanding approximation
properties of NNs and the good transient performance of SMC,
plenty of NNs-based control schemes are introduced via slid-
ing mode. In [32], the fuzzy NNs were combined with the
traditional SMC method to deal with structured and unstruc-
tured uncertainties. In [33], an NNs-based SMC scheme with
a disturbance observer was proposed to compensate unknown
nonlinear terms and input disturbances.

Motivated from the above analysis, we design adaptive NN-
based control schemes with sliding mode technique. Fewer
prior information is used while the benefits of advanced con-
trol methods are adopted to address system uncertainties, input
nonlinearities and external perturbations. The main contributes
of this article are as follows.

1) For the robotic manipulator, less prior information is
needed than existing methods. A novel error-shifting
function is proposed, and thus the introduced method
does not rely on the initial conditions of system.

2) Smaller steady-state errors are produced because bar-
rier functions and novel error shifting functions are
entrapped into advanced SMC in the sliding phase
instead of the reaching phase.

3) The chattering phenomenon is successfully attenuated
without losing the convergence speed. By introducing a
mathematic technique, an NN-based sliding mode strat-
egy is developed to cope with system uncertainties and
deadzone nonlinearities. The advantages of both SMC
and NNs are remained and the chattering from the
switching control law is reduced.

The remainder of this article is organized as follows.
Section II states the formulated problem and main preliminar-
ies of this article. Section III introduces the adaptive NTSMC
and NFTSMC algorithms. In Section IV, simulation results
verify the effectiveness of the proposed methods.

Notations: In and R denote the identity matrix in the space
R

n×n and the set of real number, respectively. | · | denotes the
absolute value for scalars, (·)T is the transpose of a vector,
and || · || implies the Euclidean norm for vectors and induced
norm for matrices.

II. PROBLEM FORMULATION

A. Preliminaries

In this article, we consider an n-link robotic system
described by [34]

M(q)q̈ + C(q, q̇)q̇ + G(q)+ fdis(t) = D(τ ) (1)

where q, q̇, q̈ ∈ R
n represent the position, velocity and accel-

eration vectors, G(q) ∈ R
n denotes the gravitational forces,

C(q, q̇) ∈ R
n×n represents the coriolis and centrifugal matrix,

M(q) ∈ R
n×n denotes the positive-definite quality inertial

matrix, the external disturbances are denoted by fdis(t) ∈ R
n.

Moreover, τ ∈ R
n is the joint torques supplied by the

actuators, and D(τ ) is the deadzone function.
Property 1 [35]: The inertial matrix M(q) is symmetric and

positive definite.
Property 2 [36]: We assume M̄, C̄, and Ḡ are some pos-

itive constants. The matrices M(q), C(q, q̇) and G(q) are
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(a) (b)

Fig. 1. Error-shifting function. (a) Original error-shifting function. (b) Error-
shifting function with p0 = 0 and p∞ = 1.

upper bounded, i.e., ‖M(q)‖ ≤ M̄, ‖C(q, q̇)‖ ≤ C̄‖q̇‖, and
‖G(q)‖ ≤ Ḡ.

Assumption 1 [36]: We assume that the inertial matrix is
composed of the following parts:

M(q) = M0(q)+�M(q) (2)

where M0(q) denotes the nominal part, and �M(q) stands for
the uncertain part.

Property 3 [36]: The matrix �M(q) is upper bounded, i.e.,

‖�M(q)‖ ≤ MM (3)

where MM is a positive constant.
The deadzone nonlinearity can be expressed as [5]

D(τ ) =
⎧
⎨

⎩

Or(τ − dr), τ ≥ dr

0, dl < τ < dr

Ol(τ − dl), τ ≤ dl

(4)

where τ denotes the nominal control input, dl and dr denote
unknown deadzone spacing, Or(·) and Ol(·) are unknown
smooth functions.

The control objective is to present an adaptive law to ensure
that all the tracking errors satisfy the performance constraints
and guarantee finite-time convergence under unknown initial
conditions. To release requirements of initial state information,
we introduce a novel error-shifting function

h(t) =
{

1 − p1, 0 ≤ t < T
1, T ≤ t

(5)

where p1 = −3a([T4/16](t + [T/2]) − [T2/6](t − [T/2])3 +
([(t − [T/2])5]/5)) + b, a = (10/T5)(p∞ − p0), b = 1 −
p0 + 1.375(p∞ − p0), p0 = 0, p∞ = 1, and the preassigned
time is T > 0. It is easily derived that h(t) has the following
properties.

1) h(0) = 0. When t ∈ [0,T), h(t) is smoothly increasing.
2) h(T) = 1 is its maximum value. When ∀t ≥ T , h(t)

remains at such value.
3) h(t) has continuous derivatives up to two-order. ḣ(t) and

ḧ(t) are known and bounded for all t ∈ [0,∞).
Remark 1: Actually, p0 and p∞ are also user-defined

parameters, which is shown in Fig. 1. When we choose dif-
ferent value of these parameters, the function described as (5)
keeps continuous up to two-order, which avoids singular prob-
lems in different control tasks. In this article, we choose
p0 = 0 and p∞ = 1 to achieve control objectives.

The following assumptions help the subsequent analyses
along as follows.

Assumption 2 [5]: We suppose that the disturbance fdis is
bounded. In other words, there exists an unknown constant
f ∈ R

+, so that ‖fdis‖ ≤ f ∀t ∈ [0,∞).

Fig. 2. Structure of RBF networks.

Assumption 3 [37]: The desired trajectory xd is known,
bounded and continuous.

Assumption 4 [37]: The parameters of deadzone function,
dr and dl, are unknown constants. The conditions of dr > 0
and dl < 0 are met.

B. Function Approximation

RBF networks are utilized widely for approximating
unknown function because of faster learning speed and high-
quality approximate results [38]. A RBFNN is constituted of
three layers, including the input layer, the hidden layer, and the
output layer. Based on weightless connections, the main func-
tion of the input layer is to pass its environmental information
to the hidden layer. The hidden layer contains lots of nodes,
these information then is transformed nonlinearly by using a
RBF like the Gaussian function, and finally pass to the output
layer that is linear and acts as a summation unit. The structure
of RBF is shown in Fig. 2.

The process for approximating the continuous function by
utilizing linearly parameterized NNs can be represented by the
following relation:

yi(X) : Rq → R

yi(X) = WT
i Si(X), i = 1, 2, . . . , n (6)

where X = [X1,X2, . . . ,Xq]T ∈ �X ⊂ R
q is input vec-

tor, ι > 1 is the NN node number and Wi ∈ R
ι is the

weight vector. Based on numerous studies, if ι is prespecified
largely, yi(X) can approximate any continuous function with
acceptable errors. The approximation results are expressed as

yi(X) = W∗T
i Si(X)+ εi(X) (7)

where ∀X ∈ �X ⊂ R
q, εi(X) is the approximation error and

is bounded, i.e., |εi(X)| ≤ ε̄i, i = 1, 2, . . . , n ∀X ∈ �X , ε̄i

is a positive constant, W∗T
i is the ideal weight vector and is

utilized to minimize |εi(X)| for all X ∈ �X ⊂ R
q, i.e.,

W∗
i = arg min

Wi∈Rι

{

sup
X∈�X

∣
∣yi(X)− WT

i Si(X)
∣
∣

}

(8)

where sj(X) is Gaussian function, i.e.,

sj(X) = exp

[
−(

X − μj
)T(

X − μj
)

η2
j

]

, j = 1, 2, . . . , ι

and ηj is the width of sj(X). In the receptive field, the center
is μj = [μj1, μj2, . . . , μkq]T.
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C. Technical Lemmas and Definitions

Definition 1 [39]: For a nonlinear system ġ(t) = h(g(t)),
if there exists σ , ε and convergence time tr(σ, g0) < ∞ to
make ||g(t)|| < ε for all g(t0) = g0 and t ≥ t0 + tr. Then, the
equilibrium g = 0 of the nonlinear system is SGPFTS.

Lemma 1 [39]: Consider the nonlinear system ġ(t) =
h(g(t)), h(0) = 0, and g(t) ∈ R

n. Suppose there exists a
positive-definite function L(g(t)) such that

L̇(g) ≤ −αL(g)β + σ, t ≥ 0 (9)

where α > 0, 0 < β < 1, and σ > 0. And the nonlinear
system is SGPFTS.

The finite time tr is shown as

tr = 1
(1−β)�α

(

L(g(0))1−β −
(

σ
(1−�)α

) (1−β)
β

)

(10)

where 0 < � < 1.
Lemma 2 [40]: For Ui, i = 1, 2, . . . , n, if 0 < γ < 1, then

following inequality holds:

(|U1| + |U2| + · · · + |Un|)γ ≤ |U1|γ + · · · + |Un|γ . (11)

Lemma 3 [5]: The basis function of the Gaussian RBFNN
with X̂ = X−γψ being the input vector, where ψ is a bounded
vector and γ is a positive constant given as

sk

(
X̂
)

= exp

[
−
(

X̂−μk

)T(
X̂−μk

)

ηk
2

]

, k = 1, 2, . . . , ι

S
(

X̂
)

= S(X)+ γ St (12)

where St is a bounded vector function.
Lemma 4 [14]: When a sliding surface reaches the origin,

the moving point reaches the sliding surface. Thus, the system
states are changed from the reaching phase to the sliding
phase. The convergence times tm and tn of the sliding modes
are determined by the equations: 0 = e + χ−1siga/b(ė) and
0 = e + δ−1sigθ (e) + χ−1siga/b(ė). Then the finite time tm
and tn make e(t) reach the origin given as follows:

tm = max
1≤i≤n

{

a

(χi)

a
b (a−b)

|ei(t0 + tr)|
(a−b)

b

}

(13)

where t0 is the initial time and tr is the time horizon of
reaching time. χ−1 = diag{χ−1

1 , . . . , χ−1
n } ∈ R

n×n is a
positive-definite matrix, a and b are positive odd constraints
satisfying the relation 1 < a/b < 2, and siga/b(ė) =
[|ė1|a/bsign(ė1), . . . , |ėn|a/bsign(ėn)]T ∈ R

n

tn = max
1≤i≤n

⎧
⎨

⎩
1

χ
a
b

i

∫ |ei(t0+tr)|

o

1
(
υ−δ−1

i υθ
) a

b
dυ

⎫
⎬

⎭
(14)

where θ > a/b, δ−1 = diag{δ−1
1 , . . . , δ−1

n } ∈ R
n×n and

sigθ (e) = [|e1|θ sign(e1), . . . , |en|θ sign(en)]T.
Lemma 5: Let b be a positive real number, and if o(y) > 0

is any real valued function

|y|b ≤ (1 − b)|b| b
1−b + |y|. (15)

Fig. 3. Structure of NN-based sliding mode strategy.

Proof: If a and b are any positive real numbers, based on
Young’s inequality

cd ≤ cγ

γ
+ (γ − 1)dγ /(γ−1)

γ
, γ > 1, c ≥ 0, d ≥ 0 (16)

with

c = oa/(a+b), d = |y|bo−a/(a+b), γ = a + b

a
. (17)

Based on (16) and (17), we have

|y|b ≤ a

a + b
o(y)+ b

a + b
o−a/b(y)|y|a+b. (18)

Then, if a = 1−b and o(y) = b(b/[1−b]), the following result is:

|y|b ≤ (1 − b)|b| b
1−b + |y|. (19)

III. CONTROL DESIGN

In this part, we design the control schemes based on a novel
nonsingular terminal sliding mode surface and a novel nonsin-
gular fast terminal sliding mode surface. The control objectives
are summarized in the following three aspects.

1) The proposed control laws do not need any precise-prior
information of the robotic systems, including initial state
conditions, gain functions, and the width and slope of
deadzone functions.

2) The proposed schemes can be implemented when track-
ing errors violate the prescribed constraints initially,
which are different from other BLF-based schemes.

3) The prescribed constraints are achieved within finite
time and the arguments of unknown functions remain
within a compact set, on which the NN approximation
is valid.

The structure of the proposed NN-based sliding mode
approach of this section is shown in Fig. 3.

A. Nonsingular Terminal Sliding-Mode Control Design

First, an NN-based NTSMC strategy is proposed based
on (1) and (2). Let x1 = [q1, q2, . . . , qn]T and x2 =
[q̇1, q̇2, . . . , q̇n]T, the state space model of the robot dynamics
is written as

ẋ1 = x2

ẋ2 = M−1
0

[
D(τ )− C(x1, x2)− G(x1)− fdis −�Mq̈

]
. (20)

The generalized tracking error is defined as

e = x1 − xd. (21)
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(a) (b)

Fig. 4. Role of error-shifting function. (a) Original and shifted state/error
evolution within prescribed time T . (b) Barrier function (24).

In order to release the initial conditions for robotic system,
we transform the tracking error into a new variable as

z = h(t)e. (22)

Remark 2: According to the error-shifting transformation
h(t), the initial transferable error z reaches the origin what-
ever the values of the initial tracking error e are. Based on
the properties of the error-shifting transformation, the trans-
ferable error is transferred into the real tracking error after the
preassigned time T .

For achieving the control objectives within finite time in
sliding phase, a novel nonsingular terminal sliding mode
surface is constructed as

s = ϕ + β−1sig
p
q (ϕ̇) (23)

where s = [s1, . . . , sn]T ∈ R
n is the sliding variable, β−1 =

diag{β−1
1 , . . . , β−1

n } ∈ R
n×n is a positive-definite matrix, p

and q are positive constants satisfying 1 < (p/q) < 2,
ϕ = [ϕ1, . . . , ϕn]T ∈ R

n is the vector of barrier functions and
sig(p/q)(ϕ̇) = [|ϕ̇1|(p/q)sign(ϕ̇1), . . . , |ϕ̇n|(p/q)sign(ϕ̇n)]T ∈ R

n.
The barrier function, ϕi, i = 1, 2, . . . , n, is defined as

ϕi = 1

2
ln

k2

k2 − z2
i

(24)

where k is the prescribed constraint.
Differentiating ϕi with respect to time, we have

ϕ̇i = ziżi

k2 − z2
i

. (25)

Differentiating (25) with respect to time leads to

ϕ̈i =
n∑

i=1

ż2
i

(
z2

i + k2
)

(
k2 − z2

i

)2
+

n∑

i=1

zi

k2 − z2
i

z̈i. (26)

Remark 3: In (24), we introduce a universal symmetric
barrier function to provide a symmetric constraint require-
ment. When the initial tracking error e violates the prescribed
bound k, the traditional BLFs cannot work [4], [41]. By uti-
lizing (22), the transformed error variable z is switched to
zero in the initial time and then returns to e after a pre-
assigned time T . With this setup, the constructed BLF will
be well-defined initially and a deferred constraint is realized.
Therefore, the proposed sliding surface can be implemented to
address performance constraints under unknown initial condi-
tions. The main function of the error-shifting transformation
is shown in Fig. 4.

Differentiating s with respect to time, we have

ṡ = ϕ̇ + β−1 p
q sig

(
p
q

)
−1
(ϕ̇)ϕ̈ (27)

where sig(p/q)−1(ϕ̇)=diag{|ϕ̇1|(p/q)−1, . . . , |ϕ̇n|(p/q)−1}.
Substituting (25) and (26) into (27), the following result is

given as:

ṡ = ϕ̇ + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)

(
A1 + A2

(
A3 + h

(
M−1

0 (τ −�τ

−C(x1, x2)x2 − fdis −�Mq̈ − G(x1))− ẍd

)))
(28)

where A1 = [A11,A12, . . . ,A1n] ∈ R
n, A1i =

([ż2
i (z

2
i + k2)]/[(k2 − z2

i )
2
]), i = 1, 2, . . . , n, A2 = diag{A2i} ∈

R
n×n, A2i = (zi/[k2 − z2

i ]), A3 = ḧe + 2ḣė, D(τ ) = τ − �τ ,
and �τ is the error of the ideal control input.

Control law then can be further proposed and it consists
of two components, including equivalent control (τeq(t)) and
switching control (τsw(t)). Their corresponding roles have
already been described in the introductory section. For (28),
the equivalent law can be chosen as

τeq = M

h

(

A−1
2

(

−β q

p
sig

2−
( p

q

)

(ϕ̇)− A1

)

− A3 + hẍd

)

+ �τ + C(x1, x2)x2 + fdis + G(x1). (29)

The switching control is given as

τsw = M

h
A−1

2 (−ηsign(s)) (30)

where η is a known positive constant, and

sig
2−

(
p
q

)

(ϕ̇) =
[

|ϕ̇1|2−
(

p
q

)

sign(ϕ̇1),

. . . , |ϕ̇n|2−
(

p
q

)

sign(ϕ̇n)

]T

∈ R
n. (31)

Substituting (29) and (30) into (28) results in

ṡ = ϕ̇ + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)

(

−ηsign(s)− β
q

p
sig

2−
(

p
q

)

(ϕ̇)

)

= −β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)ηsign(s). (32)

Because the parameters of �τ , M, G, G(x1, x2)x2 are
unknown, the control law (29) and (30) are unavailable.
Therefore, a RBFNN is utilized to approximate these unknown
parameters in this article. We propose NN-based control
law as

τeq = M0

h

(

A−1
2

(

−β q

p
sig

2−
(

p
q

)

(ϕ̇)− A1

)

− A4 − A3 + hẍd

)

(33)

where A4 = μ2
2h2(M−1

0 )2β−1(p/q)sig(p/q)−1(ϕ̇)A2s ∈ R
n, and

μ2 is a positive constant. Switching control is

τsw = − ηM0
h A−1

2 s + ŴTS(X). (34)

Based on (33) and (34), the actual control law based on
NTSMC is then introduced as

τ1 = τeq + τsw. (35)
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Network updating law is designed as

˙̂Wi = −�1i

[
sT

i QiSi(X)+ σiŴi

]
(36)

where Q = β−1(p/q)sig(p/q)−1(ϕ̇)A2hM−1
0 ∈ R

n×n, �1i, i =
1, 2, . . . , n, are real, symmetric and positive-definite constant
gain matrix, ŴTS(X) is used to approximate W∗TS(X), which
is given as

W∗TS(X) = C(x1, x2)x2 + G(x1)+�Mq̈ +�τ − ε (37)

where W∗T is the ideal weights, ε is approximation errors of
the NN and X = [xT

1 , xT
2 , τ

T
1 , sT]T.

Remark 4: Obviously, the model-based switching con-
trol (30) relies on sign function, which causes chattering
problem. Therefore, a mathematic transformation based on
Lemma 5 has been introduced to reduce this chattering. The
relative detail will be reflected in (46), (47) and (48).

Considering (37), and substituting (35) into (28), we obtain

ṡ = −ηβ−1 p

q
sig

(
p
q

)
−1
(ϕ̇)s − A6 + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)

× A2hM−1
0

(
W̃TS(X)− ε − fdis

)
(38)

where W̃=Ŵ − W∗, and A6 = β−1(p/q)sig(p/q)−1(ϕ̇)A2A4 ∈
R

n. Obviously, A6 is a positive-definite matrix.
Theorem 1: For the system dynamics (1) with input dead-

zone (4) and external perturbations, the control law (35) with
weight updating law (36) is proposed under Assumptions 1-4
to force the signals s, ϕ, ϕ̇, and W̃ to be semiglobally uni-
formly bounded and remain within the compact sets �s �ϕ ,
�ϕ̇ , and �w, respectively, defined by

�s :=
{

s|‖s‖ ≤ Ls = √
2

(
σ

(1 −�)α1

)1/2ι
}

�ϕ := {ϕi||ϕi| ≤ 2Ls},�w := {
W̃|∥∥W̃

∥
∥ ≤ Ls

}

�ϕ̇ :=
{

ϕ̇i||ϕ̇i| ≤
(

1

βi
Ls

)q/p
}

(39)

with 0 < � < 1, σ = (1/2)
∑n

i=1 σi(W∗T
i W∗

i +1)+ (n+1)D,
and α1 = η1/2�(ϕ̇)1/2.

Furthermore, the nonlinear system are stable under unknown
initial conditions within finite time tα = t1 + t2, where

t1 = 1
(1−ι)�α1

(

V
(
s(0), W̃(0)

)1−ι −
(

σ
(1−�)α1

) (1−ι)
ι

)

t2 = max
1≤i≤n

{

p

(βi)

p
q (p−q)

|ϕi(t0 + t1)|
(p−q)

q

}

(40)

where ι = (1/2), the period tη ∈ [t0, t1] is the reaching phase,
and the period tμ ∈ [t1, t2] is the sliding phase.

Proof: For achieving the control objectives within finite time
in reaching phase, consider the following Lyapunov function
candidate:

V = 1

2
sTs + 1

2

n∑

i=1

W̃T
i �

−1
1i W̃i (41)

where �−1
1i , i = 1, 2, . . . , n, are the inverse of the matrix �1i.

Differentiating V with respect to time, we obtain

V̇ = sT ṡ +
n∑

i=1

W̃T
i �

−1
1i

˙̂Wi. (42)

Substituting (38) into (42) gives

V̇ = −
n∑

i=1

ηβ−1 p

q
sig

(
p
q

)
−1

i (ϕ̇)s2
i − sTA6

+ sTQ
(
W̃TS(X)− ε − fdis

) +
n∑

i=1

W̃T
i �

−1
1i

˙̂Wi. (43)

Then substituting (36) into (43), we have

V̇ ≤ −η�(ϕ̇)‖s‖2 −
n∑

i=1

σiW̃
T
i Ŵi − sTQ(ε + fdis)− sTA6

(44)

where

�(ϕ̇) := inf
1<i<n

{(

β−1 p
q sig

(
p
q

)
−1
(ϕ̇)

)

i

}

. (45)

Based on Lemma 5, we obtain

−
(
η1/2�(ϕ̇)1/2‖s‖

)2 ≤ −
(
η1/2�(ϕ̇)1/2|s|

)
+ D (46)

−sTA6 ≤ −
n∑

i=1

μ2h
(

M−1
0

)
β−1 p

q
sig

(
p
q

)
−1

i (ϕ̇)|A2i||si| + nD

(47)

−sTQε ≤
n∑

i=1

|εi|h
(

M−1
0

)
β−1 p

q
sig

(
p
q

)
−1

i (ϕ̇)|A2i||si| (48)

where D = (1 − b)|b|(b/[1−b]), b = 1/2. Furthermore, since
−W̃TŴ = −W̃T(W∗+W̃) = −W̃TW̃−W̃TW∗ and −W̃TW∗ ≤
(1/2)(W̃TW̃ + W∗TW∗), we get −W̃TŴ ≤ −(1/2)W̃TW̃ +
(1/2)W∗TW∗ ≤ −(W̃TW̃)(1/2) + (1/2)(W∗TW∗ + 1), and (44)
is rewritten as

V̇ ≤ −η1/2�(ϕ̇)1/2‖s‖ + 1

2

n∑

i=1

σi
(
W∗T

i W∗
i + 1

)

−
n∑

i=1

σi
(
W̃T

i W̃i
) 1

2 + (n + 1)D

≤ −α1V(x)ι + σ (49)

where 0 < ι = (1/2) < 1, ‖μ2‖ ≥ ‖ε‖ + ‖fdis‖, α1 > 0 and
σ > 0 are constants defined in (40). According to Definition 1,
Lemmas 1–4, and (49), V(S(0), W̃(0)) ≤ σ/(1 −�)α1 for all
t ≥ t1. Thus, s and W̃ converge to the region described as (39).

Because of |si| ≤ Ls, we obtain

ϕi + β−1sig
p
q
i (ϕ̇) = ςi, |ςi| ≤ Ls, i = 1, 2, . . . , n. (50)

The (50) can be rewritten as

ϕi +
⎛

⎝β−1
i − ςi

sig
p
q
i (ϕ̇)

⎞

⎠sig
p
q
i (ϕ̇) = 0. (51)

Based on Lemma 4, when β−1
i > (ςi/[sig(p/q)i (ϕ̇)]), (51) is

also the form of NTSMC, and thus the barrier function will
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converge to the set |ϕ̇i| ≤ ([1/βi]Ls)
q/p within finite time.

Furthermore, using dynamics (51), we can further obtain

|ϕi| ≤ β−1
i |ϕ̇i|

p
q + |ςi| ≤ Ls + Ls = 2Ls. (52)

Thus, s, ϕ, ϕ̇ and W̃ converge to the set described as (39)
and the finite time is given in (40).

Remark 5: In this article, the proposed error-shifting func-
tion is entrapped into barrier functions, and further com-
bined with NN-based SMC in the sliding phase described
in (23) and (41). If the proposed function is designed in
the reaching phased, i.e., s = e + β−1sig(p/q)(ė) and V =
(1/2)ln(k2/[k2 − sTs]), the steady errors meet the region
‖s‖ < k. Therefore, the proposed methods has smaller steady
errors than the strategies in other reaching-phase-designed
literatures due to ‖Ls‖ < k by choosing suitable η.

B. Nonsingular Fast Terminal Sliding-Mode Control Design

In this section, for achieving the control objectives within
finite time in sliding phase, we introduce the novel nonsingular
terminal sliding mode surface

s2 = ϕ + α−1sigγ (ϕ)+ β−1sig
p
q (ϕ̇) (53)

where sigp/q(ϕ̇) = [|ϕ̇1|p/qsign(ϕ̇1), . . . , |ϕ̇n|p/qsign(ϕ̇n)]T,
s2 ∈ R

n is the sliding variable, p and q are posi-
tive constants satisfying the relation 1 <

p
q < 2 and

γ >
p
q , α−1 = diag{α−1

1 , . . . , α−1
n } ∈ R

n×n and β−1 =
diag{β−1

1 , . . . , β−1
n } ∈ R

n×n are positive-definite matrices, and
sigγ (ϕ) = [|ϕ1|γ sign(ϕ1), . . . , |ϕn|γ sign(ϕn)]T.

The following barrier function ϕi, i = 1, 2, . . . , n, is similar
to (24), (25) and (26).

Upon differentiating s2 with respect to time, we have

ṡ2 = ϕ̇ + α−1γ sigγ−1(ϕ)ϕ̇ + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)ϕ̈ (54)

where

sigγ−1(ϕ) = diag
{
|ϕ1|γ−1, . . . , |ϕn|γ−1

}
∈ R

n×n

sig

(
p
q

)
−1
(ϕ̇) = diag

{

|ϕ̇1|
(

p
q

)
−1
, . . . , |ϕ̇n|

(
p
q

)
−1

}

∈ R
n×n.

The deadzone function has been described as (4).
Remark 6: There may be initially excessive overload of

input torque due to the term of 1/h. But this phenomenon can
also be addressed by choosing suitable p0 in (5). For example,
if we choose p0 = 0.05, the initial transformed error also satis-
fies the barrier function (24) for some cases. Due to the novel
error-shifting function is continuous, there is no singularity in
control law and thus the proposed method is more flexible in
application. Moreover, the proposed schemes for addressing
input nonlinearity are similar to these literatures in [35], [42],
[43], and [44].

Substituting (25) and (26) into (54), we have

ṡ2 = ϕ̇ + α−1γ sigγ−1(ϕ)ϕ̇ + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)

×
(

A1 + A2

(
A3 + h

(
M−1

0 (τ −�Mq̈ −�τ

− C(x1, x2)x2 − fdis − G(x1))− ẍd

)))
(55)

where the definition of A1, A2, and A3 are defined in afore-
mentioned section. Because �τ , M, G and G(x1, x2)x2 are
unknown vectors, a RBFNN will be used to approximate these
parameters. We propose the actual equivalent controller as

τeq = M0

h

(

A−1
2

(

−α−1γ sigγ−1(ϕ)β
q

p
sig

2−
(

p
q

)

(ϕ̇)

− η1sign(s2)− β
q

p
sig

2−
(

p
q

)

(ϕ̇)− A1

)

− A5 − A3 + hẍd

)

+ ŴTS(X) (56)

where η1 is a known positive constant, sig2−(q/p)(ϕ̇) is defined
in (31), A5 = μ2

2h2(M−1
0 )2β−1(p/q)sig(p/q)−1(ϕ̇)A2s2 ∈ R

n,
and the switching control law is designed as

τsw = −η1M0

h
A−1

2 s2 + ŴTS(X) (57)

where the configuration of NN is the same as that in
Section III-A, and X = [xT

1 , xT
2 , τ

T
2 , sT

2 ]T. The actual control
law based on NFTSMC is

τ2 = τeq + τsw (58)

and the updating law are described as

˙̂Wi = −�2i

[
sT

2iQiSi(X)+ σiŴi

]
(59)

and other parameters are defined in (37). Substituting (56)
and (37) into (55), we have

ṡ2 = −η1β
−1 p

q
sig

(
p
q

)
−1
(ϕ̇)s2 + β−1 p

q
sig

(
p
q

)
−1
(ϕ̇)

× A2hM−1
0

(
W̃TS(X)− ε − fdis

) − A7 (60)

where A7 = β−1(p/q)sig(p/q)−1(ϕ̇)A2A5 ∈ R
n. Obviously, the

only difference between (38) and (60) is that s becomes s2
and the algorithm structure is shown in Fig. 3.

Theorem 2: For the system dynamics suffering from input
deadzone and external perturbations described by (1) and (4),
respectively, under Assumptions 1-4, and the control law (58)
with the adaptive law (59), the signals s2, ϕ, ϕ̇, and W̃ are
semiglobally uniformly bounded and within the compact sets
�s2 �ϕ2 , �ϕ̇2 , and �w2 , respectively, defined by

�s2 :=
{

s2|‖s2‖ ≤ Ls2 = √
2

(
σ1

(1 −�)α2

)1/2ι}

�ϕ2 :=
{

ϕi||ϕi| ≤ 2Ls2

}

�ϕ̇2 :=
{

ϕ̇i||ϕ̇i| ≤
(

1

βi
Ls2

)q/p}

�w2 :=
{

W̃|∥∥W̃
∥
∥ ≤ Ls2

}

(61)

with 0 < � < 1, σ1 = (1/2)
∑n

i=1 σi(W∗T
i W∗

i +1)+(n+1)D,
and α2 = η

1/2
1 (inf1<i<n{(β−1(p/q)sig(p/q)−1(ϕ̇))i})1/2.
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Fig. 5. Diagram of a two-DOF robotic manipulator.

Furthermore, the nonlinear system are stable under any
initial conditions within finite time tβ = t3 + t4, where

t3 = 1
(1−ι)�α2

(

V
(
s2(0), W̃(0)

)1−ι −
(

σ1
(1−�)α2

) (1−ι)
ι

)

t4 = max
1≤i≤n

⎧
⎪⎨

⎪⎩

1

β

p
q
i

∫ |ϕi(t0+t3)|

o

1
(
υ − α−1

i υγ
) p

q
dυ

⎫
⎪⎬

⎪⎭
(62)

where ι = (1/2), the period tυ ∈ [t0, t3] is the reaching phase,
and the period tν ∈ [t3, t4] is the sliding phase.

Proof: Because (60) is similar to (38), the proof in this sec-
tion is similar to Theorem 1, which means the signals s2, ϕ, ϕ̇,
and W̃ are semiglobally uniformly bounded and remain within
the compact sets �s2 �ϕ2 , �ϕ̇2 , and �w2 . The prescribed con-
straints are satisfied under unknown initial conditions within
finite time tβ .

IV. SIMULATION

To demonstrate the performance of the proposed finite-time
control methods, the model of a two-joint manipulator in
Fig. 5 is utilized for simulation. In this section, three parts are
contained: 1) the proposed methods based on (35) and (58) are
compared under the same conditions; 2) the proposed meth-
ods based on the novel sliding mode surfaces compared with
other adaptive methods based on the existing sliding mode
surface and BLFs; 3) the experiments on KINOVA robot. The
parameters of robotic arm dynamics [5] are described as

M(q) =
[

m11(q) m12(q)
m21(q) m22(q)

]

(63)

where m11(q) = (1/2)m1l21+m2l21+(1/2)m2l22+m2l1l2cos(q2),
m12(q) = (1/2)m2l22 + (1/2)m2l1l2cos(q2), m21(q) =
(1/2)m2l22 + (1/2)m2l1l2cos(q2), and m22(q) = (1/2)m2l22

C(q, q̇) =
[

c11(q, q̇) c12(q, q̇)
c21(q, q̇) c22(q, q̇)

]

(64)

where c12(q, q̇) = −(1/2)m2l1l2(q̇1 + q̇2)sin(q2), c11(q, q̇) =
−(1/2)m2l1l2q̇2sin(q2), c21(q, q̇) = (1/2)m2l1l2q̇1sin(q2), and
c22(q, q̇) = 0

G(q) =
[

g1(q)
g2(q)

]

(65)

where q = [q1, q2]T, q̇ = [q̇1, q̇2]T, q̈ = [q̈1, q̈2]T,
g2(q) = (1/2)m2l2gcos(q1 + q2), g1(q) = ((1/2)m1l2 +

(a) (b)

Fig. 6. Tracking performances. (a) Tracking performances with torque
input (35). (b) Tracking performances with torque input (58).

m2l1)gcos(q1) + (1/2)m2l2gcos(q1 + q2), m1 = 2 kg and
m2 = 0.85 kg are the masses of the robot arm links,
l1 = 0.35 m and l2 = 0.31 m are the lengths of the
robot arm links, and g = 9.81 m/s2 is the gravity con-
stant. We select xd = [ cos(π t), cos(π t)]T as the desired
trajectory.

The basis function NNs are utilized. Two hundred and fifty-
six nodes are used for each basis function Si(X) with centers
chosen in the area of [ − 1, 1] × [ − 1, 1] × [ − 1, 1] × [ −
1, 1] × [ − 1, 1] × [ − 1, 1] × [ − 1, 1] × [ − 1, 1], �1 =
100I256×256, �2 = 100I256×256, σi = 0.002, the initial weight
are set as Ŵ1i = 0 and Ŵ2i = 0, (i = 1, 2, . . . , 256). In order
to verify the compensation effort for input deadzone function,
the unknown deadzone function is defined as Or(τ ) = τ − br

and Ol(τ ) = 2(τ − bl), where br = 4 and bl = −2.5.

A. NTSMC-Based Scheme and NFTSMC-Based Scheme

In this section, the simulation results need to satisfy the
following objectives.

1) The proposed methods need less prior information,
including initial state conditions, gain functions, and the
width and slope of deadzone functions.

2) When input nonlinearities are considered, the output
constraints are satisfied within the finite time T .

3) Compared with the proposed NN-based NTSMC, the
proposed NN-based NFTSMC has faster convergence
rate under the same conditions.

Choosing (35) and (58) as the control laws, the parameters
of both schemes are chosen as ki = 0.4, η = 0.05, p0 = 0.2,
μ2 = 4, p = 7.5, q = 7 and β = diag{2, 3}. The preassigned
time is selected as T = 2. The simulation about uncertain part
�M is based on m̂1 = 1.5 kg and m̂2 = 0.5 kg. Compared
with (35), the parameters of (58) are added with α = diag{1, 1}
and γ = 1.7 due to the additional item in α−1γ sigγ−1(ϕ)ϕ̇.
The initial states are selected as

q1(0) = −0.5, q2(0) = 0, q̇1(0) = 0, q̇2(0) = 0. (66)

The results are presented in Figs. 6–8. The tracking perfor-
mances are shown in Fig. 6(a) and (b). At these figures, all
outputs track the desired trajectory successfully. Furthermore,
in Fig. 6(b), the mean rate of convergence approximates 0.25 s.
This observed value is notably inferior to the convergence rates
corresponding to the trajectories delineated in Fig. 6(a), which
are approximately 1.2 s and 0.47 s, respectively.
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(a) (b)

(c) (d)

Fig. 7. Evolution of tracking errors and transformed tracking errors.
(a) Evolution of e1 and z1 with torque input (35). (b) Evolution of e2 and
z2 with torque input (35). (c) Evolution of e1 and z1 with torque input (58).
(d) Evolution of e2 and z2 with torque input (58).

The tracking errors are shown in Fig. 7(a)–(d). In
Fig. 7(a)–(d), the output tracking errors convergence to a
small neighborhood of zero within finite time. The tracking
error signal e violates the prescribed constraints initially, but
the transformed tracking error signal z satisfies it. Thus, the
proposed sliding surfaces can be implemented under unknown
initial conditions. The transformed error signal z is converted
to the real tracking error e after the finite time T . The con-
trol input and norms of RBFNN are reflected in Fig. 8(a)–(d).
Finally, in Fig. 8(c) and (d), the arguments of the unknown
function remain within the compact set, on which the NN
approximation is valid.

B. Numerical Comparison Between NFTSMC-Based Method
and Other Existing SMC-Based Methods

In this section, we introduce the sliding-phase-based method
and the reaching-phase-based method via barrier function
without considering error-shifting function and chattering
elimination. These methods are then further compared with
the proposed NFTSMC-based method in this article.

The NFTSM surface for the sliding-phase-based method is
chosen as s3 = ϕα + α−1sigγ (ϕα) + β−1sig(p/q)(ϕ̇α) and the
following barrier function, ϕαi, i = 1, 2, . . . , n, is defined as
ϕαi = (1/2)ln(k2/[k2 − e2

i ]). Therefore, the control law for
the sliding-phase-based method is introduced as

τα = M0

(

B−1
2

(

−η1 sign(s3)− β
q
p sig

2−
(

p
q

)

(ϕ̇α)

− B1 − α−1γ sigγ−1(ϕα)β
q
p sig

2−
(

p
q

)

(ϕ̇α)

)

− B4 + hẍd

)

+ ŴTS(X) (67)

where B1 = [B11,B12, . . . ,B1n] ∈ R
n, B1i =

([ė2
i (e

2
i + k2)]/[(k2 − e2

i )
2
]), i = 1, 2, . . . , n, B2 =

diag{B2i} ∈ R
n×n, B2i = (ei/[k2 − e2

i ]) and B4 =
μ2sign(B2)M

−1
0 sign(s3) ∈ R

n.

(a) (b)

(c) (d)

Fig. 8. Control inputs and norms of RBFNN. (a) Evolution of control inputs
with torque input (35). (b) Evolution of control inputs with torque input (58).
(c) Norms of NN weights with torque input (35). (d) Norms of NN weights
with torque input (58).

The control law for the reaching-phase-based method is
similar to [16], [45] and chosen as

τβ = M0

(

−α−1γ sigγ−1(e)β q
p sig

2−
(

p
q

)

(ė)− η1s4 + ẍd

− β
q
p sig

2−
(

p
q

)

(ė)

)

− μ2 sign(s4)+ ŴTS(X)

(68)

where the NFTSM surface is s4 = e + α−1sigγ (e) +
β−1sig(p/q)(ė).

The proposed schemes based on (58) and (67) are SGPFTS,
and (68) is asymptotic convergence. The simulation results
need to conform the following objectives.

1) The robotic system is SGPFTS. The convergence time
is adjusted by parameters.

2) Solving the limitation of BLFs. The prescribed con-
straint is satisfied within finite time under unknown
initial conditions.

3) Avoiding the uncertainty and indirectness caused by the
reaching-phase-based methods.

The parameters of these three cases are chosen as, i.e., case
1 in (58): m̂1 = 1.5 kg, m̂2 = 0.5 kg, η1 = 0.05, μ2 = 4,
p = 7.5, q = 6.5, β = diag{2, 3}, k = 0.2, α = diag{1, 1},
γ = 1.7, p0 = 0.01, T = 2; case 2 in (67): m̂1 = 1.5 kg,
m̂2 = 0.5 kg, η1 = 0.05, μ2 = 8, p = 7.5, q = 6.5, β =
diag{2, 3}, α = diag{1, 1}, γ = 1.7, k = 0.2, T = 2; case
3 in (68): m̂1 = 1.5 kg, m̂2 = 0.5 kg, η1 = 0.05, p = 7.5,
q = 6.5, β = diag{2, 3}, α = diag{1, 1}, γ = 1.7, k = 1,
μ2 = 5.

The initial states of (58) and (68) are selected as

q1(0) = −0.5, q2(0) = −1, q̇1(0) = 0, q̇2(0) = 0. (69)

The initial states of (67) are selected as

q1(0) = 0.95, q2(0) = 0.85, q̇1(0) = 0, q̇2(0) = 0. (70)
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Fig. 9. Tracking performances. (a) Evolution with torque input (58).
(b) Evolution with torque input (67). (c) Evolution of q1 with torque
input (68). (d) Evolution of q2 with torque input (68).

(a) (b)

(c) (d)

(e) (f)

Fig. 10. Tracking errors. (a) Evolution of e1 and z1 with (58). (b) Evolution
of e2 and z2 with (58). (c) Evolution of e1 and z1 with (67). (d) Evolution
of e2 and z2 with (67). (e) Evolution of e1 and z1 with (68). (f) Evolution of
e2 and z2 with (68).

In order to demonstrate that the convergence time is adjusted
by parameters, the parameters of (58) and (67) are selected as
γ = 1.2, which may receive a slower convergence rate than
γ = 1.7. The other parameters are maintained.

The simulation results are shown in Figs. 9–11. In
Fig. 9(a)–(d), all the desired trajectories are tracked suc-
cessfully under the different tracking conditions. Compared
with Fig. 9(a) and (b), the adaptive method based on asymp-
totic convergence has a wider range of tracking errors in
Fig. 9(c) and (d) due to the indirect constraint.

The tracking errors are shown in Fig. 10(a) and (b).
Fig. 10(a)–(d) (blue line and red line) show that the robotic

(a) (b)

(c) (d)

(e) (f)

Fig. 11. Control inputs and norms of RBFNN. (a) Evolution of control
inputs with (58). (b) Evolution of control inputs with (67). (c) Evolution of
control inputs with (68). (d) Norms of NN weights with (58). (e) Norms of
NN weights with (67). (f) Norms of NN weights with (68).

system is semi-global practical finite time stable and the
convergence time can be adjusted by choosing suitable param-
eters. Compared with Fig. 10(c) and (d), the proposed method
is still implemented successfully even if the prescribed con-
straint is violated initially. Thus, proposed method does not
need initial state information of system, so the limitation of
BLF is addressed. In reaching phase, the sliding vector s4
is constrained directly instead of tracking errors e, and thus
the tracking errors do not satisfy the prescribed constraint in
Fig. 10(e) and (f).

The control inputs of the three adaptive methods are shown
in Fig. 11(a)–(c). Compared with Fig. 11(b) and (c), the
control inputs are continuous and bounded during the oper-
ation time, which addresses the chattering problem for SMC.
Although the parameter p0 = 0.01 in Section IV-B is more
smaller than that in Section IV-A, the control objectives are
still satisfied successfully, and thus the error-shifting func-
tion is suitable for all unknown initial condition cases. In
Fig. 11(d)–(f), the norms of RBFNNs are remained in a
compact set within finite time. Thus, the NN approxima-
tion is valid. In conclusion, the proposed schemes have better
performances and need less prior information.

V. EXPERIMENT ON KINOVA JACO2 ROBOT

KINOVA JACO2 robot platform has been performed to test
the effectiveness of the proposed NN-based sliding control
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Fig. 12. Platform of KINOVA JACO2 robot.

Fig. 13. Tracking performances of joint_1 and joint_2.

Fig. 14. Norms of NN weights of joint_1 and joint_2.

algorithm (35) and (58). In the experiment setup, as shown
in Fig. 12, the KINOVA robot is six DOF curved wrist and
each joint represents one DOF, which is connected with master
computer through USB 2.0, Ethernet. The controller execution
frequency is 100 Hz and the sampling frequency is 20 Hz. The
program languages of the software development kit (SDK) is
C++. The joint_1 and joint_2 are utilized to complete the
trajectory tracking task under unknown initial conditions in
this experiment.

In this experiment, the initial conditions of these two joint
are set as: q1 = 2.8233 rad, q2 = 1 rad, q̇1 = 0 rad/s, and
q̇2 = 0 rad/s. The desired trajectories of two joints are set as:
1) q1d = 3.3233 + 0.2 cos(t) and 2) q2d = 1.5000 + 0.2 sin(t).
The key parameter is chosen as p0 = 0.1 and others are similar
to part A of this section.

The experiments results are shown in Figs. 13–16. In
Fig. 13, both joints track the desired trajectories successfully
and torque input (58) provides better-tracking performance.
Fig. 14 shows the weights of NNs, which means that the NN
approximations are valid. From Fig. 15, we can find that the
tracking error e violates the prescribed constraints initially, but
the transformed tracking error signal z satisfies it. Thus, the
constraints for trajectory tracking task can be satisfied under

Fig. 15. Tracking errors of joint_1 and joint_2 with torque inputs (35)
and (58).

Fig. 16. Evolution of the torque inputs for joint_1 and joint_2 with (35)
and (58).

unknown initial conditions. Fig. 16 is the description of the
dynamic control torques of two joints.

Finally, despite the existence of uncontrollable factors, such
as equipment instability, unknown deadzone functions, and
unknown initial states, the experimental results can demon-
strate that the proposed NN-based sliding mode schemes can
track the desired trajectory and meet the prescribed constraints
under unknown initial conditions in a robotic experiment
environment.

VI. CONCLUSION

In this article, NN-based schemes have been proposed
to address the tracking problems of a robotic manipulator
with input deadzone and external disturbances. Less prior
information is needed via novel NTSMC and NFTSMC
with error-shifting function and barrier function. First, track-
ing errors satisfy the prescribed constraints under unknown
initial conditions and further remain in the constraints
after the preassigned time. Second, the prior knowledge of
the robotic dynamics and nonlinearity functions are need-
less. Finally, the chattering phenomenon has been success-
fully reduced by introducing a mathematic technique in
the switching law. There are good tracking performances
in both simulation and experiment results. Fixed-time con-
trol scheme for unknown Euler-Lagrange system under
unknown initial conditions need to be considered in further
works.
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