
Received January 30, 2021, accepted February 15, 2021, date of publication February 18, 2021, date of current version March 1, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3060115

A Backstepping Global Fast Terminal Sliding
Mode Control for Trajectory Tracking Control
of Industrial Robotic Manipulators
THANH NGUYEN TRUONG , ANH TUAN VO , AND HEE-JUN KANG
Department of Electrical, Electronic and Computer Engineering, University of Ulsan, Ulsan 44610, South Korea

Corresponding author: Hee-Jun Kang (hjkang@ulsan.ac.kr)

This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the
Ministry of Education (NRF-2019R1D1A3A03103528).

ABSTRACT We propose a backstepping global fast terminal sliding mode control for trajectory tracking
control of industrial robotic manipulators in this article. An integral of the global fast terminal sliding mode
surface is firstly suggested to improve the dynamic performance and fast convergence of Sliding Mode
Control (SMC) and Terminal SMC (TSMC), which also obtains a finite-time convergence. A controller is
then developed from the proposed sliding surface using the backstepping control method and High-Order
SMC (HOSMC) to ensure the global stability of the control system. Thanks to this proposed method,
the controller provides small position and velocity control errors with less oscillation, smooth control torque,
and convergence of the control errors in the short time. The stability and convergence also are guaranteed
with Lyapunov theory. Finally, computer simulation verifies the effectiveness of the designed controller.

INDEX TERMS Backstepping control, robotic manipulators, sliding mode control, global fast terminal
sliding mode control, high-order sliding mode control.

I. INTRODUCTION
With the fast development of automation in the era of indus-
try, robots are crucial for trade, engineering, medical, space,
and ocean exploration, and so on [1]–[3]. To perform the
tasks with high productivity or successful exploration, they
should be controlled smoothly, safely, and reliably. There-
fore, advanced robot controllers are demanded to provide
high accuracy in various working conditions affected by the
running environment such as external noise, measurement
errors, or unknown uncertain components. In the literature,
numerous methodologies have been introduced to deal with
uncertainties, such as Computed Torque Control (CTC) [4],
Adaptive Control [5], [6], Sliding Mode Control (SMC) [7],
[8], PIDControl [9], [10], Optimal Control [11], or some con-
trol methods [12]–[14]. In general, they have been verified
to be efficient to handle simple uncertainties. For complex
uncertain components, those methodologies only reduce the
effects of uncertain components to a certain limit. Among
those controllers, SMC has been widely used to deal with
uncertainty and disturbance systems because of its usefulness
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such as strong robustness, easy implementation, design sim-
plification [15]. The development of SMC method in theory
and applications have been synthesized in document [16].
However, to solve a large uncertainty and disturbance, a large
switching gain must be applied, which increases chattering
behavior in control torque, the high friction between moving
mechanical components, and generate high heat in the power
circuit. Analysis of chattering has been shown at work of Arie
Levant [17] or VI Utkin [18]. Besides that, SMC does not
guarantee a predetermined convergence time, as well as had
a worse transient response if the system is affected by the fast
variation of disturbances. From the benefits and limitations
of SMC, researchers are constantly developing to continue
preserving the benefits and overcoming or eliminating the
disadvantages of traditional SMC. First, in order to pro-
vide a finite-time convergence while enhancing the conver-
gence characteristics of the dynamic system, some methods
are known as Terminal Sliding Mode Control (TSMC) [19]
and Fast Terminal SMC (FTSMC) [20] have been pro-
posed. Compared to TSMC, FTSMC offers a faster conver-
gence rate when the state error variables are far from the
equilibrium point. However, traditional TSMC and FTSMC
still have some disadvantages such as chattering component
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still exists in the control input as well as the singularity
problem. To tackle this problem, a type of SMC technique
called Nonsingular Fast Terminal SMC (NFTSMC) was
developed [21]–[24]. NFTSMC has solved most of the
problems, it provides a finite convergence time, fast con-
vergence speed, avoiding singularity. Nonetheless, the oscil-
lation behavior still appears in the control signal because
the robust control law is still used to against the uncertain
components. Second, to eliminate chattering, several tech-
niques such as Boundary Layer Method (BLM) [25], Distur-
bance Observer [26], [27], Neural Network-based methods
[28], [29], Adaptive Super-Twisting Method (ASTM) [30],
Fuzzy- SMC (FSMC) [31], Second-Order SMC (SOSMC)
[32], [33], or HOSMC [34] have been introduced. According
to the level of effectiveness, HOSMC is more recommended
because it generalizes the idea of the basic sliding mode
acting on the higher-order derivative of system deviation
instead of affecting the first derivation derivative as it hap-
pens in traditional SMC. So, HOSMC retains the original
strong advantages of SMC, at the same time, they eliminate
chattering phenomenon and providing greater accuracy in
realization. Thirdly, to further increase the transient response
of traditional SMC, some methods can be referred to as
Integral SMC (ISMC) [35]–[37] or PID-SMC (PID-SMC)
[38] has been proposed. In these proposals, the impact of
the integral element in PID has been investigated, so this
component is added to the sliding mode manifold to enhance
transient response. Besides, Integral TSMC (ITSMC) has
been proposed [39], [40], which provides a convergence in
finite-time and fast transient response. However, traditional
ITSMC still uses traditional Terminal sliding surface, leading
to weaknesses of SMC still exist.

Recently, a few new approaches are based on intelligence
computation [41]–[45], those have been widely applied to
the tracking control of the robot manipulators with uncertain
dynamics. With intelligent computational methods, the con-
trol systems can attain asymptotic stability. Moreover, several
finite-time or fixed time control methods based on intelli-
gent estimations have been suggested. However, the learning
method always exists a problem in its implementation and
it requires a very large calculation because of difficulty in
training neural weight or setting fuzzy rules.

Based on the analysis mentioned above, to design a con-
troller to continue to maintain the strengths of SMC and to
thoroughly overcome the weaknesses of SMC at the same
time. Therefore, this article is suggested. First, integral of the
global fast terminal sliding mode surface has been developed,
which provides a fast-transient response time and finite-time
convergence and non-singular problem. In addition, the robot
model is transferred into the third-order dynamic model
according to the proposed sliding variable. Accordingly,
an integral of the robust control law is derived, resulting in
it providing a continuous signal at the control output like
manner to HOSMC. Therefore, the proposed controller will
provide several superior properties such as: strong robust-
ness, fast finite-time convergence, fast transient response,

and singularity avoidance. In addition, the proposed design
procedure follows the backstepping control, thus, the overall
stability of the system is secured according to Lyapunov
criterion.

From technical and commercial perspectives, the controller
for the robot manipulators should be low complicated, easy
to implement in practice, and high effectiveness. In addition,
considering the remarkable importance and advantages pre-
viously mentioned, a controller has been designed with the
following notable contributions:
• The proposedmethod has values of NFTSMC, backstep-
ping control method, and HOSMC. Its advantages, such
as easy implementation, non-singularity, robustness in
uncertainty elimination, high accuracy, fast transient
response, and quick convergence in finite-time.

• Provides smooth control torque without chattering
behavior when it uses an integral of the robust con-
trol method to tackle the influences of the uncertain
components.

• The global stability of the control system is guaranteed
by using the backstepping control method and Lyapunov
theory.

The rest of this article has the following arrangement.
Section 2 gives the issue formulations including presentation
of the robot dynamic model and the goal of this article.
Section 3 represents a synthesis of the proposed sliding sur-
face and control design procedure. Continued after Section 3,
two simulation examples are simulated to check for improved
performance of the proposed controller when it is applied
to a 2-DOF robot manipulator in Section 4. The control
performance of the proposed system is then compared to
the tracking control results of three other schemes, including
CTC, SMC, andNFTSMC. The notable conclusions are given
in Section 5.

II. PROBLEM STATEMENT
Based on [46], the robot dynamic model is formed by

q̈ = M−1 (q) (τ − C(q, q̇)q̇− F(q̇)− G(q)− τd ) (1)

where q ∈ Rn, q̇ ∈ Rn and q̈ ∈ Rn represent the correspond-
ing vector of position, velocity, and acceleration. τ ∈ Rn is
a control torque. M (q) = M̂ (q) + 1M (q) ∈ Rn×n is the
real inertia matrix, C(q, q̇) = Ĉ(q, q̇) + 1C(q, q̇) ∈ Rn

denotes the real centrifugal and Coriolis forces, G(q) =
Ĝ(q) + 1G(q) ∈ Rn is the real gravitational forces matrix,
F(q̇) ∈ Rn is the frictional force, τd ∈ Rn is disturbance
force matrix. M̂ (q) ∈ Rn×n represents the estimated inertia
matrix, Ĉ(q, q̇) ∈ Rn represents the estimated centrifugal and
Coriolis forces, Ĝ(q) ∈ Rn stands for the estimated gravity.
1M (q) ∈ Rn×n, 1C(q, q̇) ∈ Rn and 1G(q) ∈ Rn are the
errors of dynamic model.

Therefore, the real robot dynamic model is represented by:

q̈ = M̂−1 (q)
(
τ − Ĉ(q, q̇)q̇− Ĝ(q)−12

)
(2)

where12 = 1M (q)q̈+1C(q, q̇)q̇+1G(q)+F(q̇)+ τd is
the vector of whole uncertain components, including external
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disturbances, dynamic uncertainties, and estimated errors.
For convenience and avoid repetition, we call these whole
uncertain components as the lumped disturbance.

Define x1 = q and x2 = q̇, the dynamic equation (2) is
transformed into a second-older state space model as follow:{

ẋ1 = x2
ẋ2 = b(x, t)u+ f (x, t)+ D

(3)

where x =
[
x1T x2T

]T is a state vector, u =

τ ∈ Rn is a vector of the control input. f (x, t) =
M̂−1 (q)

(
−Ĉ(q, q̇)q̇− Ĝ(q)

)
, b(x, t) = M̂−1(q) and

D = −M̂−1 (q)12.
Assumption 1: We assume that the whole uncertain com-

ponents and its derivative are bounded by

‖D‖ ≤ 4 (4)∥∥∥∥dDdt
∥∥∥∥ ≤ 3 (5)

Remark 1: Assumptions in Eqs. (4)and (5) are the reality
that has been verified in many published studies (readers can
refer to the article [47], [48]).

In view of the basis TSMC theory, it is cleared that FTSMC
contains many superior advantages, such as strong properties
to uncertainties, non-singularity, finite-time convergence to
the stable equilibrium, fast response time, and high accuracy.
Therefore, we propose a backstepping global fast terminal
sliding mode control for trajectory tracking control of indus-
trial robotic manipulators in this article to overcome problems
of TSMC with a combination of FTSMC, backstepping con-
trol, and HOSMC.

III. DESIGN OF BACKSTEPPING INTEGRAL FAST
TERMINAL SLIDING MODE CONTROL
In this section, modification of the global FTSMS design
has been proposed to obtain a fast-transient response, and
finite-time convergence along with the system (3) is trans-
formed into a third-order state-space model. Thanks to this
technique, an integral of the robust reaching control law is
found to reject the oscillation in the control torque, which is
analyzed in more detail in the simulation section.

The tracking position and velocity errors are defined as:

xei = x1i − xdi
xdei = x2i − ẋdi, i = 1, 2, . . . , n (6)

where xd ∈ Rn is the desired path vector.
With the control errors in Eq. (6), an IFTSM surface is

proposed based on global FTSMS in reference [49] as follow:

si =
∫ (

xdei +
2α1

1+e−β1(|xei|−φ)
xei

+
2α2

1+eβ2(|xei|−φ)
|xei|κsgn(xei)

)
, i = 1, 2, . . . , n (7)

where s =
[
s1 s2 . . . sn

]T is the sliding mode vector,
α1, α2, β1, β2 stand for the positive coefficients, 0 < κ < 1,

and φ =
(
α2
α1

)1/(1+κ)
.

According to the theory of sliding motion [50], the condi-
tions for slidingmotionmustmeet the following requirements

si = 0;

ṡi = 0 (8)

Combining the proposed sliding surface in Eq. (7) with the
conditions of the sliding motion in Eq. (8), we can gain

xdei = −
2α1

1+ e−β1(|xei|−φ)
xei

−
2α2

1+ eβ2(|xei|−φ)
|xei|κsgn(xei) (9)

To prove the correctness of the finite-time convergence, let
us consider a Lyapunov candidate as follows

V = 0.5x2ei (10)

Differentiating Eq. (10) with respect to time obtains

V̇ = xeixdei

= −
2α1

1+ e−β1(|xei|−φ)
|xei| −

2α2
1+ eβ2(|xei|−φ)

|xei|κ+1 < 0

(11)

According to inequality (11), it is clear that V > 0 and
V̇ < 0. Therefore, the position and velocity control errors
will converge to the equilibrium point.

When |xei| > φ, the sliding motion consists of two stages:
xei (0) → |xei| = φ and |xei| = φ → xei = 0. The
convergence time of two phases is calculated as follows:

In the first stage, the first component represents the main
role. Therefore, the convergence time in this period is calcu-
lated by:

t1∫
0

dt =

φ∫
xei(0)

1

−
2α1

1+e−β1(|ei|−φ)
|xei| −

2α2
1+eβ2(|ei|−φ)

|xei|κ+1

× d (|xei|) <

xei(0)∫
φ

1
α1 |xei|

d (|xei|) (12)

Then,

t1 <
ln (|xei (0)|)− ln (φ)

α1
(13)

In the second stage, the second component plays the main
role. Therefore, the convergence time in this period is com-
puted as follows:
t2∫
0

dt =

0∫
φ

1

−
2α1

1+e−β1(|ei|−φ)
|xei| −

2α2
1+eβ2(|ei|−φ)

|xei|κ+1
d (|xei|)

=

φ∫
0

1
2α1

1+e−β1(|ei|−φ)
|xei| +

2α2
1+eβ2(|ei|−φ)

|xei|κ+1
d (|xei|)

<

φ∫
0

1
α2|xei|κ

d (|xei|) (14)
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Then,

t2 <
1
α2

(
φ1−κ

1− κ

)
(15)

Consequently, Therefore, the total time of the sliding
motion ( xei (0)→ 0 ) is calculated by:

ts = t1 + t2 <
ln (|xei (0)|)− ln (φ)

α1
+

1
α2

(
φ1−κ

1− κ

)
(16)

With the analysis of the role of each term in Eq. (9) from
Eqs. (12) - (16), it is concluded that the core idea of this
approach is to increase the influence of the term that plays
a major role while reducing the influence of the minor term
at the same time, which has a great contribution to enhancing
the control system’s response performance.

The first and second derivative of the sliding surface is
correspondingly computed as follows:

ṡi = xdei +
2α1

1+ e−β1(|xei|−φ)
xei

+
2α2

1+ eβ2(|xei|−φ)
|xei|κsgn(xei), i = 1, 2, 3, . . . , n

(17)

s̈i = ẋdei +
2α1

1+ e−β1(|xei|−φ)
xdei

+
2α1β1xdeisgn(xei)e−β1(|xei|−φ)(

1+ e−β1(|xei|−φ)
)2 xei

+
2α2κ

1+ eβ2(|xei|−φ)
|xei|κ−1xdei

−
2α2β2xdeieβ2(|xei|−φ)(
1+ eβ2(|xei|−φ)

)2 |xei|κ , i = 1, 2, 3, . . . , n

(18)

To simplify, let

Zi =
2α1

1+ e−β1(|xei|−φ)
xdei

+
2α1β1xdeisgn(xei)e−β1(|xei|−φ)(

1+ e−β1(|xei|−φ)
)2 xei

+
2α2κ

1+ eβ2(|xei|−φ)
|xei|κ−1xdei

−
2α2β2xdeieβ2(|xei|−φ)(
1+ eβ2(|xei|−φ)

)2 |xei|κ , i = 1, 2, 3, . . . , n (19)

Therefore, the matrix form of Eq. (18) is expressed as:

s̈ = ẋde + Z (20)

where Z =
[
Z1 Z2 . . . Zn

]T
∈ Rn×1.

Based on dynamic model of Eq. (3), the first derivation
of the sliding surface in (17) and the second derivation of
Eq. (20), the dynamic system (3) is transformed in to the
third-order state space model according to IFTSM surface as

s1 = s
ṡ1 = s2
ṡ2 = s3
ṡ3 = d

dt (b(x, t)u+ f (x, t)+ D− ẍd + Z )

(21)

In order to achieve the effective control torque for dynamic
system in Eq. (21), a backstepping design approach is pro-
posed. Therefore, the following change of coordinate is
launched:

ϑ1 = [ϑ11 ϑ12 . . . ϑ1n]T = s1 ∈ Rn×1 (22)

ϑ2 = [ϑ21 ϑ22 . . . ϑ2n]T = s2 − ς1 ∈ Rn×1 (23)

ϑ3 = [ϑ31 ϑ32 . . . ϑ3n]T = s3 − ς2 ∈ Rn×1 (24)

where ς1 ∈ Rn×1 and ς2 ∈ Rn×1 are the virtual control laws
in the first and second steps, respectively.

In addition, to prove global asymptotic stability of the
designed control strategy, the proof procedure will be con-
ducted in the following 3 steps
Step 1: the target of this step is to design a virtual control

input ς1 which drives ϑ1 → 0. Therefore, Lyapunov candi-
date is selected as

V1 = 0.5ϑ1Tϑ1 (25)

Differentiating ϑ1 in Eq. (22) with respect to time yields

ϑ̇1 = ṡ1 = s2 = ϑ2 + ς1 (26)

and differentiating V1 in Eq. (25) with respect to time and
using Eq. (26) gains

V̇1 = ϑ1T ϑ̇1 = ϑ1T (ϑ2 + ς1) (27)

Virtual control ς1 is appropriately selected to make the
first-order system stabilizable.

ς1 = −ξ1ϑ1 (28)

where ξ1 is design parameter which is assigned as positive
constant.

Substituting (28) into (27) obtains

V̇1 = ϑ1Tϑ2 − ξ1
∑n

i=1
ϑ1i

2 (29)

According to Eq. (29), we can observe that if ϑ2 = 0
then V̇1 = −ξ1

∑n
i=1 ϑ1i

2
≤ 0. Consequently, ϑ1 will be

asymptotically stable.
Step 2: the purpose of this step is to generate a virtual

control input ς2 which drives an error variable ϑ2 → 0.
Choose a control Lyapunov function as:

V2 = V1 + 0.5ϑ2Tϑ2 (30)

Differentiating ϑ2 in Eq. (23) with respect to time archives

ϑ̇2 = ṡ2 − ς̇1
= ϑ3 + ς2 − ς̇1

= ϑ3 + ς2 + ξ1s2 (31)

DifferentiatingV2 in Eq. (30)with respect to time and using
Eq. (31) gains

V̇2 = V̇1 + ϑ2T ϑ̇2
= −ξ1

∑n

i=1
ϑ1i

2
+ ϑ1

Tϑ2 + ϑ2
T (ϑ3 + ς2 + ξ1s2)

(32)
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FIGURE 1. Proposed BIFTSMC scheme.

Based on (32), the virtual control is appropriately chosen to
eliminate terms related to ϑ1 and s2, while the term involving
ϑ3 cannot be eliminated

ς2 = −ϑ1 − ξ2ϑ2 − ξ1s2 (33)

Substituting (33) into (32) obtains

V̇2 = −ξ1
∑n

i=1
ϑ1i

2
+ ϑ1

Tϑ2

+ϑ2
T (ϑ3 − ϑ1 − ξ2ϑ2 − ξ1s2 + ξ1s2)

= −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2
+ ϑ2

Tϑ3 (34)

From the result in Eq. (34), V̇2 = −ξ1
∑n

i=1 ϑ1i
2
−

ξ2
∑n

i=1 ϑ2i
2
≤ 0 can be obtained once ϑ3 = 0. Conse-

quently, the state ϑ1 and ϑ2 will be asymptotically stable.
Step 3: the aim of this step is to propose the real control

torque u which controls ϑ1, ϑ2, ϑ3 to zero. Consider the
following Lyapunov function:

V3 = V2 + 0.5ϑ3Tϑ3 (35)

Differentiating V3 with respect to time yields

V̇3 = V̇2 + ϑ3T ϑ̇3 (36)

Substituting the Eqs. (21), (24) and (34) into Eq. (36),
we have

V̇3 = −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2
+ ϑ2

Tϑ3

+ϑ3
T
(
d
dt
(b(x, t)u+ f (x, t)+ D− ẍd + Z )− ς̇2

)
(37)

Therefore, a backstepping IFTSMC (BIFTSMC) is
designed as

u = b−1(x, t)
(
ueq − usw

)
(38)

where

ueq = −Z − f (x, t)+ ẍd + ς2 −
∫
(ξ3ϑ3 + ϑ2) (39)

and the reaching control law is introduced by

u̇sw = (3+ ν) sgn(ϑ3) (40)

where ν is a small positive constant.

The block diagram of the proposed controller is described
in Fig. 1

Applying the designed controller in Eqs. (38) - (40) to
Eq. (37) yields

V̇3 = −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2

−ξ3
∑n

i=1
ϑ3i

2
+ ϑ3

T d
dt
(−usw + D)

= −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2

−ξ3
∑n

i=1
ϑ3i

2
− (3+ ν) ϑ3

T sgn(ϑ3)+ ϑ3T
dD
dt

≤ −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2

−ξ3
∑n

i=1
ϑ3i

2
−(3+ ν)

∑n

i=1
|ϑ3i| +3

∑n

i=1
|ϑ3i|

≤ −ξ1
∑n

i=1
ϑ1i

2
− ξ2

∑n

i=1
ϑ2i

2

−ξ3
∑n

i=1
ϑ3i

2
− ν

∑n

i=1
|ϑ3i| (41)

Then, V̇3 ≤ 0, V̇3 is a negative semidefinite, it is mean that
ϑ1, ϑ2 and ϑ3 will converge to zero in a finite time.

IV. VALIDATION AND DISCUSSION
To verify the performance of the proposed controller,
we employ it for a 2-DOF robotic manipulator. Firstly, all the
mechanic parts of 2-DOF robotic manipulator was designed
in SOLIDWORKS. Secondly, these mechanic parts were
introduced into the SolidWorks assembly environment to
attach the coordinate system, complete assembly, and deter-
mine the direction of gravity. Thirdly, after completing the
assembly of the 2-DOF robotic manipulator model, using
the Simscape Multibody Link Tool in SOLIDWORKS that
assembly model is exported to an XML file and STEP
files. Where, the XML file contains all parameters of the
mechanical parts of the robot such as mass, inertia moment,
the center of mass, and all parameters of the coordinate
system of the assembly environment, STEP files contain a 3D
shape of the mechanical parts of the robot. Finally, XML file
and STEP files are imported into the MATLAB/SIMULINK
environment by using the Simscape Multibody Link tool
of MATLAB. By using this way, the mechanical model of
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the 2-DOF robotic manipulator is completely identical to
the actual model. Disturbance and friction components have
added to the system. 2-DOF robotic mechanical model in
SOLIDWORKS is shown in Fig. 2 and its parameters are
given in Table 1.

FIGURE 2. 2-DOF robotic mechanical model in SOLIDWORKS.

TABLE 1. The parameter of 2-DOF robotic manipulator.

In the MATLAB/SIMULINK environment, the configura-
tion of the model is set under a fixed-step (ODE5 dormand-
prince) with a fundamental sample time of 0.001 seconds.

To test the advanced capabilities and outstanding efficiency
of the proposal system. The designed control system applies
to the aforementioned robotic manipulator and its control
performance is compared with CTC, SMC and NFTSMC.

The CTC has the following control torque

u = b−1(x, t)
(
−f (x, t)+ ẍd − Kpxe − Kdxde

)
(42)

where Kp and Kd are positive constants.
The control torque of the conventional SMC is proposed as

follows:

u = b−1(x, t) (−f (x, t)+ ẍd − cxde − (4+ ν) sgn(s)) (43)

where s = xde+ cxe with c is a positive constant. ν is a small
positive coefficient.

The control torque of NFTSMC is designed as

u = b−1(x, t)
(
ueq − usw

)
(44)

where

ueq = − (f (x, t)− ẍd )− ϕ−1(xde)0(xe, xde) (45)

usw = (4+ ν) sgn(s) (46)

and

s = xe + a1xe[b1] + a2xde[b2] (47)

ϕ(xde) = a2b2|xde|b2−1 (48)

0(xe, xde) = xde + a1b1|xe|b1−1xde (49)

where a1, a2, b1, b2 are positive constants and ν is a small
positive coefficient.

The desired trajectory of a robot’s end-effector is designed
to track the following circle:{

Xd = 0.3+ 0.05 cos(t)
Yd = 0.15+ 0.05 sin(t)

(50)

In order to investigate the position tracking accuracy and to
facilitate the evaluation, tracking errors are considered after
the period of convergence around the equilibrium point and
maintaining stable accuracy. Accuracy review time is t =
1s → 15s, the control errors are calculated by Eq. (51), and
the results are reported in Table 3 and 5.

ex =

√√√√ 1
N

N∑
i=1

(Xdi − xi)2, ey =

√√√√ 1
N

N∑
i=1

(Ydi − yi)2

e1 =

√√√√ 1
N

N∑
i=1

(q1di − q1i)2, e2 =

√√√√ 1
N

N∑
i=1

(q2di − q2i)2

(51)

where N is the number of considered samples. Xdi, Ydi and
x, y stand for the assigned path and the real path of the robot’s
end-effector at the time index i respectively. q1di, q2di and
q1i, q2i are the desired angle of the joint and the actual angle
of joint at time index respectively.

Moreover, to investigate advanced abilities of the proposed
scheme, we proceed to apply the controllers, including CTC,
SMC, NFTSMC, and the proposed control scheme to the
above robotic manipulators in the two following cases:

A. CASE 1
We seem to have an exact dynamic model of the robot, that
means the errors of dynamic model1M (q) = 0,1C(q, q̇) =
0, and1G(q) = 0. Therefore, we only consider the effects of
the following friction and external disturbance.

Friction term was modeled as

F(q̇) =
[
−0.5 sin(q̇1)− 0.5q̇1
−0.1 sin(q̇2)− 0.5q̇2

]
(52)

and external disturbances:

τd (t) =
[
3 sin(t)
sin(t)

]
(53)

The control parameters of four different controllers for
case 1 are shown in table 2.

The tracking simulation results of all 4 control meth-
ods, including CTC, SMC, NFTSMC, and BIFTMC for a
two-DOF robot are indicated in Figs. 3-10. The designed
trajectory and actual trajectory of the four control methods
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TABLE 2. The control parameters of four different controllers for case 1.

FIGURE 3. Assigned path and actual path of the robot’s end-effector
under four algorithms.

in tracking the orbital circle are shown in Fig. 3. From
simulated performance, it is observed that those four con-
trol schemes controlled the robot manipulator to track the
assigned path under the assumed friction and disturbances.
To compare in detail, we can clearly see from Figs. 4-7, CTC
provides the worst control errors among 4 control systems
at the two joints 0.0014204 and 0.0018633, respectively,
as well as position control errors of the end-effector are cor-
responding to 0.00076694 (in X-Direction) and 0.00049986
(in Y-Direction). SMC provides control errors smaller than
CTC at the two joints 0.00027125 and 0.00028427, respec-
tively, as well as position control errors of the end-effector are
corresponding to 0.00012397 (in X-Direction) and 9.1699×
10−5 (in Y-Direction), respectively. However, it provides
worse control errors than NFTSMC, NFTSMC has the con-
trol errors at the two joints 2.3488×10−5 and 3.1090×10−5,
respectively, as well as the tracking errors of the end-effector
are corresponding to 1.2636 × 10−5 (in X-Direction) and
8.1973 × 10−6 (in Y-Direction), respectively. It is worth
noting that BIFTMC has the smallest control errors among
4 control systems at the two joints 3.8056 × 10−8 and
3.9500 × 10−8, respectively, as well as position control
errors of the end-effector are corresponding to 1.3539×10−8

(in X-Direction) and 1.1844×10−8 (in Y-Direction), respec-
tively. In addition, BIFTMC has the smallest convergence
time and highest accuracy.

Special points need attention from the tracking velocity
in Figs. 8 and 9 (we only consider methods based on SMC
and TSMC), it is seen that both SMC and NFTSMC have
the tracking velocity errors with oscillation in their velocity
outputs. While velocity outputs provided by the designed
controller have minor oscillation.

TABLE 3. The root mean square of path control errors of four algorithms
of case 1.

FIGURE 4. Position control error of the robot’s end-effector in X-direction.

FIGURE 5. Position control error of the robot’s end-effector in Y-direction.

Control input signals of the four separate control systems at
first joint and second joint are exhibited in Fig. 10. We realize
that SMCandNFTSMCprovide discontinuous control torque
when both methods use a large sliding gain in the reaching
control law to compensate for the effects of the uncertain
components. Specifically, the upper limit value of the uncer-
tain components must be determined. Obviously, CTC and
BIFTSMC provide smooth control signals. BIFTSMC can
obtain this target because its high-frequency control law used
an integral of the control torque as shown in Eq. (40).

B. CASE 2
We consider an uncertain robot manipulator, in which we
assumed that the errors of dynamic model 1M (q) =
0.3M (q), 1C(q, q̇) = 0.3C(q, q̇), and 1G(q) = 0.3G(q).
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FIGURE 6. Position control errors of joint 1.

FIGURE 7. Position control errors of joint 2.

FIGURE 8. Velocity control errors of joint 1.

This example is more like a real-world system because it is
difficult to achieve a precise dynamic. The effects of the con-
sidered friction and external disturbance are given in Eqs. (52)
and (53).

The control parameters of four different controllers for
case 2 are shown in Table 4.

FIGURE 9. Velocity control errors of joint 2.

FIGURE 10. Control inputs at joint 1 and joint 2.

TABLE 4. The control parameters of four different controllers for case 2.

Simulation results for an uncertain robot system are shown
in Figs. 11-18. From Figs. 11-17 and Table 5, we realize
that the control performance provided by the CTC is severely
reduced when it is not able to compensate for the influence
of uncertain dynamic components. The tracking accuracy
of CTC is highly dependent on the exact robot dynamic
model. The accuracy and speed of convergence provided by
SMC or NFTSMC are also reduced. To compensate for those
declines, the sliding values of the robust control law must be
accordingly increased, hence, more chattering is generated
in their control outputs. Compared to the chattering results
in Fig. 10 and Fig. 18, it is seen that chattering behavior has
increased significantly. This may the undesired vibrations in
the robot system and cause damage to the system. Fortunately,
the performance of the proposed controller, including posi-
tion tracking accuracy and convergence speed, is not reduced.
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TABLE 5. The root mean square of path control errors of four algorithms
of case 2.

FIGURE 11. Assigned path and actual path of the robot’s end-effector
under four algorithms.

FIGURE 12. Position tracking error of the robot’s end-effector in
X-direction.

The proposed controller still provides the best control perfor-
mance among the compared control methods and no chatter-
ing behavior occurs in its control input. From two simulation
cases, it can be concluded that the proposed controller shows
superiority over the other three methods, such as smooth
control inputs, robustness in uncertainty elimination, higher
accuracy, and faster finite-time convergence.
Remark 2: The authors think that the limitation of our

control method is that the upper bound value of the deriva-
tive of the whole uncertain components needs to know in
advance. However, this problem is not difficult to solve. The
upper bound value of the whole uncertain components can be
obtained by using adaptive techniques [51], [52] to adapt to
the variation of the uncertainties.

FIGURE 13. Position tracking error of the robot’s end-effector in
Y-direction.

FIGURE 14. Position control errors of joint 1.

FIGURE 15. Position control errors of joint 2.

Remark 3: There are some control methods to improve
the control performance by using an observer. Using the
control combined with an observer has confirmed that it will
be provided a better tracking performance than a controller
without an observer. That is also our research orientation in
the next works.
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FIGURE 16. Velocity control errors of joint 1.

FIGURE 17. Velocity control errors of joint 2.

FIGURE 18. Control inputs at joint 1 and joint 2.

V. CONCLUSION
We propose a backstepping global fast terminal sliding mode
control for trajectory tracking control of industrial robotic
manipulators in this article. An integral of the global fast
terminal sliding mode surface is firstly suggested to improve
the dynamic performance and fast convergence of SMC and
TSMC, which also obtains a finite-time convergence. A con-

troller is later developed from the proposed sliding surface
using the backstepping control method and High-Order SMC
to ensure the global stability of the control system. Thanks
to this proposed method, the controller provides small posi-
tion and velocity control errors with less oscillation, smooth
control torque, and convergence of the control errors in the
short time. The stability and convergence also are guaranteed
with Lyapunov theory. Finally, computer simulation verifies
the effectiveness of the designed controller.

From verification by computer simulation results it is
noticed that 1) the proposed method has values of NFTSMC,
backstepping control method, and HOSMC. Its advantages,
such as easy implementation, non-singularity, robustness
in uncertainty elimination, high accuracy, fast transient
response, and quick convergence in finite-time; 2) provides
smooth control torque without chattering behavior when it
uses an integral of the high-frequency control law to tackle
the influences of the uncertain components.

VI. FUTURE WORK
The next target is to apply the proposed control system for a
real robot manipulator.
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