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Abstract
In this study, trajectory tracking of robotic manipulators with uncertainties and external disturbances is obtained by

proposing model-free adaptive fractional super-twisting sliding mode control (AOFSTSM). The proposed AOFSTSM

method is composed of an adaptive super-twisting sliding mode control integrated with fractional-order (FO) control. An

adaptive tuning control is utilized to evaluate the uncertain unknown dynamics of the system without relying on the prior

knowledge of the upper bounds. Moreover, FO control and super-twisting sliding mode control are used to achieve the fast

finite-time convergence, chatter-free control inputs, better tracking performance and robustness. An output feedback (OF)

is proposed and the state estimation is obtained by robust exact differentiator. Furthermore, the stability of the overall

system is investigated and derived from the Lyapunov stability criterion. Finally, to validate the effectiveness and

robustness of the developed control method, comparative simulations of state-feedback and OF of proposed method with

fractional-order nonsingular fast terminal sliding mode control are realized to demonstrate the performance of AOFSTSM.

Keywords Adaptive control � Output feedback control � Super-twisting sliding mode control � Robotic manipulator �
Fractional-order control

1 Introduction

In recent years, considerable efforts are taken for control-

ling the robot manipulators which require high control

performance in precision and accuracy of the joint position

tracking. The robot manipulator is a time-varying nonlinear

system and subject to the problems such as model uncer-

tainties, parameter variations and external disturbances. If

these problems are not properly controlled, then, it may

deteriorate system performance and stability of the closed-

loop system.

It is worth noting that several control schemes have been

proposed to deal with uncertainties and parameter varia-

tions for instance: adaptive fuzzy sliding mode control

(Beyhan et al. 2011), H1 adaptive control (Wang et al.

2014; Ahmed et al. 2019a), neural network control (Richa

et al. 2016), fractional-order PID control (Ayad et al.

2019) etc. Based on H1 technique, a robust adaptive

method was developed using known regression matrix of

2-degree of freedom (DOF) robotic manipulator (Wang

et al. 2014). Therefore, it is challenging and sometimes

impossible to formulate the regression matrix for more than

2-DOF robotic manipulator and other nonlinear systems.

Thus, it is the demanding task for the research scientist to

propose a controller to achieve precise joint positioning of

unknown dynamic of the robot manipulator without using

the regression matrix.

In the literature, several model-independent control

schemes were proposed such as recursive model-free

control (Wang et al. 2011), time delay control (TDC)

(Wang et al. 2018; Ahmed et al. 2018a), iPD/ iPI/ iPID

(Michel and Cédric 2013) and so on. In Wang et al. (2011),

the recursive control method was designed for the lin-

earized model of the inverted pendulum. On the other hand,

nonlinear model of robotic manipulator was considered and

controlled by TDC and iPD/ iPI/ iPID. Although these

schemes were simple and easy to implement, however,

recursive model-free control did not consider uncertainties,
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while iPID control performances may be deteriorated by

numerical instabilities in algebraic loop. And the perfor-

mance of TDC may be degraded due to inserted constant

delay (Wang et al. 2020a).

On the other front, adaptive control can be preferred and

used to estimate the unknown uncertain system dynamics.

Adaptive control is a notable nonlinear control approach

which updates the control gain according to the current sit-

uation of the closed-loop system. Moreover, this control

scheme is broadly used to control linear and nonlinear sys-

tems (Tao 2014). The adaptive control has also been inte-

gratedwith traditional and advanced control schemes such as

PID (Sangpet et al. 2018), sliding mode control (Hsu et al.

2003), optimal control (Aldair et al. 2019), fuzzy control

(Doudou andKhaber 2019), and neural network control (Wei

et al. 2016). Sliding mode control is strongly robust against

uncertainties, while adaptive control can deal with unknown

system dynamics. Thus, adaptive control with SMC

approach is used to simultaneously obtain the advantages of

both control schemes such as robustness against uncertain-

ties, estimate the unknown dynamics and update the control

gain online (Yen et al. 2019; Ahmed et al. 2019c; Mobayen

et al. 2019).

Sliding mode control (SMC) is an important branch of the

variable structure control (VSC), VSC is renowned as

insensitive to system uncertainties and parameter variations.

SMC was widely used for the satellite systems (Han et al.

2016), robotic manipulator (Wang et al. 2020b), oscillators

(Solis et al. 2017), power electronics applications (Utkin

2013), etc. However, traditional SMC had some drawbacks

such as large steady-state error, slow response, singularity

problem and chattering phenomena in the control inputs. To

handle these problems, terminal SMC (TSMC) was devel-

oped which employs nonlinear surface and guarantees the

robust stability, and fast convergence (Van et al. 2017;

Venkataraman and Gulati 1993; Zhang et al. 2019). How-

ever, TSMC still has chattering problemwhich can affect the

closed-loop system performance.

Various control methods were proposed to eliminate the

chattering problem such as by replacing the sign function

to saturation or sigmoid function (Van et al. 2017; Ma and

Sun 2018; Aghababa et al. 2011; Aghababa 2014). High-

order SMC (HOSMC) was also utilized to reduce the

chattering problem efficiently (Wang et al. 2020b; Shtessel

and Tournes 2009). Moreover, another high-order SMC

technique is introduced in Feng et al. (2014), where third-

order TSMC was developed to obtain chatter-free control

input. Meanwhile, to improve the HOSMC, super-twisting

algorithm has been proposed to eliminate the chattering

problem and guarantees the high control performance

simultaneously (Wang et al. 2019).

Fractional-order (FO) calculus is an old mathematical

analysis that dates to the 17th century. FO calculus is the

generalization of classical differentiation and integration to

non-integer order (Tavazoei et al. 2008). In recent decades,

the application of FO in the field of science and engineering

gained the attention of the researchers (Podlubny 1998). It

provides more flexibility to improve the control perfor-

mance, and various FO based controllers such as FO-PID

controllers and FO adaptive controllers have been proposed

(Ayad et al. 2019; Wang et al. 2016). Moreover, FO with

TSMC methods was proposed to enhance the system per-

formance in terms of fast convergence and high trajectory

tracking with small steady-state error (Hosseini and

Mohammad 2017; Nojavanzadeh and Mohammadali 2016;

Ahmed et al. 2019b). In some cases, the states such as

velocity and acceleration are unavailable or cannot be

measured. Thus, to deal with this situation, well-suited

observers or differentiators can be used to estimate the sys-

tem states.

To date, adaptive schemes use the regression matrix and

known system model for the controller design (Wang et al.

2014; Nojavanzadeh and Mohammadali 2016; Ahmed

et al. 2018b). In Wang et al. (2014), robotic manipulator

was controlled using H1-Adaptive control scheme, where

complex calculation of regression matrix was required.

Moreover, adaptive SMC approach was designed for the

known dynamics of robotic manipulator (Nojavanzadeh

and Mohammadali 2016). To the best of our knowledge,

how to design an adaptive controller in the absence of such

information (regression matrix and system parameters) has

not yet been addressed in the literature. Thus, there is

strong motivation to propose a model-free adaptive control

design method which can guarantee the system perfor-

mance without knowledge of the system dynamics. The

main contributions of this work are given as follows:

1. The novel output feedback model-free adaptive control

method with super-twisting SMC (AOFSTSM) is

presented without the calculation of the regression

matrix.

2. Model-free control is obtained by adaptive control

design and STSM provides the robustness against

uncertainties and disturbances.

3. It provides simple and easier implementation without

prior knowledge of system dynamics.

4. A proof of stability is investigated by Lyapunov

stability synthesis.

The following paper is arranged as: Sect. 2 introduces the

important preliminaries. The control objective is given in

Sect. 3. Section 4 presents the designing of the proposed

AOFSTSM method and the stability analysis of the closed-

loop system. The comparative analyses of numerical sim-

ulations demonstrated in Sect. 5 to illustrate the effec-

tiveness of AOFSTSM. In the end, this paper is

summarized in Sect. 6.
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2 Preliminaries

In this section, preliminaries regarding FO calculus and

finite-time convergence are given.

Definition 1 The Riemann–Liouville (RL) fractional

derivative and integral of bth-order of function f(t) with

respect to t and the terminal value a are given by Li et al.

(2017)

aDb
t f ðtÞ ¼

dbf ðtÞ
dtb

¼ 1

Cðr � bÞ
dr

dtr

Z t

a

f ðsÞ
ðt � sÞb�rþ1

ds ð1Þ

aD�b
t f ðtÞ¼aIb

t f ðtÞ ¼
1

CðbÞ

Z t

a

f ðsÞ
ðt � sÞ1�b

ds ð2Þ

where r � 1\b\r, while Db and Ib denote the fractional

derivative and integral, respectively. And Cð�Þ is Euler’s

Gamma function given by

CðbÞ ¼
Z1

0

e�ttb�1dt ð3Þ

Lemma 1 The nth order derivative (dn=dtn) of the frac-

tional derivative operator aDb
t f ðtÞ can be transformed as

Nojavanzadeh and Mohammadali (2016)

dn

dtn
ðaDb

t f ðtÞÞ ¼ aDb
t

dnf ðtÞ
dtn

� �
¼ aDbþn

t f ðtÞ ð4Þ

Lemma 2 For Lyapunov function VðtÞ with initial value

Vðt0Þ, finite-time stability can be computed as Aghababa

et al. (2011)

_VðtÞ� � nVpðtÞ; 8t� t0; Vðt0Þ� 0 ð5Þ

where n[ 0 and 0\p\1. Therefore, the finite-time tf can

be formulated as

tf �
1

nð1� pÞ V
1�pðt0Þ ð6Þ

3 Control Objective

For the applicability of proposed AOFSTSM method, the

appropriate form of the uncertain dynamics of n-DOF robot

manipulator in the presence of uncertainties and external

disturbances is expressed in this section. The n-DOF robot

manipulator dynamics are given by

MðqÞ€qþ Cðq; _qÞ _qþ GðqÞ þ d ¼ s ð7Þ

where q; _q and €q 2 Rn represent the angular position,

velocity and acceleration, respectively. MðqÞ 2 Rn�n

denotes the positive definite inertia matrix,

0\kðMðqÞÞ� Mk k� �kðMðqÞÞ , where k and �k denote the

minimum and the maximum eigenvalues, respectively.

Cðq; _qÞ 2 Rn�n expresses the coriolis and centripetal for-

ces, GðqÞ 2 Rn symbolizes the gravitational matrix, s 2
Rn and d 2 Rn denote the joint control torque and the

unknown external disturbances, respectively.

Therefore, one can rewrite (7) in the following form as

€qþ Fðq; _q; €qÞ ¼ N�1s ð8Þ

where

Fðq; _q; €qÞ ¼ N�1ðMðqÞ€q� N€qþ Cðq; _qÞ _qþ GðqÞ þ dÞ,
N is the positive diagonal matrix.

Remark 1 Since only the joint position can be measured

using encoders, therefore, velocity and acceleration can be

computed by robust exact differentiation (RED) approach

given by Levant (2003)

_z0 ¼ �b1 z0 � qj j2=3signðz0 � sÞ þ z1

_z1 ¼ �b2 z1 � _z0j j1=2signðz1 � _z0Þ þ z2

_z2 ¼ �b3signðz2 � _z1Þ
ð9Þ

where z0 ¼ q; z1 ¼ _q; z2 ¼ €q and b1; b2; b3 are positive

constants.

For the tracking error of the system, (8) can be written as

€e ¼ N�1s� Fðq; _q; €qÞ � €qd ð10Þ

where e ¼ z0 � qd; _e ¼ z1 � _qd and €e ¼ z2 � €qd represent

the error and its derivative terms, and qd; _qd and €qd are the

desired inputs. Therefore, the objective is to design a

suitable robust fractional super-twisting terminal sliding

mode controller for an unknown system that ensures z0
converges to qd, which implies error trajectories converge

to sliding manifold sðtÞ ¼ 0 in the finite-time tf .

Assumption 1 The unknown dynamics are bounded as

follows

Fðq; _q; €qÞj j �Nðz0; z1ÞT1 ð11Þ

where Nðz0; z1Þ ¼ 1; z0j j; z1j j2
h iT

, and 1 ¼ ½11; 12; 12�T is

finite positive constant vector.

4 Controller Development

In this section, the proposed method is formulated, which

includes the following steps: initially, super-twisting slid-

ing mode scheme with FO control is developed. Later, to

obtain model-free control, an adaptive fractional-order
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super-twisting sliding mode control is proposed named

AOFSTSM. Then, stability analysis of the overall system is

validated by the application of Lyapunov theorem.

4.1 Fractional Super-twisting Sliding Mode
Control Design

To define FO sliding surface, firstly, the STSM surface is

designed as follows

s ¼ _eþ �k1Db�1sgnðeÞt þ �k2e ð12Þ

where s ¼ s1; s2; � � � snð ÞT, sgnðeÞt ¼ ej jtsignðeÞ with

0\t\1, Db is the fractional derivative, b is fractional-

order ranges between 0\b\1 and �k1 2 Rn�n and �k2 2
Rn�n are positive diagonal matrix.

By taking the derivative of s, one obtains

_s ¼ €eþ �k1DbsgnðeÞt þ �k2 _e ð13Þ

Substitution of (10) into (13), one gets

_s ¼ N�1s� Fðq; _q; €qÞ � €qd þ �k1DbsgnðeÞt þ �k2 _e ð14Þ

The above proposed surface obtains highly robust control

accuracy, precise position tracking and fast convergence

speed can be efficiently endured. To reduce chattering and

obtain good performance in the reaching phase, the super-

twisting scheme is used with (12) as follows

_s ¼ �k1sgnðsÞ1=2 þ g

_g ¼ �k2sgnðsÞ
ð15Þ

After proposing the sliding manifold, the following con-

troller based on fractional super-twisting SMC is designed

as

s ¼ N½snom þ sstw� ð16Þ

where snom is the control input employed to deal with the

known components, therefore, the corresponding equation

of snom is formulated as follows

snom ¼ N½€qd � �k1DbsgnðeÞt � �k2 _eþ Nðz0; z1ÞT1� ð17Þ

while sstw is based on super-twisting sliding surface and

obtains chatter-free control inputs. Thus, sstw is given as

follows

sstw ¼ �k1sgnðsÞ1=2 � k2

Z t

0

sgnðsÞdt ð18Þ

where k1 ¼ diag k11; k12 � � � k1nð Þ and k2 ¼
diag k21; k22 � � � k2nð Þ are positive matrix. Substitution of

(16) into (14), one has

_s ¼Nðz0; z1ÞT1� Fðq; _q; €qÞ � k1sgnðsÞ1=2

� k2

Z t

0

sgnðsÞdt
ð19Þ

The closed-loop model of the proposed method is shown in

Fig. 1. Now the stability analysis of sliding mode dynamics

will be presented in the following theorem.

Theorem 1 If the sliding mode dynamics (14) and the

control law (16) are designed, then it ensures the stability

of the nonlinear system converging to origin along s ¼ 0.

Proof The following Lyapunov functional candidate is

given as

VðnÞ ¼ 2k2 þ
k21
2

� �
n21 � k1n1n2 þ n22 ð20Þ

where

n ¼ n1 n2½ �T ¼ sgnðsÞ1=2 g
� �T

. The above equation (20) can be rewritten as

VðnÞ ¼ nTKn ð21Þ

with K ¼ 1
2

4k2 þ k21 �k1
�k1 2

� �
. the matrix K is the positive

definite such that

kminðKÞ nk k2 �VðnÞ� kmaxðKÞ nk k2 ð22Þ

where kminðKÞ and kmaxðKÞ are minimum and maximum

eigenvalues of K. nk k is Euclidean norm which can be

expressed as nk k2 ¼ nj j þ n22.
By taking derivative of n, one gets

_n ¼ _n1 _n2
� �T ¼

_s

2 sj j1=2
_g

� �T
ð23Þ

Substituting (15) into (23), one can obtain

_n ¼ 1

sj j1=2
An, A ¼ � k1

2

1

2
�k2 0

" #
.

The time derivative of V(t) can be computed as follows

_VðnÞ ¼ _n
T
Knþ nTK _n ð24Þ

Substitution of _n into (24), one can derive

_VðnÞ� � 1

sj j1=2
nTQn ð25Þ

where

Q ¼ ATK þ KA ¼ k1
2

ð2k2 þ k21Þ �k1
�k1 1

� �
[ 0
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_VðnÞ� � 1

sj j1=2
kminðQÞ nk k2 ð26Þ

Combining (22) and (26) and the fact that

n1j j ¼ sj j1=2 � nk k2 �
V1=2ðnÞ
k1=2
min

ðKÞ
, one can get

_VðnÞ� � k1=2minðKÞkminðQÞ
kmaxðKÞ

V1=2ðnÞ ð27Þ

_VðtÞ� � wV1=2ðnÞ ð28Þ

where w ¼ k1=2
min

ðKÞkminðQÞ
kmaxðKÞ

.

Hence, the proof shows that the stability is ensured and

the nonlinear system will reach the origin along s ¼ 0 in

finite time. To calculate the finite-time, according to

Lemma 1, corresponding finite-time can be calculated as

follows

tf �
2V

1
2ðnÞ
w

ð29Þ

h

Remark 2 From Eqs. (16) and (29), convergence time and

control input are influenced by the constant parameters k1
and k2. Hence, a tradeoff between the convergence speed

and control performance is required to select a suit-

able value of gains.

4.2 Adaptive Fractional Super-Twisting Sliding
Mode Control Design

The control scheme in Sect. 4.1 is model-based where the

system is considered to be known and bounded. In case of

unknown system dynamics, it is challenging to obtain

system information and design control law. Thus, adaptive

control with OFSTSM (AOFSTSM) is proposed to deal

with uncertain unknown system dynamics under external

disturbances.

Thus, the following model-free AOFSTSM approach is

proposed to control for the unknown system dynamics as

�s ¼sadp þ sstw ð30Þ

sadp ¼N½€qd � �k1DbsgnðeÞt � �k2 _eþ Nðz0; z1ÞT1̂� ð31Þ

where sstw is same as defined in (16), and sadp is the control
input which includes adaptive parameters to estimate the

unknown system dynamics. Therefore, the adaptive

parameter 1̂ is the estimations of unknown constants 1
defined in Assumption 1.

Substitution of (30) into (14), yields

_s ¼ �k1sgnðsÞ1=2 þ g�Fðq; _q; €qÞ þ Nðz0; z1ÞT1̂ ð32Þ

Using Assumption 1, the above equation can be rewritten

as

_s ¼ �k1sgnðsÞ1=2 þ gþ Nðz0; z1ÞT�1 ð33Þ

where �1 ¼ 1̂� 1.
For updating the parameters in (32), the following

adaptive law is designed as

_̂1 ¼
0 if jsj � f

�cNðz0; z1ÞBTKn if jsj[ f

�
ð34Þ

where f[ 0 is dead-zone size to avoid parameter drifting

problem and c[ 0 is tuning constant gain.

Theorem 2 For the nonlinear system dynamics of robot

manipulators (7), the fractional super-twisting terminal

sliding surface is introduced in (12), and the finite-time

Fig. 1 Complete proposed

AOFSTSM control model

Table 1 2-DOF robotic manipulator parameters

mass-m (kg) Inertia-I (kg m2) length-l (m)

link � 1 0.1 0.1 1

link � 2 0.1 5 0.85
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convergence is ensured under the robust control law (30)

and the adaptive law (34).

Proof The appropriate Lyapunov functional candidate is

selected as follows

VðnÞ ¼ nTKnþ 1

2c
�1T�1 ð35Þ

The derivative of n under unknown dynamics is given by

_n ¼ 1

sj j1=2
Anþ 1

2
BNðz0; z1ÞT�1 ð36Þ

with

A ¼ � k1

2

1

2
�k2 0

" #
; B ¼ 1= sj j1=2

0

� �
:

Now the derivative of VðnÞ can be obtained as follows

_VðnÞ ¼ _n
T
Knþ nTK _nþ 1

c
�1T _̂1 ð37Þ

Substitution of (36) into (37), one can get

_VðnÞ� 1

sj j1=2
nTðATK þ KAÞnþ �1TNðz0; z1ÞBTKn

þ 1

c
�1T _̂1

ð38Þ

By simplifying above equation, we have

_VðnÞ� � 1

sj j1=2
nTQnþ �1T Nðz0; z1ÞBTKnþ 1

c
_̂1

� �
ð39Þ

By substituting adaptive law (34), one obtains

(a)

(b)

Fig. 2 Tracking error under different value of b
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_VðnÞ� � 1

sj j1=2
nTQn ð40Þ

Since Q[ 0, Thus, the system will converge to the sliding

manifold robustly. Hence, the stability proof of the overall

system is completed. Moreover, the formulation of finite-

time will be similar as given in Theorem 1. h

Remark 3 The parameters of the proposed AOFSTSM

scheme are selected according to the specified range which

is defined as �k1 [ 0; �k2 [ 0; k1 [ 0; k2 [ 0;N[
0; 0\b\1; 0\t\1 and K[ 0. Thus, if the parameters

are not selected within the specified range then the stability

of the closed-loop system cannot be achieved. Hence, to

obtain the desired trajectory tracking and closed-loop sys-

tem stability simultaneously, the suitable value can be

selected accordingly.

5 Numerical Simulations

In this section, an uncertain 2-DOF robotic manipulator

under external disturbances is controlled using the pro-

posed AOFSTSM method. To validate the effectiveness of

the proposed method, comparative analyses are demon-

strated between state-feedback (SF) and output-feedback

(OF) of the proposed schemes and FONFTSM (Ahmed

et al. 2018b) under measurement noise.

5.1 Dynamics of 2-DOF Robotic Manipulators

The model of 2-DOF robotic manipulators and its dynamic

equation under external disturbances are described as fol-

lows Wang et al. (2016)

(a)

(b)

Fig. 3 Position tracking without measurement noise
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MðqÞ€qþ Cðq; _qÞ _qþ GðqÞ þ d ¼ s ð41Þ

where

MðqÞ ¼
ðm1 þ m2Þl21 þ m2l

2
2 þ 2m2l1l2 cosðq2Þ þ I1 m2l

2
2 þ m2l1l2 cosðq2Þ

m2l
2
2 þ m2l1l2 cosðq2Þ m2l

2
2 þ I2

" #
;

Cðq; _qÞ ¼
�m2l1l2 sinðq2Þ _q1 � 2m2l1l2 sinðq2Þ _q2

m2l1l2 sinðq2Þ _q2

� �
;

GðqÞ ¼
ðm1 þ m2Þl1g cosðq2Þ þ m2l2g cosðq1 þ q2Þ

m2l2g cosðq1 þ q2Þ

� �
;

d ¼
0:5 _q1 þ sinð3q1Þ
1:3 _q2 � sinð2q2Þ

� �
;

and

qd ¼
0:5 sinð3tÞ þ 0:05 sinð6tÞ

�0:2 cosð3tÞ � 0:04 sinð6tÞ � 0:2 cosð6tÞ þ 0:4

� �

is selected as the desired trajectory (Table 1).

To demonstrate the effectiveness of the proposed

method, suitable parameters are selected as follows: for

sliding surface (12), �k1 ¼ diag 0:1; 0:1ð Þ, �k2 ¼ diag 60; 60ð Þ
and t ¼ 0:8. Moreover, control torque (30) and adaptive

laws (34) parameters are chosen as follows,

N ¼ diag 0:1; 0:1ð Þ, k1 ¼ diag 20; 20ð Þ, k2 ¼ diag 10; 10ð Þ,
f ¼ 2, c ¼ 0:01. And the initial positions of adaptive laws

and angular positions are selected as 1̂ð0Þ ¼ 2; 2; 2ð Þ,
q1ð0Þ ¼ 0:1 and q2ð0Þ ¼ �0:3, respectively. Furthermore,

the FONFTSM sliding manifold, adaptation laws, and

control input are taken from Ahmed et al. (2018b). And the

FONFTSM control parameters are selected as same as the

proposed control method.

(a)

(b)

Fig. 4 Tracking error without measurement noise
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5.2 Comparative Simulation Results Between
Proposed SF and OF Schemes

The simulation results have been tested by Matlab/Simu-

link software using Runge–Kutta solver with 0.001s fixed-

step size, and ’FOMCON toolbox’ has been used for

fractional calculus (Tepljakov et al. 2011). To find the best

FO value of the proposed method, the trail-&-error method

is used between the defined range 0\b\1. Thus, for the

selection of appropriate b, the corresponding values of b =

0.1, 0.5 and 0.99 are selected. Hence, the best performance

of joint position trajectory tracking is obtained at b ¼ 0:99,

and the simulation result of tracking error at different value

of b is depicted in Fig. 2.

After the selection of suitable value of b, the compara-

tive results are presented between the SF and OF control of

proposed method with FONFTSM. Thus, the parameters of

the controller are fairly selected. In this subsection, the

simulation results are made in the absence of measurement

noise. Therefore, to demonstrate the performance of the

proposed method with FONFTSM, their corresponding

simulation results are shown in Figs. 3, 4 and 5, which

demonstrate, respectively, their compared position track-

ing, tracking error and control inputs signals.

From these illustrative results, it is clearly concluded

that the trajectory tracking performance of the proposed SF

and OF control methods has better convergence speed and

chatter-free control performances than FONFTSM.

(a)

(b)

Fig. 5 Control inputs without measurement noise
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5.3 Comparative Simulation Results Between
Proposed SF and OF Schemes with FONFTSM
Under Measurement Noise

In practical applications, the measurement noise is usually

unavoidable, thus the effect of noise is introduced using a

band-limited white noise module into the joint position of

the robotic manipulators and the noise power is chosen as

4� 10�8 with sample time 0.001 (Wang et al. 2020b).

In this subsection, the performance of the SF and OF of

the proposed AOFSTSM method in comparison with

FONFTSM in the presence of external disturbances and

measurement noise is further demonstrated. Therefore,

their corresponding simulation results of position tracking,

tracking error and control torque input are demonstrated,

respectively, in Figs. 6, 7 and 8.

From simulations (Figs. 6, 7), it can be observed that the

performances regarding position tracking in terms of con-

vergence speed and trajectory tracking precision are

excellent. However, Fig. 8 shows that the small chattering

in the control inputs of proposed method due to noise,

while the compared FONFTSM method has immense

amount of oscillations. Hence, the overall illustrated sim-

ulation performance confirms the effectiveness of the

proposed scheme to unknown dynamics under external

disturbances and measurement noise, and it obtains high

tracking performances in terms of fast convergence, small

steady state error and control inputs.

(a)

(b)

Fig. 6 Position tracking in the presence of measurement noise
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6 Conclusion

In the presented paper, adaptive fractional super-twisting

sliding mode control (AOFSTSM) is proposed to control

the uncertain dynamics of robotic manipulator in the

presence of external disturbances and measurement

noise. The proposed model-independent control method

is designed to improve the performance, and it provides

robustness and easier implementation without knowing

the knowledge of system dynamics. On the other hand,

the finite-time stability investigation of the closed-loop

system is established by the Lyapunov criterion. To

exemplify the robustness and effectiveness of the pro-

posed AOFSTSM method, an uncertain 2-DOF robotic

manipulator with external disturbances and noise is used.

Thus, from their corresponding simulation results, it is

easily noting that the proposed method in comparison

with FONFTSM has better performances in terms of

robustness, fast response and tracking error.

This work presents the control design of unknown

dynamics of robotic manipulator by model-free adaptive

control method. Therefore, the future research work sug-

gests that the adaptive based controller can be designed a

robust controller under non-smooth nonlinearities such as

saturation and dead-zone.

(a)

(b)

Fig. 7 Tracking error in the presence of measurement noise
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