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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), H,, adaptive control (Wang et al.
2014; Ahmed et al. 2019a), neural network control (Richa
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et al. 2016), fractional-order PID control (Ayad et al.
2019) etc. Based on H, 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/ iPl/ 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/ iPl/ 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-
grated with 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 and Khaber 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. 2019¢; 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 problem which 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
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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 H..-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 f,,-order of function f(r) with
respect to t and the terminal value a are given by Li et al.
(2017)

t

df 1 d [ ()
Pl =35 = gy | gt )
D02t = 575 [ LB g @

a

where r — 1 < <r, while D and Z? denote the fractional
derivative and integral, respectively. And I'(-) is Euler’s
Gamma function given by

rp) = / e P lar (3)
0

Lemma 1 The ny order derivative (d"/df") of the frac-

tional derivative operator anf (t) can be transformed as
Nojavanzadeh and Mohammadali (2016)
3 "f ()

s WP ) = 2 (S10) = ot rrtn @

Lemma 2 For Lyapunov function V(t) with initial value
V(t), finite-time stability can be computed as Aghababa
et al. (2011)

V()< —nVP(1), Vi>1, V(tg) >0 (5)

where n > 0 and 0 <p < 1. Therefore, the finite-time t; can
be formulated as

1
<

1-p
< _p)V (fo) (6)

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

M(q)G+C(q,4)g +G(q) +d =1 (7)

where ¢, ¢ and G € R" represent the angular position,
velocity and acceleration, respectively. M(g) € R™"
denotes the  positive  definite  inertia  matrix,
0<A(M(q)) <|M| <A(M(q)) , where 2 and / denote the
minimum and the maximum eigenvalues, respectively.
C(g,q) € R™" expresses the coriolis and centripetal for-
ces, G(gq) € R" symbolizes the gravitational matrix, 7 €
R" and d € R" denote the joint control torque and the
unknown external disturbances, respectively.

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

G+7F(g.6,4)=N""t (8)

where

F(q.4,4) = N"'(M(q)§ — NG+ C(q,4)4 + G(q) + d).
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)

Z = —Pilzo — gl *sign(zo — 5) + 21
2= —PBrla — z'0|l/zsign(zl —20)+2 9)
2 = —Pssign(z2 — 21)

Where 20 =4¢,21 = q.v = q and 317327 ﬁ3 are positive
constants.

For the tracking error of the system, (8) can be written as
ézN?lT_f(Qvé?é)_éjd (10)

where e = z0 — qq4, € =71 — g, and € = 7 — g, represent
the error and its derivative terms, and g4, g, and g, 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 z
converges to gy, which implies error trajectories converge
to sliding manifold s(¢#) = O in the finite-time #.

Assumption 1 The unknown dynamics are bounded as
follows

17 (9,4,4)| < E(z0,21)"¢ (11)

= 2 T T .
where Z(0,21) = [1, [aol, [a1f’] + and ¢ = 51,0 ]" s

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 =é+ kD lsgn(e)’ + kae (12)

s=(s1,82,--8.)", sgn(e)’ = |e|'sign(e) with
O<v<l, D# is the fractional derivative, f is fractional-
order ranges between 0<f<1 and k; € R™" and k, €
R™" are positive diagonal matrix.

By taking the derivative of s, one obtains

§ = é+ ki DPsgn(e)’ + kyé (13)

where

Substitution of (10) into (13), one gets
§ =Nt — F(q,4,4) — Ga+ ki Dlsgn(e)" + kaé  (14)

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
C_ 1/2

s—. kysgn(s)/'~ 41 (15)

1 = —kysgn(s)

After proposing the sliding manifold, the following con-
troller based on fractional super-twisting SMC is designed
as

T = N[Tnom + Tstw] (16)

where T, 1S the control input employed to deal with the
known components, therefore, the corresponding equation
of Tpom 1s formulated as follows

Thom = N[qd - ElDﬁSgn(e)U - IEZe + E(ZO7ZI)TQ] (17)

while 7y, is based on super-twisting sliding surface and
obtains chatter-free control inputs. Thus, Ty, is given as
follows

t
Taw = —kisgn(s)? — k / sgn(s)dr (18)
0
where kl = diag(kll, k12 . 'kl,,) and kz =

diag(ky1, kyy - - - kp,) are positive matrix. Substitution of
(16) into (14), one has

52, €\ Springer

§ =E(z0,20)"c = Flq,4:4) — ksgn(s)"
t
(19)
—kz/sgn(s)dt
0

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 = 0.

Proof The following Lyapunov functional candidate is
given as
2

Ve = (2 + )& -t + B (20)

where

E=1[¢ fz]TZ [sgn(s)l/2 n]T
. The above equation (20) can be rewritten as
V(¢) = ¢'K¢ (21)

4k, + k% —k,
—k, 2
definite such that

lmm(K>Hé”2Sv(é)gjmax(l()”é”z (22)

where Apin(K) and Apax(K) are minimum and maximum
eigenvalues of K. ||¢|| is Euclidean norm which can be
expressed as ||E]|° = |¢] + &.

By taking derivative of £, one gets

with K = % [ } . the matrix K is the positive

. t. T s "
é: I:él 52} = |:2|s|1/2 11:| (23)
Substituting (15) into (23), one can obtain
) ki 1
{=rmAL A= |77 3|
| %k 0
The time derivative of V(#) can be computed as follows
. .T .
V(E) =& KE+ EK¢E (24)

Substitution of é into (24), one can derive

: 1
V() < - G &roe (25)

where

ki [ 2k, +k3) —k,

__ AT _ 1
Q=AK + KA = i X

>0
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Fig. 1 Complete proposed (
AOFSTSM control model
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. 1
V(f) < — Mil/z/lmm(Q)”éHz

(26) and the fact that

, one can get

Combining
il =15l <[1él, <

(22) and
VIZ2(@E)
Iyl ()

B ).rlrl/ile(K)imin(Q) VI2(e) (27)

2 (K)

max

V()< — V73

120k)7
where y = W

Hence, the p%of) shows that the stability is ensured and
the nonlinear system will reach the origin along s =0 in
finite time. To calculate the finite-time, according to
Lemma 1, corresponding finite-time can be calculated as
follows

V(e <

(28)

1

2v2(¢)
W

fr< (29)

O

Remark 2 From Egs. (16) and (29), convergence time and
control input are influenced by the constant parameters k;
and k,. 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

(30)
(31)

where 14, is same as defined in (16), and 7,4, is the control
input which includes adaptive parameters to estimate the
unknown system dynamics. Therefore, the adaptive
parameter ¢ is the estimations of unknown constants ¢
defined in Assumption 1.

Substitution of (30) into (14), yields

T =Tadp + Tstw

Tagp =N[Gy — kiDPsgn(e)” — kaé + E(z0,21)"d]

§ = —kisgn(s)"* +n — F(q,4,4) + E(z0,2)"¢  (32)

Using Assumption 1, the above equation can be rewritten
as

12 (33)

§ = —kisgn(s)"? + 1+ E(20,21)"C

where ¢ =¢ —¢.
For updating the parameters in (32), the following
adaptive law is designed as
- { 0 if Is|<¢
—7E(20,21)B"KE if |s| > {
where { > 0 is dead-zone size to avoid parameter drifting
problem and y > 0 is tuning constant gain.

TP

(34)

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

Table 1 2-DOF robotic manipulator parameters

mass-m (kg) Inertia-7 (kg m?) length-/ (m)
link — 1 0.1 0.1 1
link — 2 0.1 5 0.85

% @ Springer
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convergence is ensured under the robust control law (30)

Now the derivative of V(&) can be obtained as follows

and the adaptive law (34). . T ST
. . . V(= KEHEKE+c¢ (37)
Proof The appropriate Lyapunov functional candidate is b
selected as follows Substitution of (36) into (37), one can get
1
V() =K+ ¢ 35 ; T
(O =CKe+gce (%) ye< TR KA T BT
s
The derivative of ¢ under unknown dynamics is given by | (38)
41z
. 1 | T VC ;
= —1/2Aé +§Bd(10711) ¢ (36)
|s| By simplifying above equation, we have
y sumplilying q
with . 1 o 1.
V@) < ——zdoe+d (c(m, z1)B'K¢E + —c) (39)
ki 1 12 5] 7
—ky ’ 0 By substituting adaptive law (34), one obtains
(@) o1
0.08 |- — (= 0.99
~--B=05
0.06 |- 6= 0.1
)
& o004
g 0.02 ft-
[}
-0.02 -
004 | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
time (sec)
(b) g0z
0 —
0.02
=)
o
\N,’ -0.04 -
S
o
-0.06 fi-
—(3=0.99
0.08 - ---3=0.5
3=0.1
0.1 ! | | ! ! | | I ! |
0 1 2 3 4 5 6 7 8 9 10

Fig. 2 Tracking error under different value of 8
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Fig. 3 Position tracking without measurement noise
. 1 g 5 Numerical Simulations
Vo< - e (40)
A

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. O

Remark 3 The parameters of the proposed AOFSTSM
scheme are selected according to the specified range which
is defined as Kk >0,k >0,k; >0,k >0,N >
0,0<f<1,0<v<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.

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)

@ Springer
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(@) o1
008l —e1, Proposed method (state-feedback)
' — -e1, Proposed method (output-feedback)
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Fig. 4 Tracking error without measurement noise

M(q)G+C(q,4)4+G(g) +d =1 (41)
where
M( ) (m1 + mz)ll + mzl2 +2mylilp COQ(qZ) + 1 mzlz + myli 1, COQ(qz)
mzl + mali1 cos(qz) mzl2 +1

[—mzlllz sin(qa2)q; — 2malilp sm(qz)qz]
moli 1l sin(q2)q, ’
[ my + my)l1g cos(qz) + malag cos(qr + qz)]

mybg cos(q1 + q2)

de 0.5¢, + sin(3q1) ]
1.3¢, — sin(2¢2)
and
B { 0.5 sin(3¢) + 0.05 sin(6¢)
= o2 cos(3t) — 0.04 sin(6¢) — 0.2 cos(6¢) + 0.4

is selected as the desired trajectory (Table 1).

S @ Springer
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To demonstrate the effectiveness of the proposed
method, suitable parameters are selected as follows: for
sliding surface (12), k; = diag(0.1,0.1), ky = diag(60, 60)
and v = 0.8. Moreover, control torque (30) and adaptive
laws (34) parameters are chosen as follows,
N = diag(0.1,0.1), k; = diag(20,20), k, = diag(10,10),
{ =12,y =0.01. And the initial positions of adaptive laws
and angular positions are selected as ¢(0) = (2,2,2),
q1(0) = 0.1 and ¢,(0) = —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.
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joint-2 (N.m)

Fig. 5 Control inputs without measurement noise

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 < ff < 1. Thus, for the
selection of appropriate f3, the corresponding values of f§ =
0.1, 0.5 and 0.99 are selected. Hence, the best performance
of joint position trajectory tracking is obtained at § = 0.99,
and the simulation result of tracking error at different value
of f is depicted in Fig. 2.

time (sec)

After the selection of suitable value of f3, 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.
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(a) ‘—qdl, Desired signal = =¢;, Proposed method (state-feedback) 201, Proposed method (output-feedback) ===FONFTSM [40]‘
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Fig. 6 Position tracking in the presence of measurement noise

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 x 1078 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,
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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.



Iranian Journal of Science and Technology, Transactions of Electrical Engineering

(a) 0.1
0.08 &~
0.06 -
0.04 {-
0.02 [f

ol A

—e1, Proposed method (state-feedback)
— -e1, Proposed method (output-feedback)
e1, FONFTSM [40]

joint-1 (rad)

Y- o . - e
-0.02 »]'

-0.04 -

T

-0.06

| | | | | |

20.08 | | | |
0 4

(b) 0.02

]

-0.02 H

joint-2 (rad)
o
R

5
time (sec)

-0.06 |
—eé5, Proposed method (state-feedback)
-0.08 — -ey, Proposed method (output-feedback)
¢5, FONFTSM [40]
. | | | | | I I I I
o1 1 2 3 4 5 6 7 8 9 10
time (sec)

Fig. 7 Tracking error in the presence of measurement noise

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.

@ Springer



Iranian Journal of Science and Technology, Transactions of Electrical Engineering

A . 1

]

I, # ha, " M)
) Cmpe il e e }Wr*"—h-m'\:\‘ ik, W
oy 1 " R R gy e ! '
. ¢y

!
\

5

|— Proposed method (state-feedback) - - - Proposed method (output-feedback)

FONFTSM [40]|

1 4 5
time (sec)
() 1o
E .
é S, Moy o (’v»l,\.,,__ - _*-/-"‘:‘lg'ljv\u""‘\”_ % . < e dal, 20 \s)/,—_r‘-\'.:w'n-
e o, d T g R A e ~— L,, <
c —
S
80—
100 ——Proposed method (state-feedback) - - - Proposed method (output-feedback) FONFTSM [40}|
0 1 2 3 4 5

Fig. 8 Control inputs in the presence of measurement noise

References

Aghababa MP (2014) Control of fractional-order systems using
chatter-free sliding mode approach. J Comput Nonlinear Dyn
9(3):031003

Aghababa MP, Khanmohammadi S, Alizadeh G (2011) Finite-time
synchronization of two different chaotic systems with unknown
parameters via sliding mode technique. Appl Math Model
35(6):3080-3091

Ahmed S, Wang HP, Yang T (2018a) Model-free control using time
delay estimation and fractional-order nonsingular fast terminal
sliding mode for uncertain lower-limb exoskeleton. J Vib
Control 24(22):5273-5290

Ahmed S, Wang HP, Yang T (2018b) Fault tolerant control using
fractional-order terminal sliding mode control for robotic
manipulators. Stud Inform Control 27(1):55-64

Ahmed S, Wang HP, Aslam MS, Ghous I, Qaisar I (2019a) Robust
adaptive control of robotic manipulator with input time-varying
delay. Int J Control Autom Syst 17(9):2193-2202

@ Springer

time (sec)

Ahmed S, Wang HP, Yang T (2019b) Robust adaptive fractional-
order terminal sliding mode control for lower-limb exoskeleton.
Asian J Control 21(1):1-10

Ahmed S, Wang HP, Yang T (2019c) Adaptive high-order terminal
sliding mode control based on time delay estimation for the
robotic manipulators with backlash hysteresis. IEEE Trans Syst
Man Cybern Syst. https://doi.org/10.1109/TSMC.2019.2895588

Aldair AA, Rashid AT, Rashid MT, Alsaedee EB (2019) Adaptive
fuzzy control applied to seven-link biped robot using ant colony
optimization algorithm. Iran J Sci Technol Trans Electr Eng
43:1-15

Ayad R, Nouibat W, Zareb M, Sebanne YB (2019) Full control of
quadrotor aerial robot using fractional-order FOPID. Iran J Sci
Technol Trans Electr Eng 43(1):349-360

Beyhan S, Lendek Z, Babuska R, Wisse M, Alci M (2011) Adaptive
fuzzy and sliding-mode control of a robot manipulator with
varying payload. In: IEEE conference on decision and control
and European control conference, pp 8291-8296

Doudou S, Khaber F (2019) Adaptive fuzzy sliding mode control for a
class of uncertain nonaffine nonlinear strict-feedback systems.
Iran J Sci Technol Trans Electr Eng 43(1):33-45


https://doi.org/10.1109/TSMC.2019.2895588

Iranian Journal of Science and Technology, Transactions of Electrical Engineering

Feng Y, Han F, Yu X (2014) Chattering free full-order sliding-mode
control. Automatica 50(4):1310-1314

Han Z, Zhang K, Yang T, Zhang M (2016) Spacecraft fault-tolerant
control using adaptive non-singular fast terminal sliding mode.
IET Control Theory Appl 10(16):1991-1999

Hosseini SH, Mohammad T (2017) IPMSM velocity and current
control using MTPA based adaptive fractional order sliding
mode controller. Eng Sci Technol Int J 20(3):896-908

Hsu L, Costa RR, Da Cunha JPVS (2003) Model-reference output-
feedback sliding mode controller for a class of multivariable
nonlinear systems. Asian J Control 5(4):543-556

Levant A (2003) Higher-order sliding modes, differentiation and
output-feedback control. Int J Control 76(9-10):924-941

Li Z, Liu L, Dehghan S, Chen YQ, Xue D (2017) A review and
evaluation of numerical tools for fractional calculus and
fractional order controls. Int J Control 90(6):1165-1181

Ma Z, Sun G (2018) Dual terminal sliding mode control design for
rigid robotic manipulator. J Frankl Inst 355(18):9127-9149

Michel F, Cédric J (2013) Model-free control. Int J Control
86(12):2228-2252

Mobayen S, Ma J, Pujol-Vazquez G, Acho L, Zhu Q (2019) Adaptive
finite-time stabilization of chaotic flow with a single unsta-
ble node using a nonlinear function-based global sliding mode.
Iran J Sci Technol Trans Electr Eng 43(1):339-347

Nojavanzadeh D, Mohammadali B (2016) Adaptive fractional-order
non-singular fast terminal sliding mode control for robot
manipulators. IET Control Theory Appl 10(13):1565-1572

Podlubny I (1998) Fractional differential equations: an introduction to
fractional derivatives, fractional differential equations, to meth-
ods of their solution and some of their applications. Elsevier,
Amsterdam

Richa S, Vikas K, Prerna G, Mittal AP (2016) An adaptive PID like
controller using mix locally recurrent neural network for robotic
manipulator with variable payload. ISA Trans 62:258-267

Sangpet T, Suwat K, Riidiger S (2018) An adaptive PID-like
controller for vibration suppression of piezo-actuated flexible
beams. J Vib Control 24(12):2656-2670

Shtessel YB, Tournes CH (2009) Integrated higher-order sliding
mode guidance and autopilot for dual control missiles. J Guid
Control Dyn 32(1):79-94

Solis CU, Clempner JB, Poznyak AS (2017) Fast terminal sliding-
mode control with an integral filter applied to a Van Der Pol
oscillator. IEEE Trans Ind Electron 64(7):5622-5628

Tao G (2014) Multivariable adaptive control: a survey. Automatica
50(11):2737-2764

Tavazoei MS, Haeri M, Jafari S, Bolouki S, Siami M (2008) Some
applications of fractional calculus in suppression of chaotic
oscillations. IEEE Trans Ind Electron 55(11):4094-4101

Tepljakov A, Petlenkov E, Belikov J (2011) FOMCON: Fractional-
order modeling and control toolbox for MATLAB. In: Proceed-
ings 18th international conference mixed design integrated
circuits system Gliwice, Poland, pp 684-689

Utkin V (2013) Sliding mode control of DC/DC converters. J Frankl
Inst 350(8):2146-2165

Van M, Ge SS, Ren H (2017) Finite time fault tolerant control for
robot manipulators using time delay estimation and continuous
nonsingular fast terminal sliding mode control. IEEE Trans
Cybern 47(7):1681-1693

Venkataraman ST, Gulati S (1993) Control of nonlinear systems
using terminal sliding modes. J Dyn Syst Meas Control
115(3):554-560

Wang HP, Vasseur C, Yang T, Koncar V, Nicolai C (2011) Recursive
model free controller: application to friction compensation and
trajectory tracking. Int J Control Autom Syst 9(6):1146-1153

Wang X, Niu RS, Chen C, Zhao J (2014) H., switched adaptive
control for a class of robot manipulator. Trans Inst Meas Control
36(3):347-353

Wang Y, Luo G, Gu L, Li X (2016) Fractional-order nonsingular
terminal sliding mode control of hydraulic manipulators using
time delay estimation. J Vibr Control 22(19):3998-4011

Wang Y, Yan F, Chen J, Ju F, Chen B (2018) A new adaptive time-
delay control scheme for cable-driven manipulators. IEEE Trans
Ind Inform 15(6):3469-3481

Wang Y, Chen J, Yan F, Zhu K, Chen B (2019) Adaptive super-
twisting fractional-order nonsingular terminal sliding mode
control of cable-driven manipulators. ISA Trans 86:163-180

Wang Y, Liu L, Wang D, Ju F, Chen B (2020a) Time-delay control
using a novel nonlinear adaptive law for accurate trajectory
tracking of cable-driven robots. IEEE Trans Ind Inform
16(8):5234-5243

Wang Y, Li S, Wang D, Ju F, Chen B, Wu H (2020b) Adaptive time-
delay control for cable-driven manipulators with enhanced
nonsingular fast terminal sliding mode. IEEE Trans Ind Electron.
https://doi.org/10.1109/T1E.2020.2975473

Wei H, Dong Y, Sun C (2016) Adaptive neural impedance control of
a robotic manipulator with input saturation. IEEE Trans Syst
Man Cybern Syst 46(3):334-344

Yen VT, Nan WY, Van CP (2019) Robust adaptive sliding mode
neural networks control for industrial robot manipulators. Int J
Control Autom Syst 17:1-10

Zhang X, Liu M, Li Y (2019) Nonsingular terminal sliding-mode-
based guidance law design with impact angle constraints. Iran J
Sci Technol Trans Electr Eng 43(1):47-54

o — @ Springer


https://doi.org/10.1109/TIE.2020.2975473

	Output Feedback Adaptive Fractional-Order Super-Twisting Sliding Mode Control of Robotic Manipulator
	Abstract
	Introduction
	Preliminaries
	Control Objective
	Controller Development
	Fractional Super-twisting Sliding Mode Control Design
	Adaptive Fractional Super-Twisting Sliding Mode Control Design

	Numerical Simulations
	Dynamics of 2-DOF Robotic Manipulators
	Comparative Simulation Results Between Proposed SF and OF Schemes
	Comparative Simulation Results Between Proposed SF and OF Schemes with FONFTSM Under Measurement Noise

	Conclusion
	References




