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Abstract

This article proposes a control strategy that combines the double power reaching law with the modified terminal
sliding mode for tracking tasks of rigid robotic manipulators quickly and accurately. As a significant novelty, double
power reaching law can reach the sliding surface in finite time when the system is in any initial state. At the same
time, modified terminal sliding surface guarantees the system that position and velocity error converge to be zero
approximately. In other words, the control law is able to make the system slip to the equilibrium point in a finite
time and improves the speed of the system approaching and sliding modes. The simulation results demonstrate the
practical implementation of the control strategy, verify its robustness of more accurate tracking and faster dis-
turbance rejection, and weaken the chattering phenomenon more effectively compared with the conventional
terminal sliding mode controller.
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manipulator system. Sliding mode control (SMC) is a
systematic and effective approach to robust control that
maintains the system stability and consistent performance
in the presence of modeling uncertainties and disturbances.
SMC has been successfully applied to a lot of mechatronic
systems, permanent magnet synchronous motor,l’2

Introduction

Manipulator is a kind of complex system with strong cou-
pling and nonlinearity. At the same time, there are some
uncertain factors, such as modeling error and external dis-
turbance, when the mathematical model is set up in actual
working conditions. The sliding mode variable structure
control strategy is mainly embodied in the variable struc-
ture. In a dynamic process, the system is forced to slide in

accordance with the specified state, depending on the cur-
rent state of the manipulator system. In fact, the design of
the sliding mode variable structure control law has little
effect on the variation of parameters and disturbance per-
formance of random occurrence of the manipulator system
that is not so sensitive and suited for the strong nonlinear
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steer-by-wire system on vehicles,>* and robotic hands>®;
however, there still exist some obstacles, such as noncon-
tinuous switching inputs in high frequency and low con-
vergence speed of the tracking errors.”® To achieve a fast
convergence in the sliding phase, the terminal sliding mode
(TSM) control is developed based on the finite time control
theory’ and compared with the SMC design mentioned
above, and the most significant contributions of the TSM
concept involve introducing the finite time convergence to
the sliding phase to complete the global finite time conver-
gence.®'%"?Hong'? studied the application of SMC in
mobile robot and put forward a new double power reaching
law (DPRL) that has achieved good control effect. In the
literature,'*'* the SMC method based on DPRL is applied
to the manipulator system, and stability of the system is
proved in finite time. A new TSM surface is proposed and
compared with the traditional terminal sliding mode sur-
face.'” The time expression of the system reaching the
sliding surface is obtained by the DPRL in any initial
state.'®!” At the same time, it is also necessary to deter-
mine the finite time according to the specific parameter of
the reaching law. The purpose of trajectory tracking of
manipulator is to control state variables such as position
and velocity of joints of the manipulator according to the
control input torque of each joint so that it can accurately
track the given trajectory.'® !

On the basis of the present research, a control strat-
egy combining the DPRL and the modified terminal
sliding mode (MTSM) surface is proposed. The tracking
control effect of the manipulator is obvious, and the
chattering phenomenon of the manipulator is reduced
effectively.

Dynamic model description of
manipulator

The dynamic model of manipulator is established accord-
ing to Lagrange formula method*?and two degree-of-
freedom (DOF) manipulator is taken as the controlled
object in plane. Therefore, the dynamic equation of the
standard 2-DOF manipulator is as follows

M(q)q+Clq,4)q+G(g) =T (1)
The matrix before the state variable is
[ o+ 2ecos(q,) B+ Ecos(qz)}
M = 2
D= prcestay 5 @
Clg,q) = ——25.512S'in(‘]2) _5‘?25111(‘]2)} (3)
L —&4,sin(q;) 0
Glq) = [epcos(q +¢q,) + (a — B+ 'Y)MCOS(QI):| )
I epcos(qy + q)

where ¢ € R" is the joint angle position vector of manipu-
lator, ¢ € R" is the joint angle velocity vector of manipula-
tor, ¢ € R" is the joint angle acceleration vector of

manipulator, M(g) € R™" is the positive definite inertia
matrix of manipulator, C(q,¢) € R" is the centripetal
and Coriolis forces matrix of manipulator, G(¢) € R"
is the gravity matrix acting on the joints of a manipu-
lator, and 7 € R" is the control torque acting on the
joints of the manipulator.

In actual engineering, it is very difficult to establish a
precise mathematical model of manipulator, and there are
many uncertain factors that interfere with the accuracy of
modeling. It should make reasonable approximations and
trade-offs when we establish the mathematical model of
manipulator regularization. So some uncertain factors
should be abandoned according to the actual situation.
The actual uncertainties include parametric uncertainty,
nonparametric uncertainty, and the unknown interference
of the external environment in the actual working condi-
tion. These uncertain factors may make the entire control
system unstable, and the actual dynamic model of the
manipulator should also include error in modeling para-
meter change. These uncertain factors are usually
regarded as external disturbances p(¢), and the observer
is designed to observe the disturbances for a system with
large disturbances

(M + AM)§+ (C+ AC)g + G + AG = 7+ At

M(q)§+ C(q,9)q + G(q) = 7+ p(?)

(5)
(6)

where g = [q, ¢,] . 7=[11 72| p(t) = AT — AG-

AC§ — AMG.

Approach law and sliding surface design

Analysis and design of reaching law

The traditional power reaching law (PRL) is § =
—kisgn® (s) k1 > 0,0 < a; < 1; the adopted DPRL is
shown in formula (7), which can guarantee the system
to reach the sliding surface rapidly. The external distur-
bance and other uncertain factors are not obvious when
the system reaches the sliding surface, and robust stabi-
lity of the system is enhanced because of the increase in
speed

§ = —kysgn®' (s) — kysgn(s) (7)

where sgn®(s) = |s|” sgn(s), k; > 0,ky > 0,1 < ,0 <
oy < 1. The first item to the right (1 < «;) of formula
(7) ensures that the manipulator system can reach the slid-
ing surface |s| = 1 when the initial state of the manipulator
system is far away from the sliding surface (|s| > 1). Simi-
larly, the second item to the right (0 < a, < 1) of formula
(7) ensures that the manipulator system can reach the slid-
ing surface |s| = 0 when the initial state of the manipulator
system tends to the sliding surface (|s| < 1). Therefore, the
manipulator system can reach the sliding surface rapidly
through the DPRL of formula (7), regardless of the initial
state of the manipulator system.
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Consider the Lyapunov function ¥ = 1/2s2, so:

(1) when s # 0, there is
V =55 = —k;s sgn® (s) — ks sgn®(s) < 0 (8)

It is proved that the DPRL can reach the sliding surface
and keeps asymptotically stable at |s| = 0.

[s(0)] 1
fy =
JO kst + kyso2 (1—a)

where F(-) is the Gauss hypergeometric function,'? and
F(-) will keep the manipulator system converging and
arrive at the sliding surface in a limited time. In actual
situations, F(-) changes with the size of the parameters
involved.

In fact, according to the above description, the manip-
ulator system can be divided into two parts at the time of
reaching the sliding surface:

(1) The manipulator system starts from the initial state
so = 5(0) > 1, and the time of arrival of the sliding
surface is t;

s 1 1 — 1-a
A N R
1 ks kl(al - 1)

The time of the mechanical arm system from the
initial state so = |s(0)| < 1 to the sliding surface

(10)
()

|s| = 0is 1,
: 1
tzjokzsazdskz(l_az) (11)
By the nature of definite integral
Is(0)] 1
) e
[s(0)] 1 1 |
- Jl kst + kos * Jo ks 4+ ks (12)

s 1 ds 1 i
<J1 ks —s_JOkZS“2

It can be proved that the manipulator system reaches the
sliding mode surface in any position far away from the
sliding surface |s| = 0 in a limited time ¢,.

t. <t +1t

(13)

According to the actual situation of considering physical
problems, the first item to the right of the formula (7) will
be in the lead when the initial state of the manipulator
system is at so = s(0) > 1. The second item to the right

-«
ds = |S(O)| lkll/m_lF(l

(2) when s = 0, then V' = 0. At this point, the manip-
ulator system has moved from the initial state to
the sliding surface.

Proof of limited time. The manipulator system can reach the
sliding surface at any position other than the sliding surface
in a limited time ¢,.

Oé]—l 20&]—0[2

-1
'—k k —1 0 ay—a
oo, ek |s(0)] )

©)

b )
ap —

of the formula (7) will be in the lead when the initial state of
the manipulator system is at so = s(0) < 1. However,
another item of the DPRL also plays an important role,
so that the speed of the manipulator system that reaches
the sliding surface is improved. So #,max = 11 + f2-

Analysis and design of sliding surface

The tracking error of joint angle position of the manipulator
is defined as

e = g(1) — q(1) (14)

where ¢, is the desired joint angle position of the manip-
ulator and ¢ is the actual joint angle position of the
manipulator.

The traditional TSM is s = &+ csgn®(e)l > o > 0,
¢ > 0, but the design of the sliding surface is shown
below'? in this article

s =é+ci(sgn(e) + %) + cre (15)

where sgn®(e) = |e|"sgn(e), 1 > a > 0,¢; > 0,¢2 > 0.
For the stability analysis, there is |s| = 0 in the sliding
surface. So & = —ci(sgn®(e) + €*) — cae.
Consider the Lyapunov function V' = 1/2¢2, there is

V =ee = —e(c(sgn(e) + €) + cze)

= —c,esgn(e) — cre* — cre?

(16)

where ¢, = ¢1le|” > 0. According to the characteristics of
symbolic functions sgn(e), we can see that

(1) when e(t) < 0, c,esgn(e) > 0, there is V <0,
(2) when e(t) > 0, c,esgn(e) > 0, there is V' < 0.

It is shown that the manipulator system is asymptotically
stable in the sense of Lyapunov from the Lyapunov stabi-
lity criterion.

Proof of limited time. The sliding surface can be divided into
two parts according to the size of the joint angle position
error when the manipulator system slides to the sliding
surface |s| = 0.
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(1) When |e(¢)| > 1, the sliding surface approximation
is

s:é+cle3—|—cze

(17)

The joint angle position error of the manipulator is
larger at this stage. The sliding surface is |s| = 0 at this
time, so it can be obtained according to formula (17).

(18)

The differential equation is solved by Bernoulli method
according to the concrete form of formula (18). It is possi-
ble to calculate the time #3 for the manipulator system from
the initial state ey = e(0) to the intermediate state
le(#)| = 1 in the sliding surface |s| = 0.

1 (c1 + ¢2)e*(0)
t; = — InL T
25 ¢y +c1e2(0)

e= —c1e3 — cre

(19)

(2) When |e| < 1, the sliding surface approximation is

s =¢é+cysgn”(e) + cre (20)

The joint angle position error of the manipulator is less
at this stage. The sliding surface is |s| = 0 at this time, so it
can be obtained according to formula (20).

(1)

In the same way, Bernoulli method is used to solve the
differential equation of formula (21). It is possible to cal-
culate the time for the manipulator system from the inter-
mediate state |e(¢)| = 1 to the system equilibrium point in
the sliding surface |s| = 0

e = —cysgn’(e) — cze

ty = ! In—!
T (a— 1)y

22
cyt+oe ( )

The sliding surface of formula (15) has been cut at dif-
ferent stages appropriately in calculating the time that the
manipulator system slides from the sliding surface |s| = 0
to the system equilibrium point. So the total time is #;

ty <tz + 14 (23)

Document calculates that the system slides to the system
equilibrium in an arbitrary initial state in a limited time
through terminal sliding surface, but reaching law is not
considered. It is mainly divided into the approaching mode
and the sliding mode when calculating the mechanical arm
system that reaches the system equilibrium at any initial
state. It is proved that the system can reach the equilibrium
point in a limited time

ty=1t +t, <ty +tr+t3+1, (24)

Sliding mode variable structure control
law design

Design of sliding surface can be obtained by formula (8)

v

Figure |. The physical structure of two joint rigid manipulator
with load.

s =é+4ci(sgn(e) + &) + cre
€ +011|€1|0"Sgn(€1)+011€13+021€11 (25)

& + cinlea|sgn(er) + craex® + cxnes

Combine dynamic model of manipulator of formula (6)
with MTSM, there is

S =

. aj—1. 2. .
é1 +cnalel|"” e + 3cnetéer + 021611

. ar—1-. 2 .
&y + crnazlez|”” éx + 3cneser + cnér

B [(611041|€1|a‘1 +3ciie} + car)é N [‘?dl]
Gar

(26)

(cnanlea]™ " + 3c1ed + en)és
Mt 4 p—Clq,9)q — G(q))

Therefore, the control law of the manipulator system can
be obtained by combining the DPRL of formula (7) and the
modified terminal sliding surface of formula (15), as shown
in the following equation

{(Cnaleﬂall + 3cie] +can)eén le]
+
(craaales|™ ™" + 3c1ped + cx)éa Gar
M(q) ?
[k“sgn“‘”(sl) +klzsgn‘“2(s1)}

ko1 sgn‘”‘ (Sz) + ko SgI’la22 (Sz)

T =

+ Clg,9) o +Glg)—p

9>

(27)
Comparison and analysis of simulation
results

Two-joint rigid manipulator with the load is used as the
controlled object for simulation experiment from the
manipulator model in the literature,>>>° as shown in
Figure 1. The manipulator quality of the first joint is
M = 1kgand the lengthis L; = 1m. The distance between
the mass center and the joint 1 is L, = 1/2m and the rotary
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Figure 2. (a) Position and (b) speed tracking curve of joint I.

inertia is /; = 1/12kg - m?. The second joint and the load
can be considered as a whole that the mass is M, = 3kg and
the load is 2 kg, the distance from the mass center to the
joint2is L, = 1'm and the rotary inertiais I, = 2/5kg - m?.

The given position instruction of the two joints of the
manipulator system is

"= 1 + 0.5sin(¢) 4 cos(2t)

sin(2¢) + sin(¢) (28)

[%1 a2

The given initial state of the manipulator system is

a1 41 42 ¢]=[05 -1 —15 08] (29)

The given external disturbance of the manipulator sys-

tem is
o) = {SSin(Zt) ]

3sin(¢) (30)

Unfortunately, there is no way to design the controller
parameters. We have determined the control parameters in
the design of the manipulator control law as follows
through a large number of simulation experiments.

Ccl] = 005, Clp = 0067
ki =kn =1,

Q1) = pp = 1.2

Co1 2022:3, aq :Oé2:0.6

klZ = k22 = 1.5, Q1] = Q1 = 0.5,

(31)

Build the SMULINK module in MATLAB and finish
the system function according to the manipulator control
law. The simulation frequency of the manipulator is 0.01 s.
The simulation results are shown in Figures 2 to 5.

It can be seen that the manipulator control law by the
MTSM based on the DPRL tracks the position and velocity

~

™

J

e

[— Specified position

Position tracking for Link 2(rad)
. =

|
~

Specified speed

5
£l
: N -0.2 |- Tracking speed
ALY el N
N NN
TN N Y N4
5_2 \; \
B
- 1 2 3 4 5 6 7 8 9 10
time(s)
(b)

Figure 3. (a) Position and (b) speed tracking curve of joint 2.
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Figure 4. Phase trajectory of (a) joint | and (b) joint 2.

of the manipulator joint 1 and joint 2 according to the given
position and speed instructions of the manipulator as shown
in Figures 2 to 5 effectively.

The joint 1 can track the given position instructions at
1.95 s accurately, and the tracking error tends to zero in
Figure 2. However, there is a certain error in speed track-
ing, and the accuracy decreases when the speed is tracked
between 5.2 s and 5.4 s. Similarly, position and speed
tracking effects of joint 2 are the same as joint 1 approxi-
mately, as shown in Figure 3. It shows that the position
tracking is more accurate than the speed tracking in the
trajectory tracking of the manipulator.
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Table I. Comparison control parameters of different loads.

Manipulator system | kg load 1.5 kg load 2 kg load

Control parameters of control law c1i = 005, ] c1i = 005,
ci; = 0.04, ci; = 0.04, ¢ = 0.06,
G =cpn =27, G =Cpn = 2.8, G =Cpn =3,

a) =a; = 0.6,

Qg = Qg :047
QA = Qpp = |2,
ki1 = k) =0.9,
kiy = kap = 1.5.

a) = a; = 0.6, a) =a; = 0.6,

ay) =ap = 0.5, ay) =ap = 0.5,
app =an = 1.2, app =y =12,
kip =ky =1, ki =ky =1,

ki = kyp = I.5. ki = kyp = I.5.

The speed error is also decreasing with a decrease in
the position error of the manipulator as shown in Fig-
ure 4. The intense vibration makes the manipulator
system reach a balance point near the equilibrium point
eventually and the tracking error of position and velo-
city tends to zero.

The manipulator system is not robust when the system
does not enter the sliding mode in fact and the system may
not have robust stability with the change of some para-
meters or the external disturbance of the system, and so
on. The chattering phenomenon of the control input torque
in the manipulator system is caused by the discontinuous
switching characteristic of the sliding mode variable struc-
ture control in Figure 5. The control input torque of the
manipulator system is larger in the initial state, but it is
kept within a certain range ultimately. The control input
torque of the first joint of the manipulator is kept between
100 N-m and 100 N-m, and the control input torque of the
second joint of the manipulator is kept between 50 N-m and
50 N-m.

In this article, different loads of the manipulator are also
simulated, and the change of control parameters is not
obvious. For example, the load with 1, 1.5, and 2 kg and
the control parameters with different weights are listed
in Table 1.

Comparison and analysis of Symbolic function
and Saturation function

The discontinuous Symbolic function (sgn) of the control
law of formula (27) is changed into a continuous hyperbolic
tangent function Saturation function (tanh) in order to
reduce the mechanical arm system chattering effectively.
The simulation results are shown in Figures 6 to 8 and the
comparison of tracking root mean square error (RMSE) is
listed in Table 2

s

K e —e ¢
where tanh (—) =
C ez —+ 97

¢ > 0 and s is the control variable

Control input of Link1(N.m)

5 6 7 8 9
time(s)

@

-100
0

1 2 3 4 5 6 7 8 9
time(s)

(b)

Control input of Link2(N.m)

Figure 5. Control inputs for (a) joint | and (b) joint 2.

It can be seen that the position and velocity tracking
error of the manipulator are increased about 0.03 m and
0.05m/s when the signed function sgn of the formula (27) is
changed into a Saturation function tanh obviously in Figure
6. The increase in speed tracking error is most obvious
especially. The convergence performance of the tracking
error and the capacity of resisting disturbance are wea-
kened greatly after the Saturation function is used.

Although the chattering phenomenon of the mechanical
arm system is improved obviously, the chattering is wea-
kened effectively as shown in Figure 7. In fact the Symbolic
function sgn is changed into Saturation function tanh(s/()
(where ( is the thickness of the boundary), that is, SMC is
applied outside the boundary layer of the system, and a con-
tinuous control state is adopted within the boundary layer. A
correction term is added to the control law which is equivalent
to adding a low-pass filter structure to the sliding surface s in
local dynamics in essence; thus, the chattering phenomenon
of the manipulator system is weakened.
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Figure 6. Position and velocity error of (a and b) joint | and (c
and d) joint 2.
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The speed tracking error is also decreasing as the posi-
tion tracking error of the system decreases gradually but a
stable limit cycle ((0.01,0), » = 0.01) is formed and self-
excited oscillation is generated when the system moves
near the equilibrium point in Figure 8. Even through the
Saturation function will restrain the chattering phenom-
enon of the manipulator effectively, the system vibration
amplitude will not increase as a result of the saturation
characteristics of the system indefinitely. It will remain
stable when it reaches a certain level.

It can be seen that Saturation function sacrificed the
tracking accuracy and stability of the manipulator to reduce
no obvious chatting phenomena of the manipulator.

Figure 8. Phase trajectory of (a) joint | and (b) joint 2.

Table 2. Comparison RMSE between Symbolic function and
Saturation function.

Position  Velocity Position  Velocity
RMSE RMSE RMSE RMSE

of joint | of joint | of joint 2 of joint 2
Manipulator system (m) (m/s) (m) (m/s)
Symbolic function 0.001 0.010 0.001 0.014
Saturation function 0.015 0.200 0.023 0.206

RMSE: root mean square error.

Therefore, it is not advisable to change Symbolic function
into Saturation function.

Comparison and analysis of MTSM and TSM

The MTSM is changed into the TSM. The simulation
results are shown in Figures 9 and 10, and the comparison
of tracking RMSE is presented in Table 3.

The change in position and speed error of the manipu-
lator system are not obvious, but the chattering phenom-
enon of the manipulator system is more pronounced in
Figure 10 by comparing Figures 10 and 5. The manipulator
system has good robustness and robust stability by adopting
the control law that is designed by MTSM. It can also
reduce the chattering phenomenon of the manipulator after
satisfying the precision index of trajectory tracking and
verify the superiority of MTSM.

Comparison and analysis of PRL and DPRL

The DPRL is changed to the traditional PRL, and the simu-
lation results are shown in Figures 11 and 12 and the com-
parison of tracking RMSE is shown in Table 4.
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Table 3. Comparison RMSE between TSM and MTSM.

Position Velocity Position Velocity
Manipulator RMSE of RMSE of RMSE of RMSE of
system joint I (m) joint | (m/s) joint 2 (m) joint 2 (m/s)
TSM 0.001 0.020 0.001 0.017
MTSM 0.001 0.016 0.001 0.013

RMSE: root mean square error; TSM: terminal sliding mode; MTSM: mod-
ified terminal sliding mode.

The system is able to reach the sliding surface far away
from the sliding surface (|s| > 1) by adopting the DPRL
rapidly and tends to the equilibrium point gradually in
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Figure 12. Position and velocity error of (a and b) joint | and
(c and d) joint 2 based on different approach laws.

Figure 11. The initial state of the system is far away from
the sliding surface by giving the initial state of the manip-
ulator system, so the first term on the right of the DPRL
plays a key role, and the speed of the system reaching the
sliding surface is improved. We can see that the DPRL
makes the manipulator joint 1 system tend to equilibrium
point at 2.5 s and the power law of reaching law that leads
to it tends to equilibrium point at 5.8 s through the com-
parison of Figure 11. The control input torque is approxi-
mately two-thirds of Figure 5 in the initial state of the
manipulator system, but the control input torque of Figure 5
is consistent with that of Figure 12 after the initial state.
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Table 4. Comparison RMSE between PRL and DPRL.

Position Velocity Position Velocity
Manipulator RMSE of RMSE of RMSE of RMSE of
system joint I (m) joint | (m/s) joint 2 (m) joint 2 (m/s)
PRL 0.001 0.005 0.001 0.006
DPRL 0.001 0.003 0.001 0.004

RMSE: root mean square error; DPRL: double power reaching law; PRL:
power reaching law.

Although the manipulator system reaches the equili-
brium point quickly, it is at the expense of the control input
torque of the manipulator. However, the larger control
input torque is only instantaneous and tends to steady state
immediately. At the same time, the torque generated is also
within the controllable range. It has no influence on the
manipulator control system. Therefore, the overall revenue
is obvious, and the DPRL is more prominent than the PRL.

Conclusion

It can be obtained that a control strategy combining the
DPRL with the MTSM is adopted to make the manip-
ulator system track the given target trajectory effectively
by comparing the PRL and the DPRL, Symbolic func-
tion and Saturation function, and TSM and MTSM. The
approach and the sliding speed of the system are
improved on the premise that the chattering phenom-
enon of the manipulator is weakened obviously in a
finite time. The simulation results show that the control
strategy can weaken the chattering phenomenon of the
manipulator and have high tracking precision, fast con-
vergence rate, strong robust stability, and capacity of
resisting disturbance. However, the control parameters
selection is still a challenge, especially in the control
scheme. Therefore, the author believes that we will do
the best possible use of artificial intelligence to adjust
the appropriate parameters in the future.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was partially supported by the National Natural Science
Foundation of China [Grant No. 51475115], Shandong province
science and technology innovation project (2018CXG0905 and
2018GGX101034), University Co-construction Project at Weihai
(ITDAZMZ001708) and the Fundamental Research Funds for the
Central Universities [Grant No. HIT.NSRIF.2016106].

ORCID iD
Wei Xie © https://orcid.org/0000-0001-7855-8192

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Zheng J and Wang H. Robust motion control of a linear motor
positioner using fast nonsingular terminal sliding mode. /EEE
ASME Trans Mech 2015; 20(4): 1743-1752.

. LiS,ZhouM, and YuX. Design and implementation of terminal

sliding mode control method for PMSM speed regulation sys-
tem. /[EEE Trans Ind Inform 2013; 9(4): 1879-1891.

. Wang H, Kang H, Man Z, et al. Sliding mode control for

steer-by-wire systems with AC motors in road vehicles. IEEE
Trans Ind Electron 2014; 61(3): 1596-1611.

. Yang JM and Kim JH. Sliding mode control for trajectory

tracking of nonholonomic wheeled mobile robots. /EEE
Trans Robot Autom 1999; 15(3): 578-587.

. Engeberg ED and Meek SG. Adaptive sliding mode control

for prosthetic hands to simultaneously prevent slip and mini-
mize deformation of grasped objects. [EEE/ASME Trans
Mech 2013; 18(1): 376-385.

. Feng Y, Xinghuo Y, and Man Z. Non-singular terminal slid-

ing mode control of rigid manipulators. Automatica 2002;
38(12); 2159-2167.

. Boiko IM. Chattering in sliding mode control systems with

boundary layer approximation of discontinuous control. /nt J
Syst Sci 2013; 44(6): 1126-1133.

. Mu C, Xu W, and Sun C. On switching manifold design for

terminal sliding mode control. J Frankl Inst 2016; 353(7):
1553-1572.

. Ik Han S and Lee J. Finite-time sliding surface constrained

control for a robot manipulator with an unknown dead zone
and disturbance. IS4 Trans 2016; 65: 307-318.
Mohammadi A, Tavakoli M, Marquez HJ, et al. Nonlinear
disturbance observer design for robotic manipulators. Control
Eng Pract 2013; 21(3): 253-267.

Sarfraz M, Rehman F, and Shah I. Robust stabilizing control
of nonholonomic systems with uncertainties via adaptive
integral sliding mode. Int J Adv Robot Syst 2017; 14(5): 1-11.
Moulay E and Perruquetti W. Finite time stability and stabi-
lization of a class of continuous systems. J Math Anal Appl
2006; 323(2): 1430-1443.

Hong M. Research on inverse kinematics and sliding mode
variable structure trajectory tracking control of mobile
manipulator. PhD Thesis, Mechanical Manufacturing and
Automation, Shandong University, China, 2009, pp. 57-61.
Li H and Cai Y. Sliding mode control method based on
DPRL. Control Decision 2016; 31(3): 498-502.

Ma Z and Sun G. Dual terminal sliding mode control design
for rigid robotic manipulator. J Fankl Inst 2017; 355: 1-23.
Yang L and Yang J. Nonsingular fast terminal sliding-mode
control for nonlinear dynamical systems. /nt J Robust Non-
linear Control 2011; 21(16): 1865-1879.

Zhao Z, Yang J, Li S, et al. Finite-time super-twisting sliding
mode control for mars entry trajectory tracking. J Frankl Inst
2015; 352(11): 5226-5248.

Galicki M. Finite-time trajectory tracking control in a task
space of robotic manipulators. Automatica 2016; 67:
165-170.


https://orcid.org/0000-0001-7855-8192
https://orcid.org/0000-0001-7855-8192
https://orcid.org/0000-0001-7855-8192

International Journal of Advanced Robotic Systems

19.

20.

21.

Chen N, Song F, Li G, et al. An adaptive sliding mode back-
stepping control for the mobile manipulator with nonholo-
nomic constraints. Commun Nonlinear Sci Numer Simul
2013; 18(10): 2885-2899.

Wu K, Cai Z, Zhao J, et al. Target tracking based on a non-
singular fast terminal sliding mode guidance law by fixed-
wing UAV. Appl Sci 2017; 7(4): 1-18.

Wang Y, Lu Y, and Ge Y. Terminal sliding mode control of
trajectory tracking of torque motors using reaching law. J
Huazhong Univ Sci Technol 2013; 41(4): 83-87.

22.

23.

24.

25.

Siciliano B, Sciavicco L, Villani L, et al. Robotics modeling,
planning and control. London: Springer, 2013, pp. 28-30.
Liu J. Design and MATLAB simulation of robot control sys-
tem. Beijing: Tsinghua University Press, 2008, pp. 1-4.
Slotine JE and Li WP. On the adaptive control of robot
manipulators. /nt J Robot Res 1987; 6(3): 49-59.

Savkin AV and Wang C. A simple biologically-inspired algo-
rithm for collision free navigation of a unicycle-like robot in
dynamic environments with moving obstacles. Robotica
2013; 31(6): 993-1001.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


