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ABSTRACT An adaptive super-twisting multivariable fast terminal sliding mode control scheme based on
time delay estimation (TDE) and asymmetric error constraints are proposed to guarantee high-precision
trajectory tracking control of cable-driven manipulators under complicated unknown uncertainties. The
control system is constrained by joint position errors, which are asymmetric and time-varying. First, the
error range of the joints is designed to ensure that the deviation of the joint position from the desired profile
is not too large while ensuring the safety performance of the manipulator, and the remaining set-total system
dynamics are estimated and compensated using time-delay estimation. Secondly, the design analysis of the
angular false expectation using safety constraint functions allows the constraints of different cross sections
to be handled in a unified system architecture; the problem of robotic arm motion trajectories with output
constraints and uncertainties is addressed through rigorous analysis. The super-twisting adaptive control
effectively ensures fast, accurate and robust convergence of the algorithm in satisfying all constraints in
operation, and the stability of the closed-loop control system is analyzed using the Lyapunov method. Finally,
the effectiveness and superiority of the proposed adaptive hyper-torsional non-singular terminal sliding mode
control scheme are verified by simulations and experiments in 2-DOF.

INDEX TERMS Cable-diven manipulator, asymmetric error constraint, TDE scheme, adaptive supertwisting
control.

I. INTRODUCTION

In recent years, cable-driven manipulators have gradually
become a hot research topic due to their unique advan-
tages [1], [2], [3], [4], [5]. Compared with traditional manip-
ulators, cabledriven manipulators move the drive motor from
the joint tothe base and transmit the force through the cable,
so the motion inertia is more negligible, more flexible, has
a higherload factor, and has higher safety [6], [7], [8], [9].
However, achieving accurate control of cable-driven manipu-
lators is more complex than conventional robot arms. The key
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challenges are the complex system dynamics and maintaining
control accuracy in the presence of external disturbances
and damage to the manipulator. Therefore, achieving high-
performance control of cable-driven manipulators remains a
challenging task.

Many scholars have conducted much research on the
robotic arm control accuracy problem. In [10], a robust PID
controller was designed by combining robust control and PID
control to realize the trajectory tracking control of the robotic
arm. Literature [11] proposed a prescribed performance con-
troller based on linear extended state observer (LESO) to
solve the problem of stabilization of complex transformation
systems and improve control accuracy. Xu B et al. proposed
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an orthogonal fuzzy PID [12]. However, most of the works
in the literature that consider the joint tracking problem do
not address the error constraint during the operation. How-
ever, the error constraint requirement cannot be ignored to
ensure cable-driven manipulators’ accurate and safe opera-
tion. In general, the purpose of control is to enable the error
of the system to be gradually reduced to a minimum value,
meaning that the error is within the control range. Due to the
limitations of the mechanical control structure, some position
ranges are unsafe, and this range varies with time. Suppose
we encounter an unexpected event that causes a considerable
deviation. In that case, the error floats in an unpredictable
range, and we cannot react in time. It may lead to excessive
motion errors in the mechanical system and collision with the
outside world, causing safety problems and economic losses.

To solve the error constraint problem, in [13], a new con-
strained error variable similar to the sliding mode surface
was proposed to ensure the prescribed position tracking per-
formance of the robot manipulator. Li Y et al. solved the
output constraint problem due to physical and environmen-
tal constraints by constructing an integral barrier Lyapunov
function [14]. In [15], a controller was designed using the
traditional logarithmic Lyapunov function to achieve trajec-
tory tracking control of a robot arm under full-state con-
straints. However, most of these methods focus on input or
output safety constraints and do not satisfy the time-varying
and asymmetric safety constraints on position errors. In this
regard, we introduce a safety constraint on the joint position
error in the control link to set a safe range for the error
between the actual joint position and the desired joint position
so that there is an upper and lower limit. This upper limit
can be given by the actual situation and can be asymmetric
or time-varying. The control purpose is to satisfy the safety
constraint to ensure the accurate and proper operation of the
cable-driven manipulator.

This paper introduces the barrier function by considering
the above problem to satisfy the security constraint. The
barrier function is a continuous function that can replace the
inequality constraint with an easier-to-handle penalty term in
the objective function of constraint optimization. Due to this
advantage, the barrier function has been the subject of aca-
demic research. In [16], the asymmetric potential Lyapunov
function is used to cope with the output constraint. In [17], the
potential barrier Lyapunov function (BLF) is used to design a
model-based controller to prevent the position tracking error
from violating the predefined output constraint. Inspired by
the above literature, this paper adopts the safety constraint
term of the generic barrier function in the design and analysis
of the controller, which is a unified structure to solve time-
varying and asymmetric position error safety constraints in a
single control structure.

There have been many results on control methods based on
asymmetric constraints of manipulators. Kai Z et al. propose a
neural adaptive tracking control method for uncertain robotic
manipulators with asymmetric and time-varying holomor-
phic constraints without involving feasibility conditions [18].
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The scheme adapts to asymmetric but time-varying motion
constraints. In [19], a new iterative learning control (ILC)
scheme was proposed for tracking the non-repetitive ref-
erence trajectory of a robot manipulator over an iterative
domain with different attempt lengths under joint angle asym-
metry constraints. In [20], an adaptive timing estimation algo-
rithm for uncertain robots is proposed, and this estimation
process avoids measuring acceleration signals.

However, the model parameters include residual linkage
dynamics, motor dynamics and set-total uncertainty, which
are difficult to obtain by using traditional methods. Time-
delay estimation schemes have been proposed and inves-
tigated to improve control performance more straightfor-
wardly [21], [22]. TDE is a method that uses the state of a
time-delay system to estimate the residual dynamics, which
allows TDE to provide an attractive model-free property.
Thanks to these properties, the TDE technique has been
widely used since its introduction [23], [24], [25]. In [23],
a new adaptive fractional-order non-singular terminal sliding
mode time delay control (TDC) scheme is proposed and
investigated for the high-performance control of cable-driven
robotic arms, using time-delay estimation (TDE) as the basic
framework. In [24], an adaptive super-torsional non-singular
fast terminal sliding mode control scheme based on time
lag estimation (TDE) is proposed to ensure high-precision
trajectory tracking control of cable-driven robotic arms under
complex unknown uncertainty conditions where the TDE
is used to estimate and compensate for the remaining cen-
tralised system dynamics. However, the application of TDE
is subject to estimation errors, especially when the system
contains fast time-varying dynamics. This is likely to result
in a degradation of control performance.

Therefore, TDE is usually combined with other robust
control schemes, and the resulting TDE-based robust control
schemes have both model-free characteristics and high con-
trol performance. Benefiting from these advantages, scholars
have proposed many schemes such as sliding mode con-
trol (SMC). In [26], some new SMC schemes for NCSs
subject to time-delay, packet losses, quantisation and uncer-
tainty/disturbance are summarised. and terminal sliding mode
(TSM) control [27], adaptive methods [28], fuzzy logic con-
trol [29] and neural network control [30]. In [24], a new
TDE-based adaptive super-twisting nonsingular fast terminal
sliding mode (AST-NFTSM) control scheme is proposed for
the tracking control of robotic manipulators. The method has
achieved good results. However, its design only considers the
tracking error, while this paper considers the tracking error
and achieves accurate tracking while also considering the
asymmetric error constraint and improves the super-twisting
algorithm to achieve fast convergence and high precision
control.

Inspired by the above work, we propose a new adaptive
super-twisting multivariable fast terminal sliding mode for
accurate trajectory tracking of cable-driven manipulators.
The method uses the TDE as the basic framework for the
technique, exploiting the model-free properties while taking
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into account asymmetric error constraints and improving
the super-twisting algorithm to ensure fast convergence and
high control accuracy. The control scheme is able to guar-
antee high control performance in a simple manner. Finally,
the effectiveness and superiority of the method are verified
through comparative experiments.

The main contributions of this article are summarized as
follows:

(1) In order to improve the control accuracy and robustness
of the, this paper proposes an adaptive super-twisting multi-
variable fast terminal sliding mode control scheme based on
TDE.

(2) In order to avoid the large control error of the and ensure
the stability of the during operation, this paper uses the barrier
function to add an asymmetric constraint on its error.

(3) The error between the measured state and the actual
state is reduced, by estimating and compensating the aggre-
gate system dynamics using time delay estimation.

The rest of the paper is organised as follows: Section 2 gives
a description of the problem. Section 3 presents the design
and discussion of the control scheme. Section 4 presents
the experimental results and finally Section 5 concludes the

paper.

Il. PROBLEM FORMULATION
A. SYSTEM MODEL
The dynamic model of a with n-DOFs is represented as [26]:

JO + db = 1y — 74 (1
M@g+Clq. i+ +frig.)+wu=1 (2
Ty = dy(6 — §) + k(0 — q) 3)

where, J and d,, are motor inertia and damping matrices,
g and @ are joint and motor position vectors, M(g) is inertia
matrix, C(q, ¢) is coriolis/centrifugal matrix, g(q) is gravita-
tion, fr(q, g) is friction vector, t,, and 7, are control torque
given for the motor and joint flexure torque, dy is damping
matrix, k; is a joint stiffness matrix. t; represents the lumped
un-known uncertainties.

To make convenient use of the TDE scheme, substitute (2)
into (1) and apply a constant parameter M gives:

MG+f =1t )
where, the expression for f is:

f=WM—Mi+Clq, dg+ g +fr(g, §)
+1+J0+dnb (5

Remark 1: The three main components of f, including resid-
ual linkage dynamics, motor dynamics and aggregate uncer-
tainty, are difficult to obtain by using traditional methods,
and this paper uses TED to estimate the value of f in the
subsequent paper.

Remark 2: The original dynamics model is a mathematical
model based entirely on the characteristics of the cable-diven
manipulator. In order to simplify the model as well as to
facilitate the use of the TDE method and to add an additional
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parameter to facilitate our control process, this paper changes
the original model form into the final dynamics model by
a simple transformation. The dynamics models of system
(1)-(3) will not be used for the proposed control scheme, and
only the final dynamics model will be used for the derivation
of the control scheme in this paper.

B. SAFETY CONSTRAINTS
1) ERROR SAFETY CONTRAINT
Define the attitude tracking error of the as:

eg = leq1, eq2] = O — Qi (6)

where, 0 = [q1, 21", Qui(t) = [g41(1), qa2(1)]" . Based on
the starting and ending positions, the velocity, the accelera-
tion and the trajectory time t, six equations can be constructed
and the six coefficients of the fifth order polynomial can be
solved, then we can get Qg;(?).

The attitude tracking error must satisfy the following
conditions:

—Qpi(1) < eqi(?) < Qpi(t) (N

where, for all > 0, the constraint functions Q;; and Qp; are
second order derivable functions and

0 < Qut) < % + Quit), 0 < Quilt) < % — Qui(t) (8)

Remark 3: Safety constraints (6)-(8) require that the atti-
tude tracking error not exceed a user-defined range. Where
the constraint functions on each degree of freedom profile can
differ, the constraint functions mentioned above can also be
time-varying and asymmetric. If the constraint requirement
(8) is violated, the kinematic performance of the robot arm
can be affected, making its dynamical system unstable and
leading to system failure.

2) SAFETY CONSTRAINT FUNCTION
In this section we present the structure of the barrier func-
tion, a structure that solves the problem of time-varying and
asymmetric constrained demands. The error variables are
introduced as follows:
_ QijS2mijei
(Quij — eip)(S2Lij + €jj)
It is clear that n;; = O if and only if e;; = 0. Besides, when
ejj — Qpij, nj — +oo, Alternatively, when e;; — —Q;,
we have n;; — —o00.
Remark 4: For the universal barrier function Vj;, if the con-
straint function is symmetric, namely when Qg;; = Qr;; =
Q;j, the barrier function 7;; is as follows:

2,..
Qijelj

= o2 2
Qij—eij

nij 9

njj (10)

When there are no constraints on d;j, this can be equated
to Qi = Qpij = Qi — 400, so we have:

lim n; = e; (11

Qjj—00
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This represents that we can consider systems with no out-
put constraint requirements as a special case of the general
case of asymmetric constraint requirements.

For the position tracking the error constraint of the, we first
introduce the transformed error variables as follows:

_ QqH QqL €qi

(QqH - eqi)(QqL + eqi)
where, g € R? and 7 gi means the barrier function of the ith
degree of freedom.

(12)

Nqi

3) TED SCHEME

As shown in equation (5), f is particularly complex and
difficult to find, and in this section we will use the TED
scheme to find the estimated value f of f:

FEf@—An (13)

where, At represents the delay time, then substitute the inte-
grated system dynamics (4) into (16) yields

F(6) = 1t — At) — M(r — Ar) (14)

As can be seen from (13) and (14), the main aim of the TED
scheme is to estimate the set total system dynamics using only
the time lag values of the control and acceleration signals,
which then gives a model-free scheme.

In engineering applications, t,,(f — Af) is achieved with
directly time delay of 7,,. In [2], g(t — At) is obtained by the
numerical differentiation method.

q(t) — 2q( — At) 4+ q(t — 2At)

gt — At) = a0 >T
gt — At) =0, t<T
(15)

At is determined by the interval time of the system pulse.
Equation (15) mainly solves the problem that when just
starting up, the initial phase ¢+ < 2At, g(¢) has the actual
measured value, but g(r — 2At) will be manually set to zero,
which will lead to strong fluctuations in the system. Using
equation (15) to select the segmentation function, which is
automatically set g(t — At) = 0, when T > 2At,t < T,
can make it possible that in the initial phase, the system will
not have strong fluctuations due to the strong fluctuations of
the estimated system generate excessive false responses. Also
focus on (15) and its original version, namely:

[q(1) — 2g9(t — A1) + q(r — 2A1)]

(Ar)?

It is widely used in many TDE-based robust control
schemes [5], [21], [24], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48].
The simulation part of this paper proves its validity. If the
measures are not taken, numerical differentiation (16) can
significantly amplify noise effects and thus reduce the control
performance. However, it has been shown theoretically [44]
that this problem can be solved by reducing the gain M or by
using an additional low-pass filter.

gt — At) =

(16)
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Remark 5: As shown in (15) and (16), the current values
of the lumped system dynamics are obtained by the TDE
scheme using time lag system state estimation. Therefore, the
estimation error of this method becomes larger when there are
large perturbations. However, the newly proposed method can
reduce the estimation error, and the simulations in this paper
demonstrate the method’s effectiveness.

Ill. CONTROL DESIGN
A. STEP 1
In this step we define the error ep in the joint angle Q of
the, it satisfies the equation the eg = Q — Qy;, and ¢y is the
artificially given expectation for the joint position. The range
ofgiis —m <¢q; <m.

Define w as the derivative of Q. Use the back-stepping
method we have ¢, = w — o, © = Q

The derivative of e,, gives as follows:

b = %(rm —f) = Oui (17)

B. STEP 2
In this step, we consider the safety constraints of joint position
error. Design the barrier function as(13)(14)

The derivative of n,; gives as follows:

i)qi = AHq + ALq + tiéqi (18)

_ 3rlqi - _ Bﬂqi ~
Where, AHq—_agz 1 Qqu ALq__BQqL QqL

Define the asymmetric constraint function:

Mgi QqLe?]i
A _(QqH —egi)?, (Qr +eg)
ai. _ Burcy (19)
0L (i — e QL + €4i)
. Ingi Qi Qqr(e]; + QL) 0,
T Ve (Qup — e (L + egi)’
C. STEP3

In this step, we consider joint position kinematics of cable-
driven s. Design the ASTMFTSM surface as:

S=no+we, 20

Deriving both sides of the equation(21)

) 1 .
S=noo+vpoe,+w@ [ﬁ(fm - Qd:| (22)

Set:
§ =aty+ B+ b (23)
where,
_ w w ..
B = UQQ+VQ0€w—AT/If—AT/IQd
B> = Ady, + Adrpe, o = % (24)

where AQZTDE =-M (f — f) stands for the TDE error.

6659



IEEE Access

L. Li et al.: TDE-Based Adaptive Super-Twisting Multivariable Fast Terminal Slide Mode Control

D. STEP 4
In this step, design of the overall controller will be carried
out and we use the TED scheme (14) and (15) to obtain f .
The overall control scheme is as follows:
o = Bt — g 1(5) + 20)
o o
Zw = —kg262(S) (25)

£1(S) and &,(S) can be expressed as follows:

S
§1(8) = ||S||1/2 +kq3S ktﬂ >0
dé'l(S) S
S —
£(5) = §1(5) = 2||S||1/2
S
+ = kq3 R +kq3S (26)

kq1, kg2 are adaptive gains and are all greater than zero.

i = kgt IS 1 sign(lISII =€), kg1 >
K, kql =u
kg2 = ngkq1 27)

In summary, (22) can be expressed as:

S = —kg&1(S) + 20
2w = —kp&2(S) + B2 (28)

Theorem 1: In this system, with gain (27), the selection of
a suitable parameter (., lgq 1, g, &, @ sliding surface S of the
system can converge to 0 in finite time.

Remark 1: When the velocity error is greater than ¢, the
adaptive gain l%ql remains unchanged at a fixed value. When
the velocity error is less than €, the adaptive gain l%ql decreases
with a small slope. To speed up the convergence rate, € should
be given a small value. The parameter lgql determines how
fast the adaptive gain decreases, which should depend on the
control effect. In order to avoid singularities in the system,
the parametery is as small as possible in the range of values.
The parameter k43 in the equation relate to the rate of growth
of the adaptive gain. A larger k43 results in faster growth of
the adaptive gain and a more dramatic response to changes in
error, but at the cost of introducing more measurement noise.
The parameter 7, is the ratio between the respective adaptive
gains k,1 and kg2, which should depend on the control effect.
The parameter determines the contribution of the velocity
error ey, to the sliding surface.

Proof: For system (27), the Lyapunov method was used
to analyse. The Lyapunov candidate functions were chosen

as:
e (i
7 2\

where, kg1, kq1 is a constant greater than zero: ¢ =

2
Vi=sTPot o (k- kn) 29)

2y

2 —_
(61 o ]T, P= |:)L jk48 1)Li| is a symmetric positive

definite matrix, where A > 0, ¢ > 0.
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Derive both sides of the equation(1)
. . .1 .
Vi =TPe + cTPe + - (kgr = K1) o
1 .
+ (qu - k;‘Z) kp  (30)

make ky = kg —
into:

%, then Vig = gTPg can be transformed

Vio = —2&{¢" Q¢ 31)
where, Q is symmetric matrix,

la
Q—Lz J

cl = kql)nz =+ 4kq18 — Moy = alkql — Mko

1 ) 1
c) = 3 (—)\ —4de — Akg1 +k2> = 3 (—a1 — Akg1 +k2)
c3 = A

If Vi is negative definite, then the matrix Q is positive
definite and their determinant is to be greater than zero.
if det(Q) > 0is to be guaranteed, then the root discriminant

Mok — 2) > 0. Also because || < 3, H;—2H <2
therefore, ky > 0, k;p > 25, kg1 > A
Where the value range of k; is
ka € [ko. k2] = [kg2 — 28, kg2 + 23] (32)

Make k;1 = A + 7, where T > 0, then the solution for
det[Q] = O is:

P = Mg +kay + 2,/ ks (kg1 — 1)
py = kgl +ky — 2\ Mka (kg1 — 1) (33)

If the value range of pj is (pl_max, pfmin), then det[Q] > 0,

when p; .. < Py ... the presence of roots can be guaran-

teed. Male kz = /c2 we have: 8, < Atk?Z,

therefore kp > 2~ + 26.
Let Kmax{P} and Amin{P} be the maximum and minimum
eigenvalues of the matrixs, then (31) can be transformed into:

. 1/2
Vio = —2¢{ 5P min{Q} < —11 Vl({ —v2Vio  (34)

172

62
then kp > 5,

where, y; = %, 2ky )‘m‘“{{Qg})‘ , therefore
. 1/2
Vio < —nVyg (35)

(30) can be transformed into:

y 2
Vi =B+ 61 kg -

K|+ 2 [k — k3| G6)

where, 8, = min{ni, 1, B2}, 1 = —5- - kg - IS] -
sign (S| —e)+p1, 2 = —%-n'kql-lSlﬁign(lSl —&)+p
In order to ensure k;1 and k> grow at slopes of ky1 - S| and
nkg1 - |S| respectively, then it has to meet |S| > &, when the
following conditions are satisfied:
kg1 - € kg1 - €
gt ¢, Jnta®
Bi

we have ¢ > 0 and & > 0.

y1 < (37)
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Therefore V| < —/3,7V11/2 +8i+80o = =By Vll/z, s0 |S| can
converge in finite time to the interval |S| < &; If |S| < &2,
then ¢1 < 0, & < 0. Positive and negative of V1 is unknown,
the rate of change of the gain will become —k,; - |S| and —7 -
k41 - 151, when the gain is reduced to the interval |S| < &3, the
gain will increase at a slope of ky1 - |S| and 1 - kg1 - |S]

IV. SIMULATION

A. SETUP

In order to verify the effectiveness and superiority of the
proposed method, a 2-DOF simulation is carried out and
compared with that in [24]. At the same time, the convergence
of certain degrees of freedom is compared with the existing
methods. The system dynamics for the rigid part (2) are
obtained directly from [24] with 7; defined later. For the
reference trajectory Qg it is achieved based on the quintuplet
polynomial method, as shown in Fig. 2 (a) and (b).

Our upper and lower bounds for the security constraint are
set as Qg = 0.1e7%%% 4 0.0001, Quy = 0.3¢7008 4
0.0001.According to the design of the quintuple polyno-
mial, after giving the starting and ending positions, velocity,
acceleration and trajectory time T, the six coefficients of the
quintuple polynomial can be solved according to six equa-
tions.The start and end constraint amounts are set to:

qt) =q0o=0,q9(1)=qg1 =40
gto) =vo=0,gt1)=vi =0
gtog) =ao=0,g(t)=a; =0

From the above equation, a system of 6 linear equations is
obtained and the following solutions are obtained.

T =1t —1t
h=q1—qo
ko = qo
k] = V()
ao
ky = —
L)
1
ky = ﬁ[20/1 — (8v + 12vo)T — (Bag — a;)T?]
1
ks = W[—30h — (14v; + 16vo)T + Bag — 2a1)T?]

1 2
ks = ﬁ[lzh —6(vi +vo)T + (a1 — ap)T~]

From the above six parameters, the desired position can be
set as
qa(t) = ko + ki(t — 10) + ka(t — 10)* + ka(t — 10)°
+ka(t = 10)* + kst — 10)°
qa(t) = ki + 2ka(t — to) + 3ks (1 — 1)’
+ 4kt — 10) + Sks(t — 10)*
Ga(t) = 2ky + 6ka(t — t9) + 12ka(t — 10)*
+20ks(t — 19)°

Since disturbances include TDE estimation errors and
external environmental disturbances, we define the external
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TABLE 1. Dynamical parameters.

parameter numeric value
J [0.5, 0; 0, 0.2] kg - m?
dm [0.1, 0; 0, 0.02] N - m - s/rad
ds [50, 0; 0, 40] N - m - s/rad
ks [2, 0; 0, 1] 104N - m/rad

A40 L T T T T T
830
=] e 1
& 20 - e qd1 -
§ 10 = “4 . [——qI(NFTSM)| 1
ol —
0 L il L L L n
0 5 10 15 20 25 30
L) T T T T
- 40 |
;l'-.)o e 2
o 20 - e qd2 -
-% = q2(NFTSM)
[=2l)) 1:[1—4 .
L L L L L
0 5 10 15 20 25 30

t/s

eql(degree)

04 E T T T T T -
o> 02 3
8 00 %— == R
S04 F . 3
T-06FLC Con ,L‘,::/f:\,x-; JANERAN k
0.8 B L cqvrrsm i VAR VAl v ik 7
g-10F L
12 F 3
-4 1 1 1 1 1
0 5 10 15 20 25 30
t/s

FIGURE 2. Control error.

tm1/Nm

tm2
tm2(NFTSM)|

tm2/Nm
)

0 5 10 15 20 25 30
t/s

FIGURE 3. Control efforts.

disturbance as a cosine function Ad; = 0.5 cos(5¢)to test
and compare the response speed and immunity of the sys-
tem to the disturbance. The parameters are set as shown
in the table.2, and the parameters are selected by referring
to Remark 1. One other robust control scheme is taken to
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TABLE 2. Parameter setting.

parameter numeric value
M 0.12
kq3 8
kq1 10
€2 0.01
Tq 1
w 2
o 0.2

1.0
0.5
0.0
-0.5
-1.0

ql(degree)

_ 1.0 T T T T —
g os ’ ‘qg2NFT§M
-%D 0.0 q2(NFTSM)
& 05 -
=
-1.0 1 1 1 1 1
0 5 10 15 20 25 30

t/s

FIGURE 4. Trajectory tracking performance.

2
—~
2 0 %»_- - ————
o
QC)D 2 F e E— \ _________ | _ o
= . , R 4L
=AF 0 A e— e
g 6 F ———¢qI(NFTSM) | ]
L L L i I L
0 5 10 15 20 25 30

| —— cq2(NFTSM) a |
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simulate for comparisons with our proposed one, i.e., the
TDE-based NFTSM (21) control scheme.

In the comparative simulation, the existing TDE-based
NFTSM (21) control scheme uses the following parameters
ki =k =14, a =08 A =01,n =02 0 = 20,
w = 0.003, p1min = 2, P1max = 30,0 = 0.04, M = 0.12.
The delayed time At is selected as 1 ms with the sampling
frequency of 1 kHz. The control parameters for NFTSM are
selected the same as its original text.

B. SIMULATION RESULT

As shown in Fig. 1 and Fig. 4, both the control proposed
in this paper and the control in the literature [24] can guar-
antee that the manipulator tracks the desired trajectory, thus
effectively demonstrating the effectiveness of NFTSM and
the method in this paper. Compared with the NFTSM method
in the literature [24], the error between the actual trajectory
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of the manipulator and the desired trajectory of the method
in this paper is smaller and the convergence time is shorter,
indicating that the control of the method in this paper has
better integrated control performance.

Figure 2 and Figure 5 show the joint position error of the
manipulator. It can be seen that the error under the control of
the method in this paper is smaller compared with NFTSM.
Also, the error is within the safety constraint set in this paper;
it satisfies the need of control and proves the effectiveness of
the asymmetric constraint. Therefore, the method can provide
greater control accuracy.

Figure 3 and Figure 6 show the control torque given by
the motor. As can be seen in Figure 3, there is a large control
torque that varies in real time to resist external disturbances as
it completes the tracking of the desired trajectory. As can be
seen in Fig. 6, the control torque forms a periodic variation
under the influence of external disturbances, which can be
changed in real time at any time according to the disturbances
and the model errors generated by the TDE, and finally good
control accuracy is maintained.

In general, the effectiveness and superiority of the method
in this paper are proved by simulation. It is proved that the
method in this paper has high control accuracy, good stability
and superior performance.

V. CONCLUSION

A high-precision trajectory tracking controller based on
asymmetric error constraints is designed for a cable-driven
manipulator using a time-delay estimation method. Ensuring
the asymmetric constraint for the joint position error of the
cable-diven manipulator is a great challenge and makes the
whole design process very difficult. In order to add the asym-
metric constraint function to the original adaptive gain against
external unknown disturbances, this paper designs a sliding
film surface containing the safety constraint function and
an effective adaptive super-twisting control method, which
enables the controller to achieve two excellent functions. The
method uses a safety constraint to keep the error within a safe
range. The super-twisting design of the controller ensures
that the manipulator satisfies the safety constraint in terms of
control error. Meanwhile, the joint position error constraint
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is designed using the safety constraint function. Simulation
results show that the method reduces the position error of
the manipulator, so that the trajectory of the manipulator can
be consistent with the desired trajectory to a large extent.
Therefore, the method can make the manipulator work better
in practical applications.
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