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ABSTRACT This article presents a learning robust controller for high-quality position tracking control of
robot manipulators. A basic time-delay estimator is adopted to effectively approximate the system dynamics.
A low-level control layer is structured from the control error as an indirect control objective using new
nonlinear sliding-mode synthetization. To realize the control objective with desired transient time, a robust
sliding mode control signal is then designed based on the obtained estimation results in a high-level control
layer. To promptly suppress unpredictable disturbances, adaptation ability is integrated to the controller
using two-level gain-learning laws. Reaching gains and sliding gain are automatically tuned for asymptotic
control performance. Effectiveness of the designed controller is concretely confirmed by the Lyapunov-based
stability criterion, comparative simulations, and real-time experiments.

INDEX TERMS Manipulators, gain adaptive control, nonlinear sliding mode, position control, robust

adaptive control, time-delay estimation.

I. INTRODUCTION

Robots have been playing a key role in automation and
are integral parts of developed industries such as heavy
industries, mining, automobiles, construction, and consumer
goods [1], [2]. Robots will continue to be the cornerstone
of upcoming industrial revolutions, thanks to the ability
of replacing humans perform production tasks and other
activities with very high efficiency [3]-[5]. To accomplish
such tasks, the robots need good controllers that can pro-
vide high-precision control and fast responses [3], [6]. How-
ever, nonlinear uncertain deviations and complicated working
environment are impediments in exhibiting excellent robotic
controllers [7]-[9].

To represent the system behaviors, mathematical-based
methods have been applied using Newton-Euler analyses,
Lagrange methods, or virtual decomposition principles [9],
[10]. Although general forms of the system dynamics could
be derived, it is not easy to determine all detailed parameters
due to the specific robot designs, and unknown disturbances
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[11], [12]. The mathematical-based problem could be tack-
led by fuzzy-logic or neural-network-based approaches [7],
[8], [13]. The system behaviors could be accurately esti-
mated by the soft computation methods but tuning a vast
number of weighted parameters could reduce their applica-
bility in real-life missions [7], [14]. As a result, a simpler
dynamical-approximation method, naming time-delay esti-
mation (TDE), has been recently developed to fill up such
the gap [15], [16]. By using past measuring acceleration and
control inputs, the current total dynamics could be computed
based on selected nominal input gains [6], [17]. Effectiveness
of the TDE methods resulted in a massive number of publi-
cations [18], [19].

To realize the control objective by dealing with mod-
eling errors and disturbances, robust nonlinear controllers
have been studied in backstepping, sliding-mode control
(SMCQC), or inverse model control schemes [20]—[25]. Indeed,
the total disturbances in the system dynamics could be
rejected by an integral-type control design [21], or well esti-
mated and then eliminated by a disturbance-observer con-
trol framework [23], [26]. Asymptotic control results were
obtained using such controllers but employing with fixed
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control gains might not uphold the excellent performances in
various working states [28], [29].

As a sequence, gain-adaptive model-based controllers
have been progressively researched based on sliding-mode
schemes for robotic systems [27]-[30]. For attenuating a
high-frequency switching problem, the robust gains were
allowed varying with respect to the controlled sliding sur-
face under a learning law [27]: the gain would dramatically
increase to force the surface into a given bound and relaxed
thereafter. Since the gain was coupled with a discontinuous
function, its so-large value, even in a short time, could lead
to a danger of the system hardware. Other learning rules
were applied to the nominal input gain matrix of the TD
estimation [30], [31] or focused on the driving gains [28] for
minimizing the control errors. Various versions of the sliding-
mode control (SMC) policies associated with robust-gain
estimation or disturbance observers were successfully applied
to mechatronic systems [32], [33]. Flexibility of the con-
troller operation has been improved but the terminal or super-
twisting SMC schemes provided excellent control perfor-
mances only in mall-attraction regions around the origin.
Their transient-convergence rates of reaching and sliding
phases were also slower than those of the linear SMC [34],
[35]. Furthermore, ones still need to tune the sliding gains for
different working conditions.

Another aspect in gain-learning designs has been discov-
ered using intelligent approaches. The best gains were solved
for the best control performance using backtracking search
algorithms applied on fuzzy logic background [36], or for sat-
isfying an optimal problem [37]. Their effect was confirmed
by simulation and experimental results, but gain-variation
dynamics need to be further considered.

A parallel series of the gain-learning direction is of the
backstepping approaches. The control error was well sup-
pressed using PID control design in which the control gains
were activated by a backstepping-based damping function
[38]. Facilitation of the controller was exhibited but outstand-
ing infinite-time control performances were not confirmed.
To provide an asymptotic control result with automatically
tunable gains, a flexible robust backstepping controller was
exploited [39]. Variation of all control gains were automati-
cally activated for an asymptotic control performance. How-
ever, the convergence rate of the control system did not gratify
given constraints.

For high-accuracy control quality both in transient and
steady-state phases, prescribed-performance (PP) transfor-
mation indexes were employed in nonlinear control structures
[13], [40],[41]. The PP controllers could drive the control
objective into a small bound around zero with a desired rate
[42], [43]. The great feature is hold if the initial conditions of
the control error are inside a known range. With few unpre-
dictable cases where the error is out of the desired range, the
system might be instable. Furthermore, the original PP con-
trollers do not provide an asymptotic control performance.

In this study, we propose a novel adaptive robust slid-
ing mode controller for position tracking control of robot
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manipulators ensuring a prescribed asymptotic performance.
A conventional TDE is employed to eliminate influence of the
system dynamics on the control performance. By extending
results of the previous work [35], a new sliding mode man-
ifold is designed by synthesizing various information of the
control error as an indirect control objective in a low-level
control layer. A basic sliding-mode control rule is adopted as
a high-level control layer to stabilize the manifold around the
origin using driving and robust control signals. A two-level
gain-learning mechanism is designed to automatically tune
the driving, robust and sliding gains of both the two layers.
The adaptation laws could promptly suppress unpredictable
disturbances and efficiently distribute the robustness burden
of the closed-loop system to other potential terms. Key con-
tributions of the proposed controller are highlight as follows:

1) The sliding manifold, which is a nonlinear combi-
nation of the respect control errors, could speed up
the transient-convergence rate in sliding phases. The
learning law of the sliding gain is proposed in the low-
level control layer for improving the state-state control
accuracy.

2) Inspired from previous works [35], [39], learning laws
of the high-level control layer are modified for improv-
ing the reaching control performance. An adaptation
mechanism of the driving and robust gains is designed
to separately excite for large and small ranges of the
sliding surfaces, respectively.

3) Itseffectiveness is theoretically proven using Lyapunov-
based analyses.

4) Feasibility and feasibility of the proposed controller
are intensively verified by simulations and real-time
experimental results.

The remainder of this article is organized as follows.
Section II describes the system modeling and control objec-
tive. The robust controller with full learning ability is
designed in Section III. The simulation results on a two-link
robot and real-time experiments on the first joint of a 6DOF
robot are discussed in Section I'V. The paper is then concluded
in Section V.

Notation: enin, and ep,x are the minimum and maximum
values of e, respectively, o, o, = e — o present the
estimation, nominal value and variation of e, respectively,
Ay £ ||« denotes the bound of e, A |e] is an eigen value
of the matrix e.

Il. SYSTEM MODELING AND PROBLEM STATEMNTS
Behaviors of a serial n-link robot are described using the
following dynamics:

M(0]6+C[0.0]0+gl6] +f[0] +Ta=T (1)

where 6, 9, 6 € R" are vectors of joint positions, velocities,
and accelerations, respectively, M [#] € R"*" is a positive-
definite mass matrix, T € " is a control input vector,
Cle, 6"J 6,g10],f LOJ , Tq € R" is a Coriolis-Centripetal
vector, gravitation, friction, and disturbance torques, respec-
tively.
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The general dynamics of the robot could be rewritten as in
(2) by eliminating the mass matrix M |@] in the left side of
(D.

6=vi0)+M 1107 )

wherev 2 —M 1 (Cq+g+f+19—7)—M 1zt e R"is
a total internal dynamical vector which is combined from the
mass variation, Coriolis/Centripetal, gravity, friction, distur-
bances, modeling errors and unmodeled terms.

Let define a tracking error of the system output (f) and a
constrained reference profile (fq) as a control objective. The
goal of this article is to control the error converge to zero
under a desired rate. However, the presence of the nonlinear
dynamics, uncertainties, modeling errors and unpredictable
disturbances could degrade the control performance of the
closed-loop system in complex working environments.

IIl. TWO-LEVEL GAIN-LEARNING NONLINEAR SLIDING
MODE CONTROLLER

In the following, a robust position controller is developed
using a time-delay estimator and nonlinear sliding manifold
synthetization. Gain-learning laws are studied to effectively
treat the lumped disturbance for a desired control quality.

A. ROBUST NONLINEAR SLIDING MODE CONTROL
Assume that the desired trajectory (04q) is a known, bounded
and twice continuously differentiable signal, and also assume
that the system outputs (@, 9) are measurable. To achieve a
high control accuracy by abating unexpected effect of the sys-
tematic certainties and disturbances, a TDE control term and
robust driving functionality are employed with the following
design.
The position control error is mathematically presented as

e=0—04 3)

A nonlinear sliding manifold is then synthesized as an indi-
rect control objective of the studied system in a low-level
control layer:

s = ¢+ Ko (e +e/) ©)

where Ko = diag |ko] = diag [[ko1; -.-; ko]l is a positive-
definite diagonal sliding gain matrix, and p1, g are positive
odd constants satisfying a constraint of (g1 < p1 < 2q1).

Differentiating the manifold (4) with respect to time and
yielding the dynamics (2), we have

§=v+Mlr -84+ Ko <I + lﬂdiag Le(pl’“)/‘“J) é
q1
&)

From the system (5), the final control signal can be simply
designed to stabilize the tracking error to zero in infinite time
using the following structure:

7 = M (tmoD + TDRI + TROB) (6)

The detailed control signals (Tmop, TDRI, TROB) are
explained hereafter. Tyop is @ model-compensation signal
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that is used to eliminate the internal dynamics (v) and other
terms of the surface dynamics (5). Hence, the signal is formed
as follows:

tyMop=—¥ + g — Ko <I+‘1diag Lev’l—qﬂ/mJ) e (D
q1

Estimation of the internal dynamics (v) is obtained by using

the simple time-delay estimator [15], [27]:

V=07, -M'7,_g, (8)
where (¢ — T;) is a time-delay value, and T is the sampling
time.

By applying the designed control signal (6)-(7), the dynam-
ics (5) of the sliding manifold are reformed as

$ = 8 + TprI + TROB 9

where 8§ £ [81; 83; ...
vector.

The second term Tpgy acts as a driving signal that forces
the sliding manifold from everywhere back to around zero.
Thus, it is designed as

; 8,] = —V € R"is an estimation-error

TDRI = —K]S (10)

where K| = diag |k;] = diag |[[k11;
definite diagonal driving gain matrix.

The last signal Trop is a robust control term that is used
to suppress the estimation error (8). The signal is designed as
follows:

...; k1n]] is a positive-

TroB = —Kosgn [s] (11)

where K, = diag |ky| = diag |[k21; ...; k2,]] is a positive-
definite robust gain which should be greater than the bound
of the overall error:

kaili=1.n > Ajsy) (12)

Remark I: As noted in the TDE theory [17], [18], [27],
[30], the nominal inertial matrix is recommended to be satis-
fied the following condition:

HI—M*‘MH2 <1 (13)

In fact, the nominal value M could be chosen to be small
enough.

Remark 2: For accomplishing the reaching phase,
the robust gain (Kj;) should be selected to be large
enough or as least comply with the constraint (12). Never-
theless, employing very-big values of the gain would create
chattering phenomena that could reduce lifetime of used
actuators [27], [28].

Remark 3: The transient control rate of the reaching phase
could be speed up by the large driving gain (K1) which could
yet increase the overall estimation error (§) [18], [44], [45].

Remark 4: As noted in [35], the transient control quality
of the sliding phase is improved by employing the nonlinear
sliding manifold (4). However, this effect is diminished when
the control errors approach to the origin.
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Remark 5: the steady-state control accuracy could be
increased with the large gain (Ko) [4], [5], [28]. Notwith-
standing, from the control signal (7), the sliding gain (Kp) is
coupled with a time-derivative term. Hence, employing such
the so-big values in cases of numerical velocity computation
might amplify the noise effect. Generally, the proposed TDE
sliding mode design could provide an excellent control result
with the proper control gains regardless of the presence of
the disturbances. Tuning such the perfect gains for various
working conditions in the real-time control is not a trivial
work.

TABLE 1. Detailed parameters of the simulation model.

Description Parameters Values Unit
Link length 1 1, 0.2,0.1 m
Gravitational Accel | g 9.81 m/s’
Friction coefficient | a;, a» 50, 50 N.s
Mass of links my, m; 10,5 kg

B. TWO-LEVEL GAIN ADAPTATION

To support the gain-selection effort for the users, an auto-
matic gain-tuning feature is integrated into the robust control
design.

The driving and robust control gains (k; andkj;) in the
high-level control layer are separated into two terms: nominal
gains (k; andk») and variation gains (lvq and lv(2). The nomi-
nal values play a groundwork role in ensuring the stability
and the convergence rate of the reaching phase. Influence
of unpredictable disturbances on the reaching control perfor-
mance is overcome by variation gains, which are tuned using
the following mechanism:

{ lfl = —diag L,“J Ky + ESS(P2+f12)/q2 a4

k, = —diag [0, | ko + E |s|P2/2

where E;, diag |n] and diag |n,| are positive-definite
diagonal constant matrices, py, g» are positive odd constants
satisfying a constraint of (0 < p2 < ¢2).

The driving and robust gains only force the sliding man-
ifold (s) back to zero in infinite time in the reaching phase.
For promptly driving the control error to zero in the sliding
phase, in the low-level control layer, a new learning law
is proposed for the sliding gain (ko). The gain is designed
as follows:

ko = ko + k3 (15)

Here, the selected nominal gain (l_(o) is positive, while the
variation gain is updating using the mechanism (16).

ko = —diag | no | ko + E.e?1 "/ —Eys|  (16)

where E., Egand diag |7 | are positive-definite diagonal
constant matrices.
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Note that, in cases of using the varying sliding gain, the
model-compensation control signal (7) is modified as fol-
lows:

TMOD
= —¥+84— Ky (I + 2L diag Le@l—q”/ﬂ) é
Q1
12K, (diag | n0] Ko + Eodiag |Is| J) e

—2Ko (2. - diag [10] Ko — odiag LIs|]) &/
+Eee<2m—m)/q1)

- (diag le] Ko — diag LeZJ Ko Zodiag [sgn |s) J)
x |S|(qz—P2)/lIz (17)

C. STABILITY ANALYSIS
Effectiveness of the closed-loop system is achieved by the
following statements.

Theorem 1:

If applying the robust nonlinear sliding mode design (6)-
(11) and (17) with gain-adaptation laws (14)-(16) to a non-
linear uncertain system (2), for a predefined nominal robust
gain (kp) and proper excitation coefficient (Ee < Ko),
the following properties hold:

a) If the estimation error (J) satisfies the constraint
(12), the closed-loop system asymptotically converges to
the origin under a certain exponential rate of ¢ =
2min Lkl min> 171 min, 2 min, kOminJ-

b) Otherwise, the control error converges to the fol-

lowing bound under an exponential rate of o =
2min | (k1 min — p2+q2) 11 min> 12 min; kOmmJ with (Kq min >
1):
- > \(2+q2)/ 92
U)Lmaxb-sKOJ PZ‘H]Z pa+qp ace \‘_‘S (A5 - K2) J
el —

2
1 T .
T T [EK] ((sz/%) Ess + ) (k,'Tki)>

i=1

(18)

Theorem 1 is proven in Appendix A.

Remark 6: The estimation error (§) reflexes the change
of the internal disturbances [17], [38]. The first statement
of Theorem 1 indicates that the closed-loop system would
be asymptotically stable for static loads or low-frequency
tracking profiles, and the nominal robust gain (kgandkj;)
could be chosen with proper values for desired convergence
rates.

Remark 7: The bound (18) and the learn rule (16) reveal
that the high-level variation gains (121, Eg) work as active-
disturbance-compensation terms in the reaching phase, while
the sliding-gain variation (ko) would strongly activate in the
sliding phase or as the sliding manifold is inside a certain
range. Different from previous works [35], [39], the learning
law (14) is designed such that the variation gains (Rl, 122)
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TABLE 2. Selected parameters of the controllers.

Description Parameters Values
RLTDE Controller
[27]
Nominal mass - 0.01I
matrix M 2
Driving and robust K. K 601,101,
gains el el
Sliding gain K, 101,
Steady-state sliding 0.015
surface 4
diagL[4000; 3000]J,
Learning rates 12144 .
diag|[0.6;1.57] |
PPPD Controller [48]
Initial bounds Pios P 60, 60 (deg)
Steady-state 0.287, 0.287 (deg)
bounds Ploo> Paco
Convergence rate Y 5
Undershoot K 1
K, K,,andK 51,,1001,,
Control gains I8, and .
£ P e and diag| [5;1]
MLTDE Controller [31]
Lower bound of 0.01I,
nominal mass M
matrix
Sliding gain K, 151,
diag| [0.005;0.001] |,
Learning rates a,6 . s s
dlagL[lO 10 ]J
Proposed Controller
Nominal mass - 0.01L
matrix M 2
Nominal sliding, _ _ 51,,301,,51,
driving, and robust | K, K, ,and K ,
gains
d [0.02;0.02],
Learning rates , 17, and
: "o-7h- 20T [5:5135:35)
== = diag| [1500;500] ],
Excitation rates E,E,,andE,
51,,0.51,
Exponential rates P4, Pr.andg, 5,3,1,and3

are respectively strongly activated in two specific ranges of
the sliding manifold.

Remark 8: The total control idea is summarized in Fig. 1.
On one hand, the control algorithm adopts two control lay-
ers with three main control gains (Ko, K1, and Kj) to real-
ize the control objective (3). The final control signal (17)
is combined from a simple TDE term and various forms
of the control error and the sliding manifold synthesized.
Thus, proposed control method has less computational bur-
den than previous intelligent controllers which are embed-
ded into fuzzy-logic and neural-network frameworks [7], [8],
[13], [14]. On the other hand, the stability of the closed-
loop system is theoretically ensured by the robust nonlinear
sliding mode design, while the proposed learning laws pro-
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Robot Dynamics (1) " TD Estimator (8)

Y T
Driving and Robust Control
Signals (10),(11)

ki Ks

Y
Model-free Control
O signal (17)

SA - SA ‘A

| near Siiding || 1
[Control-gain Learning No'\r;lI;nnei; rIdSI(lj)lng ¥ @<
i (14) Ko e Lqq
Sliding-gain Learning (16) ;Desired
s .| Profile

FIGURE 1. Scheme of the proposed controller.

vide the flexibility to user in preserving the desired control
performance. According to the inequality (22), the learning
(no, n1, andny) and excitation (E;, E,, and Eg) rates can
be employed as fixed values depending on physical natures
of the control plant.

IV. VALIDATION RESULTS

Performance of the proposed controller was verified both
on simulation and extended real-time experiments. Three
state-of-the-art controllers, including robust-gain and mass-
gain learning TDE controllers (RLTDE vs MLTDE) and a
prescribed-performance proportional-derivative (PPPD) con-
troller, were also implemented on the same system as bench-
marks for the control-efficiency comparison. Design of the
comparative controllers is presented in Appendix B. The
obtained results are carefully discussed in the following
section.

A. SIMULATION RESULTS

The controllers were applied for position-tracking control
on simulation of a 2-Degree-of-freedom (DOF) robot, as
depicted in Fig. 2. Dynamics of the robot are presented in
Appendix C. Simulation parameters of the controllers and the
dynamics are shown in Tables I and II, respectively.

FIGURE 2. A 2-DOF manipulator.

Desired profiles of the robot joint control in the first sim-
ulation were sinusoidal signals that are plotted in Fig. 3. The
control results obtained are presented in Figs. 4 and 5.

As shown in Fig. 4(a), transient performances of the
RLTDE, MLTDE and proposed controllers for both joints
were satisfied the desired convergence rate, while that of the
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FIGURE 3. Reference signals in the first simulation.
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b) Steady-state error

FIGURE 4. Control errors achieved in the first simulation.

7 6.0
6 55
& 5 & 50Y
4 45
0 2 4 6 & 10 12 0 2 4 6 8 10 12
Time (s) Time (s)
150 50
45
100
40
< 50 < 35
30
0 T T T T r ) T T T T T .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (s) Time (s)
300
[~ RLTDE—— Proposed
1500, ;
i 200
1000 i
& ool
500 1004,
0 R L Ly 0 i iy v
o 2 4 6 8 10 12 0 2 4 6 & 10 12
Time (s) Time (s)

FIGURE 5. Comparative gain learning in the first simulation.

PPPD controller for the first joint was not good as expected.
In reality, by using the PPPD control method, the singularity
would be originated once the control error was out of the
desired range [13], [43], [48]. To attenuate this problem, a sat-
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uration function of the extended error (e;/p;) with 0.001 mar-
gin far from the bound were employed.

The steady-state control results shown in Fig. 4(b) indi-
cates that the PPPD performance complied with the given
constraints, but it tended to approach the bounds instead of
the origin. Minimizing dynamical perturbances by finding the
optimal nominal mass gains in the MLTDE control algorithm
also resulted in high control accuracy [31]. By possessing the
fast updating law for the robust gain, the RLTDE controller
efficiently suppressed large disturbances, but the closed-loop
system was disorganized as approaching the origin [49].
According to the first statement of Theorem 1 and Remark
6, very high control accuracy would be accomplished by the
proposed controller. To this end, as depicted in Fig. 5, all con-
trol gains were automatically tuned to optimize the control
error. Different from the key idea of the RLTDE controller
which only tuned the robust gain, as seen in learning rule (14),
the driving and robust gains of the proposed controller were
respectively strongly activated when the sliding manifold
was outside and inside of the unit circle. It made the gain
variations smoother and did not need to be too large for the
high-precision control results.

In the second simulation, these controllers were challenged
with a sudden disturbance in a short time at joint 2. Tracking
simulation results with respect to the same profiles under the
extreme disturbance, as plotted in Fig. 6, are shown in Figs. 7,
8,and 9.

600+
300
o
300
600

Disturbance 2

———— 77— T "
0 1 2 3 4 5 6 7 8
Time (s)

FIGURE 6. Sudden disturbance affected to joint 2.

207
20}

e, (deg)

201
40

Time (s) Time (s)

FIGURE 7. Comparative control errors in the second simulation.

Whenever the control error was kicked out of a safety
range, recovery ability of the PPPD controller was really
poor. This feature is not supported by the PPPD-type control
method. Asymptotic control performance was provided by
the MLTDE only inside of a certain range of the mass matrix
with slow learning rates [31]. Hence, the transient control per-
formance of the MLTDE was under expectation after facing
the large disturbance. As seen in Fig. 7, the RLTDE could
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FIGURE 8. Comparative gain variation with the large disturbance.

- MLTDE- - - RLTDE
Proposed-----PPPD

Time (s) Time (s)

FIGURE 9. Control signals generated to suppress the disturbance in the
second simulation.

well deal with this problem thanks to the fast adaptation law
(29). As shown in Fig. 9, the large robust gain could however
generate the ripple or chattering control input. Instead of
increasing the robust gain, in the proposed controller, the
driving gain played a dominant role in such the case to force
the sliding manifold back to zero as fast as possible and the
sliding gain worked as a damping term to avoid rebounding
problems. The gain behaviors are demonstrated in Fig. 8.
Influence of the proposed controller against the disturbance
is reflexed in Figs. 7 and 9.

B. EXPERIMENTAL RESULTS

Real-time experiments were performed to investigate feasi-
bility of the proposed controller. A 6DOF robot was designed
and fabricated for the validation. The robot prototype is
shown in Fig. 10. Industrial motors were employed to actuate
the robot joints, and encoders with resolution of 5760ppr
were used to measure the joint positions. A compactRIO
9024 controller connecting with digital (NI 9401) and analog
(NI 9263) modules was setup as a data acquisition (DAQ)
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system. The algorithms were deployed in the Labview envi-
ronment to control the first joint of the robot.

FIGURE 10. The experimental 6DOF robot.

Proposed

----- Upperbound- - - RLTDE:---- PPPD----- Lowerbound---- MLTDE:
15

=)

10}
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FIGURE 11. Real-time comparative control errors.
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FIGURE 12. Learning ability of the proposed and RLTDE controllers.

The desired profile chosen was: 014 = 30 sin(0.377)(deg).
The control results obtained are shown in Figs. 11, 12, and
13. Transient control performances of the controllers were not
much different due to starting from small initial joint angles.
However, interesting information could be observed in the
steady-state control errors. The MLTDE provided a learn-
ing law to find the optimal nominal mass matrix subjected
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FIGURE 13. Real-time torques generated by the controllers.

to the minimal TDE error. Without employing any robust
control signal, the MLTDE only produced an acceptable
control error of 0.98 (deg). The control precision could be
enhanced by the RLTDE controller thanks to the fast robust-
gain learning or by the PPPD controller with the prescribed-
performance-guarantee mechanism: the RLTDE and PPPD
errors were (.75 (deg) and 0.7 (deg), respectively. In fact,
the learning ability of the MLTDE and RLTDE was only
applied to the reaching phase of the sliding mode working
principles. With hard sliding procedures, at which the con-
stant sliding gains were employed, good sliding manifolds
would result in good control errors. As a solution, adaptation
laws of the proposed controller supported two phases of the
SMC algorithm. As seen in Fig. 12, the driving and robust
gains (K| andKj) were strongly activated with respect to
large and small ranges of the sliding manifold in the reaching
phase, and a soft sliding policy (Kg) was accomplished by the
new learning rules (15)-(16). Thus, higher control accuracy
of 0.39 (deg) was exhibited by the proposed controller. Con-
trol torques generated by the testing controllers are presented
in Fig. 13. The highest deviation could be observed from
the PPPD control signal which was created by logarithmic
implication control law to ensure the prescribed bound. The
MLTDE used the smoother control torque after the optimal
nominal mass matrix was found. To effectively suppress the
TDE error, the fast robust-learning law associated with a
signum function was employed by the RLTDE, but such the
robust rule made high-amplitude harmonics in the control
signal. The proposed adaptation laws (14)-(16) reveal that the
robust-gain (Kj3) was mainly bustled in the steady-state time
of the reaching phase. The high-performance control mission
was effectively shared by other control gains in proper control
gradation. Hence, as seen in Fig. 13, the large-deviation
problem would be attenuated by the proposed control method.

As observed in the working progress of the sliding gain
(Kop) illustrated in Fig. 12, the adaptation rule seemed going
to infinite. A long-time experiment with random disturbances
was performed to verify this issue. The data obtained are
displayed in Figs. 14 and 15. To cope with unknown external
disturbances, as shown in Fig. 15, all the control gains were
varied in different ways to maintain the stability of the closed-
loop system. Right after the sudden disturbances vanished,
the driving and robust gains were quickly reduced to make
the system relax while the optimal sliding gains, as noted in
Fig. 14, was found to result in the high control accuracy. Thus,
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TABLE 3. Statistical performance comparison of the controllers from the
validation results.

Joint 1 Joint 2
Control Error
MA RMS MA RMS
RLTDE 0.4749 0.1417 0.2406 0.0694
The first | PPPD 0.2715 0.2170 0.2505 0.1890
simulation | iy TpE | 0.0847 0.0413 | 0.2652 0.1776
Proposed | 0.0268 0.0171 0.0086 0.0049
RLTDE 8.3728 1.8853 46.2209 8.5338
The PPPD 36.1909 8.9667 164.64 38.9088
second
simulation | MLTDE | 153.5829 | 38.5389 | 139.2691 | 36.503
Proposed | 1.7547 0.3691 14.1212 3.3696
B) EXPERIMENTAL DATA
Control Error MA RMS
RLTDE 0.75 0.28
The real-time | PPPD 0.7 0.43
experiment MLTDE 0.98 0.42
Proposed 0.39 0.13

the stability and feasibility of the proposed controller have
been demonstrated clearly in this test.

e, (deg)

€, (Zoomed in) (deg)

0 30 60 90 120 150 65 66 67 68 69 70
Time (s) Time (s)
FIGURE 14. A long-time control error of the proposed controller under
sudden disturbances.
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FIGURE 15. An adaptation progress of the control gains in a long-time
working under sudden disturbances.

C. DISCUSSION
Table 3 presents the maximum absolute (MA) and root-
mean-square (RMS) values of the control errors obtained
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by the static computation of the control performances for a
manipulated time (5s to 8s). The PPPD controller normally
produced the largest RMS control errors as comparing to the
others even though its MA errors are in good ranges. The
information implies that the uncertain nonlinearities were
not treated well in the PPPD algorithm. The statical data
also reveal that this issue was efficiently dealt with by the
TDE control schemes. Searching the best mass matrix by the
MLTDE method could yield the very high control accuracy,
but its adjustability was slow in arduous working cases. The
RLTDE possessed a faster adaptation rate but its steady-state
control errors were still limited. Both the collected MA and
RMS outcomes of the proposed controller always got better
than those of the others. To this end, the TDE technique and
the multi-level learning rules were combined in a reasonable
manner. Hence, promising characteristics of the proposed
controller over the previous control methods were confirmed
throughout the analytical and testing results.

V. CONCLUSION

In this article, an adaptive robust controller is proposed for
high-quality position-tracking control of robot manipulators
based on a new nonlinear sliding mode scheme. Effect of
the system nonlinearities, uncertainties, and unpredictable
disturbances are compensated by a model-free estimator. The
control objective is realized using a two-layer control signal.
The adaptation ability is integrated into the layers of the
control architecture. A new gain-learning law of the high-
level control layer is developed to actively stabilize the sliding
manifold in a certain bound under a desired convergence rate.
Furthermore, another gain-learning law is proposed for the
low-level control layer to promptly force the control error
back to zero. Asymptotic stability and effectiveness of the
closed-loop system are confirmed by Lyapunov-based con-
straints, intensive simulations, and extended real-time exper-
iments. Ideally choosing the mass matrix would lead to the
small-possible TDE error. At that time, the learning burden
on the driving and robust gains could be effectively reduced
and the convergence rate of the reaching phase could be
improved. Theoretical integration of the new whole system
is a challenge that could open future research.

APPENDIX A: PROOF OF THEOREM 1
The following Lyapunov function is investigated:

2
L =05 2872 +05) (R{l“q) +0.5¢" 2,Kpe  (19)

i=1

The time derivative of the function (1) with noting the control
signals (5), (6), (10), (11), and (17) is

. 2 .
[ = (sz/qz)T Esﬁoﬁo (e + ePl/‘]l) + Z <1“(1Tf(t>
i=1

+ (sz/qz)T =, V+M71‘t —éd—}-Ko

189232

<I + Iﬂdiag Le(l’l‘“)/‘“J) é>
q1
+eT2,Ko (s — Ko (e + e/91)) + eTEXIV(OI&(oe
= (s”Z/"Z)T o (6 — Kis — Kosgn |s] + Koﬁo
x (e+er1/ar))
() K, ((diag | no| Ko + Eodiag |s| J)
x e — Z,en—an/a )
_ (sz/qz)T =Ko
x ((=. - diag [no| Ko — Eodiag LIs]]) /")
+ (/)" 2 diag {&J Ko Eodiag [sgn |s) |

x |s|(42—p2)/tI2

2 .
+3 (12{12,) — " 8,KoKq (e + e"1/%)

=1
+ e’ 2, KoKoe (20)

By adopting the separation law (15) and the learning rule (16)
of the low-level control gain, the function (20) becomes

L= (SI’Z/‘”)T E, (8 — K;s — Kpsgn [s])
—el'2,Kodiag | no] Koeo

2 .
+ Z (lv(lTlv(,) — el 2,KoKoe — el B,
i=1

x (KOKO — Kose) eP1/a Q1)

The function (21) is extended using the error dynamics (4)
and the gain-adaptation law (14) as follows:

L = (s”Z/qZ)T 2, (8 — Kis — Kosgn [s])
— eT E‘YIU(odiag L”OJ f(()e()

2
= 3 (i diag [n;] ki) - e” B KoKoe
i=1

—e'E, <K0K0 . 1“(056) 1/

< —2min [ k1 min» 71 min: 72 min> Komin | L
— eT = sﬁodiag |_110J f(()e()
— (/)" 2, (Rysgn [s] — §)
—e’'E, (KOKO - KOEE) e /4 (22)
Here, the first statement of Theorem 1 is proven. [ ]

If the estimation error (§) does not meet the constraint
(12), by noting Holder inequality [47], the time derivative
(22) could be rewritten as:

L < —2min L(%l min — > > 11 min» 72 min, IEOminJ L
P2+ q2

trace LES (As _ 1'(2)(1’2+(12)/qu

+
P2+ q2
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The design of the robust-gain-learning TDE (RLTDE) con-

M|6]| =
6] L mzlg + lilbmacy
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pP2tq2

By applying integral inequalities [23], [46], a steady-state
bound of the control error is established:

e < trace

0 Amax (E5Ko) p2 + ¢2
- - +42)
% L':S (AS—KZ)@Z 9 /CI2J

1 2
_ m ((sl’z/qz)T Z.s 4 Z (kl.Tkl->>
2 I @
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+ ;L 0] e~ ! (24)
Amax ( E sKO)
That leads to the proof of the second statement. ]

APPENDIX B: DESIGN OF COMPARATIVE CONTROLLERS
The prescribed-performance proportional-derivative (PPPD)
controller is designed based on a previous work [48]. First,
an error-decaying function is chosen as
pi = (pio — Picc) € 7" + pico (26)

In fact, p; is a bound-guaranteed function of the control error
(3) in which p;p and pjo are initial and steady-state bounds,
respective. y is the convergence rate.

A transformation function is next selected from the control
error (3), as follows:

( K+ (ei/ pi) >
n| —————— €jo =
e = Kk — K (ei/ pi)
! <K + K (ei/Pi)>
In{ —————=) ep<0
Kk — (ei/ pi)

with0) <« <1

27)

where « is called undershoot of the control error.
A PPPD control signal is then designed using both the
control error and the transformation error

3
T =K —Kpe— Ksa—Ze (28)

where K, K, and K; are positive-definite gain matrices.
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troller is based on another previous work [27], as follows:
s=¢e+ Kye
=M <_ét—Ts + M_ltt_TS + éd

A

—K.0é — K5 — Kosgns))

. $l1) >
o (o Isile)1)" dile), it > 0
gia; ! Isi 1111,
¢i Lt] sgn = [lIslloe — xJ
where Ko, K1 and K., are sliding, driving and robust gains,
respectively; x is the steady-state sliding surface; and ¢;, o;
are learning rates.

Idea of the mass-gain-learning TDE (MLTDE) controller
is delimitated as [31]:

T="71;-7,+ M (—éthx + éd —2Kpé — K%e)

(29)

kai = .
otherwise

s = ¢+ Kpe

) o~ N o (30)
i=t.n \ Mii = —a; (Siisii + 3S,~,~) , M > M

M =M, otherwise

where Ky is the sliding gain; 1\_4; is a defined lower bound;
and §;;, «;; are learning rates.

APPENDIX C: DYNAMICS OF A 2-DOF ROBOT
The robot dynamics depicted in Fig. 2 are derived as fol-
lows [9]:

where 6;, 1, m;, and Aa o ATC respectively joint angles,
link lengths, link masses, and frictional coefficients; g
is the gravitational acceleration; and ¢;, s;, and¢;; denote

cos(8;), sin(6;), and cos(8; + 0;), respectively.
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