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This paper presents a control method for trajectory tracking of a robotic manipulator, subject to practical con-
straints and uncertainties. The proposed method is established upon an adaptive backstepping procedure
incorporating a tangent-type barrier Lyapunov function and it preserves some important metrics of trajectory
tracking such as fast and user-defined settling time response and robustness against actuation faults and un-
known control gain. The proposed design maintains the system trajectory within a prescribed performance bound

and relaxes the assumption of the bounded initial condition. These salient features preserve the system within a
safety bound and, consequently, guarantee the system stability and safety. The performance of the proposed
control method is validated on a 3-DOF PUMA 560 robotic manipulator benchmark model, with different
operation scenarios. The simulation results confirm the effectiveness and robustness of the proposed control

method.

1. Introduction

Prescribed performance control of a robotic manipulator, as a safety-
critical system, is crucial in practical applications [1-3]. The human
operator and the robotic manipulator might experience catastrophic
risks if the system’s states reach an unsafe region, or the system cannot
deliver the expected performance [4]. In the robotic manipulators, this
prescribed performance verification is tightly engaged with trajectory
tracking control, where preserving performance metrics, e.g., fast tran-
sient response, finite-time convergence, and guaranteed stability is vital
[5]. The importance of these performance metrics is demonstrable in
practice (see [4,6] and references therein). However, as the robotic
manipulator is a highly nonlinear system with uncertainties, the control
system design is always challenging and demands innovative solutions.
This means that imprecise knowledge of the manipulator kinematics in
conjunction with the link flexibility, friction, and actuator backlash,
should be carefully considered. There exist various methodologies to
deal with the high-performance control of robotic manipulators. A
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common taxonomy encompasses methods like
proportional-integral-derivative (PID) control [7], adaptive and
learning-based control [2], sliding mode control (SMC) [1,8-10], in-
verse dynamics control [11], sampled-data control [12], homogeneous
control [13], and optimal control [14].

Different complexities in the robotic manipulators, which are asso-
ciated with unmodeled dynamics, unknown parameters, disturbances,
and uncertainties, have motivated researchers to employ adaptive and
learning-based control methods. This paves the way for the identifica-
tion of the uncertain robotic manipulator systems and compensation for
the impact of state constraints while the system stability is preserved.
For instance, in [15], the finite-time tracking controller is designed
within backstepping framework for uncertain multi-input-multioutput
nonlinear systems (which can be a representation of a robotic manipu-
lator system) with input backlash. The neural network (NN) is used to
approximate the unknown dynamics. In [16], an adaptive fuzzy NN
impedance control for a constrained robotic manipulator is designed,
using logarithm barrier Lyapunov function (BLF). The NN is designed to
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estimate unknown system dynamics. Also, an observer is designed to
estimate disturbance. In [17], an adaptive NN-based strategy is pro-
posed to control a robotic manipulator with unknown backlash. In [6],
adaptive NNs are employed to approximate the robotic manipulator
dynamics with input dead zone and output constraint, utilizing a BLF. In
[18], NNs are utilized for the robotic manipulator control subject to
model uncertainties and frictional forces. In [19], radial basis function
NN is used for adaptive impedance control of a robotic manipulator
subject to input saturation and in [20], Fourier series expansion is used
in a learning based scheme with guaranteed output constraint. In [21],
an adaptive fuzzy NN control is used to control a 3-DOF robotic
manipulator with unknown dynamics and constraints on states. How-
ever, the major challenge with these controllers is the computational
complexity associated with training processes which makes them not
suitable for real-time implementation. Therefore, the need for an
easy-implementable, robust, and tractable control is inevitable.

In this regard, robust control techniques have shown significant
characteristics in fault and disturbance rejection when dealing with
strong nonlinearity and uncertainty. However, the classic SMC tech-
niques often suffer from chattering phenomenon, and requires a priori
knowledge of the upper bound of uncertainties, faults, and disturbances.
To address these drawbacks, advanced SMC techniques such as higher-
order SMC and terminal SMC have been proposed [22]. The initial
ground-breaking research in this regard includes robust terminal SMC
[23] for finite-time tracking [24,25]. However, the major drawback
with the proposed terminal SMC is the singularity phenomenon [26].
This restricts the practical applications of the terminal SMC and nega-
tively impacts the control performance. The singularity problem of the
terminal SMC can be addressed by introducing a new sliding surface that
provides non-singular finite-time tracking performance [27]. To
compensate for the steady-state error and improving the finite-time
convergence without increasing the sample time and bandwidth, an
integral fast terminal SMC has been proposed in [28]. However, the
convergence rate highly depends on the initial conditions, representing
the possibility of unbounded growth of convergence time while the
initial conditions are far beyond the equilibrium region.

Recently, higher-order SMC methods have been employed for finite-
time stable control of robotic manipulators. In [1], an adaptive
high-order terminal SMC is developed to obtain robust and finite-time
convergence control of a robotic manipulator with backlash hysteresis.
In addition, an adaptive mechanism is developed to compensate for
unknown dynamics. The performance of the proposed high-order ter-
minal SMC against a benchmark 3-DOF PUMA 560 robotic manipulator
is evaluated through simulation and the results confirm the finite-time
stability and high tracking outcome. However, the control signal still
suffers from the chattering phenomenon under noise impact and
dependence of system performance to the initial conditions remains
unaddressed. In [4], an integral non-singular fast terminal SMC is
employed to address the robust fault-tolerant control of robotic ma-
nipulators. The proposed control strategy features finite-time conver-
gence as well as stability. On top of that, an adaptive mechanism is
designed to overcome the controller dependence to the prior knowledge
of uncertainty bound. The simulation study, applied on the 3-DOF
PUMA 560 robotic manipulator model, demonstrates the performance
effectiveness of this control strategy, even in presence of actuator faults.
However, the controller cannot simultaneously preserve robustness and
fast convergence, and it requires a mechanism for fine-tuning the
controller parameters. In [29], a backstepping based adaptive
finite-time tracking control is proposed for uncertain robotic manipu-
lators with unknown backlash. The proposed control strategy accom-
modates the explosion of the complexity of conventional backstepping
design and the issue of finite-time convergence. The performance of the
proposed controller on a simplified 2-DOF model of PUMA 560 robotic
manipulator shows the finite-time position tracking error convergence
even in presence of unknown backlash. However, the major drawback is
that the convergence time highly depends on the initial conditions and
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cannot be predefined. As a result, the initial conditions affect the
controller finite-time performance.

In the preceding works, the control performance is subject to some
critical assumptions on the linearity-in-parameters associated with the
uncertainty, pre-set initial conditions and bounds, and extremely
impractical large bound for the manipulator system. In addition, the
required cumbersome training process of the existing fuzzy- or NN-based
solutions for unmodeled dynamics and uncertainty approximation is
neither computationally efficient nor feasible for controller imple-
mentation in real-world applications. In practice, the manipulator sys-
tem often experiences practical constraints such as backlash hysteresis,
actuator faults, and model uncertainty and thus the control mechanism
should be able to simultaneously preserve the control objectives of high
tracking precision, user-defined settling time, handling of arbitrary
initial conditions, and chattering-free control signal, as well as main-
taining the asymptotically stability and safety region of the manipulator
system. However, there exists lack of research on developing such a
universal control system in the literature.

Motivated by the above-mentioned issues and the existing gaps, this
paper proposes a robust high precision control methodology with
guaranteed prescribed tracking performance for a robotic manipulator
system. The proposed control method uses the principles of adaptive
backstepping procedure and tangent-type BLF to maintain the states
within the prescribed performance bound (PPB). The effect of arbitrary
initial conditions is compensated by incorporating a scaling function
with a user-defined settling time. Thus, the assumption of the bounded
initial conditions is relaxed. Moreover, the proposed method complies
with the practical constraints associated with robotic manipulator sys-
tems and hence very large performance bounds are avoided. The
designed control scheme compensates for the faults, backlash, distur-
bance, and unknown control gain effects, to guarantee safe and reliable
operation. In Table 1, a comparative literature review is given to further
highlight the motivation and novelties of the proposed control.

Accordingly, the main contributions of this paper can be summarized
as follows:

1) The proposed design guarantees the closed-loop stability (theoreti-
cally proven) in presence of disturbances, actuation faults, backlash,
and uncertainty. Moreover, it can satisfy the prescribed tracking
performance by delivering high precision and fast response to a vast
range of the desired trajectories.
Compared to [20,32-36], the proposed controller is robust against
unmodeled dynamics and capable to handle the unknown control
gain. This stems from the fact that the control distribution matrix is
the inverse of the inertia matrix, which itself is a function of angular
positions, thus, time-varying. In addition, the inertia matrix might
change due to unforeseen model uncertainty.

3) Compared to [18-21,32-35], in this work, the use of computation-
ally expensive function approximators is avoided, and thus the
real-time implementation of the proposed method in practice is
achievable. This is made via the incorporation of a computable core
function with an unknown scalar gain.

4) Compared to [32,34,35], the proposed design provides a
user-defined settling time to tackle the arbitrary initial conditions.
This provides a significant advantage to simply adjust the rising
speed of the system and to avoid a large bound which is not suitable
for practical use of manipulator systems.

5) In contrast to the reported works of the literature [22,27], the control
signal generated in this work is continuous which is more suitable for
practical applications given the electromechanical nature of robot
manipulators.

2

—

The remainder of this paper is arranged as follows. The system
description and technical preliminaries are discussed in Section II.
Section III provides the control design procedure, addressing its salient
features, with stability analysis. In Section IV, the performance of the
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Table 1
Comparative literature review (NA denotes Not Applicable).
Benefits
Method Paper Robustness Chattering Predefined Use of Backlash Safety Fault Arbitrary Unknown
free settling time neural handling bound tolerance initial control gain
networks condition
PID [30] No NA No No No No No No Yes
Adaptive [31] Yes Yes Yes No Yes No No No No
backstepping
learning-based [2,6, Yes NA No Yes Yes Yes No No No
control NN and 17-19,
fuzzy 21,
32-35]
SMC [1,8,9, Yes No No No Yes No Yes No No
26]
Terminal SMC [1,4,22 Yes Yes No No Yes No Yes No No
271
Integral SMC [28] Yes Yes Yes No Yes No Yes No No
Inverse dynamics [11] No NA No No No No No NA No
control
Homogeneous [13] Yes Yes Yes No No No No No No
control
Optimal control [14] No NA No No No Yes No Yes Yes
PPB based control [21, Yes NA No Yes Yes Yes Yes No No
32-35]
Proposed Control Yes Yes Yes No Yes Yes Yes Yes Yes

proposed design is studied through extensive numerical simulations.
Finally, Section V concludes the paper.

2. System description and technical preliminaries
2.1. Robotic manipulator model and control objective

Consider the robotic manipulator dynamics as

§=M"(q)(u(r) — H(q,4)q — F(q) — G(q) —7a(1) ), (€3]

where g € R", u, € R", M(q) € R™", and H(q,q) € R™" represent the
positions, actuator input, positive definite inertia matrix, and Coriolis/
centripetal forces, respectively. Also, F(q) € R", G(q) € R", and 74 € R"
are the friction force, the gravity force and the unknown disturbance,
respectively. This disturbance can represent the bounded external
perturbation and system uncertainty. Due to the fast actuator response,
the actuator is modelled as [4]:

u, (1) = Ti(H)u(r) + Ta (1), @

where u(t) € R" is control signal commanded by the controller, I'; (t) =
diag{y, ;(t —t;,,), ..., vn (t =t )} € RPM is the actuator effectiveness

diagonal matrix, Iy(t) = [71‘2 <t7 tf1,2)7 e Yn2 (t, tfﬂ) }T eR" is the
actuator additive bias. In this paper, it is assumed that the actuator
dynamics are fast enough, compared to the dynamics of the robot.
Therefore, we could assume that the actuator effort on the dynamics is
the commanded control input, i.e., uy(t) = u(t), where u, € R" is actu-
ator input and u(t) € R" is a control signal commanded by the controller
[4,37]. However, due to the actuator malfunction, there might be some
bias in the actuator model, which is modelled as I'z(t) in (2). On the
other hand, over a long period of operation, the actuator might lose its
effectiveness by less than 100%. This is modelled as I'; (t) in (2) [38].
When the actuator is fault-free, thenI'y = I, and ', = 0,1. On the other
hand, the actuator effectiveness I'; (t) can represent the multiplicative
faults. For this aim and to cover a family of abrupt and incipient faults,

Li< I

ya(1=10,) = 1_,,,,(1_6%(:,,,7:)),,2% : ®)

where t;, is the moment i actuator starts losing its full effectiveness,
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0 < b; <1 is the percentage of effectiveness lost, and a;€ R~ is the
evolution rate. For incipient faults g; is small and for abrupt faults q; is
large. It should be noted that t; , b; and q; are unknown constants. It is

worth noting that, 0 < y;; (t 7tf“) <1fori=1,..,n Also, I'i is a
positive definite matrix. On the other hand, y;, (t, tfi2> € R is a time
variable unknown function applied at the moment t;,. For t < t;,, 7;, (t,

tf:,z) = 0. Accordingly, the state-space model of the robotic manipulator

can be obtained as,

X = X2,

$o =£(g,4) + (@) (D + d(g,1), “)

wherex; =q, x2 =4,f(¢.9) = — M '(@H(q,4)q — M (9)G(q), &(q)
=M(q) and d(q,t) = M} (q)T'2(t) — M"'(q)7a(t) — M " (q)F(q). The
robotic dynamics (1) satisfies the following standard property as:

0<M=2,M(q)) < [IM(q) || < nu(M(q)) =M, 5)

where 4,(X) and Au(X) represent the minimum and maximum eigen-
values of X, respectively. As M is positive-definite, then p(M)CR.,,
where p(M) is the spectrum of matrix M. Therefore, M is invertible.
Consequently, it is easy to obtain that g(q) is positive definite and

0<g<|gl@)ll <z, (6)

where g = M'andg =M1

Assumption 1 [4]: The unknown disturbance 74(t) and frictional
force F(q) are assumed to be upper bounded. Also, due to the bounded
Yi2 (ﬁ tfi,z) ‘ <72, for
i =1,...,n, where7, , is an unknown positive constant. Accordingly, this

range of actuator effort, y;, (t, tfu) is bounded as

yields that d(.) is upper bounded as ||d(.)|| < d, where d is an unknown
positive constant. Also, the desired trajectory x4 € R", its first- and
second-time derivatives are known and bounded.

Remark 1: In similar works [33-35], the control gain g is assumed to
be known a priori. However, as g is time variable and there may be some
modelling uncertainties, this assumption is not satisfied. In this paper,
we relax this restrictive assumption, using the Nussbaum type function.
Furthermore, in some works, [24], the motor dynamics is also consid-
ered. However, in this work, we only consider the manipulator
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dynamics, as it’s the dominant dynamics of the closed-loop system. More
importantly, the presented results can be extended to such cases
considering the motor dynamics.

The main objective of this paper is to design the control u to steer x;
towards the desired trajectory x4 € R" and to keep the corresponding
tracking error within a given PPB. This should encompass arbitrary
initial conditions with preassigned settling time in the presence of
actuator faults, backlash, disturbance and model uncertainty. Further-
more, the control gain is assumed to be unknown.

2.2. Crude information of the model

The lumped nonlinear term f(g, ¢) is not accurately computable as it
includes the Coriolis, centripetal and friction forces. Also, it includes the
inertia matrix M which often varies during the operation. Accordingly,
in this paper, it is assumed that only some crude structural information
on the nonlinear term is extractable. This relates to the extraction of the
deep-rooted information from the nonlinearities of the system, which
can be readily obtained for practical systems [39]. This can be formu-
lated as an upper bound on the nonlinear term, including a computable
core function with an unknown scalar gain. This relaxes the need for the
accurate estimation of the nonlinearity via computationally expensive
schemes such as NN or fuzzy systems. Considering the robotic system
structure, we can extract the information from the nonlinear function
f(q,q), as the following inequality,

“f(q, q)“ < ao(ﬂ()(q, q)7 (7)
where ¢,(q,q) = ||g||* +||g|| +1 is a nonnegative computable core func-
tion and ay is an unknown positive constant [39]. Accordingly, it is
readily shown that

If(g.4) +d(g,0)|| < ap(q,q), €))

where a = max{ao,d} is an unknown positive constant and ¢(q,q) =
®o(q,9) + 1.

Remark 2: In some works, e.g., [32,33,35], the NN has been utilized
to estimate the nonlinear function f(q, g),leading to a numerically
complex algorithm that is hard to be implemented in practice. The
computational burden of NN grows with the number of inputs and the
corresponding number of basis function centers. In contrast, in this
paper, we have taken advantage of the useful information from the ro-
botic system dynamic, which is encapsulated in ¢((q,q). Consequently,
we only need to estimate the upper bound of scalar ay, which is
numerically inexpensive, compared to NN.

2.3. Scaling function

In this paper, to tackle arbitrary initial conditions, any non-zero and
finite initial values are initially transferred to zero. Then after the
settling time Ty is passed, the deferred constraints are imposed on the
original states. In this manner, the restrictive assumptions on the initial
values, given in [33-35], are relaxed. Also, there is no need for asym-
metric time variable bounds with higher computational complexity.
Based on the desirable performance, the settling time is defined by the
user. To achieve this, the scaling function (9) is incorporated into the
controller design:

T, —¢ n+v
1—(— O0<t<T,
(5) o=

s

o(t) 9

1,T, <t
where 7 is the system order. Considering the dynamics (2), n = 2. Also,
T is user-defined settling time and v > 2 is a design parameter. It is
worth noting that, the parameter v can impose the desirable speed
during the transient period. This design parameter gives freedom to
adjust the rising speed, i.e., from scaled signal to actual signal, without
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reducing T;. This is due to the fact that the settling time T; is limited by
the signal processing and communication time Ty, i.e., Ty < Ts.

2.4. Technical preliminaries

The following definitions and lemmas are briefly recalled, which are
used in the sequel.

Definition 1. Let V(x(t)) be a positive definite continuous and x(t) is
the solution of x = f(x) on an open region ¢ with the boundary of d@. If
xli%‘/ V(x) = oo, then V(x(t) ) is a BLF with continuous first-order partial
derivatives within @ excluding 0«, i.e., @d«. Consequently,
V(x(t)) < 7', Vt>t, holds along the solution of x=f(x) for
x(tp) € @0, and some positive constant 7.

Definition 2. x(t) is uniformly ultimately bounded (UUB) if there ex-
ists T*(k,x(tp) ), with k > 0 such that for any compact set Q and all
x(to) € Q, ||x(t)|| <k, fort >ty + T*.

Definition 3. Let the continuous function N(x):R—R satisfies
lim inf Ji, N(7)dr = —o0 and Jim sup Ji, N(z)dr = + oo, for xo € R. Then,
N(x) is a Nussbaum-type function.

Lemma 1. The scaling function &(t), defined in (9), has the following
useful properties.

i) As lirig @(t) = lim @(t) =1, then the scaling function is continuous
T, t-T!
forall0o <t

ii) As ®(0) =0 and 0 < &(t) < 1 for 0 < t < T, then &(¢) € [0, 1] for
all 0 < t. Therefore, &(t) is bounded.
(=) @+ v)(T, — )

L0<t<Ts

iii) @0 (t) = (A +v— Q)T ,fori=1,..,
0,T, <t
_ " 1)L Fap)t . " . "
7+ v = 1, hence, 910(0) = (Gt and lim @0(6) = lim#0(0) = 0.

Therefore, @) (t) is continuous up to order 1+v —i—1 and bounded for
o<t

iv) For 0 <t < Ty, d(t) = (54)(1 - Tﬁs)i“’l, and therefore, 0 < @(t).
Accordingly, @(t) is a strictly increasing function starting from &(0) = 0
to &(Ts) = 1,for0 <t < Ts, and stays at its maximum @(t) =1 for all
T, <t

The proof of this is straightforward and therefore omitted.

Lemma 2. [40] for any vectors x,y € R", Cauchy-Schwarz Inequality is
as xTy < ||x|||ly||- Then the following inequalities hold.

1
2 2

1y < Il < PP + 5
, TR
Ty < Wl < -+

Lemma 3. [7]:For any vector x(t) € ©, where ® = {x(t) € R"|||x(t) || <
1} is a compact set, tan(zxTx/2) < zxTxsec?(zxTx/2) holds true.

Lemma4. [7]:Let V(t) > 0and w(t) be smooth functions on [0t;). Also,
N(w(t)) is a Nussbaum type function. If V(t) < co + exp(—cit) fé
(A(t)N(w(t)) 4 1)@wexp(ci7)dr for any t € [Oty), with positive constants co
and c;, and A(7) takes values in the unknown closed intervals .2 € [r,
r-| with 0 ¢ 7, then V(t), w(t) and fé A(7)N(w(r) )wexp(c17)dr must be
bounded on [0t;).

Lemma 5. [39]: Let X € R™" be a symmetric matrix. For any nonzero

vector x € R" there is at least one eigenvalue of X in ( —o0,Xo]| and at
least one in [xg, + o), for xo = xTXx/xTx.
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Hereafter, to simplify the subsequent notation, if there is no confu-
sion, function arguments are omitted.

3. Main result
3.1. Control design

To initiate the design, we define the tracking errors as,

(10)

€1 = X1 —Xg,

e =x;—Qy, 11)
where @ is virtual controller, designed later. Also, the scaled tracking
error is obtained as

7 = De;. (12)

Considering the definition of &(t) in (9), the tracking error e, (t), with
an arbitrary finite initial value, is transferred into the scaled tracking
error z;(t), with the initial value 2z;(0) = 0. On the other hand, z(t)
recovers the original tracking error e; (t) for T, < t. With this feature, the
problem of arbitrary initial condition in the context of BLF-based con-
strained control is resolved, as investigated in the sequel. The virtual
control a; is designed as

ay =g — Mey, 13)
where A1 = ki + (0502 +0” Je1 | )sec? (1) € Roo, 1 = 0.572]m1 /73

and k; is a positive design parameter. Also, y; is the selected bound
imposed on the scaled tracking error ||z;|. Now, the proposed control u
is designed as:

u=H()a, (14)
with the gain H(). The virtual control a, designed as

a = A, (15)
where Ay = 0.58¢% + 0.5Hd1|\2 + kg, and ky is a positive design

parameter. Also, ¥ is updated with the adaptive law

% = 0.5¢L 0% — 0%, R(0) > 0 (16)

with positive design parameter ¢. It is worth noting that x is the
estimation of x = a2, which is an unknown positive constant. In this
scheme the adaptive law (16) is only required, despite the NNs with a
large number of adaptive laws.

exp(— ot)R(0)+ 0.5 f;
exp(o(z — t))elesp?dt. Therefore, by selecting a positive initial condition
for x, i.e., ¥(0) € R~o, one can conclude that ¥(t) remains positive as an
estimation of the positive constant «. This further yields that Az € R-o.
Furthermore, in (15) @; is the time derivative of a; which is analytically
computable as

The analytical solution of (16) is x(t)

) =% — A€y — Asey, a7)

with As = (0d+ 20B|e | + 2d°€Tey)sec(y,)+ 2m(0.502 +

-2 2 .
@ |lex||")sec? (xy )tan(y, ) (2721) /73 € R.
The first-time derivative of z; is obtained as

21 = Pey + Pé; = ey + Dley +ay — iy). (18)

The control gain H() is yet to be designed. In some works, e.g.,
[33-35], the inertia matrix is assumed to be known, and accordingly H()
= — g7'(q). However, this assumption may be violated in the presence
of uncertainty in the inertia. Therefore, in this paper, this assumption is
relaxed with the aid of the Nussbaum type function. Accordingly, the
control gain is designed as
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19

where N(£) € R is a Nussbaum type function and ¢ is an intermediate
variable and updated as

E=cla,. (20)

It is evident that neither the design control u nor the control gain H()
is a function of g(q).

3.2. Stability analysis

We first focus on the fault-free case, i.e., I'; = I, and I'y = 0,1. The
fault-tolerance properties are discussed later. To analyze the stability of
the closed-loop system and to address the constraint on e;, a BLF is
constructed as

2
V= y;]tan(;(l). (21)

It is readily shown that V; is positive definite and well defined in the
set Q1 = {z1 € R"|||z1]| < 7, }. Equivalently, it can be stated that in the
set Q1, 272, /y? < 1. Using £, given in (18), the first-time derivative of V;
is obtained as

vV, = sec’(y, )zl 21 = secz()(l)zlr(tbel + ®e; + Pa, — Piy). (22)
By using Lemma 2, one can obtain that
. .2 1
sec? (1,)z Per < [z1]|*sec (1, )& HelHZJrZ, (23)
2 4 2 2
b
Y Ll 2

2
By using (23), (24) and the virtual control a; (13), (22) yields

. 1 e’
Vi< kil lPseciry) + 5 + 120 25)
Furthermore, from Lemma 3, it is easy to show that,
V< kv by el (26)
) V1 4 D) .
Now, a positive definitive Lyapunov function is considered as
1 1=
V, = iegez +55 27)

where x = x —% is the estimation error. The time derivative of V5 can be
obtained as
V, = e;éz K= e;(f—i-gu-&-d—dl) _RR.

(28)

By adding and subtracting &, and implementing (14)-(16), (19) and
(20) into (28), it is easy to show that

~T

2 ~ .
Vo= el (f+d)+N(&)Arel ges — el — K9V | sRe+ E—elay. (29)
By taking Lemma 2 and (8) into account, one can obtain that
T 2
1
A +d) <220 4 o 30)
2 2
T 5112
1
—ea §M+? (31)
~2
r< 2o (32)
-2 2

On the other hand, as g is square and positive definite, therefore,
g+g" is positive definite. Define, G; = (g + g")/2, G, = (g—g")/2 and
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01 =elGiey/ele,, for|le;|| # 0. By using Lemma 5, one can conclude that
2 < m(G1) < 01 < u(Gy) < 2, where 1 and 1 are two constants.
Remark 3: As matrix g is unavailable, the parameters o1, 4, 4, A (G1)
and Ay (G1) are nontrivial to get. However, they are just used for the
stability analysis, and not included in the control design. So, their esti-
mation or computation is not required in the proposed design.
Then, it is readily shown that

e;Glez = ole;ez. (33)

It is worth noting that (33) holds even ||e;|| = 0. This implies o, is
strictly positive. It is easy to show that elge, = elG e, + elGae,. On the
other hand, G, is a skew-symmetric matrix. Thus, elGse, = 0. This
further yields that,

N(&)Aselger = oiN(§)é. (34)
By substituting (30)-(32) and (34) into (29), yields that
Vo< —eiVate +01N(5)£+£a (35)

where ¢; = min{2ky,6} and c; = 1 + 0.50«2, which are positive un-
known constants. Now to summarize, the following theorem is given.

Theorem 1. Consider the nonlinear robotic manipulator given in (4).
Let Assumption 1 hold and the core function ¢,(q,q) be structurally
extractable. Let the virtual controllers @; and as be designed as in (13)
and (15), the control law u be designed as in (14) with the gain (19), and
the adaptation laws be constructed as in (16) and (20). Then, (i) All the
closed-loop signals are bounded, (ii) The PPB is strictly obeyed by
tracking error e; right after the given settling time T, i.e., |le1(t) | < 7;
for T; < t for arbitrary finite initial conditions, and (iii) UUB tracking
error is ensured and can be made relatively small by choosing the design
parameters properly.

Proof: By multiplying both sides of (35) by exp(c1t) and taking in-
tegral over [0,t], one can obtain that
Va(1) < Da(t) + e / ¢ (aN(E(r)) + 1E(r)dr, (36
0

where D(t) = (V2(0) —cz/c1 )exp(—cit) + c2/c1. It should be noted that
c2/c1 > 0 and tlimexp(—clt) = 0. Accordingly, D,(t) < Ay, where A,

= cz/c1 +V2(0) is an unknown positive constant. Consequently,

!

(N (£(z) ) +1)g()de. (37

Va(r) < Ay +e’”"/
0

Furthermore, A, and c¢; are unknown positive constants. Note that as
01 # 0, 07 satisfies the condition A in Lemma 4. Therefore, considering
(37) and Lemma 4, it can be shown that V, and ¢ are bounded over [0,t].
Using this, it follows that k, e, and N(&(t) ) are bounded. Accordingly, as
k is constant, then k is bounded. Furthermore, it guarantees a, and @; are
bounded. Therefore, u is bounded. The boundedness of e, ensures the

existence of constant m such that Sup|lex(7)|| < m. Accordingly, from
7€[0,t]

(26) it is easy to show

Vi< —kiVi+a, (38)
where c3 = 0.25+0.5m? is an unknown positive constant. By taking
integral, (38) furthers yields

Vi < Di(1), (39)
where D, (t) = c3/ki + (V1(0) —cs/kq )exp(—kit). It should be noted
thatcs/k; > 0and tlimexp( —kit) = 0. Accordingly, D1 (t) < Ay, with Ay
= c3/k1 +V1(0) is an unknown positive constant. Consequently, V; is
bounded as V; < A; and hence, 2; is bounded. On the other hand, as @ is
bounded, shown in Lemma 1, the boundedness of z; guarantees e; is
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bounded. Also, as x4 is bounded, then x; is bounded. Considering (13),
the boundedness of a; is ensured. Consequently, x is bounded and thus
all signals are bounded.

Considering the scaling function in (9), it is clear that |21 (0) | = 0,
for arbitrary e;(0). Accordingly, z1(0) € Q;, regardless of the initial
conditions of e;. On the other hand, it has been shown that V;(t) is
bounded over [0, t]. Thus, by considering the behaviour of the function
tan(y, ), one can obtain that z;(t) € ©; over [0, t]. Also, the inequality
lly1ll < m/21is satisfied. This, in turn, leads to ||z; (t) || < y,. Note z; = de;
with bounded & and z; =e; after the settling time, ie., T; <t
Accordingly, |lei(t) || <y; for Ty <t.

Considering (39) and the fact that arctan(.) is a strictly increasing
function, it is readily shown that

(o))"

If Vi(0) = cs/ki, then ||z, (t) || < (2/3arctan(ncs/r2ky) /n)"° = A7,
with the design parameter k;. If V;(0) # c3/ki, since exp(—k;t) is a
decaying function, then there exists T*, such that ||z, (¢) | < A" fort > T,
where T* is an unknown time. On the other hand, as t—oo, ||z (t) || < A™.
Therefore, following Definition 2, it is seen that z; is UUB. Since z; = ¢;
for T, < t and &(t) is bounded, thus, the tracking error e, is also UUB it
can be made smaller by choosing design parameters properly. It is worth
noting that if y; < A" the time T* is reached earlier than the preassigned
settling time T,. Otherwise, the tracking error first enters the PPB and
then it enters the region ||z, (t) || < A*. This completes the proof. H.

Remark 4: The matrix g is positive definite. Then, similar to [41], the
term 0.5elge, can be used in the Lyapunov function V,. However, this
causes two issues. First, the unknown constant g, i.e., the largest
eigenvalue of g, appears in c;. Moreover, ¢; adjusts the speed of
convergence in (37). Thus, m and, consequently, c3 will be determined
based on g, which is not a control parameter. In contrast, in this work,
only the control parameters adjust the convergence speed. Second, if
0.5elge, is used, then the time derivative of M appears in (28). To

2 2
lzi(0) || < <Larctan (40)

T

remove this extra term, it has been usually assumed that the term M —2H
is a skew-symmetric matrix [41]. However, this skew-symmetric con-
dition might be violated in some parametrization of the model. For
instance, for a non-centroidal body reference frame that is attached to
the joint, which is not the center of gravity of the body, this is not
satisfied [42]. In this study, this condition is avoided to attribute the
general-purpose capacity of the controller.

Remark 5: There are many different BLF functions used in the con-
strained control framework, see [32] and reference therein. One sig-
nificant benefit of tangent type BLF (21) in this work is that
ylin;o rian(y;)/x = 0.527z. This renders the behaviour of quadratic
I~

Lyapunov functions for an arbitrarily large bound, despite some other
types, e.g. logarithm BLF, or secant BLF. From a practical point of view,
this represents a unique characteristic of the proposed controller, which
is, whenever it is required to remove the imposed constraints, we can
simply choose a large bound, and the designed control is still applicable,
with no modification of control structure.

Remark 6: In some similar works, the constraints are imposed on a
filtered version of the tracking error [7] or on the tracking error of each
joint individually [41]. In both cases, constrained behaviour is achieved.
However, in the former one, there is no meaningful interpretation of the
imposed constraints. By that means, practically, it is not clear what
constraint is imposed on the tracking error itself. On the contrary, this is
avoided in the latter one. However, the constraint for each joint leads to
a very complicated and numerically expensive approach. In this work,
both shortcomings are avoided. As ||e1(t) || < y; is guaranteed for Ts < t,
it can be readily shown that ||e1;(t) || <, for Ty < tandi=1,...,nand
ey, is the tracking error of i?" joint.

Remark 7: Regarding the design parameters, the following points are
worth noting. The settling time T is determined considering the speed of



P. Ghanooni et al.

the system response. This imposes the time by which the tracking error
enters the safety bound from arbitrary initial values. Therefore, if the
system response is slow, larger T; is to be selected to avoid the large
control command and, consequent, actuator saturation. Moreover, the
parameter v can impose the desirable speed during the transient period.
For faster response, a larger v is recommended. However, as studied in
[43], v =2 is recommended. As shown in (35) and (38), k; and ko
impose the exponential convergence to the corresponding sets. There-
fore, it is recommended to select large values for these gains to achieve
desirable behaviour. On the other hand, parameter ¢ determines the
exponential adaption speed of & to a®. On the other hand, as in (35), ¢ is
to be selected in accordance with ks, such that the desirable convergence
rate of e, is achieved, while avoiding the large value of control efforts.
Finally, y; is the safety bound on e;, which is determined by the oper-
ational requirements.

3.3. Designed controller features

Here, we highlight some salient features of the designed controller
which distinguish it from similar works.

3.3.1. Actuator fault tolerance capability

To discuss the fault tolerance capability in the presence of a variety
of actuator faults, modelled by (2), i.e.,, I'1 # I, and I'y # 0,1, the
following Theorem is given.

Theorem 2. Consider the nonlinear robotic manipulator given in (4).
Let Assumption 1 hold and the core function ¢((q,q) be structurally
extractable. Let the virtual controllers a; and as be designed as in (13)
and (15), the control law u be designed as in (14) with the gain (19), and
the adaptation laws be constructed as in (16) and (20). In the presence of
the actuator effectiveness loss I'; # I, and bias I'; # 0,1, the objectives
(i)-(iii), presented in Theorem 1, are satisfied.

Proof. In the faulty case, the derivation of (21)-(26) is still valid. The
bias I'; has been already encapsulated in d and the inequality (8) is still
applicable. Thus, the effectiveness loss I'; is taken into account. The time
derivative of V, is obtained as

Vy=elée, —R& = el (f + ghu+d — ) — Rk (41)

Considering g and I'; are both positive definite matrices, then & =
gl'1 is a square positive definite matrix. Thus, elgl'iu = N(&)Aqzel Zes.
Note that 2 + 27 is positive definite. Define, 2, = (% + 27)/2, %,
= (% -%")/2 and 0, = e} Z1e/ele,, for |es]| # 0. By using Lemma 5,
one can conclude that 1" < An(27) < 0y < Au(%1) <A, where 2" and 1’
are two constants. Then, it is readily shown that

(42)

e2T Zie, = ozegez.

It is worth noting that (42) holds even ||e;|| = 0. This implies o, is
strictly positive. It is easy to show that e] Ze, = el Z1e; + el Ze,. On
the other hand, %, is a skew-symmetric matrix. Thus, e} Z,e; = 0.
Therefore, it can be obtained that

!
Vi) < 8 [ o) + DT 43)
0
Note that as 0, # 0, 0, satisfies the condition A in Lemma 4. The rest

of this proof is similar to that of Theorem 1 (see from (37) to the end of
proof) and thus omitted. .

3.3.2. Handling actuator backlash hysteresis

The i actuator of the robotic manipulator may suffer from hysteresis
in long term operation. This causes a cyclic difference between com-
manded control on i actuator, u;, and the actual actuator effort ug;.
Based on Duhem backlash-like model [1], the actuator hysteresis can be
modelled as
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d(ua,,-(u,») )
dt

dui

7 (44)

du;
(‘shjui — Ui (u4;) ) Jrﬂh_i?’/;s

= Vhi

fori =1,...,n, where y; ;, 6,; and f3, ; are unknown positive constants. &y
is the slope of the hysteresis line and &; > ;. This can be written as

uq (i) = Spitti + €5, (u;), (45)

with,  epi(w) = (uq,i(ui(0)) — pi14;(0)) e 7ni (U (t)—ui(0)sign(ik) 4

e Tnati(O)sign(ik) f:‘(%; (Bpi— Ong)e s dr. Accordingly, en;(u;) is boun-
ded as }eh.i(ul—) | < €4, where &p; is an unknown positive constant [1].

Now considering i row of (2), one can obtain that Ui =7i1 (t —t;, ) u; +

Via <t, tfu>. Therefore, one significant characteristic of the presented

fault model (2), is that it can be adjusted to present the hysteresis phe-
nomenon. In this case, we choose t;, = tr, the moment at which the
hysteresis happens. On the other hand, for the given &p;, it can be
modelled by y;; and a; and b; are adjusted. That is, the bounded additive
bias y; , is replaced by ey (u;). Therefore, in accordance with Theorem 2,
we can conclude that the objectives (i)-(iii), presented in Theorem 1, are
satisfied, even in the presence of hysteresis. For brevity, the proof of
Theorem 2 is not repeated here.

3.3.3. Handling uncertain initial conditions

In most of the existing works [32,33,35] the initial condition e; (0) is
considered known, and assumed to lie within the given constraint, i.e.,
le1(0) || < y;. However, the proposed method in this work can handle
different initial conditions and the settling time T; can be selected as a
small value. When the initial condition is known but outside of the PPB,
i.e,, ||e1(0) || > 7, most of the available works are inapplicable. In this
case, the boundedness of y2tan(0.5zele;/y?)/n does not imply
ller(t) || <71, taking into account two vertical asymptotes of
tan(0.5zele; /y3) at ||e1(¢) | = +7,. One trivial solution is to enlarge the
PPB according to the given initial condition. This is investigated in some
works with exaggeratedly large PPB e.g. [33], or with a decaying time
variable constraint e.g. [32]. The former one is useless in practice
considering a small safety bound as the PPB. While the latter one im-
poses the complicated algorithms including the time derivative of the
constraint. This further increases the real-time computational cost. In
contrast, our approach can address the issues mentioned while no
controller modification is required, by incorporating the scaling
function.

In the case of unknown/uncertain initial conditions, i.e., e;(0) is
unavailable, the regular BLF-based methods [33,35] fail to operate
satisfactorily, or even unstable, as the initial condition might be outside
of the PPB and there is no information to shape the constraints. Indeed, if
it is not ensured that the initial tracking error is within the PPB, then the
boundedness of BLF does not mean the tracking error stays in PPB. In
contrast, in our approach, for even uncertain initial conditions, it is
guaranteed that ||z; (0) || = 0 and hence, 2;(0) € Q;.

Finally, if the constraint is imposed on a system sometime after the
system starts to operate, then the available designs are not guaranteed to
fulfil the PPB specification. In this case, the regular BLF-based methods
in [32,33,35] require the assumption |le;(to) || <7y, where t, is the
moment the constraint is imposed. However, our proposed method
desirably works no matter the constraint is imposed when the system
operation starts, or in the middle of the operation.

4. Simulation results and discussion

In this section, the performance of the proposed approach is evalu-
ated using the PUMAS560 robotic benchmark model, with a dynamics
model and parameters given in [44]. It is worth noting that this
benchmark model is widely adopted in similar works to verify the
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control performance. The performance of the proposed controller is
evaluated through several scenarios including actuator fault, backlash
and hysteresis, variable initial conditions, and variable control gains.
The friction and disturbance terms are modelled as [4].

0.5g, + sin(3¢;) + 0.5sin(g,)

F(q)+14= | 1.3¢, — 1.8sin(2¢,) + 1.1sin(g,)
—1.845 + 2sin(3g3) + 0.15sin(g;)
Also, the desired trajectory is selected as xq4(t) =
[cos(t/5m) — 1,cos(L) — 1,sin(L +%) — 1 ]T [45]. The proposed

controller parameters are selected as k; = 200, k, =300, y; =0.1(rad),
6 =1, T, =5(s), v = 2, with the core function ¢,(q,q) = ||qlI* + gl +
1. Moreover, the state-of-the-art controllers are adopted to compare the
results, to highlight the corresponding drawbacks which are resolved by
the proposed method. The adopted controllers are PID [46], sliding
mode PID (SMPID) [47], Logarithm type BLF (LogBLF) [48] and Tangent
type BLF (TanBLF) [34].

We have considered two different initial conditions, i.e., Setl =
[0,0,0]" and Set2 = [0, —7/3,—x/10]". Considering Set1, |le;(0) | = 0
and, hence, it lies within the PPB with y; = 0.1(rad). On the other hand,
for Set2, |le;(0)| =1.093 which is greater than y;. Therefore, it is
initially out of the given bound. Set2 is used to study the importance of
the incorporated scaling function. For the sake of comparison, the root
mean squared of tracking error is used as a numerical metric, defined as

E = ,/Zﬁzle%j(k) /N, where N is the sampling time number, i =1,2,3

denotes the joint number, and e; ;(k) is the tracking error of i*" joint at k%
sample time.

4.1. Scenario 1: tracking performance in normal condition

Initially, we assume that the system is operated in fault-free condi-
tion with the initial condition Setl. The tracking performance is illus-
trated in Figs. 1 and 2. It can be seen that the proposed controller is able
to track the desired trajectory with the tracking error within the PPB.
Also, the transient response has been smoothly passed and the states
have converged to the desired ones. The PID control is not able to satisfy
the mentioned characteristics. Furthermore, considering the tracking of
joint 2, the transient time of SMPID and LogBLF is longer than TanBLF
control. Therefore, this motivates the choice of tangent type BLF in our

Table 2
Numerical comparison of the proposed controller performance with the
benchmark controllers for Scenarios 1-5. PC denotes proposed controller.

Operating Conditions

Scenario 1 Scenario 2
Eq E E; Eq Es E3
PID 5.1e* 0.0341 0.0142 6.77¢+3 2.25¢** 400
SMPID 9.9¢ ¢ 8.0le* 5.07¢ 5 5.1e* 1.43¢3 6.783
LogBLF 2.6e°° 0.001 1.3e4 0.057 0.073 0.011
TanBLF 1.75¢8 1.75¢°8 1.75¢8 6.29¢ 4 3.63¢74 1.75¢8
PC 3.58¢ 4 3.73¢ 4 3.77¢ 4 3.87¢ 4 4.96¢ 4 1.3¢ 4
Scenario 3 Scenario 4
E; E; E3 E; E; E3
PID 0.001 0.014 0.0058 0.01 0.126 0.03
SMPID 7.32¢~4 0.002 7.34e 4 0.2057 27.38 1.07
LogBLF 0.0013 0.065 0.0405 0.002 0.095 0.04
TanBLF 4.02¢° 4.82¢° 1.39¢ 4 9.31e”7 0.147 0.04
PC 3.58¢ 4 3.73¢ 4 3.74e 4 0.001 0.061 0.02
Scenario 5
E; E» E3
PID 5.1e* 0.0341 0.0142
SMPID 9.9¢° 8.0le* 5.07¢°
LogBLF 2.6e° 0.001 1.3e*
TanBLF 1.75¢78 1.75¢°8 1.75¢78
PC 3.58¢ 4 3.73¢7* 3.77¢ 4
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proposed control. These are confirmed via numerical comparison given
in Table 2, indicating the more accurate tracking performance of the
proposed controller compared to the PID and LogBLF ones. The control
effort is shown in Fig. 3. The estimated parameter « is depicted in Fig. 4.
Evidently, the estimated signal and the control signal are smooth and
bounded.

4.2. Scenario 2: fault tolerance capability

To evaluate the fault-tolerant features of the proposed controller, the
fault is modelled using (2) and (3) with parameterst;,, =0,b; =0,a1 =
0, t,, = 30, b, 0.15, a; = 10, by, = 0, b3 = 0, a3 0,
1.2(t,20) = 30sin(q142) +4cos(dq2) +15c05(G;2) and  75,(t,0) =
732(t,0) = 0. This fault model imposes an additive fault y; »(t, 20) on the
first joint actuator after 20 (s). Also, as ay is large, an abrupt effective-
ness loss of 15% is applied on the second joint actuator after 30 (s). It
should be noted that the proposed FTC design belongs to the passive FTC
category, where distinguishing between faults and disturbances, as well
as identifying the fault time and amplitude, are not concerns for the
controller. This aspect can be effectively addressed by the FDI system
[49,50], which is beyond the scope of this study.

The tracking performance and control signal are shown in Figs. 5 and

6, respectively. Also, the estimated kis depicted in Fig. 7. It is obvious
that PID and SMPID controllers become unstable with a very large
control signal. To accurately investigate the results, the tracking per-
formance of TanBLF, LogBLF and proposed controllers are separately
illustrated in Figs. 8-10. Additionally, considering the results of Table 2,
it is obvious that tracking error is retained within the PPB with a short
transient response. Again, the tracking error using the proposed
controller is smaller than LogBLF.

It is worth mentioning that, by investigating several numerical
simulations, other controllers fail to perform satisfactorily for the
actuator effectiveness loss of more than 15%. In contrast, the proposed
controller is still able to meet the PPB with the given transient time. To
investigate this, as suggested in [4], the effectiveness loss of 80% is
applied on the actuator of the joint 2, i.e., by = 0.8. The results are given
in Figs. 11 and 12. These figures highlight the salient feature of the
fault-tolerant performance of the proposed controller and confirm its
superiority against the other counterparts. This feature stems from the
incorporation of the Nussbaum type function into the control structure,
see (14) and (19).

4.3. Scenario 3: actuator backlash/ hysteresis

To study the effect of the cyclic difference between commanded
control on i actuator, u;, and the actual actuator effort u,;, Duhem
backlash- hysteresis model (44) is used with parameters are set as y,; =
1, 6p; = 1.16 and f;; = 0.35 on all the actuators, which are unknown
constants. The tracking performance is illustrated in Fig. 13. The control
signal is depicted in Fig. 14. The superior performance of the proposed
controller is obvious here, as it is numerically confirmed in Table 2. It
can be seen that the performance of PID and LogBLF controllers are
degraded due to the effect of backlash- hysteresis. Moreover, consid-
ering Table 2, the joint 2 tracking error is large using SMPID, compared
to the proposed controller. The cyclic variation of the actuator effort
leads to the tracking error variation off the sliding surface. Finally, the
PPB is satisfied using the proposed controller.

4.4. Scenario 4: initial conditions out of the PPB

To study the performance in this case, which is one of the main
characteristics of the proposed method, the initial conditions are
selected as Set2, which are outside of the PPB. As shown in Fig. 15, the
preassigned settling time T; = 5secis achieved. Also, the tracking error is
retained in PPB after T, as shown in Fig. 16. The control signal is



P. Ghanooni et al.

ISA Transactions 145 (2024) 330-354

0.5 T T T T T T T T T
PID
O == _ SMPID 1
S~ LogBLF
=
5050 s TanBLF b
£ S - — = =—Proposed Controller
T -r ~ Desired b
.*é' 0.02 ~ -
o L
S5k OFEmemsa o S~ .
- ~
0.02 ~. ~——
2 -0.04 ~J - = —
0 2 4
_25 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time (s)
0.5 T T T T T T T T T
N
ofAaa. SMPID .
N LogBLF
5051 TanBLF 7
£ — =— = Proposed Controller
8 Ar Desired B
£
o
=150 .
2k S
0 2 4
_25 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50
Time (s)
0.5 T T T T T T T T T
PID
) — SMPID .
\ LogBLF
5051 - TanBLF 7
£ — =— =—Proposed Controller
e Ir 0.5 Desired 7
£
o
1.5 N - 7
2 os I
2 4
_25 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time (s)

Fig. 1. Tracking performance in normal condition.

presented in Fig. 17. The performance of other controllers with initial
conditions out of the PPB is depicted in Figs. 18 and 19 as well as the
control signals are shown in Fig. 20. It is seen that the control signals for
TanBLF and LogBLF present overshoot. However, this overshoot is not
encountered using the proposed controller. This represents one of the
key features of this work over the considered controllers. This stems
from the initial conditions out of PPB. Considering the tracking perfor-
mance as well as the magnitude of the control signal, it can be concluded
that the proposed controller outperforms the other benchmark control-
lers, thanks to the use of the scaling function of (9). This dominant
performance is numerically confirmed in Table 2.

4.5. Scenario 5: uncertain inertia matrix

As given in (4), the control gain is g(q) = M~!(q). Therefore, in the
case of uncertainty in the inertia matrix, the control gain changes, and
accordingly, it is unknown. To implement this scenario, the uncertainty
is added to the original inertia matrix at T = 10sec. This uncertainty is
implemented as a matrix with random numbers. The random process is
modelled as a stochastic process with Gaussian distribution and the
mean value of the corresponding nominal values.

The tracking performance, error, and control signal are shown in
Figs. 21-23, respectively. As inferred from the performance evaluation,
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the proposed controller can compensate for the effect of model uncer-
tainty. This is numerically verified in Table 2. This performance is due to
the incorporation of N(¢) in (14) that resolves the unknown gain prob-
lem. While in the other controllers nominal M(q) is used in the
structures.

5. Conclusion

This paper presents a control method for a robotic manipulator
enhancing the prescribed trajectory tracking performance for a wide
range of operating conditions. The proposed control system used the
adaptive backstepping approach combined with a tangent-type barrier
Lyapunov function to preserve fast response and user-defined settling
time while ensuring the stability of the manipulator even under actua-
tion fault or backlash/hysteresis phenomena. The salient features of the
proposed method guarantee a PPB and relax the assumption of the
bounded initial condition by incorporating a well-defined scaling func-
tion that maintains the safety bound for the manipulator working in
hazardous and cluttered environments for real-time application. The
proposed method is applied to the PUMA560 robotic manipulator
model, and its performance is investigated via extensive simulation
studies and against several benchmark controllers. The simulation re-
sults confirmed the superior performance of the proposed controller
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Fig. 2. Tracking errors in normal condition (Dashed red lines denote the PPB) (a); zoom-in view (b).

against the benchmark counterparts in efficiently and robustly handling Declaration of Competing Interest

operating conditions such as actuator fault and backlash/ hysteresis,

initial conditions out of the PPB, and variable control gain due to model Authors declare that there is no conflict of interest with this
uncertainty. The future direction of this study is field trials and experi- submission.

mental validation of the proposed control method.

Appendix

To assess the performance of the proposed controller against a fast reference trajectory, the frequency of the desired trajectory x,(t), as discussed in
Section 1V, is increased by 5x. In other words, the new desired trajectory is given by:

Xd new(t) = [cos(t) — 1,cos(t) — 1,sin<t +g) — lr

Subsequently, the trajectory tracking performance is evaluated under two conditions: normal operating condition (Scenario 1) and actuator fault
(Scenario 2). It should be noted that apart from the change in the desired trajectory, all other conditions and settings used in Scenarios 1 and 2 remain
unchanged.

Figures A-1- A-6 demonstrate the tracking performance of the proposed controller in normal and under fault conditions. As can be inferred from the
figures, the proposed controller enables fast tracking of the new desired trajectory while maintaining the control performance criteria, specifically in
terms of tracking error within the PPB and control signal, as provided in Scenarios 1 and 2 previously.

It should be noted that in practice, employing a sinusoidal reference signal with a frequency of 5r (approximately 15.7 Hz), which is close to or
even exceeds the natural resonant frequency of the PUMA 560 system [51], can give rise to some challenges and potential issues in tracking per-
formance, such as the occurrence of resonance effects. These effects can magnify vibrations and oscillations within the system, rendering it challenging
to maintain control and potentially resulting in instability. Furthermore, this approach may result in unexpected behavior, elevated mechanical
stresses, and the risk of damaging the robot.
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