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Abstract—Faulty joints in a robot manipulator adversely
affect the tracking control performance and compromise the
system’s stability; therefore, it is necessary to design a control
system capable of compensating for the effects of actuator faults
to maintain control efficacy. To this end, this paper presents
new amendments to the dynamical formulation of robot ma-
nipulators to account for latent actuator faults and over-
generated torques mathematically. Subsequently, a novel auto-
tuning subsystem-based fault-tolerant control (SBFC) mecha-
nism is designed to force joints’ states closely along desired
trajectories, while tolerating actuator faults, excessive torques,
and unknown modeling errors. Suboptimal SBFC gains are
determined by employing the JAYA algorithm (JA), a high-
performance swarm intelligence technique, standing out for
its capacity to continuously approach optimal control levels
without requiring meticulous tuning of algorithm-specific pa-
rameters, relying instead on its intrinsic principles. Notably,
this control framework ensures uniform exponential stability
(UES). The enhancement of accuracy and tracking time for
reference trajectories, along with the validation of theoretical
assertions, is demonstrated through simulation outcomes.

I. INTRODUCTION

When applied to high-degree-of-freedom (DoF) manipula-
tor systems, subsystem-based control decomposes a complex
and high-order system into subsystems and can assist in the
development of localized control strategies and the assess-
ment of stability at the subsystem level [1], [2]. However,
a new form of subsystem complexity is introduced based
on interconnected state- and time-variant uncertainties, as
well as joint faults, which are commonplace in real-world
industrial settings [3]. Failures in autonomous and intelligent
robotic systems can stem from various events, including
internal actuator issues, power supply system failures, or
wiring problems, impairing their performance, rendering
them incapable of carrying out their tasks and necessitating
the design of fault-tolerant control mechanisms to ensure
their continued safe operation without causing harm [4]—
[6]. As one potential remedy, many studies have focused on
passive fault-tolerant control (PFTC) to maintain operational
integrity and safety in applications that lack fault diagnosis
and active intervention sections [7]. In their work [8], Van
and Ge designed a passive fault-tolerant approach to mitigate
the rapid effects of faults for robotic manipulators based on
a robust backstepping control integrated with other methods.
Likewise, in pursuit of achieving both fast response and
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high-precision tracking performance, Anjum and Guo in [9],
proposed a PFTC system for robotic manipulators, built upon
a fractional-order adaptive backstepping approach.

Furthermore, considering the limitations imposed by the
magnitude of physical actuators, sensors, and interfacing
devices, it becomes imperative to account for control input
constraints [10]. Deviating from these constraints can result
in the emergence of undesirable vibrations, degradations in
system performance, and, in some cases, complete system
immobilization [11]. Nohooji, as outlined in [12], enhanced
the robustness of his neural adaptive proportional-integral-
derivative (PID) control for manipulators by incorporating
considerations of constrained behavior during system opera-
tion. Similarly, Yang et al. [13] developed an online integral
reinforcement learning strategy to address the challenges
of robust constrained control in nonlinear continuous-time
systems.

Furthermore, to overcome a formidable challenge for
subsystem-based control designers, managing the extensive
array of control gains that demand meticulous tuning is
imperative, as they exert a distinct impact on the system’s
transient and steady performance, even when deploying
highly effective and top-performing control methodologies.
As a promising solution to this challenge, population-based
optimization algorithms have gained popularity in recent
times due to their efficiency [14]. However, the improper
tuning of algorithm-specific parameters can lead to increased
computational effort or the attainment of suboptimal lo-
cal solutions [15]. In contrast to most other optimization
algorithms that necessitate the fine-tuning of algorithm-
specific parameters for updating particle positions, the JAYA
algorithm (JA) uniquely relies on its inherent principles to
adapt and optimize a wide range of problems [16]. The JA
was developed by Rao [17], with the primary objective of
addressing both constrained and unconstrained optimization
problems. It stems from an innovative swarm-based heuristic
introduced in the work by Nanda et al. [18]. Further, in
[19], Houssein and colleagues conducted an extensive review
of renowned optimization algorithms. Their investigation
revealed that in the task of function minimization, the
JA consistently outperformed these well-established swarm-
based algorithms, delivering markedly superior results in
terms of both precision and convergence speed. Interestingly,
in [20], Bansal and collaborators explored the capabilities
of three distinct optimization algorithms for fundamental
backstepping control of a single-link flexible joint manip-
ulator system. Similar to [19], their investigative findings
indicated that JA optimization consistently outperformed the
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other methods in terms of fitness value.

In consideration of the critical significance of robust con-
trol in ensuring both the safety and performance of robotic
manipulators, this paper proposes a novel robust adaptive
subsystem-based control to maintain the system’s uniform
exponential stability (UES) while tolerating various actuator
faults, excessive torques, and unknown modeling errors. It
not only incorporates the management of joint failures but
also continuously improves the control parameters in subop-
timal levels by customizing the highly promising swarm in-
telligence technique (JA). Therefore, the present study offers
notable contributions to the field of robotics: (1) it introduces
an innovative model for joint torques across different types of
actuator functions: normal functioning (healthy mode), stuck
failure, performance loss (encompassing incipient and abrupt
faults), and saturation (excessive torque). Interestingly, this
model addresses the over-generated torques even by faulty
actuators; (2) it introduces a novel SBFC approach tailored
for robotic manipulators with n DoF, capable of tolerat-
ing diverse actuator faults, excessive torques, and unknown
modeling errors; (3) to tune the SBFC gains, a multi-
population and single-phase swarm intelligence technique
(JA) is amended, standing out for its capacity to continuously
approaches optimal control levels without the need for metic-
ulous tuning of algorithm-specific parameters, relying instead
on its intrinsic principles; (4) and the proposed control
strategy ensures the achievement of UES. The remaining
sections of this paper are organized as follows: In Section
II, the conventional model of an n DoF robotic manipulator
dynamic is augmented with comprehensive actuator fault
models and torque signal constraints. Section III outlines the
step-by-step design of the SBFC strategy and presents the
stability analysis. The effectiveness of the proposed strategy
is thoroughly investigated in the final section.

II. MODELING THE SYSTEM AND DEFINING THE
PROBLEM

A. N DoF Manipulator

Considering the typical robotic manipulator dynamics, as
detailed in [12], we have:

1(q)§ =T —Cm(q.9)4— f(4) —G(q) —Tr M

In the given context, g € R" represents the generalized joint
coordinate vector comprising ‘n’ joints. I(q) : R" — R"*"
characterizes the mass (inertia) properties, while Cp,(q,4) :
R" x R" — R™" accounts for the centrifugal and Cori-
olis forces. G(q) : R” — R" represents the gravitational
forces/torques, and f(g) : R" — R" accounts for the re-
sistance encountered during movement. The vector T =
[T1,...,T,]" represents the generalized continuous torque
applied at the joints, and Tp € R" signifies unaccounted-
for external disturbances that affect each joint. Notably,
the inertia matrix I(q) possesses the properties of being
symmetric, positive, and definite; thus, we can also say:

0 < Inin(1(@)™") < 11(g) "Il < I (I(g) ), @

where || - || denotes the squared Euclidean norm, Iy, (.) € RT
and i (.) € R represent the matrix I(q)~!’s maximum and
minimum eigenvalues, respectively.

B. Passive Faulty Dynamic Model

Next, we integrate the fault correction functionality into
the established control algorithm. To do so, we mathemat-
ically describe the actuator faults that may happen, as [6],
[21]:

T= Tc+£(T.\‘ar*Tc)7 3)

where T, € R" represents the normal command control
during the system’s healthy state. We use € = diag(¢ey, ..., &,)
and T4 € R" to characterize various types of actuator
failures, with ¢; signifying the period of fault occurrence.
When ¢ =0, the corresponding actuator is functioning nor-
mally. When Tj,(;) # 0 indicates a stuck failure. Meanwhile,
O<g<l represents a performance loss. The behavior model
of the fault, when 0 < & < 1, is extended, as follows:

g=1-¢" reiy, % >0, 4)
where 7 represents the rate of evolution of an undisclosed
fault. A small 7% value indicates slow fault development,
termed an incipient fault. Conversely, a high ¥ value results
in the time course 7; approximating a step form, classified
as an abrupt fault [22].

Remark (1): In this paper, we assume that & # 1. This
assumption is crucial because & = 1 signifies an uncom-
pensatable fault in the ith actuator, resulting in a complete
loss of control access. In cases of such severe faults, control
strategies become impractical, necessitating the exploration
of mechanical alternatives. These alternatives are unrelated
to the concept of control strategies. They may involve
actions such as replacing or repairing the faulty actuator
or introducing an additional actuator to compensate for the
control failure, as discussed in [6].

C. Torque Signal Constraint

In addition to addressing actuator faults, our objective is
to account for the torque constraints to ensure they do not
exceed the specified nominal torque values. For i=1,...,n
joints to operate in compliance with the constraints imposed
on the control torque T;(z) for each joint, whether in a healthy
or faulty state. This is achieved as follows:

T, T@)>T
S(Ti(t) = T(t) T;<Tet)<T- ®)
T, T@)<T,

£

In this context, 7; and T; denote the upper and lower nominal
torque bounds, respectively, of the permissible 7;(¢) values
that can be generated. Consequently, we define:

S(T) = [S1(Ty(2)),....Su(Tu(1))] " (©)
To elaborate further, we define a constraint model as follows:

St(Tl([)) = S1i l( )+5217 @)
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where
S1i = ‘TI(Z‘)H’I’ Tl(t) Z T’ OI'_ Tl(t) Szl (8)
I T, <Ti{1)<T,
and -
_ it _
th m(,)‘+la Tl(t)ZTl
$2i=140 T; <Ti(t)<T;- ©)
Ti(1)
Li-morm TO<L

It is evident that Egs. (7), (8), and (9) imply Eq. (5). We have
soi < max(|T;|+ 1,|T;] + 1) and s;; < 1. In addition, if we
generally say s = diag(s1,...,51,), and § = [s21,...,52,] |,
we can have from (3) and (6):

S(T)=S1T+52, (10)

By incorporating both the faulty dynamic model defined in
(3) and the torque constraints outlined in (10), we derive
a novel model for joint torques that encompasses both
actuator faults and torque constraints. This model is designed
to prevent the generation of excessive torques by faulty
actuators, as detailed below:

S(T)=S(Tc+&(Tsat —T¢)) =51Tc+516Tsar —T¢)+ 52

11
=851(Inxn— €)Tc+518T sar + 52, (n

where I, € R"™" represents the identity matrix. Conse-
quently, the manipulator dynamics described in (1), incor-
porating the new fault model introduced in (11), can be
reformulated as follows:

qzlil(q)[sl(lnxn —&)T:+5—Cm(q,9)94— f(q) —G(q)

(12)
- TL+sl£Tsat]'
For convenience, we can consider:
A =s1(Iixn — &) =diag(dy,...,Ay), 0<A <1 13

Smax = 82+ 51€T sq¢-

where we define a positive constant A, < inf(i,-) (see
Remark 1). Then, the ultimate expression of the n DoF of a
robotic manipulator is, as follows:

i]':Ifl[iTchSmax*CmiI*f*G*TL]’ (14)
III. DESIGN OF THE SBFC STRATEGY

A. Adaptive SBFC Strategy

To apply the subsystem-based control methodology, the
dynamics of a manipulator robot, provided in (14), can be
transformed into a triangular feedback form as shown below:

{J‘n (l‘) = xz(l)

_ . 15
52(t) = A AT+ gy (x.1) + Ay (x.1) + T, (1)

Let us define two state variables x = [x;,x2], x| = ¢
as the position vector and x, = ¢ as the velocity vector.
The control torque input incorporates a non-zero coefficient
A, =1"'(q). The term g, (x,7) can be considered established
functional elements derived from the system’s model, given
by I"'(q)(—Cm(q,9)qg— G(q)). Meanwhile, A (x,t) charac-
terizes uncertain aspects arising from incomplete knowledge
of system parameters or modeling inaccuracies, expressed as

I"'(q)(—£(q) + Smax). In continuation of the preceding form,
we can define the tracking error e = [el,ez]T, as follows:

e = X1—Xx4, ex= Xp—Xy, (16)
where x; € R” and x; € R” are the position and velocity ref-
erence trajectories, and e : R” xR" —R" and e; : R" x R" —

R" are the position and velocity tracking errors, respectively.
Now, we can transform the tracking system into a new form:

Qi=e, Oh=e—Ky 17
We introduce the virtual control x; € R”, as follows:
1 o
K =*§(51+C1¢1)Q1, (18)

where 8, and { are positive constants. ¢; is an adaptive
function law, which is defined, as follows:

A N 1
9 :—k101¢1+§C1k1||Q1||27 (19)
where k;, £, and o} are positive constants. By derivative of
(17) and considering (15) and (16), we will have:

01 =0,+kK

X B _ (20)
Q> =AAT+g(x,1) +A; (x,1) + T — %y

where X; € R” can be the desired acceleration of the ma-
nipulator robot. By assuming the function k1 is smooth, we
introduce Aj, as follows:

Al:Al(x’t)iTxlwiqulE' ey
To prevent the complexity from growing unmanageable, as
discussed in Wang et al. [23], we considered the time deriva-
tive of the virtual control to be an element of uncertainty in
the system.

Assumption (1): If we assume the uncertainties are
bounded but vary, there exists a continuously smooth and
positive function r; : R* — R™ constrained within the uncer-
tainty bound denoted as A,. In addition, there are positive
parameters Qi, Dyar, A1, and g, € RT, which may also
be unknown such that:

”KIH <A, ”TLH < Dpax
X4l <1, llg1(60)] < Zmax
Consequently, the actual control T is proposed, as follows:

(22)

-1 2
Te= 2 (8-+ Gd)nin ™' Q. 23)

where 8, and {, are positive constants, and we know I,
from (2). ¢, is an adaptive function law, which is defined,
as follows:

b= —ka0rs + 3 kol 0P, a4
where ky, {,, and 0, are positive constants. Assume the
adaptive law errors for (19) and (24) are éj = 43]- —¢; for
j=1,2, considering that there are the positive and unknown
constants ¢; and @5 € R" to compensate for the adaptive
estimation errors, as follows:

o =¢ !

_ 7 _ (25)
(PZ* :CZ ! [1 + zz'miill(#lA% + legqax + VZQ% + V3g51ax)]'
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Fig. 1: The interconnection among various sections of the proposed control system.

Apart from &) and & € R, which are used as control design
parameters, all remaining parameters in (25) are assumed
positive but unknown constants. Now, we can obtain:

o1 i}
¢j=*kjffj¢j+ECjijQsz*ijjﬂ)j' (26)

Lemma (1) [24]: According to the general solution of
the given linear first-order ordinary differential equations in
(19) and (24), by choosing an initial copdition $j(t0) >0,
given that the exponential component of ¢; is monotonically
decreasing, and considering the positivity of k;, 6, and {j,
we assert that, for all + > #9 = 0, it is possible to ensure
9;(t) > 0.

Definition (1) [24], [25]: For any initial condition x(¢), if
o, B, and i € R™ exist, the tracking error e between the state
x and the reference states x, = [x4,%4] " converges uniformly
and exponentially to a defined region g (7), such that:

lell = [1x(r) = xr (1) || < Be™ ¥ ||x(t9) — x¢(t0) | + i
g(r):={ellel <t=pn}-
B. JAYA Algorithm-based Parameter Tuning

27

Given the eight gains in the SBFC, denoted as ki, kp,
o1, &, &1, &, o1, and 0y, it is necessary to tune each
within an iterative function based on the multipopulational
JA. Let us consider each gain to be associated with ¢ € R™.
In this paper, the JA commences by initializing two positive
collections of gains of control, known as the initial popula-
tion, through a random process. For each individual within
this population, the cost function is calculated, based on
the standard deviation of the position and velocity tracking
errors € = +/||e1]|? + ||e2||? representing the target objective
function to be minimized. The top-performing candidate
(Cpesr) 1s determined as the one with the most favorable value
(referred to as épeg), While the other (the poorest performer)
is identified as the candidate (c,,r) With the least favorable
value (referred to as éyorst). Next, these values are iteratively
adjusted to find the new candidate (cpew) in the following
iterative function:

Cnew = C+ 11 (Chest - C) - rZ(Cwurst - C)v (28)

where cpew € R™ is the updated random c. Further, r; and
ry € [0,1] are the two random numbers for each variable
during the iteration, and cpest and cyorst are replaced with
Cnew 1f it gives a better € than éj.; or worse € than &g
values, respectively. All accepted function values at the end
of the iteration are maintained, and these values become the
input to the next iteration.

Remark (2): The expression ri(cpes; — ¢) represents the
inclination of the solution to approach the best solution,
while the expression —r;(cyorse — ¢) signifies the propensity
of the solution to eschew the worst solution.

Remark (3): According to the details provided in this
paper, all gain parameters must be both positive and finite.
To ensure adherence to this requirement, we must first
choose initial populations for these parameters to be positive.
Then, by following this approach and referring to (28),
while bearing in mind that ¢ > 0, we can suggest random
¢ be larger than W, as well. In this way, we
can guarantee that all newly generated values for cje, will
remain positive. Furthermore, by incorporating the principle
constraint outlined in Eq. (5), we can impose constraints
on the JA to prevent it from producing gains that exceed
a predetermined threshold, as necessary.

The block diagram shown in Fig. 1 illustrates the inter-
action among the SBFC system sections. As depicted in the
figure, the system computes variables related to subsystem-
based transformation upon receiving reference trajectories. In
addition, the adaptation mechanisms estimate upper bounds
for disturbances, uncertainties, and actuator failures. Then,
the calculated values from the subsystem-based transfor-
mation component, along with the parameters estimated
through online adaptation update laws, are received by the
proposed controller. Subsequently, the standard control com-
mand, denoted as T, is generated for the novel correction
fault model, which incorporates torque constraints. The input
constraint section, S(T'), ensures that both faulty and normal
torque values do not surpass the defined constraints. Notably,
the eight gains of the adaptation law and controller are
automatically adjusted using the JA block in accordance with
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a cost function that includes the motion sensor data of the
robot manipulator and the reference trajectories.

C. Stability Analysis

Theorem (1): Consider the adaptive algorithm presented
in Eq. (19), and (24), the faulty dynamic model for the
robotic manipulator in Egs. (14), and the control input as
given in (23). It is assumed that under these conditions, the
states x1 and xp can attain the reference trajectories x4 and
x4 through UES, as defined in Definition (3).

Proof: A Lyapunov function is suggested as follows:

V=3 Zunl0] @1 +h 67 9
where we define Zm,»,, a positive constant that is less than the
infimum of A; provided in (13). After differentiating V; and
inserting (20), we obtain:

Vl = ImianT [QZ + Kl} +krlxmin(§l (f)l . (30)
By using the Cauchy—Schwarz and the squared Euclidean

norm concepts:

1 _— ~ &
<5 Amin(1Q117 +11Q2 1) + Zmin (@] 11+ ' G101)- B

Then, by considering the definition of ¢ in (25), we achieve:

V) <

o = -
Vi SglmmHQsz + E}meé’lqjl 10111 + Amin Q] %1
+kl_lxmin¢;] 5] .

(32)

Now, by inserting (51 and kx| from (26) and (18), we obtain:

- = . -
Vi S*/IminHQ2H2 + *flmin51¢1 011> - *lmin51 o

mmCl ¢]HQ1” mznclq)l IminCl”Qle(lsl (33)
_)vmmcl (P] ¢1'
Because ¢; = ¢ — o
, 1+
Vl SilminHQZHZ A1711}151 HQI || mmGl ¢1 (34)

- Imin (o] ¢1* ¢1 .

After dividing Immoq (]312 into %Xm,-,,cl (]312 + %xmmcl (]312, and
considering (29), we obtain:

l
Vl <- \{'lvl += A'mmHQZHZ mmGI¢1 (35)
7Amm61 ¢1 ¢17
where ¥ = min[8;, k;01]. As — lmmcl q)l <0, we elim-

inate it and reach:
. 1. 15 .
Vi <=V +§/1minHQ2H2+Elminﬁlfblz- (36)
Likewise, the Lyapunov function V; is suggested as follows:
Vo=Vi+5 [QZ QZ + k2 min ¢2] (37
By differentiating V, and inserting (20), we obtain:
; 1= 1- 2 1m x4
V2 S _\Plvl + E;LminHQZHZ + Ez'minclq}l 2 +k2 llmin¢2¢2
+0; [AIAT  + g8, (x,1) + Ay (x,1) + T —X4]-

(38)

Then, by inserting T, from (23):
Vo <=9V + %MmHQzHZ + %Zmincl‘pl*z
Yo~ S Ao Qo P 0T8O
+0JA _Q;xd+Q;TL+k£11minq52$2'

Now, by assuming that u;, vi, v», and v3 are positive
constants, according to Young’s inequality, we can argue:

_ 1
QA < wAT|Q)*+ M '
1 _
Q;TL <V1D5mx||Q2||2+7V1 :
(40)
~0J%s < V030 4+ 7V
T = |
0, 81(x,1) < V3Znal @l T7V3
Because we have ¢; from (25), we can obtain:
. 1= | 1
V2S*‘I’1V1+*/1mm61¢1*2+*# 1V%+*/1mm§2¢2*|\Q2H2
mm‘SZHQZH2 mlnCZ(pZHQ2H2+ vl +

l _ _
+ZV3 +k21kmin¢2¢2‘

1
vt @n

In addition, by inserting (52 from (26) into

1-
— S nin® Q|
(42)

; 1 & Y
WV <-¥\Vi+ = Zlmin0k¢k2+zﬂl 't
=1

3
Z mlncl ¢'1

Like (36), and firm (37), we can obtain:

mmo-l (Pl ¢l

. 1 _ 13 ., 1&-
Vo<=WaVat i+ g Y Vit Y Ao, (43)
k=1 k=1

where W, = min|¥;, A&, ky0»]. Thus, considering

V =V,, we can argue:

V=3 hin@ Q3 Tind K1, (44)
where: 0 : 0
_ &
o= vl 5 |
) Koo @
o — |1 L .
b=[5] =[]
Thus, according to (43), we obtain:
. 1
Vg—‘PZV—i-Zul’lr%-i-/fL, (46)

where fi = %212:1 7 Ly %21%:1 Zmi,,ck@j 2. In this section,
we should recall the following solution (see Lemma 1):

V=WV+ur

i 47
V:e\PtV(O)—i—/ P ur(t)de 47
0
In the same way, we can solve (46), as follows:
V <V (1) e~ (F2li=10)} | l”—l fe{—‘i’z(f—T)}r% dT
o (48)

oy LT gy
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Considering (37), we know: % Q; 0, <V, =V. Thus, we
can interpret (48) as follows:

2 —(wh-n)} L1 /" {(~9(-T)},2
Q7 <2V (1) e LA 3 dT o)

+2aw,

Both py, and W, are positive constants dependent on des-
ignable control gains that are freely chosen to satisfy the
following condition: % < U1¥>. To continue the stability
proof, we define a continuous operator Z(-), as follows:

1

1
=3 (P2 —1)

>0, 1€[0,%,) (50)
It is evident that by increasing t, Z(1) increases, meaning
that: Z(1) > Z(0) = %ﬁ Because U is a positive constant,
it becomes evident that we can find a small positive value T €
1 which Tu; < % By knowing that % < u1¥2, we can obtain:

-1
0<i< ﬁ Then, we can obtain: 0 < Z(1) = %\ffz‘_i <1.1If

we say Z = Z(1), by multiplying ¢! ~0) by (49), we reach:

HQ”zei(f*fo) Szv(to)e*(qﬁ*f)(f*fo) +2‘a\p2*16f(f*10)
n %Mfl /'[67%'2(;7T)+i(t7t0)r% T

to

(5L

Because 0 <17 < ¥, we can eliminate the decreasing element
e~ (P2-D(=10) from (51):

1|7 ) <2 (19) + 25 et —10)
+%“1*1 /t ef(‘szi)(th)r%e[([,to) dT-

fo

(52)

We represent the non-decreasing and continuous functions
Ep and E|, as follows:

Eg(t) = sup  [|Q(w)[?e! @)
WEty,1] (53)
Ei(n)= sup [(r)e! @)
WEty,1]
Then, by considering Egs. (52) and (53), we achieve:
2 T(r—19) 1 “fl sa—1T(1—19) 54
|Q]|“e §2V(t0)+5lP27iE1+2u‘~P2 e : (54)

Because E is non-decreasing, the left-hand side of Eq. (54)
will also not decrease. Hence, with respect to the definition
of Ey in Eq. (53), we can conclude:

1

1wy A1, T(1—1). 55
Ey SZV(IO)+ZLI‘2—LE1+ZH\P2 e (55)

By defining E = max (Eo,E;), we can obtain:
Eo <2V (to) + ZE + 215 ' ') (56)

such that both Ey and E are not decreasing. By choosing W¥»
large enough, which relies on control gains, and selecting T
small enough, it becomes possible to ensure the existence

of a sufficiently large W, > 1* > 1 such that Z = Z(1*) and
satisfy the following condition [24]:

* _ * _ *
Z>7 , 0<Z<1 = ZE <ZEy, (57)

(57) is justified when we have 1* > 20y, — (14 y») which
is straightforward. Incorporating Eq. (57) into Eq. (56), we
arrive at:

Eo <2V (tg) + ZEo (1) + 2% e/ —0). (58)
Afterward, we obtain:
2V (19) + 20, el t=10)
Eo < (to) +20 *2 € ) (59)
1-7
Concerning the definition (53), we obtain:
2V (19) e~ 1=10) 42!
| < 2 : 2. (60)
1-7
It is significant that:
2V (tp)e 1) 2V
sup (2l)e 71 V() 1)
1€[to,0] 1-7 1-7

Consequently, by Definition (1), it is evident from Eq. (60)
that ||@|| is uniformly and exponentially stable towards a
specific ball ¢ (7)) when employing the SBFC approach,
such that:

20!
%(fw:—{gwngfoﬂ F2 }
1-Z7

Remark (4): To the best of the authors’ knowledge,
there are no explicit upper or lower limits to the DoF for
the SBFC-applied manipulator. Although the stability of
the manipulator is ensured under the conditions defined
for faulty actuators, it is important to note that an increase
in the number of faulty actuators deteriorates the tracking
accuracy of the manipulator’s end-effector. Therefore,
until the tracking accuracy of the end-effector is deemed
satisfactory, there are no constraints on the DoF and the
number of faulty actuators for the proposed control strategies.

(62)

IV. NUMERICAL VALIDITY

To evaluate the efficacy of the proposed methodology, we
applied it to the 2-DoF vertical plane robot featured in the
work by Humaloja et al. [26] with link lengths 1m and 0.8m.
The robotic manipulator dynamic and the SBFC strategy
were implemented, running at a 10-KHz frequency. The
modeling of the unknown friction and external disturbance
term is represented, as:

0.6sin(0.841¢2) + 3sin(2r)

Ar+TL=| | 6sin(1.8¢2) + 1.3sin(0.7¢2) — 0.29»

(63)
The system’s desired trajectory, based on radians, is chosen
as follows:

Xg = [sin(t/47) — 1,sin(t /4m + Z)]T- (64)

3

In this case study, we examined a fault model that occurred in
both actuators, as represented in Fig. 2, where both actuators
were initially in healthy and normal condition for up to
10 seconds. The effectiveness of JA and tracking control
during this healthy task is illustrated in Fig. 3. The JA
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Fig. 2: Actuator fault occurrence (seconds): normal: [0,10]; one faulty actuator: [10,15], and two faulty actuators: [15,0].

commenced by initializing two positive collections of gains
of control, through a random process. The step time for
updating the candidates of the JA was set at 0.0001 seconds.
This means that during each step, the control gains are
updated to converge to the suboptimal values. The best
SBFC gains obtained at 0.13 seconds for the mentioned
manipulator and the specified task are as follows: &; = 62,
6=1751:§0=02,84,=350=56,0=19,k =14, and
ky = 0.96. This depiction indicates that control parameters
were suitably tuned, leading to the cost function in Fig.
3(a) reaching a minimum value at 0.25 sec. Fig. 3(b) also
illustrates the potential for position tracking using SBFC, in
the presence of uncertainties, in the healthy actuator mode,
following parameter tuning.

2 2,172
Ule, I+l %)

>

Cost function
()
n

—, (1)

¢ ()

Optimization time line = 0.13 sec

Jiv

Position error [rad]|
)

Time [s] 05

Fig. 3: Cost function (a) and tracking position error (b)

Fig. 4 illustrates the torque efforts generated by healthy and
faulty joints to maintain control performance. The torque
effort significantly decreased until 10 seconds before faults
occurred (see Fig. 2). The first actuator experiences a variety
of faults after 10 seconds, while faults in the second actuator
begin at 15 seconds, although each actuator fault affects the
other actuator as well. This results in the generation of more
frequent torque to compensate for faults. The severe faults
for the first and second actuators occur at 20 and 15 seconds,
respectively. It demonstrates the effectiveness of the designed
constraints, even for faulty actuators, in preventing torques
larger than the defined nominal values (§O0Nm). Despite these
challenges, control performance is successfully maintained
for around 26 seconds. This is evidenced by the fact that,
although the last faults persist without further change, the
adaptation control efforts generated by the actuators decrease

significantly, ultimately reaching the control goal. Fig. 5
illustrates the system’s response to the fault model mentioned
in Fig. 2 in terms of the objective function and position
tracking error. This demonstrates its capability to effectively
reduce tracking errors to zero, even in the presence of faults
in both actuators.

120

T(1)
joint constraint — T2
80

IS
S

Torque [Nm]
<

IS
S

-80 U N
joint cbnstraint

-120

5 10 15 20 25 30
Time [s]

Fig. 4: Torque effort generated by healthy and faulty joints.

o
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¢, (2)

JA [T

Ve

<

Position error [rad]
(b)

o

Time [s] 30

Fig. 5: Cost function (a) and tracking position error (b)

To investigate the performance of the SBFC method,
we applied the same conditions to two other fault-tolerant
control methods as provided in [27] and [28], which ensured
asymptotic stability under identical tasks. All tasks were
subject to uncertainties as defined in (63) and followed
the reference trajectory (64). Additionally, we attempted to
obtain suboptimal values for all three control algorithms
using both Teaching Learning (TL) based optimization and

7269



JA. Neither parameter optimization method requires specific
algorithmic parameters. However, unlike JA, which consists
of one phase, TL involves two phases, making JA simpler
to implement. Despite SBFC demonstrating stronger stabil-
ity (UES), results summarized in Table I indicate superior
tracking performance when employing JA-tuning SBFC for
the studied manipulator.

TABLE I: Tracking performance of the SBFC and fault-
tolerant control methods provided in [27] and [28] tuned by
JA and TL parameter optimization algorithms under various
actuators’ statuses.

Actuators’ Tracking SBFC [27] [28]
status criteria approach  approach  approach
JA-tuning error (rad) 0.0009 0.0012 0.0025
Normal TL-tuning error (rad) 0.0013 0.0019 0.0045
JA-tuning time (sec) 0.13 0.21 0.25
TL-tuning time (sec) 0.24 0.22 0.29
T T T T JA-tuning error (rad) ~ ~ 0.0012° = “0.0031 ~ "0.0030
one-faulty TL-tuning error (rad) 0.0015 0.0035 0.0035
JA-tuning time (sec) 1.1 2.81 2.2
TL-tuning time (sec) 1.13 3.22 2.35
T T T JA-tuning error (rad) ~ ~ 0.0018 ~ ~0.0036 = 0.0038
two-faulty TL-tuning error (rad) 0.0035 0.0058 0.0042
JA-tuning time (sec) 1.22 2.93 2.35
TL-tuning time (sec) 2.33 4.03 3.45

V. CONCLUSIONS

This study mathematically developed the conventional N-
DoF robot manipulator dynamic model to address various
types of actuator functions: normal operation (healthy mode),
stuck failure, performance degradation (including both in-
cipient and abrupt faults), and saturation (over-generated
torque). Moreover, to ensure the joints’ states track desired
trajectories despite unknown modeling errors, external dis-
turbances, and actuator faults, a novel SBFC mechanism was
proposed. The parameters of this mechanism were tuned
using a multi-population and single-phase swarm intelligence
technique. This technique is distinguished by its ability to
continuously approach optimal control levels without the
need for meticulous tuning of algorithm-specific parameters,
relying instead on its inherent principles. Ultimately, the use
of the SBFC ensured UES for N-DoF manipulators in the
presence of uncertainties and actuator faults. Looking for-
ward, this generic control methodology opens new avenues
for application across various robotic dynamics, suggesting
broader implications for future research.
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