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1. Introduction

The FRMS can replace human labor in dangerous and mechanized tasks, which gives it a wide range of
applications in both civilian [1] and military [2] fields. Facing complex environments in different fields, the
FRMS is required to accomplish control goals with faster response, higher accuracy, and stronger robustness.
Therefore, finite-time control (FTC) [3] was proposed to achieve these control objectives. Along the way of
thinking, researchers have made many outstanding results [4—10]. For example, a finite-time event-triggered control
strategy was developed for the FRMS in [4] to reduce the communication burden while achieving finite-time
convergence. Ref. [5] proposed a low-cost neuroadaptive control scheme for the FRMS that avoids signal singularities
while achieving finite-time convergence. Ref. [8] presented a finite-time output regulation method for the FRMS with
input delays, which allowed the position tracking error converge to a small region near zero in finite-time. However, the
FTC is related to the initial state, limiting its development. For this reason, the concept of fixed-time control (FxTC)
was introduced in [11]. The advantage of FxTC over FTC is that the convergence time does not depend on the initial
state, which is completely determined by the control parameters. Based on this work [11], researchers have achieved
many accomplishments [12—16]. As an illustration, Ref. [12] combined fractional-order sliding mode controller with
fixed-time theory to achieve FXTC of the FRMS with uncertain disturbances. Ref. [14] proposed a fixed-time composite
anti-disturbance control for n-degrees-of-freedom the FRMS, which ensured that the system’s output tracked time-varying
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output tracked time-varying trajectories while realizing the suppression of elastic vibrations. However, the FxTC’s
convergence time has a complex relationship with the control parameters, and the convergence time cannot be set
directly. To fill this gap, the predefined time control (PTC) [17] is proposed. Along this line of study [17], researchers
have achieved a lot of results [18-22]. Compared with the traditional backstepping method, the predefined-time
composite fuzzy adaptive control scheme that was proposed in [18] significantly reduces the computational burden
and improves operational efficiency. Ref. [19] proposed a practical adaptive predefined-time neural control method
for the FRMS with uncertain joint dynamics and input saturation. Although the aforementioned results exhibit
satisfactory convergence time, practical applications such as welding require not only rapid convergence but also
stringent constraints on the tracking error [23]. Therefore, achieving fast convergence while constraining the
tracking error within strict bounds has become a prominent research focus.

Prescribed performance control (PPC) [24-29] utilizes a prescribed performance function in the controller,
enabling the tracking error to be maintained within a specified range. Ref. [24] designed a prescribed performance
controller based on backstepping and robust adaptive control for the rigid-flexible coupled manipulator, which
can constrain the tracking error under input quantization. Ref. [25] proposed a fuzzy adaptive control strategy
that integrates a prescribed performance function with an event-triggered mechanism, thereby ensuring tracking
accuracy and reducing the communication burden. In [27], an adaptive prescribed performance controller was
designed for a robotic system with model uncertainty, external disturbances, and actuator saturation to achieve
finite-time tracking control with prescribed performance. However, the productivity efficiency of a single system is
finite, and real-world production often requires the cooperation of multiple systems.

As a key technique in cooperative control, consensus control has yielded numerous research results [30-33].
Ref. [30] employed reinforcement learning algorithms to tackle the consensus control of nonlinear multi-agent systems
with actuator efficiency loss and time-varying bias faults. Ref. [31] proposed a consensus control strategy under
undirected graphs, addressing the problem of consensus control and vibration suppression in nonlinear Timoshenko
manipulators. Although many aspects of the FRMS consensus control have been considered in previous studies,
enabling multiple robots to achieve a prescribed performance within a predefined time remains a worthwhile research
topic with significant implications for practical production. Furthermore, actuator failure is an unavoidable challenge
that has always been considered in previous works [28,34,35].

Based on the above discussion, this paper aims to study a predefined-time fault-tolerant consensus tracking
control approach for the multiple FRMSs with prescribed performance. The proposed consensus control scheme
ensured that the output error of all the FRMS satisfies the prescribed transient and steady-state performance
specifications. Our contribution, which differs from existing studies, is summarized as follows:

(1) Unlike existing predefined-time control methods [26,27] where convergence time is inherently dependent
on initial system states or tedious control parameter tuning, our proposed controller decouples convergence
time from these factors—it can be directly preset by the user according to specific application requirements.
Meanwhile, compared with prior prescribed performance or predefined-time schemes [18-20] our design
ensures that tracking errors strictly remain within the user-defined bounded region throughout the entire
control process, achieving both predictable convergence speed and precise error control.

(2) A distributed control strategy is proposed for the multiple FRMSs with unknown uncertainties. Compared
with the results in [29], this design not only addresses the scalability issue but also ensures that the output can
be linearly or even superlinearly enhanced by simply adding more FRMSs—without requiring reconfiguration
of the core control algorithm or sacrificing control performance.

(3) In practical engineering, the actuators of the FRMSs are vulnerable to faults in hostile working environments. An
adaptive compensation mechanism is proposed for the multiple FRMSs, which can achieve high-precision trajectory
tracking and improve the FRMSs’ fault tolerance. Rigorous Lyapunov analysis confirms that all follower FRMSs
can still reach consensus with the leader under actuator faults, and the consensus error is strictly bounded within the
user-prescribed region—filling the gap between practical fault resilience and precise performance guarantees.

The framework of this paper is as follows. Section II introduces the preliminaries work. Section III presents
controller design and stability analysis. Next, Section IV discusses the simulation study. Finally, Section V final
conclusion of the work.

2. Preliminaries
2.1. Graph Knowledge

Every FRMS is regarded as a node. The communication relationships among FRMSs are described by a
directed graph G = (F, Ny) represent the direct topology graph of N agents, where E = {ey,...,en} is a group
of nodes and N; C E X E'is a group of edges. The edge (e;,e;) € E denotes that the ith agent can receive the
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data from its neighboring the jth agent. The followers’ adjacency matrix is defined as A = [a; ;] € RN*N "which
represents the relationship of followers in G. If the ith agent can receive the data from its neighbors, then a; ; > 0,
N

N

and otherwise a; ; = 0. The followers’ in-degree matrix is selected as D = diag{ > a1,j,..., » an,;}. The
j=1 =1

followers’ Laplacian matrix is chosen as L = D — A. The graph G only has one leader, which can only send data

to its neighboring followers. Thus, the leader’s adjacency matrix is chosen as B = diag{b10,...,bn0}-

2.2. Actuator Fault Model

Actuator faults [36—38] are common problems in practical control systems. Consider specifically intermittent
actuator faults as follows:
{Ui(t) = piu;i(t),

(D
5 <t<te

where U; denotes the actual output, and u; denotes the expected output. Moreover, the efficiency factor p; € (0, 1] of
the actuator is an unknown constant. Specifically, if p; = 1, the actuator functions normally; otherwise, it undergoes
partial loss of effectiveness (PLOE). The fault initiation and termination times are denoted as t° and ¢°, respectively.

2.3. Predefined-Time Prescribed Performance Transformation

An error transformation mechanism is provided to ensure that the tracking errors between the FRMSs and the
leader achieve the predefined accuracy within the predefined time.
A predefined-time performance function [39] is defined as follows:
Tkt
Po — P1, eths—’—qua te OaTsv
TORE R e h @)
% te [Tsa +OO)7

where T represents the predefined settling time. py and pr, are positive constants and they satisfy the relationship
po > pr,. The term ~y;, is a positive constant. For V¢ > 0, p(t) satisfies p(t) > 0. The natural constant is expressed
by e, and p(t) is abbreviated as p.

2.4. System Description

Consider the single-link FRMS integrated with both robotic and actuator dynamics. The dynamic model
derived from the Euler-Lagrangian formulation is formulated as follows:

M(q)i+ C(g,9)q + G(a) + F(4) = K(gm — q),

3
JGm + Bm + K(qm — q) = U, ©

where the position, velocity and acceleration vectors of the link are denoted by ¢, ¢, § € R, respectively. The rotor
angular position, velocity and acceleration vectors are denoted by ¢, Gim, §m € R, respectively. M (q) € R is the
inertia matrix, C'(q, ¢) € R is the Coriolis and centripetal forces, G(q) € R is the gravity vector, and F'(§) € R
represents the friction term. The positive definite diagonal matrices K, J, B € R, represent the joint flexibility,
actuator inertia, and natural damping term, respectively. U € R" is the torque input at each actuator. The structure
diagram is shown in Figure 1.

By defining the state variables x1 = ¢q, x2 = ¢, 3 = G, T4 = ¢m, the system (1) can be transformed as

1 = T2,
= Kyas + f2(Z2),
T3 = T4, 4
T4 = JU + f4(£f4)7
Yy =7,

where Ky = K/M(x1), f2(Z2) = (1/M(x1)) (—C(z1,22)x2 — G(21) — F(z2) — K1), T2 = {21,722},
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fa(Z4) = (1/J)(=Bxg — K(x3 — x1)), T4 = {21, 22, x3,24}. So for the ith follower, its equations are given by

Ti1 = Tj2,

Eio = Ky s + fi2(Ti2),

i3 = Ti4, 5)
tia=J7 U + fia(Zia),

Yi = Ti,

where Ky = K/M(x;1), fi2(Ti2) = (1/M(xi1))(—=C(zi1,xi2)xi2 — G(xi1) — F(252) — Kxin), Tip =
{zi1, @i}, fia(@ia) = (1/J) (—Bxja — K(ziz — ®i1)), Tia = {Ti1,Ti2, Ti3, Tial-

[
[ [ -
poror J | \ @ | j/ / v
AV I} i
B

Figure 1. Structure diagram.

2.5. Assumptions and Lemmas

Assumption 1. The desired signal yq and 14 are both bounded and known smooth functions.

Lemma 1. [40]: Let f(x) be a continuous function on a compact set ). Then for any scalar € > 0, there exists a
Sfuzzy logic system (F'LS) such that

sup | f(2) —wlp(x)] <e, ©)
e

where w = [w1, ..., wa;)” is the ideal constant weight vector and ¢(z) = [p1(2), p2(2), . . ., par (2)]*/ Zfil pi(x)

is the basic function vector with M > 1 being the number of the fuzzy rules. p; is chosen as Gaussian function, i.e.,
T

for¥i=1,2,..., M, p(zx) = eXp[W], where p; = [fi1, - - - ,Mim]T is the center vector and y; is the

width of the Gaussian function.

Lemma 2. [41]: The positive constant € satisfies the following inequality:

2

x
Va2 4+ e?

0<|z| - <k, (7

where x € R is an arbitrary constant.

Lemma 3. [42]: If the graph G contains a spanning tree and the leader node is the root node, then all eigenvalues
of H = L + B are positive real parts.

Lemma 4. [39]: The vector E and B satisfy

E'E FTF
Er<i 4T 2 ®)
2 2K

where K is a positive constant.
Lemma 5. [43]'. Deﬁne z21 = (21,17 22,15 ZN,l)T’ y= (yla Y2, 7ZUN)T: Qd = (yda Yd, - - - ayd)T’ then
v = v, < I=2l/e(z + B),

where o(L + B) is the minimum singular value of L + B.
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3. Main Result
3.1. Controller Design

The following paragraphs provide a detailed demonstration of the controller design process illustrated in
Figure 2.

Coordinate transformation
Error transformation mechanism

M
2= 2 8=, ¥y~

A
. \ ‘I—I:H)‘ (0”
2 =tan(—=),|z,(0)< p,,
il 20 AN

Vi
A
Lemma 1 >l Stepl: Execute %y |

Command filter
Y Vs Vi @i _
faE) ) 2

. a,
Step2: Execute 3y Command filter
Lemma 1 > =
ViesVias &y
A

- a,

Step3: Execute 2__p  Commandfilter

VizsVizs Ay —‘
l L) o

Stepd: Execute

Lemma 1 >

V:A ’ V:A ’ “:

i fa(%a) l
JialXig

Actor fault

Figure 2. Block diagram of the backstepping design.

The consensus tracking error for the ith FRMS is represented as

M
Zi1 = Z%‘,j(%@ —xj1) +bi(zi1 — ya), 9)

J

where y, represents the desired trajectory signal.
The performance Equation (2) is used for the following error transformation mechanism:

TZi1
p(t)

where 2 is the consensus tracking error after transformation. The derivative of z7; is calculated as

;1 = tan( )5 12,1(0)] < po, (10

N

M
. .
Zi1 = Qi,l (dixi,z - E a; jTj2 — biya
Jj=1

25(1)

Y

arctan(z;l)) )
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* 2
and the Qi71 = M, dl = Z]A/il Qg j + b1

2p(t)
The coordinate transformation based on first-order filter is defined as follows:
Vi1 =2,
T (12)
Vi,s = Lj,s — O_fi,sa s = {23 33 4}3

wi,sai,s + ai,s = Q45,5 = {2; 3,4}7 (13)

where @; , is the output of the first-order command filter. Additionally, the input—output relationship of the filter [29]
is illustrated in (13). @; ¢ is a designed positive parameter, and «;, stands for the input of the filter.
Define the error after compensation as follows:

1_}7;73 =Vis —MNi,syS = {1727374}7 (]4)

where 9; s is the error after compensation, and the term 7;, is a subsequently designed compensation signal.
The following paragraphs provide the controller design process.
Step 1: The Lyapunov function V; ; is constructed as follows:

_ 1 02,
Vii=—52 CEE 15)
7,1 2UZ,1 + 261;71 (
where, 0;; = 0;; — 0;; denotes the adaptive estimated error. And 6;; = max{||w|?},i = 1,...,N,k =
1,....,M,s =1,...,4, wy is the ideal weight vectors of the F'LS. The estimated value of 6;; is represented by
the term 6,1, and the term ¢;; is a positive parameter.
The derivative of ‘71-71 is calculated as
‘7@‘,1 =0;1[Qi,1(di(vi2 + @2 — a2 + @4 2)
N . 2p *
_ ijl a; i — biyq — — arctan(z; ;)) (16)
. 1~ 2
- 77i,1] - 791‘,191‘,1-
€i,1
Define an unknown function f;;(X; 1) = — Ej\;l a; j;.2,and X; 1 = [zj2]" .The upper boundary of o; ; is
expressed as o7 ;. According to Lemma 1 and Lemma 4, we obtain
0:,1Qi fi,1(Xi1) =01Qi [w] 1051 (Xi1) + 041
—2
Ui
< Qlifalle(Xi)I” (17)
107 9 0*12,1
+tot 5 Q5
The compensation signal 7; 1 is designed as
Nig = —Ci1Mi1 + Qindi(Xi2 — a2 +1i2)
) (18)
- hi,1Qi,1di77¢,1,
where c¢;; and h;; are positive constants.
Using Lemma 4 again
d204 .52 n? h?
Biahin Q2 dimiy < Cetlntn i (19)
’ 2 2
Combining (16)—(19), we design a; 2 as
Ci 14,1 1,2p *
Q9 = — —— + —(— arctan(z;
2 d;i Qi di( ™ (251)
Qi10i1 . V5,1 A
- % + biYa — Z7Qi,19i,1||<,0(Xi,1)|‘2 (20)
_ dgﬁi,lnilQil

2 )
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By plugging (18) and (20) into (16), we have

. , o
Vii < —¢inviq + Qindivi ;2

=2 2
5 Ui,lQiJ (X, 0i1
+6;.1( 5 - ;) Q1)
L+0%3) +h3,
+ 5 .
The adaptive law éi,l is defined as follows:
X A 2, Q? X; 2,
Oi1 = 110, + z,le,lHSD(Q Dl 717 (22)
where &; 1 is a positive design parameter.
Substituting (22) into (21) yields
- Eilx 2
V< —Ci,117i2,1 + Qi,1di0; 1050 + Pi1 + - 1 01051, (23)
i1
*2 2
with ¢y = -7t
Step 2: The Lyapunov function V;  is constructed as follows:
¥ ¥ 1, L 2
Vz’,Q = Vz‘,l + 5Yi2 + 79@,% (24)

2 281‘,2

where, éig =00 — éig denotes the adaptive estimated error. The estimated value of 6,5 is represented by the term

0;2, and the term €5 is a positive parameter.
Then we can attain

Vioe=Vi1+0io(Kn(vizg+ &iz— a3+ a;3)

_ . . 1 -~ = (25)
+ fi2(Zi2) — quio —1Mi2) — —0; 20 2,
£i,2
Based on Lemma 4, we obtain
02 f(Zi2) :51‘,2[11}3:2901‘,2 + 04 2]
1, 2
35%29%2 |S0i,2H (26)
* 2
1 1 ) 0i2
Tyttt
where o7 5 stands for the upper boundary of o; .
The compensation signal 7; o is designed as
Mo =—CiaMi2+ Kn(@s—3) o7
+ Knmiz — Qi 1dini-
From (25) to (27), we get
‘71',2 S‘L/m + U 2(Kmis + Kpai s
1 _ 1 — kX
+ 5 0i20iallial* + 5000 — i (28)
1 ~ =
+cionio+ Qindini1) + Gi2 — 5 0;.20; 2,
i,2
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with (ZS»L‘,Q = %
1 'Uz 2 A
i3 =7 (= 20l (Xi2)]
M ) 29)
—Ci Vi — Qidivi 1 + a— 5%:,2)
Substituting (29) into (28) we obtain
Vio <Vi1+0i2(Knbis — ¢iolio — Qi1diVin)
i, j 30
+0i2( @)l — =2) + ¢i2-
€4,2
The adaptive law éi72 is designed as
A _ A €4,2 _ _
Oi2 = —Ei20i2 + 72%2||90($i,2)||2, (31)

where €; 5 is a positive design parameter.
By plugging (31) and (23) into (30), we have

= 9 9 o
Via < —¢i10;1 — Ci20; o + K0 20; 3
Eils A Ei2; 4 (32)
0;10;1 + —=0;20; 2+ ¢ 1 + @i 2.

i1 i,2

_|_

Step 3: The Lyapunov function ‘71-,3 is constructed as follows:
_ _ 1,
Vig = Via + 5075 (33)

Then, we attain
Via=Via+0i3(ia+aia

. . (34)
—ataia— Qg —13)
The compensation signal 7; 3 is designed as
Mi3 = —Ci3Nis — Knmio +Mia+ (Qia— a;a). (35)
Designing the controller «; 4 as
Qg = —¢i3vi3 — Kavio + Q3. (36)
Combining (32)—(36), we obtain
Vi,S =— Ci,1171-2,1 - Ci,zﬁiz - Cz‘,317i2,3 + U; 35,4
(37)

Eilx » Eiox »
+ i1+ P2+ Ll@'@@m + ﬁai,Qei,Q-
&i,1 4,2
Step 4: Define [; = J 7', w;y = infy>0{lip;} with i € [1, N]. Due to the facts 0 < p; < 1 and l; > 0, we
obtain w;4 > 0. Moreover, further define €;;, = min{w;4} and §;, = 1/Qy.
Then, the Lyapunov function V; 4 is designed as follows:

_ _ 1 9 1 = sz

Via=Via + 02, + —— 52.
T AT T T e T e, G

where, 014 =04 — 914 denotes the adaptive estimated error. The estimated value of 6,4 is represented by the term
914 Sip = Oip — 5; i 18 the relevant estimated error. And the term €,4, £, are positive parameters.
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Then, we attain
= r 7 — 1 —_ = .
Via=Vi3+ Ui,4(jpiui + fia(Zia) — Qia —Mia)
1 -~ Qip~ &
- 0; 40; 4 — —06i p0i p-
€i4 €ib

Based on Lemmas 1 and 4, we obtain
Vi4fi,4(Tia) :171',4[’(113:4901,4 + 0,4
1_ _ 1
<+ 5”1‘,491',4”80(1'1',4)”2 +3

Substituting (40) into (39), we get
1714 S‘L/is + 171‘,4(%/71“1 + %171,491',4”50(@,4)”2
ia+ Wi — i — Qg — Mia)

Lip Si,bgi,bv

!
—v
2
1 ~
+ hia— —0iabia —
i €ib

'L7 )

where ¢; 4 = % + %0342, ; represents the intermediate control law.
1 - 2
S0i,46;,4][0(Z4,4)]|

Designing ; as follows:
Wi =Ci 4Vi4 + Vi3 + 5
1 X
+ 5%,4 — Qig,

The compensation signal 7; 4 is designed as
Mi4 = —CiaMi4 — i3,

The controller u; is designed as
= £2 2

0,407 45
U = — — )
/=2 2, .2
Ui,45i,b/h‘ + &y

where ¢; ,, is a designed constant.
Based on Lemma 2, we can obtain:
-2 %2 92
_ 1 Qi b0; 407 1
Vi 4= pitl; < =
=2 2 2
U3 400015 + €7y,

J
< — Q5 p0i.46; ppti + Qi vEip,

(39)

(40)

(41)

(42)

(43)

(44)

(45)

The term —Qi’bT)M&-,bm satisfies the following equation:
— QT 400 ppti = — i pTi a0 pfti + i pTi a0 pfti
,bVi,40i b1 ;00,404 b1 i 140061 (46)
= — Vyapti + Qi vV 405 phbi-
Combining (41)-(46), we get
—2
kX S 9 _ _ ~ Ui74 _ 2
Via <Viz —ciab;, — 0i30i4 + 0;a( 5 llo(Zs,4)]]
. X 47)
0; e 0ib
— ) Qi (i — —2),
€i,4 €ib
The adaptive laws are designed as follows:
b0 = —iabia + 2202, |lo(Ti0)|2 48
i4 = —E€;ab; 4+ 9 Vi alle(Tia)l]7, (48)
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Si,b = _&:i,bgi,b + €i,pVi.4 /44, (49)

where &; 4 and &, ;, are the positive design parameters. Substituting (37), (48), and (49) into (47), we obtain

—2 2 2 )
Via<— Ci, 1V 1 — Ci,2V; 0 — Ci 3V; 3 — Ci 4U; 4

éz,l A A
+ i1+ Pio+ diat 0;,10i1 (50)
i1
57,,2 2 A 5 Qz bEib 3z ¢
+ —=0;20; 2 + 0;40i4 + 94,046,
€42 i,4 €ib
According to Lemma 4, we have
gilg. P, €i,1 p2 gi,1 2
€1 i,10i1 < 2ei1 02 17 2,4 97, 1s
gi2pg. (. €i,2 2 Eip j2
02 91,291,2 < 2e;,2 i 2 = 2e; 2 0,29 (51)
€L49~_ é < £i4 p2 €i, 4 2
€i,4 1,4Y%i,4 = 2814 i,4 26{,24 0,4
zb51b~ Qip€ib s2 1b51b2
€ib 61 b(Sl S 285 b 2€ib 6
Combining (50) and (51), we have
1 €;
= i1 42
V § Czsvls)+¢zl+¢12+¢)z4+2‘ 011
Ez 1 52 €i2 .2 €i2 7o €i4 .o 52
~3 071+ 5 ;o — 5 07 o 5 07 4 (52)
€il €i,2 €i,2 €i,4
€4 Qz bEib 2 Qz,bgi,b 52
P S D

3.2. Stability Analysis

The following theorem summarizes the above work.

Theorem 1. For multiple FRMSs (5) under Assumption 1, Lemma 1 to 5, the compensation signals (18), (27), (35),
and (43), the adaptive laws (22), (31), (48), (49), the virtual controllers (20), (29), (36), and the controller (44), the
explored control scheme can achieve the following:

1. The consensus errors of the FRMSs can achieve the predetermined accuracy within the pre-defined time.
2. All signals within the closed-loop system are bounded.

Proof. The Lyapunov function of compensation signals is constructed as

4
1
=5 e (53)
s=1

According to (18), (27), (35), and (43), we can attain
4
Vipg=— Z Ci,sﬂ?,s + Qidi(ai2 — i 2)Mia
=1 (54)
hi1QF1din} 1 + Kar(Qis — ,3)1mi2
+ (Qa — i a)ni 3.

Based on [44], we can conclude that ||&; s — a; s|| < £;.5(€; s > 0), £; 5 is a known constant. So (54) can be
rewritten as

4
Vig=— Z CisMys + Qindilianin — hi1QF 1 din; 55)
s=1

+ Kl 32 + €54, 3.
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By Lemma 4 we have

d;mQ?  n? d; 02
Qi1dili o1 < ZL 2,1” = ;i-z S
Knliznio < 52 + %7 (56)
L
iamig < 152+ 5t
where m is a design parameter.
Combining (56) and (55), we get
% 2 my a2 9 L
Vi < —ciamiq — (hix — - )Qi1mi1di — (ciz — )Mo
. 2 2 (57)
—(ci3— 5)77?,3 — Ciali g+ Gims
d; 2 K202 22
where ¢; ) = 512 + —LE 4 Lt
Designing the constants h;; to satisfy the condition h;; > 1/2, one yields
. 1 1
Ving < — Ci,177¢2,1 — (ci2 — 5)0?,2 — (i3 — 5)771'2,3
(58)

2
— Ciali 4 T Dipm,
<- Ci,nVi,'r/ + ¢i,7}7

where ¢; , = min{2¢; 1,2(¢; 2 — %), 2(c;3 — %)7 2¢; 4}. According to Liapunov’s stability theorem, it can be
obtained that the error of the compensation signals is bounded.
For all FRMSs, the total Lyapunov function can be expressed as

N
Ve=> (Via+Vig). (59)
i=1

According to (50) and (57), it can be obtained that the derivative of V satisfies the following inequality:

Vi < —apVp +bp, (60)
: 1 1 ol
where ap = min{2¢;1,2(ci2 — 5),2(¢ci,3 — 5),2Ci4,8i,1,8i,2, 80,4, Cip ) b = D (Pin+di2 + Gia + diy +
i=1
g, 2 Ei, Qi,pE;,
268;,11 91211 + 2651,22 61272 + 2651%4 91274 + 261)1‘6,17 b(sib)’
By integrating inequality (60) over the interval [0, ¢] , it can be derived that
- _ br. _,.e  bF
0<Vr< (VF(O)——)e 4 — ¥Vt e [0,+OO) (61)
ap ag

which means that signals ¥; s, 7;s, 0i1, 0i3, Oi4, 031, 8 = {1,2,3,4},i={1,..., N}, of system (5) are bounded.
Since U; s = v; s — 7,5, it is €asy to obtain that the signal v; , is also bounded. Based on (10) and (12) we can
further get
—p(t) < zi1(t) < p(t),t € [0, +00), (62)

when t € [Ts, +00)
—pr, < 21 (t) <pr,,t € [T, +00). (63)

Which means that by designing a suitable pr_, the consensus errors can be limited to a predefined accuracy in
a predefined time.

Defining the consensus errors vector as z;1 = [#1,1,22,1,-- -, zN,l]T, the tracking errors vector as e; =
[Y1 — Yd, Y2 — Yds - - - s YN — yd]T. According to Lemma 5 we obtain
|[zinll  VNP()
<< .t €0, . (64)
leal] < 5 e [0,+00)

Based on (64) one can further obtain

VNP(t)

65
i ,t € [0, +00). (65)

lyi — yal| <
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And (65) can be rewritten as

_VNP() VNP(t)

g <YY< g tE [0, +00). (66)
Combining (2) and (66), when ¢ € [T, +00), we get
N N
_VNpr. <yi—ya< @,te [T}, +00). (67)

H H

What this implies is that the positive constant pr, being selected, the tracking errors can meet the predetermined
accuracy within the predefined time T’. O

Remark 1. In the controller design process, numerous adaptive laws (such as ém, éi,g, éi,4, Si,b, ) require online
updates. The fuzzy approximation of unknown nonlinear function w” o(x) involves multiplication operations.
Compared with [45], the introduction of the first-order filter wi,sdi,s + Qs = «; alleviates the burden of
derivative computation—each filter only requires a small number of floating-point operations per time step,
contributing minimally to the overall complexity. The nonlinear error transformation (10) and compensation signals
(13,1, Mi,2:Mi,3, M4~ ) involve algebraic operations and the solution of derivatives of performance functions, but due
to the adoption of closed-form expressions, they offer high computational efficiency.

4. Simulation Study

The FRMS is widely used in automated factories, and the consensus control of multiple robotic manipulator
systems has a significant effect on improving productivity.

Considering the ith single-link robotic manipulator from [46] shown in Figure 1, and the dynamic model can
be obtained

ml?Gi + mglsin(g;) + cos(¢i) = K (gim — ¢:),

JGm,i + Blm,i + K(qm,i —q:) = U; (68)

Y = 4i,
where ¢, 4, G, G, Gms Gm € R, m = 0.5kg, [l = 0.75 m, g = 9.8 m/s?>, K = 140 N-m/rad, J = 0.35 kg-m?, and
B = 0.95. The communication topology of the multi-FRMSs is shown in Figure 3. Ten FRMSs are considered
to simultaneously process the same batch of products in a limited space. To ensure consistent product quality, the
FRMS must coordinate to achieve a specified tracking accuracy within a predefined time.

The design parameters are chosen as: pg = 1,prs = 0.3, m = 0.001,7Ts = 2,&;, = 0.005,v; = 0.4, h; 1 =
0.00l,Cil = 5,01'2 = 15,Ci3 = 5,01'4 = 15,51‘1 = 10,51‘2 = 10,€i4 = 1075ib = 10,€_ib = 0.1,51'1 = 0.].,51'2 =
0.1,84 =0.1, ;2 = 0.01,0;3 = 0.01,; 4 = 50,7 =1, ...,9,t° = 3,t° = 8, p; = 0.5. Setting the initial value
as x11 = 0.5, 291 = 0.4, 231 = 0.3, the remaining initial values are set to 0.1. The desired signal is y; = sin(t).

©
6
0060 0
8
9

Figure 3. Communication topology of the multiple FRMSs.

The simulation results under the communication topology shown in Figure 3 are displayed in Figures 4-6. It
can be clearly seen from Figure 4 that, under the control method proposed in this paper, all the FRMSs are capable
of converging to the preset control accuracy within 2 s. In Figure 5 2; 1 = y; — yq demonstrates the relationship
between the tracking errors and the preset accuracy, and it can be seen that all the errors are within the preset

12 of 16



He et al. Complex Syst. Stab. Control 2025, 1(1),7

accuracy. As shown in Figure 6, the actuators of the FRMS fails within 3-8 s, resulting in only 50% of the desired
control signal. It can be observed that, under the control method proposed in this paper, a robust control tracking
performance is still achieved even when partial actuator failures occur. As shown in Figure 7, compared with
the finite-time method in [6], this paper not only achieves convergence within a preset time but also realizes the
coordinated control of multiple flexible robotic manipulator systems.

h Y3 — = Ys — == Yr — = Yo
157 Yo — Yy === Yo — == Yg === Ya|
-5}
<
=
<
£
S
<
j
D
[="
=]
g
£.
&
«
St
ol
150 i
2 . . . . . . . . .
o 1 2 3 4 5 & 7 8 9 10

Time(Sec)

Figure 4. Output trajectories of three followers and the leader.

1.5 ‘ :
Z11 241 === 2 +boundary
1 221 — == 251 === 281 -boundary
231 T 261 — 291

Tracking error

0 1 2 3 4 5 6 7 8 9 10
Time(sec)

Figure 5. Output errors of three followers and the leader.

40 r r r r r r
————— Expected control signal of FRMS1
30 Control signal of FRMS1 under fault U, | ]

Control signals

-20 1

-30 - J

50 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Time(Sec)
Figure 6. The control input of FRMS1.
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Tracking performance

Time(Sec)

Figure 7. Adapted with permission from Ref. [6]. Copyright 2023, Xiaomei Wang.

5. Conclusions

This paper investigated the predefined-time fault-tolerant control problem for the multiple FRMSs with
prescribed performance constraints. First, a predefined-time function was used to control the convergence time of
the system, which can be set by the user. Second, a new error coordinate system replaced the original control system
to constrain the consensus control errors between the leader and the follower of the multiple FRMSs maintain
the area set by the user. Second, a distributed control strategy was employed, which addressed the scalability of
the multiple FRMSs. Third, an adaptive compensation mechanism was proposed for the multiple FRMSs, which
can achieve high-precision trajectory tracking and improve the FRMS’s fault tolerance. Finally, the simulation
result was carried out to demonstrate the validity of the designed algorithm. Next, efforts will focus on PTC-based
adaptive control for FRMS, dealing with the cyber attacks and complex environmental conditions.
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