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Abstract— This paper proposes a fixed-time fault-tolerant
controller for n-DOF robotic manipulators with actuator partial
loss of effectiveness (LOE) faults, external disturbances, and
unknown nonlinearities. A novel fixed-time extended state
observer (FXTESO) is designed to estimate joint velocities and
lumped uncertainty, and the estimation error can theoretically
be arbitrarily small by increasing the bandwidth. An adaptive
law is designed to estimate an upper bound related to Fx-
TESO error, which can enhance the controller robustness. The
proposed controller can guarantee practical fixed-time stability
of the manipulator, and require no velocity measurement and
prior information about lumped uncertainty. The comparative
experiments with the other state-of-the-art controllers on a 4-
DOF manipulator under different external disturbances and
actuator faults verify the superiority of the proposed controller.

I. INTRODUCTION

Nowadays, robotic manipulators have made significant
contributions to various fields, such as industrial manufactur-
ing, healthcare, and aerospace, etc. Therefore, high-accuracy
control, strong reliability, and fast response speed are crucial
for manipulators. However, due to the complex structure and
dynamic working environment, the manipulators are often af-
fected by unknown nonlinearities and external disturbances.
Many studies have been conducted on these issues, such
as in [1], a sliding mode disturbance observer is designed
to compensate for uncertainty and disturbance. In [2], the
RBF neural network are used to estimate the unknown
manipulator dynamics and external disturbance to address
their negative effects. In [3], two adaptive laws are designed
to estimate the uncertain kinematics and uncertain dynamics
of the manipulator respectively, and the developed controller
can guarantee that the estimation error and tracking error
converge globally exponentially.

The aforementioned studies only consider the effects of
uncertainties and disturbances, without considering the issue
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of faults. However, manipulators are often used for high-
load or high-frequency tasks, which can easily lead to
actuator faults such as partial loss of effectiveness (LOE)
faults, bias faults, or stuck faults, etc. Fault-tolerant control
(FTC) is an effective strategy for handling system faults. For
example, in [4], an FTC controller based on adaptive fuzzy
integral sliding mode control is developed, and a hybrid
fuzzy approximation and disturbance observer is designed to
estimate the actuator faults. In [5], a learning-based adaptive
FTC method is proposed, which utilizes RBF networks to
identify system uncertainties and actuator faults. In [6], a
fault diagnosis based on time delay estimation (TDE) is pro-
posed, and developed an FTC controller by combining TDE-
based fault diagnosis, nonsingular fast terminal sliding mode
control (NFTSMC), and high-order sliding mode control.
However, these approaches only guarantee that the system
states are uniformly ultimately bounded (UUB) or finite
time convergence, and the settling time is related to the
initial conditions. Therefore, fixed-time control is proposed
[7] to ensure that the system states can converge within
a fixed time constant, and the settling time is independent
of the initial conditions. There have been some studies on
fixed-time control of manipulators, such as fixed-time neural
network control [8], fixed-time adaptive fuzzy control [9],
and reinforcement learning-based fixed-time control [10],
etc. Fixed-time FTC of manipulators has also been studied
by researchers [11], [12]. In addition, most robotic ma-
nipulator controllers require joint velocity, but in practice,
manipulators may not be equipped with velocity sensors,
and the approximate velocity obtained by differentiating the
position signal will be affected by noise [13]. Extended state
observer (ESO) can estimate both unmeasured states and
disturbances of the system simultaneously. Besides, fixed-
time ESO (FXxTESO) has also been proposed to guarantee
that the estimation errors converge within a fixed time [14].

Inspired by the aforementioned studies and issues, this
paper proposes a FxTESO-based fixed-time fault-tolerant
controller for manipulators with actuator partial LOE faults,
external disturbances, and unknown nonlinearities. The main
contributions are as follows:

1) In this paper, a novel FXTESO is designed to estimate
the joint velocities and lumped uncertainty of the
manipulator. The estimation errors can achieve fixed
time convergence, and the errors can be reduced by
increasing the bandwidth w, of FXTESO.

2) The proposed controller can guarantee that the tracking
error of each joint converges to a neighborhood of zero
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within a fixed time, and the settling time is independent
of the initial conditions. An adaptive law is designed
to estimate an upper bound related to the estimation
error of FXTESO, which can enhance the robustness
of the controller.

3) The controller proposed in this paper uses estimated
joint velocities, eliminating the need for velocity sen-
sors, and avoiding additional significant noise gener-
ated by differentiating the position signal. In addition,
the proposed controller requires no prior information
about the lumped uncertainty.

II. PROBLEM FORMULATION AND PRELIMINARIES
A. Model of Robotic Manipulator

The dynamic model of a class of rigid manipulator with
n-links is constructed as

G=M"(q)7+M " (q)(A-L,)7—C(q,4)q)
+M " (q) (-G (q) - F(q) —1a— A) (1)
=M~ (q) T +d(t)

where q,q,q € R™ are the position, velocity, and acceler-
ation of the joints, 7 € R" is the driving torque, M (q) €
R™*™ is the inertia matrix, C (q,q) is the Centripetal and
Coriolis matrix, G (q) is the vector of gravitational torque,
and F (q) is the friction vector. In addition, A = diag {\;}
is the matrix of the actuator LOE fault coefficients with
Ai € (0,1], I,, is the identity matrix, 74 is the external
disturbances, A = AMg + ACq + AG is the model
uncertainty. Matrix C(q, q), vectors G (q), F(q) and A
are difficult to obtain, thus the lumped uncertainty d (t) =
[dy (t), - ,dn (t)]" contains actuator fault components, ex-
ternal disturbances, and unknown nonlinearities.

Assumption 1 : The lumped uncertainty d (f) and its
derivative d (t) are bounded, such that ||d(¢)|| < d and

Hd (t) H < #, where d and 7 are unknown positive constants.

B. Preliminaries

Definition 1 [15]: A function F' is homogeneous of
degree d with respect to the weights (rq1,---,7r,) € RZ,
if F(pmay,--,pmxy) = ptF (z1, -+ ,x,) for all p > 0.

A vector field v is homogeneous of degree d with respect
to the weights (rq,--- ,7r,) € RZ, if the ith component v;
of v satisfies v; (p" @1, -+, p"mxy,) = p it (21, 2)
forall 1 <¢<mnandp>0.

Lemma 1 [14]: If continuous functions Fj(x) > 0 and
F5(x), x € R™, are homogeneous with respect to r of degree
l1 > 0 and Iy > 0, there exists

WF )T < Fa(x) <o[F (0T @)

where 91 = minggp(g-13F2(g) and V> =

maxyg.r, (g)=1} 12 (8)-

Lemma 2 [16]: If there exists a candidate Lyapunov
function V' (x), x € R", satisfies

V(%) £ —aV?(x) = V7 (x) 3)

where a > 0,8 > 0,0 < p < 1,q > 1 are positive constants,
then the origin of the system X = f(x(¢)) is fixed-time
stable and the settling time 7' satisfies

1 1

T <Thax = + . (4)
a(l—p) pBlg—-1)
If the following inequality holds:
V(%) < —aV? (x) — BV (x) + 1 5)

where 0 < n < oo, then the trajectory of X = f(x(t)) is
practical fixed-time stable and the settling time 7" satisfies

1 1
_l’_
ap(l—p)  Bo(g—1)
where 0 < ¢ < 1 is a positive constant, and the residual set
of the solution is

frozed (=) () -

Lemma 3 [17]: For V¥, x, and any positive constant g, ¢
and w, the following inequality holds:

T< Tmax = (6)

— W T 8
— X ®)

Lemma 4 [18]: For Vx > y, ¢ > 1 and ¢ is a odd number,
the following inequality holds:

— )¢ <
ye—y) <
Lemma 5 : Forv; e R,i=1,---,n,0< B <1, and
B2 > 1, the following inequalities hold:

n B1 n n B2 n
<Zui|> §Z|ui|ﬁ1,(2|m|> <nY ™.
i=1 i=1

i=1 i=1
(10)

S
[9]°[x|" < @WMHL +

(xc+1 o chrl) . (9)

ITI. MAIN RESULTS
A. Design of Fixed-Time Extended State Observer

The lumped uncertainty d(¢) is defined as an extended

state variable x3, and the derivative of x3 is X3 = 7,
T . .

where v = [y1,--+,7»]" is an unknown function, then

: T
the states of the manipulator model are [x{,x3,x%]" =

[qT, q’,d” (t)]T. The FXTESO is designed as

)’:(1 = )A(Q + g1Wwo (Sigo‘l (5(1) + Slg’B1 (5(1))

%o = %3 + gow} (Sig™ (%1) + Sig™ (%1)) + M~ 'r

):&3 = ggwg (Sigag (il) + Sigﬁ3 ()‘21))

1D

where X;(j=1,---,3) is the state estimation, X; =
x; — X; is the estimation error, g; is the design gain,
wo is the bandwidth of the FxXxTESO, Sig®(x) =
[sig® (1), -, sig® (xn)]" with sig® (z) = sgn(z)]|z|"
a; = jla—=1)+1, p; = 1/a+(j—1) (e —1), where
a € (1—e1,1) and &1 > 0 is a small constant.

[l

Theorem I : The state estimation error X; = X; — X;
can converge to a neighborhood of the origin within a fixed
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time, and the convergence domain can be arbitrarily small
by increasing the bandwidth wy.

Proof: According to (1) and (11), the estimation error
dynamics of the FXTESO can be described as

€1 = wolo — giwo (Sig™ (&) + Sig™ (&1))

€> = wo€3 — gawo (Sig™ (&1) + Sig™ (&1)) (12)

&3 = —gawo (Sig™ (&1) + Sig™ (&1)) +~/w}
where ¢ = [¢1, €8, €7]" = [XT,%E fuwo, %F /wh] ", and
&=, ,gj,n]T. Firstly, consider the following system:
£=S.(¢) (13)

where .
woé2 — g1woSig™ (&1)

Sa (&) = |wo€s — gawoSig™ (&1) (14)

—g3woSig™® (&1)

Define v = [VlT,-n ,v,ﬂT with v, =
(€105 753,¢]T(i = 1,---,n). If « = 1, the error
system (13) can be written as v = wp (I, ® A)v with
A = [-¢1,1,0;—g2,0,1;—g3,0,0], and ® represents

Kronecker product. If all gains are designed such that the
matrix A is Hurwitz, then there exists a Lyapunov equation
PA + ATP = —Q, where P and Q are positive definite
matrices, and P is symmetric. Consider the following
candidate Lyapunov function:

Vi(a,&) =2z" (I, @ P)z 15)
7T

[Z,{,"' 7Zn} fz (Vz) =

[sig™ (61.4) ,5ig™T () 5ig™= (€3)] 1 = arazas.
According to Definition 1, the function V; (o, &) is homo-
geneous of degree I; = 2/u with respect to weight r =
(1, @, 2 — 1). The Lie derivative Lg_ Vi (o, &) of Vi (o, &)
along S, (&) is homogeneous of degree I = 2/u+ o — 1
with respect to r. According to Lemma 1 , there exists
Ko = —MaX{g.V;(a,g)=1} L5, V1 (a,g) > 0 such that the
following inequality holds:

Lo, Vi (0, €) < —ka V20 (16)

where lim1 Ko = Amin (Q)/Amax (P), Amin (+) and Apax (+)
a—
are the minimum and maximum matrix eigenvalues, lo/l; =
1+p(a—1)/2<1.
Then we consider the following system:

where z = with z;, =
T

£=S5(¢) (17)
where
—g1woSig™ (&1)
S (&) = | —gawoSigh (&) (18)

—gswoSig™ (&)

The Lie derivative Lg, Vi (o, ) of V1 (a, &) along Sg (€)
is homogeneous of degree I3 = 2/u+1/a—1 with respect to
r. Hence, there exists kg = —max(g.v; (a,g)=1} Lis; V1 (@, g)
such that

Ls,Vi (0, &) < —rgV*/0 (19)

where I/l =1+ p(1/a—1)/2 > 1.
Finally, the derivative of V; («, &) along the estimation
error dynamics (12) yields

n

’ oV; 5
Vi(a,€) = Ls, Vi (@, €) + Ls, Vi (, §) + Z 35314 ’ %
i=1 )t 0
(20)

where 0V /03 ; is homogeneous of degree 4 = 2/u—2a+1
with respect to r, and the following inequality holds:

oV,
/11,1“/114/11 <1< m,iVlM/ll 20D
3,
where k1, = MiNgg.v,(a,q)=1}0V1/0¢3: and ka; =

MaX{g.v; (a,g)=1}0V1/083.:.
According to (16), (19) and (21), we have

Vl (a,8) < 7/{&‘/112/11 - ’iﬂvlh/ll + “m'_yvll4/ll/w(2j (22)

with K, = ,|k2,i|}. Then (22) can be

rewritten as
Vi (0,8) < —raV?" — k5 (1 - 6) V2/1
— Vll“/l1 (/@,35V1l3/ll_l4/ll - /fm”y/wg)
where 0 < § < 1 is a positive constant. It is obvious
that when n/géVllg'/lrl“/ll > km7y/wi, then Vi (o, &) <
—KQVfZ/ll —rg(1—9) V1l3/l1. According to Lemma 2, the

estimation error of FXTESO will converge to the following
neighborhood around zero:

Dy = {allall < /¥ /Ao (P)}

> imy max {|r1

(23)

(24)

where ‘71 = (/{mf?/ﬁﬂé‘wg)ll/(lsiu), the settling time 77 is
bounded by
1 1
T S Tmax = + .
! Y ke (U —1a/l) kg (1—=0)(Is/l; — 1)
(25)

Remark 1 : It is worth noting that I /(I3 — I4) > 0, so V;
can be reduced arbitrarily by increasing wy.

Remark 2 : According to (24), it can be deduced that
_ bay
|{i2’i| < Ty = wp (V1/>\min (P)) 2, where iﬁg,i is the ith
component of Xs.
B. Adaptive Fixed-Time Fault-Tolerant Controller

An adaptive fixed-time fault-tolerant controller is designed
to guarantee the actual trajectory q of manipulator joints
track the desired trajectory qq within a fixed time.

The sliding surface is designed as

s =qq — % + H1U" (e) + H,Sig" (e) (26)
where 0 < a < 1, b > 1, s = [31,-~-,snT, e =
qq — q is the tracking error and e = [eq,...,e,] , H; =

diag{h11,--- ,h1,n} and Hy = diag{ho 1, -, ho,} are

parameter matrices, U? (e) = [u® (e1), -+ ,u® (e,)]” with
" sgn(ei)lel®, el >0

u® (e;) :{ a1 (27)
o ey, lei| <o
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where o is a small positive constant. The derivative of s is
as follows:

§=qq— % + (HiF* (e) + HoR' (e)) &
= du— (%2 — %2 ) + (HaF” () + HoR” (€)) (qu — %2)
— (H1F* (e) + HoR" (e)) %2
Y (q)T—X3+@+‘I’

(28)
where © = §g + (H1F* (e) + HaR" (e)) (4q — %2), ¥ =
%o — (H1F (e) + HoR" (e)) %o and ¥ = [1, - ,1,]",
R'(e) = diag {b|el|b_ ,b|en|b_1}, and F°(e) —
diag {f* (e1),- -, f* (en)} with

fa (ei) _ {atgila

o )

ledzo (29)
|€i| <o

Assumption 2 : The desired trajectory qq and its deriva-
tives qq, g are bounded such that ||qq|| < G1, ||GQal| < G2,
and ||4q|| < g3, where @1, g2, and g3 are unknown positive
constants.

Remark 3 : According to FXTESO (11), Theorem I,
Assumption 1 and 2, we can know that 1; and T3; are
bounded, so there exists |¢;| + |Z3,| < k;, where k; is an
unknown constant.

The adaptive fixed-time fault-tolerant controller is de-
signed as follows:

Ktanh (s ©®6) + A,Sig?>" ' (s
T=M{(q) . (21_1 : - ) (30)
+B,Sig (s) — %3+ ©

where K = diag {12:1, . ,I%n}, l%i is the estimation of k;,
and the estimation error is k; = k; — k;, tanh (s®0) =
[tanh (s1/01),--- ,tanh (sn/on)]T, 0 = [ofl e 7o,_Ll]T,

0; is design small constant, A, = diag {as1,--- ,as,} and
B, = diag {bs1,- - ,bsn} are parameter matrices, 0 < m <
1,1 > 1, and © represents Hadamard product.

Substituting (30) into (28), we have

$; = —l%i tanh (s;/0;) — asyisngm 1 (s;) — bs, Zsngl ! (si)
— T3, + ;.
) 31)
The adaptive law k; is designed as
i(ii = @i tanh (Si/Oi) S; — ak,il%i — bk)il%?l_l (32)

where ¢;, ay, ;, and by ; are positive parameters. The diagram
of the proposed controller is shown in Fig. 1. FXTESO only
requires position q to obtain velocity estimate g and lumped
uncertainty estimate d. The sliding surface s is calculated
from the desired trajectory qq, desired velocity qq, and

velocity estimate q In addition, the adaptive law K, lumped
uncertainty estimate d, and sliding surface s are used to
generate controller to drive the manipulator.

Theorem 2 : For the manipulator system (1) with actuator
partial LOE faults, external disturbances, and unknown non-
linearities, after time 71, the designed controller (30) with

\uuatur
faults

Desired
trajectory
q,
lldlng surface [1 Fixed-time extended
state observer (FXTESO)
(26) an

al

. Fixed-time
dap;;/e law K fault-tolerant controller (30)
l (32)

Fig. 1.

Manipulator

Diagram of the proposed controller.

adaptive law (32) can guarantee the sliding surface s; and
the estimation error k; convergence to a small neighborhood
of zero within a fixed time 7T},ax 2.

Proof: Consider the following Lyapunov function:

-y

i=1
The derivative of V5 with respect to time is

(33)

n

Vo = Z (—ki tanh (s;/0;)

=1

Ak 5 b;” 721—1
+Z< kik; + =Lk, >
—~\ pi ©i

+Z x31

According to —Fk; tanh (s;/0;) s; < 0.2785k;0; —
[19] and Remark 3, (34) can be rewritten as

l
sz—ambﬂ%”—bmwﬂz)

(34)

VQ S Z (02785]%‘101 — ]f1 |82| — as,i\si|2m — bs7i|8i‘2l>

Ak q bk’L ~
+Z(%kk+¢kk2u (Ies ,')ISv:I)

=1

< Z (0.27851@@ — a8 — bs,i|3i|2l>

=1

= Ak.i7 7 bri + 2ol—1
+Z< ik 4+ — ik )
-\ i Pi

K2

(35)

The following expression can be obtained by using
Young’s inequality:

aki];];‘ akzkk_akzkg %k? akz

©i Pi P 2¢; 2<pz

Based on lemma 3, let ¥ =

- (36)

15,2/2% x=1¢=m,
t=1—m and w = 1/m, the following inequality holds:

2\ . K2
<Z> —(I=m)ymi-m < .

If the initial value of k; satisfies k; (0) > 0, then k; (t) >
0,vt > 0 [18], and according to lemma 4, we have

kak2t =k (k - 121»)2171 < % (k?l - fc?l) . (38)

(37)
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Substituting (36), (37) and (38) into (35) yields

. n 52 m n 1232 m
Vo < —Z Qg2 <2> - Zak,i 207
i 52 ! 20 — k2 :
- bsi21<i) - Lo (200 2
; , B) ; k, ( <P) 20;

+ 3 (0.2785k;0; + ag,i (1 — m) m™m)

i=1

n 2
CLk Z bk i 2l 2l
k:
- Z ( 2901 Pi 21

i=1

(39
Then (39) can be simplified to the following form

. n 82 m n ];:2 m
nen(3(5) 2 () )
l

(40)

where

h= min {a
1<i< n{ 52

A= min {bé i2

) ak,i} )

b (20 —1) o
l%@%’)l }7

U—Z(02785koz+a;”(l— m) mT )

2
[£27 1 bk,i 20—1 2l
" Z ( 24)01 i 21 kl .

=1 Pi

S |

(41)

According to lemma 5, it can be obtained that

) n o9 nooj2 m
Vs < —ﬁ<Z§+Z 2;_)

=1 =1

(42)

where ¢ = X(2n)" .

It can be derived from (42) and Lemma 2, the sliding
surface s; and the estimation error l;:,- converge to a small
set around origin within a fixed time, and the set is define

as
D, = {(«Szjfz) [Vo < Vz},

& @
%;Mn<"),<”y )
(1-9¢)h (1-9)¢
where 0 < ¢ < 1, and the settling time 7% satisfies
T, <T = ! + ! (44)
2= T s (T—m) | tp(l—1)
|

Remark 4 : Define a constant ©o = 1/2Vs, it is obvious
that |s;| < w and e;8; < w|e;].

Theorem 3 : After the sliding surface s; converges to Do,
the tracking error e; satisfies

(D) If |e;| > o, e; will converge to a small neighborhood
D3 of the origin within a fixed time T}, ax 3, and

D3 = {eilles| < Zi},

- ( @ + % )i @ + & )5 (45)
=i = i (1 — U) hl,i ’ ((1 — U) hg,i

where 0 < v < 1.
(H) If |€Z| < o and hl,iO'ail ‘€Z| —+ h27i‘6i|b > w+ X9, €;
will converge to a neighborhood Dy of the origin and

Dy = {ei‘hl,iaa_l le;| + h2,i|ei|b <w+ :?2} . (46)

Proof: (1) |e;| > o: From Theorem 2 and (27), it can be
inferred that

Si = €; + Ta; + h1isgn(e;) |e:]” + ho,;sgn (e;) |ei\b < .
47)

Multiplying (47) by e; yields
e;é; + hl’i|€i‘a+1 + h27i|ei|b+1 < (w + .f‘g) |el| . 48)

Consider the candidate Lyapunov function V3 = e? / 2.
Combining (48), the time derivative of V3 is

Vs = eié;
< —h1,z‘|6¢|aJrl — ha; (@ + T2) |4
i (2\ v (2 T
= —h1;27> (5) —hg277 51
+ (w+ :7:2) lei
= 2T (B)F — 2T (1) T + (@4 1) Jes]

(49)
According to Lemma 2, e; will converge to D3 within the
following fixed time:
1 1

hi 2% 0 (1— agl) he 2% v (B —1)
(50)

TS < TmaxS =

(D) |e;| < o: From Theorem 2 and (27), we have

eié; + h1 ;07 te? + ho, z|61|b+1 <(wH+22)les|  (S1)
then the derivative of V3 is
Vs = eié; < —hy ;0% te? — h2,i|ei|b+l + (w4 Z2) |ei] -
(52)

If h1 0%t Jei] + h27¢‘€i|b > 7+ Zo, then V3 < 0, and ¢;
will eventually converge to the domain D,.
|

Remark 5 : According to Theorem I, 2 and 3, the total
time for |e;| to converge to Ds satisfies T < Tpax =
Tmaxl + T’max2 + TmaxS-
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TABLE I
PARAMETERS OF EACH CONTROLLER

15 ; ——— Desired
0.44 P —ri0

- ——NFTSMC
0.42 045 o

0.45
0.44
0.43

AN

-0.42
-0.43
-0.44

A\

197 20 205

395 40 405

Controller | Parameters

PID K, = diag {65,150, 65,25}, K; = diag{1,5,1,0.5},
Kp = diag{0.5,5,1,0.5}.

NFTSMC |h=2,a="5,b=3, A =400,7 =1,
K = diag {170, 40, 190, 120}, Ko = diag {30, 5, 25, 15}.

Proposed | wo = 200, g1 =3, 92 =3, 93 =1, a =0.95,
a=0.9b=1.1,0=0.001, m=0.9,1 =3,
H; =14, Hy = 214, A = diag{1,2,10,1}, Bs = 214,
0; =0.1,9;=50,ar,;, =2,b,;, =10G=1,---,4).

IV. EXPERIMENTAL VERIFICATION

This paper verifies the performance of the proposed con-
troller on the Quanser’s QArm manipulator, which consists
of 4-DOF joints (Q1-Q4, roll-pitch-pitch-roll configuration),
and only the motions of Q2 and Q3 are considered in this pa-
per. The control algorithm is developed in Matlab/Simulink
environment with the QUARC library. The dynamic model
of the QArm and more details can be found in [20]. The
experimental platform of QArm is shown in Fig. 4.

A. The Performance of Fault Tolerance and Disturbance
Rejection

Different actuator partial LOE faults and external distur-
bances are imposed on Q2 and Q3, the desired trajectory
is q42 = qq3 = sin(2nt/15) rad, and the duration of all
experiments is 105 s. In 20-30 s, the joint Q2 is subjected
to an external disturbance of 750 = 1.06sin (7¢t) N-m. In
40-50 s, the joint Q3 is subjected to an external disturbance
of 743 = 0.53 sin (7¢) N-m. In addition, Q2 and Q3 undergo
actuator partial LOE faults with Ay = 0.5 at 60 s and
A3 = 0.6 at 70 s respectively. The initial values of the
FxTESO and controller are zero.

The experimental results of the PID controller and the
NFTSMC controller [6] are also compared to further demon-
strate the superiority of the proposed controller. The sliding
surface of the NFTSMC controller is

sy = e + K;Sig" (e) + K,Sigt () (53)

where K; and K5 are two gain matrices, a and b are positive
odd numbers and satisfy 1 < a/b < 2 and h > a/b.
The NFTSMC controller is designed as

T = Teq + Tre,

b a
-K; 1Sig(2 b)(é)fM H(-Cq-G)+
Teq =M a

G-+ UHK; K diag {Jed)" ) sigl*t) ()
Tre = M (A 4 77) tanh (sy)

(54)
where 7 is a small positive constant, A is an upper bound and
A>|M(A-1y)7—F—715— A)|. The parameters
of all controllers are given in Table I.

The tracking trajectories and corresponding errors of joints
Q2 and Q3 are shown in Fig. 2, and the estimations of

Position (rad)
°
o
P>

0 20 40 60 80 100 0 20 40 60 80 100

(c)
Time (s)

Fig. 2. Tracking trajectories and corresponding errors of Q1 and Q2 with
different controllers. (a) Tracking trajectories of Q2. (b) Tracking trajectories
of Q3. (c¢) Tracking errors of Q2. (d) Tracking errors of Q3.

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Fig. 3. (a) Estimate of d2(t). (b) Estimate of d3(t).

L}

Fig. 4. Experimental scene and real-time signal display. (a) After Q2
disturbance and before Q3 disturbance. (b) After Q3 disturbance and before
Q2 fault. (c) After Q2 fault and before Q3 fault. (d) After Q3 fault.

uncertainties do(t) and d3(t) are shown in Fig. 3. As can
be seen from Fig. 2, the proposed fixed-time fault-tolerant
controller based on FXTESO has the highest tracking ac-
curacy under any conditions. After Q2 and Q3 are subject
to external disturbances, FXTESO can estimate them in real
time as shown in Fig. 3, and their negative effects on the
system are compensated. However, the performance of both
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Fig. 5. Tracking trajectories and corresponding errors of Q1 and Q2 under
five different initial conditions. (a) Tracking trajectories of Q2. (b) Tracking
trajectories of Q3. (c) Tracking errors of Q2. (d) Tracking errors of Q3.

the PID controller and the NFTSMC controller becomes
significantly worse after external disturbances. In addition,
from Fig. 3, after the actuator faults occur in Q2 at 60 s and
in Q3 at 70 s, due to the appearance of fault components
M~1(q) (A —1,)7 in the lumped uncertainty d(t), the
estimated values of da(t) and ds(t) increased accordingly to
compensate for the faults. We can also see from Fig. 2 that
after the occurrence of faults, the proposed controller still
has the minimum tracking error, and the performance after
the faults remains similar to that before the faults. However,
the performance of the PID and NFTSMC controllers signif-
icantly deteriorate after the faults, with tracking errors much
larger than those of the proposed controller. The experimental
scene and the real-time signal display of d (¢) and ds () are
shown in Fig. 4.

B. The Performance of Fixed-Time Convergence

To verify the fixed-time convergence performance of the
proposed controller, experiments are conducted with Q2 and
Q3 at five different initial positions, defined as statel-state5
(0.1, 0.05, 0, -0.05, -0.1) rad. The tracking trajectories and
corresponding errors of all states are shown in Fig. 5. It can
be seen that the tracking errors of the manipulator joints Q2
and Q3 can achieve fixed-time convergence, with the settling
time independent of the initial conditions.

V. CONCLUSION

In this paper, a fixed-time fault-tolerant controller based on
FxTESO is proposed for n-DOF manipulators, which con-
siders the existence of actuator partial LOE faults, external
disturbances, and unknown nonlinearities. The tracking error
of each joint can converge to a neighborhood of zero within
a fixed time, and the settling time is independent of the initial
conditions. A FXTESO is designed to estimate joint velocities
and lumped uncertainty, and an adaptive law is designed to
estimate an upper bound associated with the FXTESO error
to enhance the controller robustness. The proposed controller
requires no prior knowledge about lumped uncertainty, and
the estimated velocities is used in controller design, which
avoids the significant noise caused by differentiating the

position signal. The comparative experimental results with
PID and NFTSMC controllers demonstrate the excellence of
the proposed controller.
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