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Abstract: In this paper, we present a novel prescribed-time fault-tolerant control method for
a class of nonlinear systems with time-varying unmodeled actuator faults. Non-affine actuator
failures and uncertain control direction can be addressed in a universal control framework,
where any prior information about faults is not required in control design. We show that, with
the proposed control scheme, the system trajectory can converge to a user-defined residual-set
within prescribed settling time. The requirements on pre-assigned rapidity and accuracy can
be simultaneously satisfied, leading to the settling time and convergence set only determined
by fewer user-defined parameters rather than approximation errors, which is fundamentally
different from conventional finite/fixed-time control. Simulation and experiment results are
provided to validate the effectiveness of the proposed controller.
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1. INTRODUCTION

Compared with asymptotic control, finite-time control
provides a new control framework to obtain an estimable
settling time. Because of more superior performance (i.e.,
convergence speed, robustness, and accuracy) than tradi-
tional asymptotic control, corresponding definitions Bhat
and Bernstein (2000); Yu et al. (2005); Shen and Xia
(2008); Zheng et al. (2011); Hu and Jiang (2018) and appli-
cations Wang et al. (2018); Van et al. (2017); Li and Wang
(2013); Yang et al. (2015) have been extensively studied
in the field of finite-time control. However, the settling
time is dependent on system initial values, which indicates
that the settling time cannot be obtained once the initial
values are unknown or sensitive to external noise. To deal
with this issue, as an extended concept, fixed-time stability
Polyakov (2012) was proposed to address the dependence
of settling time on initial conditions, and thus triggered
increasing subsequent researches Polyakov et al. (2015);
Chen and Li (2018); Wang et al. (2019); Yang et al. (2017);
Zuo et al. (2018); Rios et al. (2017). By adjusting design
parameters, the system trajectory under fixed-time control
is driven to converge to a given set within predefined
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time subject to control parameter constraints. It is noted
that, however, the settling time follows the restriction
of design parameters, and thus cannot be user-defined
arbitrarily though it is independent on initial conditions.
In addition, the so-called finite-time or fixed-time is often
the estimated bound of the actual settling time, which is
larger or far larger than the actual one. Featured by user-
defined settling time, prescribed-time stability Sanchez-
Torres et al. (2015); Fraguela et al. (2012) was proposed
recently for nonlinear system stabilization to realize that
the system trajectory was ensured to strictly converge
to zero within prescribed time Song et al. (2017); Wang
et al. (2019); Song et al. (2019), which achieved a higher
accuracy compared to finite/fixed-time control. However,
in terms of energy consumption, the convergence accuracy
is required to satisfy the predefined requirement, rather
than the excessive precision in practice. Limited by sensor
accuracy and actuator output, user-defined convergence
accuracy is more practical so that the aforementioned
methods would obtain limited performance. To the best
knowledge of the authors, there is no work aiming at
dealing with such issue.

Moreover, a premise that all actuators work properly is
widely utilized in the fore-mentioned literature. However,
external disturbances and systems uncertainties are in-
evitable for practical control systems such that actuators
are vulnerable to various faults. A classic fault-tolerant
control method is to estimate the boundary of partial
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loss of actuator effectiveness via universal approximation
approaches, such as fuzzy-logic systems (FLSs). The un-
known disturbance of state and input was discussed in
Li and Yang (2016), where the lumped uncertainty was
approximated by FLSs. With Takagi-Sugeno fuzzy mod-
els, an actuator-fault compensation control strategy Jiang
et al. (2010) was developed for attitude control systems.
Modeled as both loss of effectiveness and lock-in-place,
actuator faults existing in large-scale and stochastic non-
linear systems were compensated in Tong et al. (2014a,b),
respectively. However, there exist the following two is-
sues in the mentioned control methods. (1) These adap-
tive control schemes will become ineffective when dealing
with unmodeled nonlinear faults augmented by states and
control input. (2) In spite of bounded states realized in
the aforementioned approaches, the convergence set is de-
pendent on the approximation error. The above analysis
indicates that the fault-tolerant control with respect to
a more general actuator-fault form is more challenging,
and there has not been no work discussing prescribed-time
convergence in the framework of fault-tolerant control.

Motivated by the above discussion, we present a new
prescribed-time control method for a class of nonlinear
systems with unknown disturbances, uncertain control di-
rection and non-affine actuator faults. We show that, with
the developed control scheme, the prescribed-time conver-
gence of the tracking error into a user-defined residual-set
is guaranteed.

The remainder of this paper is organized as follows. Sec.
2 introduces the definition of practically prescribed-time
stability and the corresponding property. Sec. 3 gives the
prescribed-time fault-tolerant control strategy. In Sec. 4
simulation and experiment results show the effectiveness
of the proposed controller, followed by the conclusion in
Sec. 5.

2. PRELIMINARIES
2.1 Time-varying piece-wise function

To achieve prescribed-time stabilization, we introduce a
time-varying scaling piece-wise function as follows

(t) = exp(a(to+T —1t)—1, telto,to+T) (1)

o 1 —tanh (a(t —to —T)), t € [to + T, +00)

where exp(-) and tanh(-) represent the exponential and
hyperbolic tangent function, respectively. T' denotes the
prescribed settling time such that 7' > T > 0, in which T
represents the time consuming of signal transmission and
processor computing. « is a user-defined positive constant.
to stands for the initial time. Note that ¢(t) is piece-wise
monotonically decreasing to zero. In addition, the time
derivative of ¢(t) can be obtained as below

. —a(s(t)+1),  telto,to+T)
W=Nala—s0? 1], telo+Tro) @

which indicates that ¢I £ |¢(#)] is continuous at t = to+ T,
and then the smooth property of ¢(¢) is available.

2.2 Practically prescribed-time stability

Definition 1. (Sdnchez-Torres et al. (2015); Fraguela et al.
(2012)) Consider a class of nonlinear systems

o(t) = f(x(t),1) (3)
where z(t) € Uy C R" is the system state and f:Up x
R, — R"™ is a continuous-differential function. The origin
of (3) is prescribed-time stable (PTS) if it is fized-time
stable and the settling time T is artificially designed such
that Ts < T < Thax < 400.
Definition 2. (Wang et al. (2020)) The origin of (3) is
called to be practically prescribed-time stable (PPTS) if
lz(®)|| < e fort > tg+T, where e and T are pre-specified,
and Ty < T < Thax < +00.

Lemma 1. (Wang et al. (2020)) If there exists a positive-
definite continuous-differential function V(z(¢),t) : R™ x
R4+ — Ry and scalars b > 0,¢ > 0, 0 < 1 < 400 such that

: ¢t n

then the trajectory of the system (3) is PPTS with D =
{z|V(z) < n/a} holding for ¢ >ty + T.

Remark 1. The prescribed settling time and convergence
domain are simultaneously available in Lemma 1, which
extends the concept of PTS. In addition, with n = 0,c = 0,
we have D = {x |V (z) <0}, leading to x = 0 for ¢ € [tp +
T, +00). Thus, the origin of system (3) is PTS. Therefore,
PTS is a special case of PPTS, which is more universal to
carry out stability analysis and control synthesis.

Remark 2. For the finite-time stabilization issue of sys-
tems with unknown disturbance, practically finite-time
stability Shen and Xia (2008) and finite-time uniformly ul-
timately boundedness Hu and Jiang (2018) were proposed
to give a parameter-dependent convergence set. However,
the convergence domain is dependent on the upper-bound
of disturbances. By contrast, the residual set in Lemma
1 can be uniform, only dependent on two user-defined
parameters rather than upper-bound of disturbances.

3. PRACTICALLY PRESCRIBED-TIME
CONTROLLER DESIGN

We consider a class of nonlinear systems with parametric
and non-parametric uncertainties, and unmodeled actua-
tor faults

&i(t) = Bi(i(t), hwirr (8) + 07 (0)fit) + hi(@:(1), 1),

i=1,2,.n—1, 5

i (t) = dn B (Tn(t), t)p(u(t), Tn(t))

+ 0, () fn(t) + ha (20 (1), 1),
where z;(t) € R™ is the state vector; B;(Z;(t),t) €
R™*™ js the unknown gain function with Z;(¢t) =
T

[21(t), ...,z (t)"] ; 6F(t) € R™*P is the unknown time-
varying function while f;(t) € RP*! is known nonlinear
function vector; h;(Z;(t), t) is the unknown non-parametric
disturbance, and ¢(u(t),z,(t)) : R™ x R™ — R™ is
the control input with unmodeled actuator faults. d,, €
{-=1,1} denotes the unknown control direction.

Assumption 1(Jin (2017)). There exist upper and lower
bounds for the unknown gain function, that is 7, S
|Bi(z:(t),1)[| < % , i = 1,2,...,n, where 7, and 7; are
unknown constants.

Assumption 2(Jin (2019)). The unknown functions 6;(t)
and h;(Z;(t),t) are bounded such that [|0;(t)] < 6.,
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th(i‘z(t)vt)H < Bi, 1 = 1,2,...,71, where éz and 774' are
unknown constants.

Assumption 3(Zhang and Guay (2003)). % # 0
and there exist unknown positive constants such that
7 < [|0p(u, Tn)/Oul| < 7 and 7 < [lo(u, Z,)|| < 7.

Remark 3: Since the measured states are subject to specific
physical range, Assumptions 1-2 are rational in accord
with practical applications. The conventional assumption
that unknown gain functions are symmetric is relaxed in
(5). Different from conventional actuator faults discussed
in Jiang et al. (2010); Tong et al. (2014a,b); Jin (2017,
2019), the nonlinear and non-affine fault with respect to
control input and states is considered in this paper, which
is a more general form including saturation and dead-zone
nonlinearity Hu et al. (2008).

Define the desired state variable as z;4(t) € R™ , which
is bounded, continuous, and differentiable up to the n-th
order, and the tracking error is represented by e;(t) =
z;(t) — x;q(t). The control objective can be stated as
follows. For the nonlinear system (5), design the control
scheme to achieve that the tracking error converges into a
prescribed range within prescribed time.

We present the design procedure by back-stepping ap-
proach, which consists of n steps. For brevity, the argu-
ment presented in (¢) and (Z;(¢),t) will be omitted later.

Step 1: Define z; = e; and 29 = x2 — p1, where p; is the
virtual stabilizing function to be designed later. The time
derivative of z; gives

21 =By (224 p1) + 0] f1 + b1 — d1a. (6)

Define V., = 12T'z. Taking the time-derivative of V., and

substituting (6) into it yield
V., = 2L Bizo + 2L Bipyr + 2505 f1 + 2T hy — 2T a4, (7)

Note that in (7), we have
2 fi
N +€%7

Zszl

VeTz + €2
where €; > 0 is a small positive constant for i = 1,2, ..
Substituting (8)-(9) to (7) yields

Vo, < 2EBizg + 2T Bip1 4210161 — 28414+ €1(01 + hy),
(10)

T ;T T
21 f1 [ Z1

where ©1 = [éllm, ﬁllm],fl = NN

I, is the m-dimensional identity matrix.

For the third term on the right side of (10), one has
A€l &

Velzle +e

where [|©;]| < ©; with ©; being an unknown constant.

2107 f1 < ||zl 01 || fill < €161 + 61

(®)

Z;rhl < ||Zl|| Bl < 81]711 + Bl

(9)

oM.

le@lfl < 61@1 + (:)1 (11)

Define the Lyapunov function candidate as
1 Y, s
N iﬂ%7

QS 2(751

éQ
20'@1 1 +

Vi=V, + (12)

& -

for i = 1,2,..,n — 1. ©; and Bl are the estimation
value of ©; and 3;, respectively. 0g, and o, are designed
parameters. Taking derivative of (12) with respect to time
and introducing (10)-(11) into it yield

2 21616
V2L €l & + €7

. _ — — 1 = 2 Y, ~ %
_ 21T$1d —|—51(91 +hy + @1) + 7@1@1 4+ ;71/81&1'
O,

1

©; — 6, Bi = Bi — bi, and /v, = B

where

Vl S ZlTB1Z2 + Z;I‘Blpl + él

(13)
Design the virtual stabilizing function as
32, =T >
pr = —— AR (14)
\/ﬂleTzlﬁle + i
with
A 21616 .
p1=01—F——me— — i1
NEEGEEE )

al

S z
(R

< S flzal” + et

where k1 and 7 are positive tunable parameters.
Note that the following inequality holds
B2 217 b1

VBT T + €

zi Bip1 < =7, < ey, — 7,4 Bipr-

(16)
Therefore, with (13)-(16), we have
) ) B STy T
Vi < 21 Bizo —112?5151 + @1%
V %1 Zlfl §1+ €7 (17)
. 1 ~ A ’Y ~ A
— 2zl d1a — —610; — =516, +
0—@1 0—,81
where C1 =¢&1 (él + }_ll +61 +11>
Construct the adaptive laws as below
2 2L 21T A
@1 =0g, —Tl 1§1 51 5 @1 5 (18)
Ve 21606+ ey
By = og, [Z1T/71 - 51} : (19)

Then, substituting (15) into (17) and applying (18)-(19)

. yield

y T St T n
’ Vlglele— ]{714—? lel-i-g

+0:0; + 115151 +c

T 1 -
= erI‘BlZQ — 2(]{)1 + gg)Vl + g + kl <09% (20)
[SH
- /1 = -
+ 11 62 +i @2+ 11 52
1 — 91T —05
0B S \0p, 0B

+ élél + 115151 +c1-

Note that the following inequality holds
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é1é1 = é1(—é1 + (:)1)
= 1 =~ 1 —
2 2 2
<-01+ 591 + 591 (21)
1= 1~

Let 0g, = 05, = 2k1 + 2« (ﬁ + 1), then we have from
(21) that

And in the same manner with (21)-(22), we have
A

Y om Foa
ki =257 + ==L 5?+115151 <=

23
0B, S 0p 2’ ( )

Let ¢ = ¢1 + 307 + 21, by employing (20)-(23), and then
one can obtain

. 3l
Vi <2iBizp—2kVi—2-Vi+ 1 4e.  (24)
S S

Step i(i = 2,3,...,n — 1) : Define z;y1; = x;41 — p;, where
p; is the virtual stabilizing function to be designed later.
The time derivative of z; gives

% = Bizig1 + Bipi + 07 fi + hi — pi—a (25)
where
i—1 ap
. 1
Pi-1= ; 3;] (Bjwj1 "’9 fi+hy) + @i (26)
with
i=lg =g, s
R
j=1 aﬁj j=1 893'
i1 5 (27)
(J) Pi—1
+Za (G- 1) +Z ] 1)
Jj= 1d
Define V,; = %Z;r z;. Taking the derivative of V,; and

combining it with (25) give
Vi =28 Bizig1 + 28 Bipi + 2507 fi + 2 hy — 2f o,

i—1
opi— (28)
=Y o7 — (Bjwj + 0] 15+ hy) .
j=1
Similarly with (8)-(9), we have
T, ¢T
TpT ] ] zi zilfi fi
Z; 91 i < |zl ;|| fill < €ib; + 0, ————xo 29
ZTZZ‘
25 hi < |zill hi < hags + Dy (30)

V2 Tzz +s

and

i—1

— apz 1
a lTZ Ox; Bjzin
Jj=1
2
Opi_ 2 X 31
S B L L = S
Z +ZE]’YJ7
- Opi—1 2 =
- W all )%t Negal? 42 7
0
—zTZ £ 19%
- pi_ ) 32
S ST [E20SY T RE S S
<> 0 +> 505,
._ o i 2 -
- W T R WA
Zapz 1
= Oz
i—1 IEA Hapt 1 i—1 (33)
SZE +Zé‘ﬂ3]
SN NIE R
Similarly with (10)-(11), we have
Vu<z le+1—|—z Blpz—kz @fl—z w;
(34)

-l—Zs] 0; + h, +Zsﬂj

where @7, = [01Im» hl-[ma ’YlIma (XX} gzIma thma ’77.Im]7 and

A G e
\/||Zz||2Hag;—ll If1 H +e? \/”Zz” Hag;;ll
i iz L) 2101,
et et 422 VRS

T
T
% ,0,...,0] :

\/z zl—i—a

For the third term on the right side of (34), we have
2 26l &
Va2l zigl i+ €

where ||©;]| < ©;, and ©; is an unknown constant. Define
the Lyapunov function candidate for Step i

Z;F@Zfl < Eiéi + él (35)

Vi=V.+-—67+ L 32, (36)
208 205,
Then, the time-derivative of ( 6) becomes
Vi < 2 Biziy1 + 28 Bipi — szi

é Z; sz: &i Z é B
V2 zi&l &+ €f (37)

i—1 . .

+;€j’_}/j +5i@z @ 0, + JBZ‘ /Blﬁz
j= © ’
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Design the virtual stabilizing function as

B2zp} pi
pi=——F (38)
Btz zipi pi + €}
with
_ A zi&l & ( §'T>
pi:@i—"" ki+* Z; — W; 39
\/Z;lef;rfl—f—Eg S ( )

where k; is a positive tunable parameter for i = 1,2, ...,n
Note that the following inequality holds
P2 2ipi pi

7 ~
\ Bzt zipi pi + €

), one can obtain

2! Bip; < —

< ei7,—7,% Bipi- (40)

=2

From (37)-(40
2} 261
V2§ 2zl E + €2

, T TAH - T 5
Vi <z Biziy1 — 7,2 Bibi — 2 @i + O,

]_ = A Y.~ A
+c¢— —0,0; — =88,
06, 08,

(41)

where ¢; = Y &; (0; + h; +7;) +€:0;.
j=1

Construct the adaptive laws as

2 T, ¢Te ~
0, = 0o, _ EES & O;l, (42)
VA g+ Ef
B, =0, |:Z1Tﬁz - Bz} . (43)
By (42)-(43) and further simplification, (41) becomes

. :f 1 = .

(@2 + 52> +6,0; +

0o

| .

+ L-Bi@ + G-

)

(44)
Let 0g, = 05, = 2k; + 2« (ﬁ—i—l) for i = 2,...,n,

similarly with (22)-(23), then we have
. f
Vi < 2! Bizig — 2k Vi — 2§*V¢ + ¢ (45)
S
where ¢; = ¢; + 367 + %

Step n: Note that z, = x, —
of z, can be expressed as

. TS 8Pi—1
=1 a{L'j

_nil Opi_1 8P1 1 Opi_1 )
where w,, = Y 3B]ﬁ+z ®+Za“ 1>$1d+
=

Pn—1, and the time derivative

(46)

(Bjxj+1 + e;rf] + hj) —

Opi—1
3(71)§

B, = d,B,. Define V,,, = z . Since

ago(u, Zp)/O0u # 0, we can derive an # 0. Then by
the differential mid-value theorem, there exist u; and us
such that

o(u, Tpn) = @(ur, Tn) + 2(u2, Tn)(u — uy), (47)

3891

where s(ug, T,) = szuﬁ uy is the control input

in some operating point of interest; us = col{ug;} €
R™, in which ug; € [min{uli,ui},max{uu,ui} . Then
substituting (46)-(47) into V,,, and further simplification
yield

Vin < 2X Byoe(ug, Zn)u + 2 By (0(ur, Tn) — s¢(ug, T )uy)

n—1
) + Z €§Y;-
j=1

+z};®n§n fz}:wnJrZaj (Gj +h

j=1
(48)
From the Assumption 3, it follows that 2! B, p(u1, Z,) <
el zn+ 3 || Bl llo(us, 7)I” < 32820+ 452 (7%)?, which
means that (48) is equivalent to
Vin < 2Y Bpse(ug, Zp)u — 2 By se(ug, T )uy
1
+ ann + 2, G)ngn Z Wn
2 (49)
B B n—1 1
+ Z%‘ (6;+h;) + Y e + 573(7?*)2
j=1 j=1

where 671 = [éIIm7BIIm7’71]m7'~-7énlmyhn1ma'7nlm]7
and
2
Opn— 2
3 e L
2 6P7L71 2 2 27
lzall”|| Z5a || F2ll” + €5
2 2
Bpn— Opn— 2
ks 2 || g || 1wl
2|| 9pu_s || 27 2|| 9pu_s || 2 2’
lenll[| 2222+ 2 g/ znl®] 222 | el + 22
T
Zn fn I 2
VR e X fa+e2 /2l + €2
(50)
For the fourth term on the right side of (49), we have
T, (T
20,6 < £nOy + By —nZnbnbn (51)

n
V Z;{‘an;{gn + 5721

where ||©;]| < ©;, and ©; is an unknown constant. Define
the Lyapunov function candidate for Step n as follows

Vi = Vin + —— 62 + 225 32 (52)
n — zZn 2 0_ n*
g8, Bn
Design the controller as
2, =Tr
u . bozn® @, (53)
\/ﬁ%sznuTu +ée2

where 8, =1/ my,, and

2 T S
i=6,Cntnbn (kn+i+2> n — .

Varan&r & 4 €2
(54)

Taking the time derivative of V;, and substituting (49)-(54)
into it yield

Vn < - ﬂzgﬁnﬂ—&—@n — 2, Wy
Tt Vg € én +en
. v n; n n (55)
7®n®n - 7”7677,67; + Cn
Ué" gﬁn,
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n _ _ n—1 _
where ¢, = 3 € (8; + h;) + X ;9 + n(On + ) +
j=1 =1
$%2(7*)?. Design the adaptive laws

I T T N
O = 0g | —mintnbn g | (56)
BRY 2y 2y En + €2
ﬁAn =08, [Zgﬂ - Bn:| . (57)

Combining (56)-(57) into (55) and further simplification
yield

. :f s = .
V. < 72:;1; <kn + i) Zn + 0,0, + lnﬂﬂnﬂn + cp. (58)

By the similar scaling manner with (22)-(23), we have

. 'T

Vi < 2k, Vi — 25V, + 6, (59)
S

where ¢,, = anr%@fﬂL % The above back-stepping design

leads to the theorem as follows.

Theorem 2. For the system with parametric and non-

parametric uncertainties (5), if Assumptions 1-3 hold, the

controller (53) and adaptive laws (18)-(19), (42)-(43), (56)-

(57) are adopted, the system (5) is PPTS with the settling

time 7', and the state trajectory is convergent to a compact

set D = {z1|Vi <n/a}.

Proof. Making use of (59) and Lemma 1, we show that
zn will converge to zero at t = ty + T, which implies
the prescribed-time performance of z;_1. In an inductive
manner, we can obtain from (24) that Vi < =2k V4 —
2%1/1+g+(’:1, which means V; < g for t > to+T according
to the PPTS property, as stated in Lemma 1. Note that

V., = %lezl < Vi < 2, then we have |le;| < %’7

for t > to + T. Thus, the convergence domain follows
D = {x1|V; <n/a} since the settling time reaches T,
and the system trajectory will be kept in the prescribed
convergence domain. The proof is therefore completed.

Remark 4: Compared to conventional fault-tolerant meth-
ods based on additive and multiplicative fault model Jiang
et al. (2010); Tong et al. (2014a,b); Jin (2017, 2019),
any prior information and dynamics model about actuator
failures are not required in the control design, which forms
a universal fault-tolerant control scheme to address non-
affine nonlinear actuator faults. Furthermore, the conver-
gence set only dependent on two predefined parameters is
realized via employing the scaling piece-wise function in
the framework of PPTS, which is substantially different
from that determined by estimation errors of faults.

4. SIMULATION AND EXPERIMENT
4.1 Simulation on wing rock motion with faults

To validate the effectiveness of the proposed prescribed-
time control scheme, the model Song et al. (2017) of wing
rock motion for airplanes flying at high angle of attack
is considered in the presence of time-varying and high-
frequency uncertainty, and random external disturbance

&1 = X2
To =01 + (92 + Abs) z1 + (93 + A93) To
+ (04 + Aby) |21 2 + 05 [22| 22 + dp(u(t), T, (1)) + 96)
(60
where x; and x5 stand for the roll angle and rate, respec-
tively. O (k = 1,2...,5) denote the nominal wind-tunnel pa~
rameters, while Ay (k = 2, 3,4) represent the time-varying
uncertainty. The nominal part is set as 61 = 0, = 03 = 1,
04 = 2,05 = 3, and 6g is the random disturbance subject to
Gaussian distribution N(2,1). In addition, the uncertain
part is set as below: Afy = cos(t) — 1, A3 = 2sin(t) — 1,
Afy = 10sin(100t), p(u) = (1 + 0.1sin(0.2¢))u, d = 1.
The control parameters are selected as a = 2, k1 = 20,
and ko = 20. u;1 = u(0) = 0. The control objective is to
track the reference signal x14 = Orad, xo4 = Orad/s within
prescribed settling time and residual set. We consider the
following three cases with different initial conditions to
show the prescribed-time property of the proposed control
scheme.

Case 1: z1(tp) = lrad, x2q = —1rad/s;
Case 2: x1(tp) = —0.95rad, 294 = 0.1rad/s;
Case 3: z1(tg) = 0.5rad, x94 = —0.2rad/s;

where ty = 0s. The prescribed settling time and conver-
gence domain are set as T = 3s and 1 = 0.5, respectively.

1
0.5‘
t\
\

oF ¥=

e Case ]
Case2
=== Case3

x; (rad)

[

0 0.5 1 1.5 2 25 3
Time (s)

Fig. 1. The response of 1 under different initial conditions.

e Casel ||
Case2
10 === Case3

x, (rad/s)

0 0.5 1 1.5 2 2.5 3
Time (s)

Fig. 2. The response of x5 under different initial conditions.

Figs. 1-2 show the response of the roll angle driven
by the prescribed-time control scheme (53) with T' =
3s. The prescribed-time convergence performance with
respect to different initial conditions is guaranteed. Besides
the prescribed-time property, convergence accuracy can be
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Fig. 4. The response of x5 under different prescribed time.

guaranteed (i.e., |z1| < 2.5 x 1073, |z2| < 5.6 x 1073,
t > 3s) even in the presence of high-frequency disturbance,
uncertainties and actuator faults. To further demonstrate
the prescribed-time property, we consider the case in which
the settling time is set as T = 1,2,3s with different
initial conditions, respectively, as illustrated in Figs. 3-
4. As seen in Fig. 3, the settling time can be uniformly
pre-specified with the guaranteed prescribed convergence
domain, which is illustrated in Table 1.

4.2 Experiment on three-DOF tele-robot system

The tele-robot system for the experiment, consisted of two
three-DOF manipulators, is developed (see Fig. 5), where
each degree of freedom is actuated by DYNAMIXEL MX-
106R powered by a 12V DC battery. RS485 standard is
used for asynchronous serial communication (Baud rate
up to 4.5Mbps). The encoder, mounted to the shaft of
motor side, is AS5045 Rotary Sensor, which is a 12-bit
rotary position sensor for absolute angular measurement
and with a PWM output over a full turn of 360°. An
additive fault between 0 and 15Nm is applied in the right-
side robot. The tracking response of master-slave tele-
robot system is depicted in Fig. 6, where ¢,,; and g4
represent the joint position of the first joint of the master
(right side) and slave (left side), respectively. Limited by
the page length, only the response of the first joint position
is illustrated. It shows that, under the proposed controller,
the PPTS performance and robustness against random
actuator faults are ensured within prescribed settling time,
namely T = 3s.
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Fig. 6. Tracking response of the first joint.
5. CONCLUSION

In this paper, the prescribed-time tracking problem of a
class of nonlinear systems subject to external disturbances
and actuator faults is investigated. An adaptive fault-
tolerant control scheme is developed to achieve practi-
cally prescribed-time convergence, featured by user-defined
settling time and residual-set. Unknown non-affine faults,
system uncertainties, external disturbances, and control
direction can be addressed in a unified control framework.
Detailed results have been presented to show the superior
performance of the proposed method.
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