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Abstract: It is always problematic that the initial value of the trajectory tracking error must be inside the area
included in the prescribed performance constraint function. To overcome this problem, a novel fault-tolerant control
strategy is designed for a second-order multi-input and multi-output nonlinear system (MIMO-NLS) with unknown
initial states, actuator faults, and control saturation. Firstly, a predefined time convergence (PTC) stability criterion
is theoretically proven. Then, an error conversion function is introduced to convert the trajectory tracking error
to a new error variable with an initial value of zero, and an adaptive fuzzy system is designed to approximate
the compound interference composed of actuator fault, parameter perturbation, control saturated overamplitude,
and external disturbance. Based on the backstepping control method, prescribed performance control method, and
predefined time convergence stability theory, an adaptive fuzzy fault-tolerant controller for the new error variable
is designed and theoretically proven for the predefined time convergence of the closed-loop system. The numerical
simulation results of the guaranteed performance trajectory tracking control for industrial robots with actuator faults
demonstrate that the adaptive fuzzy fault-tolerant control algorithm has strong fault tolerance to actuator faults and
anti-interference capabilities. The convergence time and performance of trajectory tracking errors can be preset in
advance, and the parameter settings of the prescribed performance constraint function are not affected by the initial
state values.

Keywords: Fault-tolerant control, fuzzy system, predefined time convergence, prescribed performance control

(PPC), robot control.

1. INTRODUCTION

For uncertain nonlinear systems that are highly complex
in nature, only designing a controller to maintain system
stability can no longer meet practical engineering require-
ments. More and more systems have started to pay atten-
tion to the improvement of controllability and suppres-
sion of steady-state error, overshoot, convergence time,
and passive fault tolerance. Thus, the prescribed perfor-
mance control (PPC) method based on the prescribed per-
formance function (PPF) is widely utilized in the guaran-
teed performance control of all nonlinear systems. How-
ever, the parameter setting of the PPF is related to the ini-
tial value of the system state. When the initial value of the
system state is outside the areas included in the PPF, the
guaranteed performance control strategy will fail, result-
ing in the system instability. Studying the guaranteed per-
formance control strategy with unknown initial state value
is of great theoretical significance and engineering appli-

cation value.

The PPC method is widely utilized in the guaranteed
performance control of different nonlinear systems be-
cause it can ensure that the overshoot of the trajectory
tracking error is less than a set value. At the same time, it
converges at no less than a certain set convergence speed
and finally converges to a predetermined small range [1,2].
In [3], for robot systems with control input saturation
constraints and parameter uncertainties, a performance-
preserving control strategy is designed by using deep neu-
ral networks to approximate the uncertain parts of the sys-
tem. In [4], a finite time performance function with sine
function is constructed, and fuzzy logic system is utilized
for approximating the uncertain part of the second-order
nonlinear system. Then, a guaranteed performance con-
trol algorithm with finite time convergence is designed for
second-order nonlinear system. Paper [5] designed a pre-
scribed performance controller with selectable transient
performance for nonlinear systems by an error conversion
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method so that the output of the closed-loop system con-
verges according to the trajectory of the preset curve. Al-
though the existing guaranteed performance control strat-
egy can make the controlled system have prescribed per-
formance, its design premise is that the initial state value
of all controlled systems must be inside the areas included
in the PPF. Estimation of initial state value is always chal-
lenging in numerous engineering applications and even
this value will change greatly according to the actual ap-
plication background. Setting a larger parameter value of
performance constraint function will reduce the control
effect of the controlled system and waste more control
energy. Setting a smaller parameter value of performance
constraint function will limit the application range of the
controller. To solve the problem of uncertain initial state
in the PPC, the current paper introduces an error conver-
sion function to convert the arbitrary initial value of state
to the origin, so that the initial value of the transformed
variable is located at the included areas of PPF, and gives a
performance-preserving control strategy to solve the prob-
lem of uncertain initial state.

The study introduces a cutting-edge and resilient strat-
egy designed for global PDT tracking control of robot
manipulators under inherent uncertainties [6]. Taking into
consideration the effects of uncertainties and external in-
terferences on trajectory tracking performance, the strat-
egy employs a nonsingular robust control method, com-
plemented by a nonlinear vector. This combination en-
sures that both positional and velocity tracking errors con-
verge to the origin within a PDT. Key merits of this ap-
proach include its structural simplicity, straightforward
implementation, and provision of an exact controller pa-
rameter to determine convergence time. The study also
unveils a robust controller adept at ensuring precise tra-
jectory adherence in robotic operations without requiring
a temporal component within the trajectory definition [7].
By leveraging a robust velocity field and a controller unin-
fluenced by specific robot parameters, the proposed frame-
work guarantees accurate trajectory tracking within a pre-
defined time. Addressing the challenges of robust trajec-
tory tracking for robot manipulators having uncertainties,
the present study introduces a novel sliding surface and
crafts a robust control mechanism to guarantee global ap-
proximate fixed-time convergence [8]. The analysis con-
firms that positional errors are bound to converge glob-
ally to a compact set around zero within a uniformly lim-
ited timeframe, subsequently decaying at an exponential
rate. The proposed technique boosts faster transient re-
sponses, enhanced steady-state accuracy, and singularity-
free operation, among other benefits. However, it utilized
a fixed time sliding surface. In [9], the authors delin-
eated a control strategy tailored for redundant manipu-
lators, ensuring both PDT convergence of position pur-
poses and robustness against model uncertainties and ex-
ternal disturbances. By harnessing dynamic consistency,

this method realizes a rigid task hierarchy, empowering
the robotic system to meet desired endpoints within its
functional space, even amidst obstacles and joint con-
straints. Furthermore, article [10] presented a novel pre-
scribed performance-tracking control mechanism for un-
certain robotic manipulators, ensuring stability within a
finite timeframe. It utilized a modified integral nonlinear
SM plane and a super-twisting control law. In this study,
scholars investigated that the system achieves precise tra-
jectory tracking control. Notable features comprised es-
timated convergence rates, preset boundaries for maxi-
mum overshoot, and predetermined steady-state control
error margins. Moreover, the controller optimized con-
trol torque without compromising robustness. The effec-
tiveness of this control strategy was exemplified through
industrial robot manipulator simulations, demonstrating
global stability and finite-time convergence. Paper [11]
presented a trajectory tracking controller for robotic ma-
nipulators, uniquely designed to operate without a dedi-
cated model. It ensured tracking error convergence within
a predefined interval, irrespective of the initial conditions.
Utilizing the backstepping technique, the controller me-
thodically determined the evolution law of the tracking er-
ror. The model perceived manipulator dynamics and dis-
ruptions as undetermined components, employing time-
delay estimation for their identification. Exact mathemat-
ical validation confirmed the controller’s global uniform
prescribed-time stability. Its efficacy was further validated
through simulations on a 2-DOF robot manipulator. Many
scholars have explored rigorous hybrid methods employ-
ing predefined time control, such as complex neural con-
trol. These frameworks primarily focus on fixed and finite
time [12,13]. To address this research void, we have de-
veloped an innovative approach for a fuzzy fault-tolerant
controller, ensuring optimal performance for MIMO-NLS.

Numerous control algorithms are utilized in the guar-
anteed performance control design of nonlinear systems.
Traditional PID control has defects, including unsatis-
factory suppression effect of time-varying uncertainties
and low control accuracy. Scholars used adaptive tech-
nology to enhance classical PID, which effectively im-
proved the robustness of nonlinear systems to uncertain
factors. A PI fault-tolerant controller with guaranteed per-
formance was designed for nonlinear systems by using
adaptive law to estimate the control gains of PI controller
in [14]. Furthermore, for backstepping control [15], slid-
ing mode control [16], neural network control [17], fuzzy
control [18], and other nonlinear control methods com-
bined with the PPC methods are proposed successively to
effectively enhance the trajectory tracking transient per-
formance of nonlinear systems. However, these methods
can only make the trajectory tracking errors converge to
zero asymptotically. In practical control, it is essential to
improve the convergence speed of nonlinear system. To
enhance the trajectory tracking speed of nonlinear system,
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the finite time convergence control theory is applied to the
trajectory tracking control of nonlinear system with pre-
scribed performance. In [19], a finite-time convergence
controller with guaranteed performance is designed for
nonlinear systems with dead zones. In actual scenario, the
tracking errors of the nonlinear systems must converge to
a preset area within the prescribed performance require-
ments. In [20], a finite time control strategy with guaran-
teed performance based on event-triggered method is de-
signed for linear systems experiencing the external per-
turbations, and finite time convergence is achieved. Al-
though the finite time control can accelerate the conver-
gence rate of trajectory tracking, the convergence time de-
pends on the initial value of the system and the control
parameters, making the convergence time uncontrollable
[21]. The fixed time control theory was proposed by schol-
ars to improve the controllability of the system’s conver-
gence time [22,23]. The upper bound of the convergence
time is independent of the initial value of the system. This
theory is combined with PPF to design a guaranteed per-
formance controller such that the convergence time of the
trajectory tracking error is only dependent on controller
parameters. System stability is determined by the control
parameters that also affect the convergence time. The con-
vergence time of the system is still difficult to set in ad-
vance, and it is hard to meet the needs of some engineering
applications that especially require predetermined conver-
gence. Therefore, scholars put forward the convergence
concept of predefined time. In the PTC theory, the time of
trajectory tracking error is regardless of the system param-
eters and initial state, and the convergence time can be set
arbitrarily to make the system convergent as well as con-
trollable. The mentioned study and the convergence theory
of predefined time are introduced in [24]. By introducing
acceleration function, a Lyapunov stability condition for a
predefined time with an upper bound of convergence time
is independent of the control parameters, and the initial
value of the system is given. In addition, a robust con-
troller with PTC is designed so that the trajectory tracking
error convergence time of nonlinear systems can be pre-
determined in advance.

Considering the above analysis, the current paper will
design a fault-tolerant controller with predefined conver-
gence time (PCT) and prescribed performance constraints
of trajectory tracking errors for nonlinear systems with ac-
tuator faults, control saturation constraints, parameter per-
turbation, and external disturbance. The main innovations
of this paper are as follows:

1) The trajectory tracking error conversion function is
introduced to convert the trajectory tracking error at
any initial position into a new variable with an initial
value at the origin so that the error changes accord-
ing to the prescribed performance constraint function
after a specified time, and the transient performance

of trajectory tracking error is guaranteed. It solves the
problem that the parameters of the PPF cannot be de-
termined when the initial state value is unknown in
the PPC.

2) Using the theory of speed function, the Lyapunov sta-
bility condition for the PTC is given, and proof is also
derived. The guaranteed trajectory tracking error con-
vergence to any small region within the prescribed re-
gion is also given. Moreover, the theoretical basis of
the convergence of predefined time is demonstrated.

3) The control input with actuator fault and control satu-
ration constraint was converted to unconstrained con-
trol input, and the adaptive fuzzy system was de-
signed to approximate the compound interference
composed of actuator fault, parameter perturbation,
and control saturation over amplitude. The adaptive
fuzzy fault-tolerant controller has been constructed
by using the combination of the control theory of
backstepping and the predefined time. The theory
proves that the predefined time stability of the closed-
loop system enhances the passive fault tolerance of
the nonlinear systems to the actuator fault and the
strong robustness to the uncertain factors.

The structure of the current paper is given as follows:
Section 2 describes the control problem, which is the un-
constrained transformation of the control input with ac-
tuator fault and control saturation constraints. Section 3
introduces the transformation method of the PPF and the
proof of the stability criterion of the PTC. Section 4 il-
lustrates the main design of adaptive fuzzy fault-tolerant
controller with PTC and its stability. Numerical simula-
tion is given in Section 5 that verifies the proposed control
and mainly focuses on the dynamic performance under
faults. The comparative simulation analysis is carried out
under the conditions that the initial state value is outside
the included area of the PPF. Then, the initial state value
is inside the included area of that function for which the
convergence time is different. Finally, the comparative re-
sults are discussed in detail with other adaptive controllers
to verify the effectiveness and superiority of our proposed
algorithm.

2. CONTROL PROBLEM DESCRIPTION

2.1. Nonlinear system mode
The generalized mathematical model of a MIMO-NLS
with actuator faults is taken as a problem. Consider the
following nonlinear model
%, (t) =x2(1),
(1) = £(8,x(1),1) + B(t)u" (1) +d(1), M
y(1) =x1(2),
where x; (¢), x,(¢) € R™ are the states of MIMO-NLS, de-
noting x(¢) = [x1(¢), x2(¢)]T; 6(¢) is the system parame-
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ter; y(¢t) € R™ represents the system output; u (t) € R”
is the control input of the system having actuator fault;
d(r) € R” symbolizes an external disturbance of the sys-
tem; B(7) is taken as a bounded invertible function matrix
having appropriate dimension. Furthermore, there exists a
constant M; > 0 such that the following Lipschitz condi-
tion is satisfied

1£(6,x,1) = £(8,x4,1) || < My|}x —xq|. (@)

2.2. Actuator fault model with control saturation con-
straint

The control input of the actual system is generated by the

actuator, and an association of the control input and the

torque is produced by the actuator which can be described

as follows:

u" (t) = Huy(1), 3

where H € R™*" is the installation matrix of the actua-
tor; uq(t) € R” is the vector formed by the control torque
generated by an actuator, which is the control input actu-
ally entered by the actuator into the nonlinear system. In
practical engineering applications, actuator faults will oc-
cur due to wear and aging of actuator, and output bounded
constraints will exist due to physical structure limitations.

Common actuator faults comprise failure fault and addi-
tive deviation fault. Considering the influence of the actu-
ator fault, the relationship between the actual control input
uy(t) and the desired control input u,(t) of the actuator is
as follows:

ug(t) = Fouc(r) +(t)
=u(t)+((Fo—Duc(t)+i(t)). 4)

In the above calculation, u.(¢) depicts the control input
from the actuator to the nonlinear system under the fault-
free ideal state. &#(¢) indicates the additive deviation fault
of the actuator. F,, = diag(fu1, fa2» *++» fan) is the failure
loss factor matrix of the actuator. The element f,; satisfies
0 < furi < fui < fauir for which constants f,; and f,,; are
bounds, and f,,; > 1;f,; = 0 shows the complete failure
of the actuator; 0 < f,; < 1 designates that the ith actua-
tor is invalid; f,; = 1 specifies that the ith actuator works
normally; f,; > 1 indicates that the ith actuator is stuck,
resulting in the increase of the fault gain; f,; # 1 depicts
that the ith actuator is faulty. [ is the identity matrix.

Note 1: In (4), the control input u4(r) with failure fault
and additive deviation fault is converted into the sum of
the actual input u.(¢) of the system and the fault part
6(t) = (Fo—Du.(t) +a(r).

Limited by the physical structure and safety require-
ments of the actuator, the control input u.(#) under the
fault-free ideal state of the actuator has a bounded con-
straint; that is, the maximum value u,,x exists, and each
component u(t) is satisfied

Ui, |Mci‘ < Umax,
Uei = { (5

umaxSign(uci)7 |uci‘ > Umax-

To eliminate the influence of the control input satura-
tion constraints on the design of fault-tolerant controllers,
unconstrained input u(z) is introduced, and the deviation
between bounded constraint input u.(¢) and unconstrained
input u(¢) is denoted as follows:

Au(t) = uc(t) —u(t). (6)

By substituting (6) and (4) into (3), the actuator fault
model with control saturation constraints is obtained

u” (t) =Hu(t) +HAu(t) + H8(1). @)

When system parameter 0(z) has parameter perturba-
tion, let O(¢) = O¢(¢) + AB(¢), where B¢(¢) denotes the
nominal parameter and A@(¢) is the parametric perturba-
tion part. Then, the parametric perturbation and actuator
fault model are substituted into the second-order nonlin-
ear system

X1 (1) = xa(1),
X (1) = f(80,x(t),1) +B(t)Hu(t) + w(1), ®)
() =x1 (1),

where w(t) = f(A0,t) +B(t)(HAu(t) + Hé(t)) +d (1) is
the compound interference item comprised of parameter
perturbation, actuator fault, control saturation constraint,
and external disturbance.

The main objective is to design a fault-tolerant con-
troller u(¢) for the second-order nonlinear system (1) in-
cluding parametric perturbation, external disturbance, and
actuator fault so that the output y(¢) of system (1) can pre-
cisely track the given signal yq(¢) within any predefined
time Tj.

3. PRESCRIBED PERFORMANCE
CONSTRAINT FUNCTION
TRANSFORMATION AND PREDEFINED
TIME CONVERGENCE

3.1. Prescribed performance constraint function trans-
formation

For the derivation of the tracking error and mathematical

proof of the proposed controller, we can describe the fol-

lowing form of error which is the error between the trajec-

tory tracking and measured output of the system.

e(t) =y(t) =ya(t). ©

To ensure that the trajectory tracking error has good
transient performance such as convergence rate, over-
shoot, and steady-state error in the whole control process,
the PPF is generally adopted to limit the tracking error
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e(t)={ei(t), -, en(t)]T within the boundary range of the
PPF [25]; that is, the trajectory tracking error ¢;(¢) satisfies

—p(1) <ei(t) <p(r), 10)

where the expression of the PPF p(¢) is

p(t) = (po— p=)e ' + pec, (11)

where parameters Py, P, kp denote the preset positive
constants. pg denotes the initial value of the PPF; p. is
the steady-state value of that function, regulating the final
steady-state interval of the performance; k, determines the
convergence rate of the PPF.

In the existing PPC strategy, the premise to ensure the
establishment of —p(¢) < ¢;(¢) < p(¢) is that the initial
value of tracking error ¢;(0) must meet |¢;(0)| < po. Other-
wise, the controller will fail. For the guaranteed effective-
ness of the controller, it is vital to approximate the initial
amount ¢;(0) of the error to determine the value py in the
performance function during the controller design. How-
ever, it is difficult to estimate the initial value of the con-
trolled system in some engineering applications, and even
the initial value of some nonlinear systems will change
randomly. Thus, it is impossible to reset the parameter pg
in the performance function every time. To solve this prob-
lem, the tracking error e(7) is transformed as follows:

z1(1) = @(t)e(r), (12)

where z;(¢) is the conversion error of tracking error e(r).
The conversion function ¢(#) is defined as follows:

sin(nt> 0<r<T,
2T,) " (13)

la IZT(W

o(t) =

where T, is the parameter to be set in the conversion func-
tion and T, determines the latest time for error () to en-
ter the prescribed performance area. Obviously, the trans-
formation function ¢(¢) increases monotonically and sat-
isfies 0 < ¢(z) < 1. According to the definition of @(z),
z1(0) = 0 is always true regardless of the value of e(0),
which makes the selection of parameter py in the PPF
more free. After time s > T, ¢(r) = 1, thenz, () = e(t). If
the fault tolerant controller can make |z);(f)| < p(z) valid,
then the tracking error |e;(7)| < p(¢) is always valid after
the predefined time ¢ = Tj,.

After the introduction of transformation function ¢(),
the transformation error vector z;(¢) satisfies the perfor-
mance function constraint in ¢ > 0. However, the error
e(t) satisfies the performance constraint only after ¢ > T,.
In practical engineering applications, when an initial cost
of the error e(0) is completely unknown, it is not strictly
required that the trajectory tracking error e(¢) meets the
performance constraint |e;(¢)| < p(¢) at t = 0. However,

that trajectory error e(¢) turns convergent according to the
transient performance of the PPF after the predefined time
T,. Therefore, transformation function ¢(z) is utilized for
converting the error e(r) into a new conversion error vec-
tor z; (7). It is feasible to design fault tolerant controller
based on z; (¢).

3.2. Stability condition for the predefined time con-
vergence

In this section, a function and conditions will be deter-

mined for the PTC of the tracking error. Such kind of func-

tion for PTC can be taken in the form of a speed function

[26,27] as follows:

LK) 0<i<T,
(= b)(TL—0) b Ty~
B(t) = L :
7 t> Tw
bf’ - S
(14)

where the constants 0 < by < 1, h > 2; T; > 0 is the default
convergence time; k() is a separate increasing function
with an initial value of k(0) = 1. Generally, k(t) = 1+ 1>
or x(t) = €' can be selected. The velocity function ¥ (¢)
has the following properties

1) ¥(¢) increases monotonically in z € [0, 7] and does
not change in ¢ € [Ty, o0). Then, ¥(¢) is bounded; that
is, 1 <0(t) < 1/by.

2) ©¥(r) has a continuous and bounded derivative ¥ (z)
uptoorderh—1—i,(i=0,1,2,---,h—1).

3) Let 7(t) = 9 '(£)d(¢). Then, 7(¢) has a continuous
and bounded derivative 7()(¢) up to order h —2 — i,
(i=0,1,2, -, h—2).

Taking the derivative of (14), we obtain

T (1=by)(T—)" [(T—) K (1) +hxc(1)]
[(A=bp)(T—t) +b Tk
0<t<Ty,
0, t> 1.

B(t) =

15)

Lemma 1 [28]: Consider a first-order system 1) =
h(t,m), where n = (z,v)", function h(z,n) is piecewise
continuous with respect to ¢ and satisfies the local Lips-
chitz condition with respect to 7). For any positive num-
ber b,, it is assumed that there are continuously differen-
tiable positive definite functions U (v) and V;(z) such that
Vi(z) = oo for |iz]| = b and yi([[v]]) <U(v) < n(|v])
hold (where ||z|| is the norm of L, space and ¥;(V), %(V)
are a class K., function). Let V(1) = Vi(z) + U(v), and
lz(0)]| < b,. If the inequality

Vv

V(n):%hg—xwﬂ (16)
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holds, where the paramatersA, A > 0, then, there is
llz(2)|| < b, fort € [0, =), and v is bounded.

Lemma 2 [28]: For arbitrary positive number b, and
arbitrary vector z(¢) satisfying ||z(¢)|| < b, the following
inequality is always true

log ( b? > < 2V (t)z(t) . an
bz =z (t)z(r) ) — b2 —2"(1)z(1)

To make it easier to design a controller with a PTC be-
havior for nonlinear systems, a theorem has been estab-
lished, presenting Lyapunov stability conditions for con-
vergence. This criterion is provided in the form of a theo-
rem and has been backed up by theoretical proof.

Theorem 1: For arbitrary predefined time 7; > 0 and
arbitrary infinitesimal constant € > 0, if the non-negative
continuous differentiable function V (¢) is satisfied
V()< - (ﬁ1+ﬁz"(”)v<r>+c, a8)
B(1)
where the parameters §; > 1, f, > 1, C > 0, function ()
is defined as (14). If b, B3> is chosen appropriately, V(1) <
€ will always exist at time ¢ > Tj.

Proof: According to (18),

V0 < (BB Vi
d(V(gt_ &) g, 38 V() -1

<=Bi(V()-C1)

o SRV C)) - g g vin-ci)

= V() <C+30) e P (v(0)—Cy), (19)

where €y = C/ (B + B30 )1 if > T, D(r) = 0 holds,

then C; = C/By; if the value of B, is large enough, C; can

approach any small positive number. According to (14),
(=b)(T-0)"+b, TPk _ )

Tl (r) = v

we can get limd~!'(r) = lim

t—T, 1T,

Then, linT1 o (1) = b[;-z holds. For the reason of 0 < by,
t—T, !

B> > 1, if the value of b, is small enough, and the value
of B, is large enough, then, the value of b?z is going to

be very small. Because e #" < 1 and V(0) is bounded,
if0<by <1, By >1, B >1 are chosen appropriately,
function V() approaches any infinitesimal number € at
time t — T, meaning }LH%V(’) = €. Since V(z) > 0 and

V(t) < 0, meaning V(t) decreases monotonically, com-
bined with linT1V(t) = &, we know that when ¢t > T}, we
t—T,

also have V(1) < e.

4. DESIGN OF ADAPTIVE FUZZY
FAULT-TOLERANT CONTROLLER

Fig. 1 depicts the overall control diagram of the pro-
posed adaptive fuzzy fault-tolerant controller with PTC
characteristics. Adaptive fuzzy fault-tolerant controller is
composed of equivalent controller and adaptive fuzzy
compensation controller. The equivalent controller is de-
signed by the PPC method to ensure the PTC and the pre-
set transient performance of the trajectory tracking error
of the MIMO nominal system. In the adaptive fuzzy sys-
tem, the weighted vector is updated according to the sys-
tem state, and the compensator is generated to compensate
the compound interference items w(z) of the system.

4.1. Design of equivalent fault-tolerant controller
with predefined time convergence

The first and the second time derivative of z; () = ¢(¢)e(t)
are

o) (x2(r) —y4(1)), (20)
2¢(t) (x2(t) —ya(1))

+ (1) (x2(t) —¥4(1))

P(t)e(t) +2¢(1)(x2(t) —yq(2))

)+
)+

(1)(f(80,x(t),7) +B(1)Hu(1)
() =34(1))- 21

The backstepping control method is utilized for de-
signing an equivalent fault-tolerant controller with PTC.
Firstly, the virtual controller ¢ () of x,(r) is designed for
subsystem x; (7) = x,(¢).

Let z,(t) = x(¢) — e(z). Consider Lyapunov function
and its time derivative

I
e
a v

Error Transformation
(Preset Performance)

Fault-tolerant

—Z1P]
. controller

F
Control e "
U] Sibimton Acthator

[%(D)=x.)
&0 = £(8,x(0),1)+ B (1)

—Tx1.x2—>»

f

w

-F. aultx

Fuzzy System

Fig. 1. Structure diagram of adaptive fuzzy fault-tolerant control.
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where constant b, is the bound of ¢(r), constant by, is the
bound of y4(r), and parameter A is an arbitrary positive
number. According to the mathematical expression of the

performance function p(t), inequality —p(z) > 0 holds,

o Abz-eT(t)e(r)Jr/l(pz(t) p()
then @ (p(Pz([)—ZT(.l)Z(f)) o) > 0. Since by and by,

are unknown, so @ 1s unknown To make the controller
have stronger self-adaptability, @ is set as the estimate of
®, and the estimation error is denoted as & = @ — @ (1)
A new Lyapunov function V5(t) = V;(t) +0.5r~'@? is
constructed. Then,

L)< A0eOR) oz
Vi) < pir) —zi(Dzi(t)  p*() I*Z?(’)z‘ ®)
+§ zizf;(<p(z)c3+<p(r)fff>- 23)

The virtual controller of x,(¢)is given as

3() .

o(t)=—|ki+thkh—=+0 t

0= (k+e5d+8) a0,
D=2 ,;+,;M+~(,) o] (24)

- 1 2 ﬁ(t) (P
n Z{ (1)z1 (t)r

p*(1) =z (21 (1)

where k;, k, indicate the parameters of the virtual con-
troller to be designed and ky = @(t)ky, ka = @(t)k,. If the
value of x,(¢) is e(t), the virtual controller (24) is substi-

tuted into (23), and then

() —2f (t)zu (¢)
oz} (1)z: (1) 1 1. ) .
T -0 oA ~B(P()D +9(1)®)
= v(1) z1 (t)z1(t)
— ((p(t)kl +o(t)k, 5 (t)) Pz(t)l—z{(t)z, .

L 06d(a) | ed0u 1
P20 —2l(an) T P20~ e (1) | 22
B0+ 01)5)
0 21 (t)z1 () 1
s-\ath ﬂ(r)) PO nE R

Ot 1)—zi(z1(t) 24
Bz (Nzi(r) 1. . A
p2(1)—2 (1) 7 (o) + (1))
- pu(t) zi ()zi (1) 1
N RO OGO
- zZ(Dzu()
O 00 0z )
+(P£t)((p( )+2k1+2k238>zﬁ
_oM)B  o(n)zi (N2 (1) )
r p2(t) —zi (1)zi ()
- - () zi (t)z (1) 1
- (’“* 230)) 570 0a w2
G 2 (D2 () (1—()  ¢0)(1—0@)d
p2(r) =z (t 21 (t) r
+ (P(tr)w (2121 +2/'<2§8)>. 25)

We can observe that when time ¢ exceeds the time T,
and whenever a tracking error arrives the included area of
the prescribed function, at least there is 1 — @(¢) = 0. In
addition, according to

OO =0(0—-0) < -0+ -0, (26)

if t > T, there is

Vo) < — <,;1 _szﬁ(t)) pz(le(t)zl(;)

V(1) )=z (0)z0)
+ (p(t):m (2ki + 2k, 38 )+ %
<- (21}1 +27<2138) ;loglm
- (2/21 +2k2ﬁ8) (’;—j
+ (2/21 +2k2g8> %2 + %
< - (2121 +2/'<2§$)) Va(t)
" (21%1 +27<268> LA @n
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Since (2121 + 2k, %) %2 + 55 is bounded, and it is a
positive number, according to Theorem 1, if the controller
parameter is properly selected, V,(¢) will always have
Vo(r) < e attimet > T, > T, where € denotes an arbitrary
small constant, which means that z;(7) has a convergent
nature and approaches to zero within the predefined time
T;. Combined with the properties of the barrier Lyapunov
function described in Lemma 1, we can observe that z; (7)
meets the performance function constraint |z;;(¢)| < p(¢).
Combined with the definition of z;(¢), the tracking error
e(t) satisfies the performance constraint |e;(£)| < p(z) at
1> T,.

Then, the fault-tolerant controller is designed for
subsystem x,(¢) = f(00,7) + B(r)Hu(t) + w(t). Denote
(1) = x(1) — a( ), and consider Lyapunov function as

V3(t) = Va(t) + 323 ()22, and we can obtain
Vs (1) :Vz(t)+z2 (1) (a2 (1) — &x(1))

— <27q +2k219 i))
d(t)

<2k1 +2ky 5 (t))

+25 (1) (f(80,x(1),1) + ) (t)

+w(t) —a(t)). (28)

The proposed controller is given as
u(t) :H"B“(t)(— (131 -‘v-i(zg(t))Zz(t)
~ £Ou.x(0).)+8(0) (1) ). 29)

where H™! is the generalized inverse of H. w(t) is the es-
timation of w(r). Substituting controller (29) into (28), we

get
) Va(t)
g

2
2r

B(1)

3(r)

(1)
ﬁ(t))

+ % +20(1) (F(80,x(t), 1) +B(t)Hul(r)

+w(r)—a(r))

V3(t) < - (27(1 +2/_<2

<2k1 +2ky

=- <2k1 +2k2j;8> Va(t)

+ <2k1 +2/_<238) Ozij %

- (B+ R 50 ) d 0+ 0w
=— <2k1 +2k238) Va(t)

- (2 + 2650 L0+ 0w
<2k1 + 2k, 38) 3(1)
()2

+ o+ OR(),

where w(¢) is the estimated error of compound interfer-
ence; that is, w(r) = w(t) — w(t). If the fuzzy system
can accurately approximate w(z), there is w(z) = 0. Since
(& +2k:5(1)
ing to Theorem 1, if the controller parameters are properly
selected, V3(r) always has V3(r) < & at time t > Ty > T,
where &, is any small constant. Obviously, z,(7) converges
to any small area of origin at# > Ty; that is, x,(¢) also con-
verges to that area having virtual control input &(¢) within
a predefined time 7. According to the property of barrier
Lyapunov function, z; () satisfies the performance func-
tion constraint |z1;(¢)| < p(¢), and the tracking error e(t)
also satisfies the performance constraint |e;(¢)| < p(¢) at
t>Tp.

(D-Z 1 . ..
5, + 57 18 positive and bounded, accord-

4.2. Adaptive fuzzy system approximates compound
interference

The compound interference w(r) is approximated by a
fuzzy system composed of single value fuzzification,
product inference machine, and barycenter average de-
fuzzification. Compound interference is the expression of
X1, x3. Therefore, the input of the fuzzy system is a = [xlT,
x1]T € R¥ It is sumed that the fuzzy system is composed
of N fuzzy rules. The ith fuzzy rule R’ is as follows: If a,
is pi, ..., and ay, is WS, then sis o' (i=1,2, -+, N). As
given in the above equation, ,u;i represents a membership
function of a; (j =1, 2, -- -, m); then, the output of fuzzy
system can be given as follows:

lgl j= llu(aj)

=x"(a)¢, 30
ZN 1HJ 1I~Lj(6lj) x (a)c ( )

where xi(a) = H 1.“,(“1)/2 IZ 1N](a1) X =
xi(a), x2(a), - %N( N &= [Cl, &, +++, &v]T. When
the fuzzy system is utilized to approach the Compound in-
terference w(t), the fuzzy system is designed in the form
of respective approaching wy (t), wa(t), - -+, w,(); that is,
the fuzzy system is utilized to estimate the components of
the compound interference w(z).

Y¥ Gl ?ml ”lij(aj)

_ T
ry 1H, 1/-%(“1) 2@

Wi (1) =

where k =1, 2, - -+, m, which can be re-written as
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Wi Xi@ 0 - 0 &
R 0 x3(@ - 0 &
=117 : . : :

Vo 0 0 - 2@l e

=®(a)g. (31)

When the optimal weighted vector §* of the fuzzy sys-
tem is obtained, the fuzzy system can accurately approxi-
mate the compound interference item w(z); that is,

w=>®(a){". (32)

In the actual process, it is impossible to obtain the opti-
mal weighting vector £* and only its estimate é’ can be ob-
tained. Thus, the adaptive modification law of the weight-
ing vector of the fuzzy system is

—n(2k +2k2:;g;)g : (33)
where 17 > 0 is the parameter to be designed.

Note 2: In many studies, weight vectors of fuzzy ap-
proximation system do not converge or converge asymp-
totically. However, the weight vector designed in this pa-
per can converge in a predefined time.

¢ =nod"(a)z

4.3. Stability analysis

Theorem 2: Considering MIMO-NLS (1) with un-
certain parameters, external disturbance, actuator fault,
and control saturation constraints, if the adaptive fuzzy
systems (31) and (33) approach compound interference,
the prescribed performance fault-tolerant controller (29)
based on adaptive fuzzy systems can ensure that the tra-
jectory tracking errors of the nonlinear system are uni-
formly bounded within the predefined time, and the tra-
jectory tracking error has preset transient and steady-state
performance.

Proof: Denoting the weight error of the fuzzy system
as E = — é , construct a Lyapunov function as

tl\l

i) =0+ 58 G4

The time derivative of the Lyapunov function is

< — (2]_{1 +2k2§8§) V3(l)
+ (2121 +2k2§8) (’;—:
+ 3z +A R -2

B @2
+ <2k1 +2k219(t)> S5

(

+ (2121+21}23§)> %thi
(30 amgiy) (567 - 5232)
( 3) Va(t) + A, (35)

where A = (l_q —H_cz%) (072+C*TC*) + 57 > 0. Ac-
cording to Theorem 1, if the controller parameters are
properly selected, Vi(z) always has V4(r) < & at time
t > T; > T,. In the above expression, & indicates a small
constant. It depicts that the tracking error of MIMO-NLS
is going to converge within the predefined time 7;. It is ob-
vious that the tracking error e(z) also satisfies and meets
the performance criterion such as |e;(t)| < p(t) att > Tj,.

5. NUMERICAL SIMULATION ANALYSIS

Consider the dynamic equation of a 2DF manipulator
with actuator fault, external disturbance, and parameter
perturbation [29]

D(q(1))4(1) +C(q(1),4(1))4(r) +&(q(r))

=u" (1) +d, (36)
where q(1), q(t), 4(t) denote the angle, angular velocity,
and angular acceleration of the manipulator, respectively.
u’ (t) represents the input variable with actuator fault con-
straint and control input saturation constraint. The expres-
sion for inertia matrix D(g(¢)), centripetal force matrix

C(q(1),q(t)), gravity vector g(q(r)), and external distur-
bance d(z) are characterized as

20~ [on b €= ey T s0= 3
Dy =myl2 +may(If +1%5 +2111oc0s(qa(1)))
+h + 1,
Dy = my(I% 4 Lilpcos(qa(t)) + 1),
Dy =myl% + 1,
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Dy = my (I3, + lilea cos(q1 (1) + q2(1))),
C1 = —malilsin(ga(2))qa (1)
Ci2 = —malilpsin(qa(1))[q1 (¢
Co1 = mali L sin(qa(2))q1 (1),
g1 = (ml +myly)gcos(q;(t))
+mylagcos(q(f) +qa(t)),
g2 =malageos(qi(t) +qa(t)),
d(t) = 0.2(3cos(r) +4sin(0.37),
—1.5sin(0.2) 43 cos(0.5¢))".

)+6]2(f)]7

In the overall design of robot, the nominal system of
robot arm is often utilized to design the controller of
robot arm. The inertia matrix, centripetal force, and grav-
ity matrix are decomposed into the sum of nominal matrix
and perturbation momentum as follows: D(r) = Dy(t) +
AD(1),C(t) =Cy(t) +AC(2), g(t) = go(t) +Ag(t), where
Dy(1),Co(t), go(t) are nominal matrices and AD(¢), AC(z),
Ag(t) are perturbation matrices given as AD(¢) = 0.05D,
AC(r) = 0.05Cy, Ag(t) = 0.05g0.

Suppose the maximum allowable input of the actuator
is upax = 300 N.m, and the actuator installation matrix
H, failure coefficient matrix F,, and deviation fault (),
respectively, are

_|11/3 107 0 _,, [-02
H= [0 1/3} ! F“‘{o 0.9] ul)= [ 0.1 } N-m.
The actuator fault and parameter perturbation were sub-
stituted into the manipulator model, and the nominal sys-

tem model of the 2-degree-of-freedom manipulator was
obtained as follows:

Dy(1)g(t) +Co(t)q(t) +8o(t) =u(t) +w(r).  (37)
From the above calculation, the expression
w(r) = —AD(1)§(r) — AC(1)q(r) — Ag(t) +4d(t)
+Au(t) +1 (1),

denotes a compound interference. Let’s take x1 (1) = q(¢),
x,(t) = q(t). The dynamic equation of the manipulator
(37) is converted to

x,(t) = =Dy (t)Co(1)x2(1) — Dy ' (1)go(t)
+Dy ' (t)Hu(t) + Dy ' (1)w(t),
y(t) =x1(1),
visible, £(B0,x(1),t) = Dy (1)(Colt)xa(r) + go(1)),

B(t) = D, ' (t). The membership degree functions of the
fuzzy system are listed as follows:

Table 1. Parametric symbols and values of the robotic ma-

nipulator.

Parameter Value Unit
Robot arm’s mass (1) 10 kg
Robot arm’s mass (m,) 5 kg
Robot arm’s length of joint 1 (/;) 1.00 m
Robot arm’s length of joint 2 (/) 0.50 m
Length of joint 1 (/) 0.50 m
Length of joint 2 (/) 0.25 m
Moment of inertia (/;) 0.83 kg-m?
Moment of inertia (1) 0.30 kg-m?
Gravitational acceleration (g) 9.81 m-s~2

Table 2. Demonstration of the controller parametric val-

ues.
Element Description
Total simulation time 10s
Performance function Po=3;p-=0.1;k, =09
Transfer function Tp=2

h=35,k(t)=1+12,
by =0.008, T, =3
n = 100.5; k; = 40;
ky =0.5; r=0.02
y1a = 3sin(31),
Yoa = 3COS(3I)

Speed Function

Fault-tolerant controller

Reference position signal

wi(a) = e (@ 8)/(5)",

)

The input of the fuzzy system is @ = [x; x|, and there
are 5% rules for fuzzy system. The relevant parameters in
the nominal matrix of the manipulator are shown in Table
1.

The parametric values used for the simulations of the
adaptive fuzzy controller are given in Table 2.

5.1. Simulation of initial state values outside pre-

scribed performance constraint functions
Let the initial angle and initial angular velocity of the ma-
nipulator be ¢(0) = [4.1, —1]T, ¢(0) = [1.5, 1.5], respec-
tively. Obviously, the initial angle of the manipulator is
outside the inclusion region of the performance constraint
function. The following figures set different convergence
rates k, of performance functions for numerical simula-
tion analysis. The simulation results are depicted in the
following figures (see Figs. 2-5) having the parameters
kp =0.6,k, =0.9,k, =1.9,k, =3.1.

Both Figs. 2 and 3 illustrate that angle tracking error of
the manipulator gradually enters the inclusion area of that
function from the outside, stays within the inclusion area
of the PPF after the predefined time 7, = 2 s, and finally
reaches the steady state within the 7; = 3 s. A large conver-
gence rate will cause angle tracking error to jump out of
the included region of the PPF. However, it guarantees that
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angle tracking error remains within the included region of
the PPF after the predefined time T, = 2 s and remains sta-
ble within that constraint function region during the pre-
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0 1 2 3 4 5 6 7 8 9 10
time(s)

Fig. 4. Angular velocity tracking error under different

convergence rates.
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Fig. 5. Actual control input under different convergence
rates.

set convergence time7; = 3 s. Figs. 2 and 3 indicate that
changing the convergence rate of the performance func-
tion has little impact on the convergence of the angular
tracking error of the manipulator. This demonstrates that
our proposed control has an advantage to solve the control
problem if the initial state of the MIMO-NLS is outside
the included region of the PPF.

Fig. 4 display that under the different convergence rates
of performance functions, the velocity tracking errors of
the manipulator can all converge and stabilize to 0 after
2.1 s, and the convergence time is less than the PCT 7; = 3
s. Simultaneously, changing the convergence speed of the
PPF does not disturb the convergence characteristics of the
angular velocity.

Fig. 5 shows that the value of the control input is less
than the maximum value up,x = 300 N.m of the con-
trol saturation constraint, and there is no oscillation phe-
nomenon. The variation of the convergence rate affects the
input control torque. A larger convergence rate will result
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in a larger jump in the control torque before angle track-
ing error is convergent. When angle tracking error reaches
a stable state, the trend of control torque under different
convergence speeds is similar.

5.2.  Simulation of initial state value in prescribed per-
formance constraint function

Suppose that the initial angle and initial angular veloc-
ity of the manipulator are ¢(0) = [1.1, 1.6]T, ¢(0) = [1.5,
1.5]7, respectively. Obviously, the initial value angle is lo-
cated inside the inclusion region of the PPF. The conver-
gence speed of the performance constraint function is set
as kp = 0.6, k, = 0.9, k, = 1.9, k, = 3.1, and the simula-
tion results are shown in Figs. 6-9.

Figs. 6 and 7 demonstrate that angle tracking error of
the manipulator is exponentially converged and reaches
the steady state within 1 s. The convergence time is less
than 7§, and the angular velocity tracking error has a small
overshoot, and there is no chattering. The actual simula-
tion results demonstrate that, under the condition of the
same control parameters, whenever an initial value of er-
ror is less than the initial value py of the PPF, based on the
fault-tolerant controller designed in this paper, then this
error can converge to a stable state, and the initial value
angle tracking error is less than the initial value py of the
PPF. The faster the convergence time of the tracking er-
ror of the angular velocity, the better the dynamic perfor-
mance becomes.

Fig. 8 illustrate that the convergence trajectory curve of
angular velocity tracking error is relatively smooth with-
out chattering. The convergence time of the tracking error
of the angular velocity is 1 second, which is shorter than
the specified convergence time of 3 seconds (7; = 3s). Dif-
ferent convergence rates of PPFs have a little influence on
the convergence trend and dynamic characteristics of an-
gular velocity tracking errors.

[ Desired L T T — k=19 k=31
g 2’// 1
e
o 0 -
o
2
< 2f 1
4 . . . . A . . .
0 1 2 3 4 5 6 7 8 9 10
time(s)
— ——,
g 2y 1
e
o OfF 1
o
2
< 2 ]
- —"‘
-4 L
0 1 2 3 4 5 6 7 8 9 10
time(s)

Fig. 6. Angle tracking curve under different convergence
rates.
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Fig. 8. Angular velocity tracking error under different
convergence rates.

Fig. 9 indicates that when the initial angle tracking er-
ror of the manipulator is within the included region of the
PPF, it takes less time for the actual control torque input to
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Fig. 9. Actual control input under different convergence
rates.

the manipulator to reach saturation. During the whole con-
trol process, the control input torque changes smoothly,
and there is no chattering phenomenon. Changing the con-
vergence speed of the performance function does not af-
fect the variation trend of the control torque.

5.3.  Simulation of different PCT

Let the initial values of the angle and angular veloci-
ties be set as ¢(0) = [1.1, 1.6]", §(0) = [1.5, 1.5]", respec-
tively. The convergence speed of performance function is
set as k, = 0.9, the time T}, in the conversion function ¢(r)
issetto1s, and the PCT T, issetas 1.5s,2s,3 s, and 4
s correspondingly. The simulation results have been de-
picted in Figs. 10-13.

Figs. 10 and 11 illustrate that the angle tracking error
of the manipulator can still converge to a stable state be-
fore the PCT. Moreover, the convergence time of angle
tracking errors is less than 1.5 s, and the convergence
curve is relatively smooth. The larger the convergence

Angle q,(rad)

time(s)

Angle q, (rad)

time(s)

Fig. 10. Angle tracking curve under different predefined
times.

Angle tracking error

Angle tracking error

time(s)

Fig. 11. Angle tracking error under different PCT.

o

Angular velocity tracking error
: o

Angular velocity tracking error

time(s)

Fig. 12. Angular velocity tracking error under different
PCT.

time, the faster the convergence speed angle tracking er-
rors. Upon reaching a state of equilibrium, the simulation
results demonstrate that the angle tracking errors remain
constant despite any alteration to the controller’s parame-
ters and the PDCT T; < Ty. The robotic manipulator’s an-
gle tracking error gradually converges within the bound-
aries of the PPF and settles into a state of stability.

Fig. 12 reveal that the angular velocity tracking error
of the manipulator reaches stability within 1.5 seconds
following three adjustments with varying predetermined
convergence times. This indicates that the fault-tolerant
controller effectively enables the angular velocity of the
manipulator to converge to zero within the PDCT. Further-
more, the results demonstrate that different predetermined
convergence times do not significantly affect the conver-
gence characteristics of angular velocity tracking errors,
with a longer convergence time resulting in faster conver-
gence of the angular velocity tracking errors.

Fig. 13 displays the variation trend of the actual control
input torque of the manipulator under different PCT. In the
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Fig. 13. Actual control input under different PCT.

whole control process, the control torque saturates initially
but settles in a legitimate range as the state vector settles.
When the angle tracking error of the manipulator does not
reach a stable state, different PCT will affect the change of
the control input torque. The smaller the PCT, the longer
the change time of the control torque. When angle tracking
error reaches a stable state, the control input torque under
different PCT is the same.

5.4. Comparative simulation of different control
methods

In order to highlight the effectiveness and advantages of
the proposed algorithm, the controller in [17] is improved,
and an adaptive law is designed to estimate complex in-
terference items to compensate the influence of uncer-
tain parts on the system. A prescribed performance slid-
ing mode adaptive controller (PPSMAC) is designed as
follows:
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Fig. 14. Angle tracking curve under different controllers.
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where parameters k3, k4 > 0 are controller gains, and the
trajectory tracking error is e(t) = [e) (1), e2(t)]T.

The following simulation results compare the proposed
algorithm with the prescribed performance sliding mode
adaptive controller (PPSMAC). PTFTC control parame-
ters are unchanged, and the parameters of performance
function, the actuator fault, and the maximum value of
control saturation constraint are the same as the relevant
parameter settings in the PTFTC. The controller parame-
ters of PPSMAC are selected as k3 = 50; ¢ = 10; k4 = 20.

The simulation results indicate that when the initial an-
gle of the manipulator falls outside the boundaries of the
PPF, the manipulator, utilizing the PPSMAC, is unable to
converge. This indicates the limitations of the PPSMC in
resolving control problems involving initial angles that are
situated outside the defined performance function. When
the initial angle of the manipulator is set within the PPF,
the initial angle and angular velocity are established as
q(0) =[1.1, 1.6]T, 4(0) = [1.5, 1.5]".

Figs. 14 and 15 illustrate that both controllers effec-
tively ensure that the angle tracking error curve of the ma-
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nipulator evolves within the boundaries of the PPF, swiftly
converging towards zero and accurately tracking the de-
sired signal. Fig. 15 reveals that under the control of PPS-
MAC, although the angle tracking error of the manipulator
is stable within the PPF, fluctuations are present. On the
other hand, the PTFTC ensures that once the angle track-
ing error of the manipulator reaches stability, the trajec-
tory tracking error curve takes on the form of a straight
line. The rate of convergence for the angle tracking er-
ror using the PPSMAC is quicker in comparison with that
of the PTFTC. Similarly, Fig. 16 demonstrates that under
both controllers, the angular velocity tracking error of the
manipulator stabilizes within 1.5 seconds. However, the
angular velocity tracking error based on the PPSMAC still
fluctuates to a certain extent and fails to achieve complete
stability. Fig. 17 shows that the actual control torque trend
of the two controllers is almost the same. The main reason
for the similar control effect of the two controllers is that
no matter how big the control input value is in the theoret-
ical calculation, the actual input torque of the two control

algorithms to the manipulator system is similar after the
control torque limiting and failure calculation.

The comparative simulation of the two control strate-
gies highlights the following observations: when the initial
angle of the manipulator falls outside the boundaries of the
prescribed performance constraint function, only the pro-
posed controller can achieve stability in the angle track-
ing error. However, if the initial angle of the manipulator
is situated within the defined performance function, both
controllers are effective in ensuring that the angle track-
ing error of the manipulator reaches stability. The con-
troller designed in this paper has a convergence time that
can be predetermined, which allows for better control over
the convergence time for both the angle tracking error and
the angular velocity tracking error. Additionally, the con-
troller leads to smaller steady-state errors for both angle
tracking error and angular velocity tracking error.

6. CONCLUSION

Based on the tracking error conversion function and
PTC theory, a fault-tolerant control strategy with PCT
and prescribed performance is designed for second-order
MIMO-NLS with unknown initial state value, parameter
perturbation, external disturbance, actuator fault, and con-
trol saturation constraints.

1) A performance-constrained fault-tolerant control
strategy was developed, adjusting the tracking error to
meet the desired performance criteria after a specified
time period and guaranteeing transient performance.
This approach resolves the issue of undetermined
performance constraint parameters due to unknown
initial state values in performance-preset control,
thus broadening the applicability of the performance-
prescribed control method.

2) The utilization of a speed function enables the es-
tablishment of a Lyapunov stability criterion for the
convergence time that can be set at will. The theo-
retical validity of this criterion is established, thereby
enhancing the theoretical foundation of PTC.

3) The overamplitude saturation variable is introduced
to convert the control input with actuator fault and
control saturation constraints into unconstrained con-
trol input. An adaptive fuzzy system is designed to ap-
proximate the compound interference. A fault tolerant
controller with PTC based on adaptive fuzzy system
is presented to ensure that the error of nonlinear sys-
tem converges to any bounded range within the pre-
defined time. The passive fault tolerance of nonlin-
ear system to actuator fault and the strong robustness
to uncertain factors are enhanced, and the application
range of fault tolerant controller is expanded.

Although the fault-tolerant controller in the current pa-
per enhances the fault-tolerant ability and robustness of
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the nonlinear system, the controller designed in this paper
contains the nominal variable information of the nonlin-
ear system. Under the current development trend of artifi-
cial intelligence, establishing a model-free adaptive fault-
tolerant controller and enhancing the universality and self-
tuning of the controller will be the primary development
trend in the future.
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