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Abstract This study proposes an improved adaptive fault-tolerant control (FTC) scheme for switched nonlinear systems with multi-
channel actuators and deferred constraints. First, a novel multivariable lemma for type-B Nussbaum functions is developed, in which the
monotonicity requirement on the Nussbaum argument is removed under time-varying gains. Second, inspired by the concept of deferred
constraints, an enhanced tracking control method is proposed, which achieves excellent tracking performance without imposing strict
initial conditions. Specifically, the tracking error rapidly converges to a specified region within a preset time without noticeable over-
shoot and asymptotically converges to zero. Third, a new fault-tolerant controller is designed, which consists of a control protocol and a
learning-based switching mechanism. Finally, the proposed mechanism enables fault detection and automatic switching of working modes
without human intervention in a reasonably efficient manner. The proposed FTC architecture does not need an additional fault detection
and/or isolation unit, reducing the risk of false and missed alarms. Moreover, the simplified design framework avoids filtering techniques
and prevents an “explosion of complexity”. All closed-loop signals are proven to be semiglobally uniformly ultimately bounded (SUUB)
under arbitrary switching, and excellent tracking performance is realized. Simulation results confirm the superiority of the proposed
control method.
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1 Introduction

Given the favorable characteristic of sophisticated engineering objects (e.g., mechanical and electrohydraulic sys-
tems) that can be modeled as switched nonlinear systems, research results [1-5] on control issues revolving around
switched nonlinear systems have recently proliferated, in which the challenging unknown nonlinear portions were
addressed by linear parameterization of the approximators, such as fuzzy logic systems [6-8] and neural networks
(NNs) [9-11]. Furthermore, a priori knowledge of control gain is frequently hard to access. The Nussbaum gain
technique [12-14], as an effective means, was utilized to resolve the issue of unknown constant and/or time-varying
control gains for switched nonlinear systems. Yet, Chen [15] identified the important concern that general Nussbaum
functions are not valid for certain time-varying gains and defined the type-B Nussbaum function, which can handle
all time-varying gain functions. However, there exists a conservative condition for the arguments of the Nussbaum
function to be monotonically increasing with positive initial values. Thereafter, Hua et al. [16] relaxed this rigid
condition, i.e., all the arguments need only be monotonic (note that the monotonicity condition remains).

In addition, the objects to be controlled in the operational environments commonly need to fulfill specific per-
formance index requirements, such as convergence speed/settling time, overshoot, and steady-state error. Conse-
quently, performance constraint control (PCC) methods [17-20] have been developed and refined. For example,
the tunnel prescribed performance (TPP) with a compact form and smaller overshoot was realized in [19]. Wang
and Long [20] achieved fast convergence performance of the tracking error within a predefined funnel with the
ideas of funnel control. Nevertheless, all of the foregoing methods require relatively stringent initial conditions. To
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resolve this issue, recent results [21-24] have been presented in succession. For instance, Ji et al. [23] solved the
entry capture issue on the basis of scaling and self-tuning functions to guarantee TPP with an arbitrary tracking
error. The preset-time and preset-accuracy cluster consensus control was achieved in [24] without initial condition
limitations.

From another perspective, system operation is inevitably subject to unpredictable faults, considering the impact
of component aging and environmental factors. Thus, studies on maintaining system performance or robustness
through various fault-tolerant control (FTC) designs [25-36] have been extensively conducted. One of the FTC
ideas [29-31] involves designing a fault detection and isolation (FDI) unit to detect anomalous residual signals and
isolate faults, followed by controller reconfiguration to mitigate fault effects. However, the constructed FDI unit
raises the complication of the control structure and the risk of missed alarms. Additionally, actuator faults, as a
common type of fault, may cause reconfigurable controller designs to be ineffective. To respond effectively to this
fault scenario, a category of FTC solutions (e.g., [33,34]) for providing redundant actuators as alternatives was
proposed to replace the faulty actuator promptly. These solutions, however, still require the construction of fault
detection units to obtain the exact instant of switching to the alternative actuator. To relax this concern, Yang
et al. [35] designed a novel adaptive learning-based FTC scheme for nonlinear systems. Afterwards, the FTC issue
with performance constraints was studied in [36] using a learning-based switching mechanism.

Considering the above findings, the following three important questions naturally arise.

(I) Can the monotonicity condition for multiple arguments of type-B Nussbaum functions be removed?

(II) Can tracking performance be further improved by performance constraints without strict initial conditions?

(IIT) Can fault detection and accommodation behavior be optimized via a learning-based switching mechanism?

The answers to these questions are obtained by providing a new adaptive FTC design solution for switched
nonlinear systems. The main contributions are enumerated below.

(1) Through an analysis based on interval segmentation and mathematical induction, a new multivariable lemma
for type-B Nussbaum functions is given to handle the unknown gains. The monotonicity condition [15,16] for
multiple arguments of type-B Nussbaum functions is removed in the given lemma, which relaxes the restrictions on
control design.

(2) An improved tracking control method with deferred constraints is proposed, which offers four advantages.
(i) The strict initial conditions for tracking error in the PCC methods [17-20] are eliminated. (ii) Superior transient
performance without significant overshoot is realized. (iii) Fast convergence performance is realized, in which the
settling time and convergence region can be arbitrarily adjusted according to user requirements. (iv) Asymptotic
tracking performance is realized.

(3) According to a new update protocol of the switching performance index, a learning-based switching mechanism
is designed to address actuator faults, which monitors the error signal in real time and rapidly switches the actuator
working mode without human intervention when the abnormal error signal appears until the signal returns to
normal. Compared with the analogous mechanism [36], the proposed mechanism optimizes fault detection and
accommodation behavior, i.e., relaxes the initial detection baseline and reduces frequent and unnecessary switching
times in the initial period.

(4) A simplified yet feasible design framework is formulated by ingenious NN-based scaling, which removes the
assumption of a priori knowledge of high-order derivatives of the reference signal being known and averts an
“explosion of complexity” without using a dynamic surface or command filtering technique.

Notations. R" represents the n-dimensional real space. mod(-) denotes the residual operator. Q, indicates a
compact set about A. |-| denotes the floor function. The arguments of certain functions are omitted.

2 Problem formulation and preliminaries
2.1 System description
Consider the switched nonlinear systems with multichannel actuators modeled below:

i = gio(Ti, )Tig1 + fio (T), i=1,2,...,n =1,

M
Ty = nghg(t)ug + fro (Zn), (1)

c=1

Yy =2,
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where I; = [xl,...,xi]T ER (i=1,...,n), up = [ul,...,uM]T € RM and y € R are the state vector, input
vector, and output signal, respectively. o : [0,00) — IT = {1,..., I} denotes the switching signal, where I represents
the number of subsystems, and suppose that system states do not jump at switching instants. f; » (Z;) € R are
unknown yet smooth nonlinear functions. g; »(Zi,t) € R and gn o (t) = [g5 ,(£), .., 9}, (t)] € RM are unknown

control gains.

Initially, the healthy system (1) can normally perform the specified control task. That is, the output signal y can
well track the known bounded reference trajectory y,, in which the time differential of ¥, is known and bounded.
Note that a priori knowledge of high-order differentials of y, in [37,38] is not required. Yet, considering the impact
of several internal and external factors, actuator fault may occur on a single channel or multiple channels in the
subsequent time period, resulting in inaccurate transmission of the control signal to the system. Thus, the system
input signal or actuator output signal of the cth channel u¢ can be represented as uS = V< (q.(t)vs(t),t), where
the time-varying switching function ¢.(-) : [0, 00) — {0, 1} denotes the virtual switch of the control protocol v5(¢),
and the switch status can be determined instantly through software settings. In accordance with actuator fault
models [39], actuator output signal uS can be further expressed below:

ug = (1 = B5)p5qc(t)vg () + Bty

=3 saes )+ Y a, (2)

Ceél ced;

where 8¢ € {0, 1}, pS € (0,1], and 2¢ € R indicate characteristic parameters of different actuator operation patterns.
®; and ®; represent the sets defined later. The following are three general actuator operation patterns.

e Total loss of effectiveness (TLOE). The output signal u is independent of the actuator input signal and
maintains a fixed value input to the system, i.e., 5 =1 and u$ € R.

e Partial loss of effectiveness (PLOE). The fault affects the normal signal transmission, resulting in the weakness
of the transmitted signal u$, i.e., S =0 and pS € (0,1).

e Fault-free (FF). The operation of the actuator does not affect the normal signal transmission, i.e., 8S = 0 and
pe = 1.

Problem statement. For the switched nonlinear systems (1) with multichannel actuators and deferred constraints,
the control issue involves designing an adaptive FTC scheme such that

(1) All closed-loop signals are semiglobally uniformly ultimately bounded (SUUB) under arbitrary switching;

(2) Actuator faults in various scenarios can be timely detected and accommodated;

(3) The tracking error, under no initial restrictions, converges to the adjustable region without obvious overshoots
in a preset time and asymptotically reaches zero.
Definition 1. There exist s TLOE patterns for M actuator channels, and the overall TLOE pattern set is defined
as U = {®,Dy,...,P,}, where &; = {®;1, Pp2,..., Py, } (I € {1,2,...,s}) indicates the current TLOE pattern.
Specifically, ®;1, @2, ..., P, € {1,2,..., M} denote the channel serial numbers of the TLOE actuator, in which
w represents the sum of channels of the TLOE actuator. Thereafter, the complement of ®; is expressed as ®;
satisfying ®; U ®; = {1,2,..., M}.
Assumption 1. The unknown time-varying gains satisfy g; -(-) € [g,g] (1 = 1,...,n) with gg > 0.
Assumption 2. Only actuators with a maximum of M — 1 channels are allowed to undergo TLOE.

Remark 1. Assumption 1 is a basic necessary condition for using a Nussbaum-type function to handle the unknown
control gains issue, which can be seen in [12-16]. Assumption 2 is a conservative premise for FTC methods for
ensuring system controllability.

Lemma 1 ([40]). For any v € R and time-varying function i(t) > 0, it holds that

2

|vf = TR hO? < A(t). 3)

2.2 Nussbaum function

Definition 2 ([16]). A continuous function N(§) : [0,4+00) — (—00,+00) is defined as a type-B Nussbaum
function if

Ear+ N/t
fo N (T)dr _ —|—oo,£lim sup fo N (T)dr

VAR
+oo Jo N=(r)dr



Qian W, et al. Sci China Inf Sci July 2026, Vol. 69, Iss. 7, 172204:4

SN (1)d SN (1)d
lim M = 400, lim supw = 400,

T P TN

where positive and negative truncated functions of A'(7) are N (7) = max{0,N'(7)} and N~ (1) = max{0, —N (1)},
respectively.

Lemma 2. Consider continuously differentiable functions V'(¢) : [0,+00) — RT and &(¢) : [0,+00) — R (i =
1,2,...,n). Let g;(t) : [0, +00) — [g, g] with gg > 0. If

V<3 [N+ méir -+ @

where x and b are constants and N (&;(¢)) denotes a composite function with N'(§;) being a type-B Nussbaum odd
function, then &(t), V(¢), and Y7, fg(gi(T)N(fi(T)) + k)& (T)dT € Lo hold for t € [0, +-00).
Proof. See Appendix A.

Remark 2. The work [15] proved that only type-B Nussbaum functions are always effective for addressing the
time-varying gains issue. With multiple time-varying gains, however, there are strict restrictions on the arguments
&(t) (i =1,2,...,n) of type-B Nussbaum functions in recent studies, i.e., all & (¢) must be monotonically increasing
in [15] and all &;(¢) must be monotonic in [16]. These restrictions are successfully removed by the proposed Lemma
2, which does not require the prerequisite of monotonicity of &;(¢).

2.3 Neural networks

Definition 3 ([11]). For an unknown yet smooth nonlinear function F(y) : R? — R? and the activation vector
X € Q, C RP, there exists a radial basis function neural network (RBFNN) such that F, = Z% () + d(x) in which
= € R7*4 denotes the idealized weight matrix. 6() represents the approximation error with ||§(x)| < & for constant
5. j is the node number of the NN. o(x) = [01(X),---,0;(x)]T € R7¥9 is the Gaussian basis function vector, where
0i(x) = exp(—(x — i)Y (x — ¢;)/d?) with ¢; = [ei1,...,¢ip]T and d; being the center and width of the Gaussian
function, respectively.

Lemma 3 ([11]). For the Gaussian basis function vector o(x;) = [01(x7), - -, 0;(x7)]T € R7*? and the activation
vector x; = [x},...,x;]T € R!, given any positive integer [ < i, one has [lo(xm )| < [le(x7)l-

Remark 3. Lemma 3 embodies an applicable RBFNN characteristic, allowing designers to eliminate some fussy
and redundant variables from the activation input x while maintaining its approximate property, which can signif-
icantly simplify the NN-based design process and control structure.

3 Adaptive control design scheme

In this section, an adaptive FTC scheme based on a backstepping procedure for switched nonlinear systems with
multichannel actuators and deferred constraints is presented. A schematic of the control design is shown in
Figure 1.

3.1 Deferred constraints control design

The given tracking error is e; = x1 — y,. Use the idea of deferred constraints to perform fine-tuning on e;. The
tuned error é; is defined as é;(t) = r(t)e1(t) + o(t) and é; = e1(t = Tp), where the switching function r(t) is

expressed as
(t—TD)2)
exp (—7 , 0
r(t) = { 4 . ()

<
1, >TD7

where Tp is the deferred time, and A is a constant with 0 < A < 1. o(t) is an initial-error-dependent function
defined later.

The constraint feasible region of €; is designated as F := {(¢,€1) € Rxo x R| — qi(t) < é1(t) < qn(t)}, where
q(t) = qr.sign(e1(0)) + (e, — sign(e1(0)))q(¢) and gn(t) = —qr,sign(e1(0)) + (en + sign(e1(0)))q(t), in which e, ¢), €
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Figure 1 (Color online) Schematic of the FTC design with deferred constraints.

(0,1] and ¢(t) is defined as

(6)

p
q(t)_{(QO—QTS)(l—%) +qT57 O<t<Tsv
qua t>TS7

where p > 1, qo > qr, and v are positive constants. T represents the preset time meeting Ts = p/v > Tp.

Remark 4. For the case of €1(0) # 0, the monotonic constraint functions satisfy the following properties.
(i) limgsr, @(t) = eigr, and limis7, qn(t) = engr,. (i) @) = cgr.(t = Ts) and qu(t) = engr.(t > Ts).
(iil) ¢i(t)dn(t) < 0. (iv) g (t) + qn(t) > 0. —q(t) and g (t) are known to converge quickly from the same direction
to their respective fixed levels, thus generating a tight feasible region F. The constrained é; can converge to the
adjustable area (—e;qr,,enqr,) nearly without overshoot in the preset time T,. For the case of e1(0) = 0, one can
obtain the opposite property: ¢;(t)dn(t) > 0. €; meets the condition —e;q(t) < €1(t) < €rq(t), which is consistent
with the common fixed-time convergence performance.

Next, the design of o(t) needs to guarantee two conditions, i.e., €1(0) € (—q(0),¢n(0)) and é; = ey (t > Th).
Thereafter, the switching function o(t) is constructed as

(7)
0, Tp.

qh,(o);ql(o) exp (1 _ T?;Lit) . 0<t<Tp,
t=
Remark 5. Selecting sufficiently small parameter A — 0, for any e;(0) (consider e;(0) - oo in the practical
working environment), w = r(0)e1(0) — 0 always holds. Obviously, —¢;(0) < €1(0) = (gn(0) — @(0))/2 + w < ¢ (0)
also holds and é; = e1(t > Tp), which removes the strict initial conditions of the tracking error given by traditional
PCC methods and provides a solution to the practical problem that e;(0) cannot be guaranteed to be always within
the constraint region.

The error transformation is designed as

7é (t) m(qn(t) — a(t))

Zl(t) = tan (C]h(t) + ql(t) N 2(qh(t) + QI(t))> .

By transformation, if é;(0) € (—¢(0),¢n(0)) and 21(t) € L hold, then é(t) € (—q(t),gn(t)) holds. Note that
€1(0) € (—¢(0), g1 (0)) naturally holds. For ¢t € [0, Tp), r(t) and o(t) are bounded by (0,1) and (0, (¢,(0) —¢,(0))/2],
respectively. Based on é;1(t) = r(t)e1(t) + o(t) and é1(¢) € (—qi(t), qn(t)), one obtains e1(t) € Lo for t € [0, Tp).
Further, from é; = e1(t = Tp), one obtains e1(t) € (—q(t), qn(t)) for t € [Tp,+00). Keep e, = g as holding. If
lim; 4 0 21(¢) = 0 holds, then lim;_, o e1(t) = 2arctan(0)epqr, /7t = 0 holds.

(8)
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3.2 Switching function matrix design

To prevent performance deterioration caused by an actuator fault in time, an effective solution is to design a
mechanism for fault detection and automatic switching of the working mode. The working mode can be switched
by changing the switching function matrix Q(t) = diag{q1(t)...qnm ()}

Definition 4. There exist W actuator fault patterns for M actuator channels, and the fth actuator fault pattern
is defined as (y := {(r1,(r2,- -+, Cpip by where Cp1,ooo, Cpip € {1,2,..., M} denote the channel serial numbers of the
faulty actuator, and Iy is the sum of channels of the faulty actuator. Accordingly, its complement (¢ denotes the
channel serial number set of a normal actuator.

Definition 5. For an actuator fault pattern {; (f € {1,2,..., W}), define the undesired working mode set as
Y = {Qs1,Qs2,...,Qyr, }, where Ly is the sum of undesired working modes and the undesired working mode
Qpr = diag{qsr1 qpro--- qrrm} (r€{1,2,...,Ls}). Ifall B2 =0 (j € {1,2,...,M}), then ¥y = (. Otherwise, Q s,
satisfies the following properties:
Q) 1, if B2 =1,
Y Afry = Oor 1, else;

(ii) Qfr # O(arxar) where O(arxary is a M x M zero matrix.
Definition 6. The set of overall working modes is given as |J := {Q1,Qa,...,Qn}, where Q; # O,y (i €
{1,2,...,N}) and N = Sor, C%,.
Definition 7. With the fault pattern ¢; (f € {1,2,..., W}), define the set of desired working mode candidates to
be X := |J—X, where the desired working mode candidate Q s+ = diag{qsr1 qfro-..qprm} (F € {1,2,...,N—L¢})
and the compensation pattern of Q7 is Jyr = {jlgsr; = 0,5 € {1,2,..., M}} with Jpz U Jpr = {1,2,..., M}.
Remark 6. The PLOE actuator in multichannel environments may still maintain system performance, but the
TLOE actuator can cause rapid performance deterioration or even system collapse. As shown in Definition 5,
the working mode in which the control channel of the TLOE actuator is in the connected state is considered the
undesired working mode to be switched. Moreover, Q; # O(nr,nr) is a necessary prerequisite to ensure the overall
controllability of the system, and J¢ represents the set of serial numbers of control channels in the disconnected
state in mode Qs for subsequent analysis.

Taking the transformed error z;1(t) as the detection signal, a learning-based switching mechanism for fault detec-
tion and automatic switching of the working mode is presented as follows. First, an update protocol of switching
performance index ¢ is represented as ¢ = kcG(z1(t)) and ¢(0) = 0, where k. € R™ is a gain parameter and the
switching function G(z1(¢)) is designed as

0, t=0o0r —kih(t) < z1(t) < k2h(t),
G(t) = exp(_—légz';)(_—lélh(t) — ()™, z(t) < _—Elh(t), (9)
exp(kazy )(—kah(t) + z1(t))"2, z1(t) = koh(t),

where k1, ko, k3, and ks € RT; ny and ny > 1 are design parameters. 2, = (21(t) — 21(t — t1))/tr, where t, is the
minimum sampling interval. Additionally, construct h(t) to be

1 1\
h(t) = (?_T_h,) +e€ 0<t<Ty,

€, t> Th7

(10)

where ) € N*, T}, and € € RT are given design parameters.

Hereupon, design the switching function matrix to be Q(t) := Q(s(t)) = Qw € |J with @ = mod([¢| — 1, N) +1
in which w denotes the switching mode index.
Remark 7. The working principle of the mechanism is as follows: if Q(¢) is set to a desired working mode, and
the error z; is within the normal detection range, i.e., 21 € (—/%1 h, légh), then the switching parameters ¢ and w
remain unchanged, and Q(¢) cannot be switched; if Q(¢) is set to an inappropriate working mode, and z; is within
the abnormal detection range, i.e., 21 & (—kih, kah), then according to (9) and (10), ¢ and w, on the basis of
the degree and trend of the signal exceeding the detection baseline, are driven to increase, and Q(t) automatically
switches until the desired working mode appears.

Remark 8. From the mapping relationship in error transformation (8), it is known that z; is more sensitive to
faults than e; is, so the selection of z; as the detection signal is more reasonable and beneficial. Under the premise
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of bounded stability of the system, considering the deferred constraints and the mapping relationship in (8), z; has
no range limit in the initial period and then gradually converges to a specific bounded range. Thus, the funnel-like
time-varying detection baselines —k1h and koh are constructed to replace the horizontal detection baselines in the
switching mechanism [36], thereby reducing the waste of frequent and unnecessary handover resources in the initial
period.

3.3 Controller design

The coordinate transformations are introduced as

€ =Ty — O—1, i:2,...,n, (11)

where a;_1 is the virtual controllers. All «;_; and common control protocol v,, are designed as

A 2 .02
a; = N(&) <k1F121 + Oralrig ) ;o = N(&) (kiei + M) ) (12)

(z10rp1)? + k2 (eipi)? + h2

v =N (&) | kne —i—M—i—Lsin(e) i=2 n—1 (13)

n n n-=n (enun)z + h2 g n Y g e ey )
where k; € RT(j =1,...,n) are design parameters. L € R denotes a sufficiently large design parameter satisfying
L> maxken{zcj\il g5 g }. N(&) is the type-B Nussbaum odd function. T' = 7t(14-27) /(qn+aq1), p1 = [ler (x3) 1 +1,
and p; = lel 1| + [loas(x)| + 1 (i = 2,...,n) are scalar functions with ef = T'z1, e} = e, (k = 2,...,n — 1),

Xll - [xluyTa/raqu]Ta XIQ = [X11T7x27§17h7él]T7 and X; = [X;Tpxlagl—luél—l]rr (l = 37"'7”)' h e R+ meets
[ h(r)dT € (0, 7] with i < +o0.
The update laws of ©; (l=1,...,n) and & are designed as

A r ’ A A i(eif1i)?
0, = nlalnn)” 11hO1, ©; = — LG (eists)
(z1lrp)? + 12 (€ipi)? + 12
CHEAYIE : 0, (eii)?
(L) +kirzd, & = _ O4leiry)” +kieZ, j=2,...,n—1, (15)

(21T'rp1)? + B2 (ejp3)* + h?
(entin)”

V (€npin)? + 12

where v, € RT (I = 1,...,n) are design parameters.

—h®;, i =2,...,n, (14)

& =

€= + kneZ + Llenl, (16)

3.4 Stability analysis

Theorem 1. For the switched nonlinear systems (1) with multichannel actuators and deferred constraints, under
Assumptions 1-3, if the switching mechanism in Subsection 3.2, the control laws (12), (13), and update laws
(14)—(16) hold, then all the closed-loop signals are SUUB under arbitrary switching. Additionally, tracking error
e1(t) converges to the adjustable region {(¢,e1) € R>g X R| — g1qr, < e1(t) < epgr.} in the preset time Ts and
asymptotically reaches zero.

Proof.  Step 1. Construct the Lyapunov function as Vi = 22/2+©2/(2v1), where ©, = ©; — O, is the estimate
error with ©; being the estimate of ©1. Using (1), (8), and (11), this function yields

Vi = 210rgy g(ea + 1) + 2107 (fie(@) =g +77 ' (Fer + 0+ QD7) — 710,60, (17)

where k € Il and Q = —((¢n + ) arctan(z1) /7 + (¢n — @) /2)T. Fix = fre(z1) — g +r (Fer + o+ QT 1) indicates
an unknown and fussy function.

To address the design difficulties resulting from the unknown and fussy function Fjj, the RBFNN in Sub-
section 2.3 is introduced, i.e., Fi = =1, 01(x1) + d1.x(x1) with xa = [z1,Yr, ¥, 7,7, 0,¢,4]T. Define ©; =
maxger || =14l 01,5}, Using Lemma 1 and the applicable RBFNN characteristic in Lemma 3, one obtains the
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simplified NN-based design process as follows:
alrFy g, < [zlPr([Evklller (x|l + 01,)

O1(z1Trpy)?
(z1T7ru1)? + W2

+ 01k (18)

Inserting (12), (14), and (18) into (17) yields

. . . @2
Vi < z1l'rgrpez + g1 N (&)é + & — kirzi + h (91 + f) . (19)

Step i (2<i < n). Construct the Lyapunov function as V; = V;_; 4 €2/2 4+ ©2/(2v;), where ©; = ©; — ©; is the
estimate error with ©; being the estimate of ©;.

Given step 1, it follows that F; ; = fi 1 (Z;) — Z; i ggl (fie(@) + qrpxisr) — wimg = EEin(Xi) + di k(xi), where
Wi—1 = ag;zlyr‘FaOng +aogol +8qu1 +Z (aal 161_"60“ 1§Z)+8a1 lh X2 = [XrlraIQaglaélvhvﬁaélvélaé]Tv
and xir = [X}_y, @i, &1, i, 91/—1791/—1]T (3 <i' <n).

Following the simplified NN-based design process, one has

Vn kﬂ”Zl Z kme +Z g;, kN 5;)5] +€g)+§n+engn kuk—max{|€n|Zgn kuk} +@ (20)

7j=1 c=1

_ 02 _ B _
where © = Z?Zl hWO; + =) and ©; = maxper{||Zikll, Gi—1,ks 0ik }-
Then, e,gn, rur is analyzed in two cases of Q(t).

i) Q(t) is set to the appropriate working mode Q(t) = Qr € ¥ with ¢y C Jsr. Thereafter, it yields
g / / f f

Endn kUL = €En Z 9271&92(0, t) +en Z gfz,kvlcc

cECy cEJyr
i M
< Gz:k (BN (&n)én + Il?eaI)I( {|en| Z gﬁ,kﬂi} ) (21)
c=1

where Gf;k(t) = Ecejﬁ 9n  With szrk( ) € (0, Ec 19, k)-
(ii) Q(t) is set to the general working mode Q(t) = Qw € |J with (; ¢ Jo. Thereafter, it yields

engn kUt < Z g’fl,kN(g’ﬂ)é’ﬂ +en Z I kPEVE T len] Z I i UE, + Z G iU,

c€C NI cECNT=NP cECNJIw ce€ NI NP
M
< GERON (€n)én + max {|en| Zgu} (22)
c=

where G, (t) = Zceffmjw Gt Zcegfmjwmi)w In kP With G (t) € (0, Z —1 Tnk)-
Further, Eq. (20) is rewritten as

2
Vn kﬂ“zl Z kme + Z (gj,kN 5] 6] +§]) + Zh ( f) (23)

where

G = ank(ﬂa Q(t) = ng'; € if with ¢y C Jyr,
" Ze(t), Q(t) = Qw € J with (s ¢ Jo.
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Integration of (23) yields
@2 t
Va(t) + / lezldT—FZ/ mCm, dTZ/ (956N (&) —I—l@dT—l—Z(@ —I—TJ)/ h(r)dr. (24)

Relying on the integral property of /() and Lemma 2, it holds that &;, V,,, and éj € L. 21 and e, € Log N Lo
By transformation (8), (11), and control laws (12), (13), one obtains o; (i = 1,...,n—1), x;, vy, 21, and &, € Lo
Additionally, it yields ey (t) € Lo for t € [0, Tp) and e (t) € (—q(t), qn(t)) for t € [Tp,+oc). Thus, all the closed-
loop signals are SUUB under arbitrary switching, and e (t) converges to {(¢,e1) € R>o X R| —gig7, < e1(t) < enqr.}
in Ts. By the Barbalat’s lemma, lim;_, o 21(¢) = 0 holds from 21 € L,NLs and 21 € L. Then, lim;_, o, e1(t) =0
holds with ¢}, = ¢;.

Remark 9. In the given control design procedure, the core or actual activation signals x; (i = 1,...,n) without
derivative variables (e.g., ¥, and fz) are introduced to replace the initial activation signals x;, which not only removes
the assumption of a priori knowledge of the high-order derivatives of y,- being known but also averts an “explosion
of complexity” due to repeated calculation of derivatives in virtual controllers without using a dynamic surface or
command filtering technique.

4 Simulation results

In this section, two simulation examples and a comprehensive analysis are performed to refine the research archi-
tecture and show the superiority of the proposed control method.

Example 1. Consider the typical switched nonlinear systems with multichannel actuators, where o : [0,00) —
IT={1,2}, g1,1(x1,t) = 1 4+ 0.4sin(21) + 0.1sin*(t), f11 (z1) = cos®(21), g5, (t) = 1+ 0.5sin(t), fo1 (22) = —a1 —
sin®(z1) — sin(z2), g12(w1,t) = 1.1+ 0.5sin(x1) 4 0.1 cos*(t), f1,2 (#1) = 1.2cos(z1), g54(t) = 0.5+ 0.1cos(t) and
fa2 (Ta) = —1.221 — 2sin® (1) — 27 sin(xz). To verify the effectiveness of the proposed fault-tolerant controller, the
following set of corresponding overall working modes | J and specific three-channel actuator fault pattern (g = {2, 3}
are given.

It is assumed that the actuator of the second channel encounters PLOE with u2 = 9(gov?,t) = 0.7q202,
t > 1s, and the actuator of the third channel suffers from TLOE with u3 = 9(gzv3,t) = 1, t > 8 s. | is
defined as |J := {Q1,Q2,...,Q7} = {diag{0 0 1}, diag{0 1 0}, diag{0 1 1}, diag{1 0 0}, diag{1 0 1}, diag{1 1 0},
diag{1 1 1}}. Further, the desired working mode candidates are Q2, Q4, and Q.

Assign the reference signal as 3, = —2.5sin(0.6t) 4+ 0.2, and the initial conditions are z(0) = [—1,0]T, ©1(0) =
05(0) = &(0) = &(0) = ¢(0) = 0. Choose the type-B Nussbaum function as N(&) = exp(£2) cos(0.5m€)&3.
Configure the performance parameters as qo = 0.6, g7, = 0.1, p=2, v =1,¢;, =¢;, =0.8, Tp = 0.4, and A = 0.01.
The relevant structure of the RBFNN is shown below: o1 (x}) contains five hidden nodes, and the centers are evenly
distributed in the field [—2, ] with the width 2; 02(x5) contains five hidden nodes, and the centers are evenly
distributed in the field [—2, ] with the width 2. The remaining parameters are set as k1 = ko = ki =ko =nq =
ng =y =% =L=1,T, =2, ¢ = 0.15, ks = ks = 0.01, ke = 6000, and 3 = 1. The integrable function is
h = 10exp(—t).

The synthetic simulation results are provided in Figures 2-5. Figure 2 shows that the output signal y rapidly
enters the user-defined reference range and sustains excellent tracking performance. Figure 3 shows that tracking
errors e; with different deferred constraint times T converge to the specified area (—e;qr., epqr,) nearly without
overshoot in the preset time 7. Figure 4 shows that when the transformed error z; undergoes faults that exceed the
detection baseline, the designed mechanism automatically switches the working mode to ensure that z; converges to
the plateau again, thus avoiding fault-caused system collapse. Figure 5 displays the switching performance index ¢
and mode index w. u? suffers from TLOE at ¢ = 8 s, which makes Q; become an undesired working mode, resulting
in z; rapidly exceedlng the detection baseline. Therefore, the indices ¢ and w keep growing until w reaches 2, and
Q1 automatically switches to the desired working mode Qs. Then, z; returns to the plateau, the indices stop
growing, and the working mode remains at Q.

Example 2. Counsider the mass-spring-damper system with controller switching in [1,41]. Suppose that there
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Figure 2 (Color online) Rendering of the tracking situation. Figure 3 (Color online) Error constraint rendering with different

deferred constraint times.
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Figure 4 (Color online) Rendering of the transformed error under- Figure 5 (Color online) Rendering of the switching performance
going faults. index and the mode index.

exists candidate controllers i, = —f,(x1) + BXu, with f,(0) = 0. In the light of [41], the system is written as

T = 22,

1 3 1
To = jBEUG— - %xl - wljjg lei - w_;x2 - jf0($1)7 (25>
Yy =2,

where o : [0,00) — II = {1,2}, B, = [b,62,03]", uy = [ul,u2,ud]", bl = b2 = b3 = 1/4, b} = b3 = b3 = 1/6,
fi(z1) = —wiwiz? cos(z?), and fao(z1) = —2wiwia?sin(zy). Concretely, @,, x1, T2, and y denote the external
driving force, displacement, velocity, and measured displacement, respectively. The physical parameters of the
systems J, wy, we, and ws indicate mass, linear elastic coefficient, viscous friction coefficient, and nonlinear elastic
coefficient, respectively. Without loss of generality, it is considered that x2 can be measured by a speed sensor, and
the parameters J and w; (i = 1,2, 3) meet the constraint conditions 4 < 1/J < 4.1 and 0 < w; < 1/4 in [41]. Thus,
fit the system parameters as J = 1/4 kg and wy; = wy = w3 = 1/4. In addition to the same parameter configuration
as in Example 1, select the reference signal as y, = 2.5sin(0.6t) — 0.2. The initial state vector is z(0) = [1,0]T.
Let ky = 0.6 and k. = 3000. The assumed three channel fault case is as follows: the actuator of the third channel
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Figure 6 (Color online) Error constraint rendering with different Figure 7 (Color online) Rendering of the transformed error under-
deferred constraint times. going faults.

encounters TLOE with u2 = 9(qzv3,t) = —1, t > 2 s; and the actuator of the second channel suffers from TLOE
with u2 = 9(qav2,t) = 0, t > 6 s. Obviously, the desired working mode candidate is Q4. Major simulation results
for the system (25) are shown in Figures 6 and 7.

Comprehensive analysis. To better demonstrate the robustness of the proposed method, more multichannel actu-
ator operation cases are discussed and analyzed, which are listed as follows. (1) The multichannel actuators operate
normally, i.e., FF. (2) The actuator of the second channel encounters PLOE with u2 = 9(q2v2, t) = 0.3¢av2, t >
2 s, and the actuator of the third channel suffers from TLOE with u? = 9(gzv3,t) =0, t > 14 s. (3) The actuator
of the first channel encounters PLOE with ul = 9(q1v2,t) = 0.9¢1v}, t > 5 s, the actuator of the second channel
encounters TLOE with u2 = 9(gav?,t) =1, t > 9 s, and the actuator of the third channel suffers from TLOE with
ud =9(q3v3,t) =5, t > 2s. (4) The actuators of the first and third channels simultaneously encounter TLOE with
ul =ud =0, t >4 s. The evolution of the transformed error in Figure 8 shows that under four general actuator
operation cases, the error remains stable within the normal range of detection continuously or via automatic fault
accommodation. Thus, the proposed FTC method provides good robustness. Then, two recent PCC methods
are chosen to compare tracking performance with the proposed method (all analogous performance parameters are
consistent). The PCC method 1 in [24] achieves the preset time convergence performance without initial condi-
tions, and the PCC method 2 in [23] achieves the tracking performance without obvious overshoot. The index
Int(e,T) = fOT Tle1(7)|dr is used to quantitatively appraise the overall tracking performance. The index values of
the three methods are Int(e;,5) = 0.0835 in method 1, Int(e1,5) = 0.2512 in method 2 and Int(e;,5) = 0.0486
in the proposed method, respectively. Obviously, the index value of the proposed method has the smallest index
value. From Figure 9, compared with the other two methods, the proposed method realizes rapid error convergence
within two seconds without obvious overshoot. Additionally, the corresponding steady-state error level is more
stable and lower. Combined with the index values and Figure 9, the proposed method can clearly improve the
overall tracking performance. Moreover, to underscore the superiority of the proposed mechanism, a comparative
analysis of switching indices between the comparable FTC method in [36] and the proposed method is conducted
in two fault cases. Case 1 is selected as the case in Example 2. Case 2 is below: the actuator of the first channel
encounters PLOE with ul = 9(qivl,t) = 0.1q1vl, t > 1 s; the actuator of the third channel suffers from TLOE
with u3 = 9(gzv3,t) = 0, t > 6 s. From Figures 10 and 11, the proposed method reflects fewer and more efficient
handover actions and, in particular, prevents the frequent mode switching behavior of the comparable FTC method
in the first two seconds. Thus, the proposed method can reduce or even avoid the waste of unnecessary handover
resources in the initial period, and further optimize the fault detection and accommodation behavior.

Remark 10. The parameter setting for the experimental setup mainly adheres to four aspects: the conditions
of design parameters, the experience of parameter adjustment, the physical constraints of system parameters, and
the performance influence. First, all the design parameters must meet the given design conditions. Second, certain
experiences contribute to the rapid selection of reasonable parameters. Third, for the practical system model,
the system parameters must meet the physical constraints. Thus, the selection of parameters in model (25) is
consistent with that in [41]. Finally, parameters should be selected on the basis of performance. Small T ensures



Qian W, et al. Sci China Inf Sct  July 2026, Vol. 69, Iss. 7, 172204:12

15 T 1.2 T T T T T T T T
Detection baseline e; in the proposed method
0.2 02 — = — z in operation case 1 — e in the PCC method 1
1‘ i --. 21 in operation case 2 1N e e; in the PCC method 2 | -
1 /1 i —===—-= 2 in operation case 3
72 ] H ———— z; in operation case 4
A i 08 .
0 01, ﬂl l 21 % 171 9.1 |
L\ } 0.6 1
0Fr \ ’/\/L———‘ \_'_/__N 1
\ % 04r b
05k 01 0.1 - ]
3 02r B
Al N ,
% of
0.2 -02
41 14 14.1
15 ‘ : : 0.2 : . . . . . . . .
0 5 10 15 20 0 05 1 15 2 25 3 35 4 45 5
Time(s) Time(s)

Figure 9 (Color online) Rendering of the tracking error comparison
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fast convergence performance. Small ¢7, £; and €, maintain high tracking accuracy. Tp, which is limited to a small
and reasonable range, ensures that the initial dynamic performance does not become poor.

5 Conclusion

An improved adaptive FTC design scheme was presented for a switched nonlinear system with multichannel actu-
ators and deferred constraints. The restrictions on the monotonicity of Nussbaum’s arguments were removed by
the proposed Lemma 2. Synthetic stability analysis and simulation results proved that all the closed-loop signals
are SUUB under arbitrary switching, and an improved FTC controller can drive the tracking error with deferred
constraints to converge to a specified region without obvious overshoot in a preset time. Moreover, the fault de-
tection and accommodation behavior were optimized under the proposed mechanism compared with the analogous
mechanism. Considering network communication, we intend to extend this control idea to switched heterogeneous

systems in a future study.
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Appendix A Proof of Lemma 2

For continuous differentiable functions &;(¢t) (¢ = 1,2,...,n), there exist continuous time intervals, i.e., [0,T1), ..., [Tk, Tr+1) (k =
1,2,...,400), as shown in Figure Al, where o, A, and o denote inflection points of &1 (¢), £2(¢), and &3(t) (n = 3), respectively, so that
all & (t) possess monotonicity in each interval. Thereafter, the boundedness of &;(t) is proved in three steps by mathematical induction.
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Figure A1 Rendering of inflection points of &;(t) (i = 1, 2, 3).

Step 1. Three cases of &;(t) are discussed for ¢ € [0,7T7) as follows.
Case I. All §;(t) € Lo hold. Tt is not difficult to show that lim, - &(t) = &(T] ) € Loo.
1

Case II. &1(t),...,&i(t) ¢ Loo and E1(t),...,6n(t) € Loo(0 < j < m) hold. For one condition g;(t) > 0, there exists the set
l=A{l1,la,...} with [ <lz < ...and l; — +00, which satisfies the following two properties.
(i) Define &, (t) := max{|£1(t)|,...,|&; ()|} with ¢t € [0,T1). Considering the monotonicity of &;(t), there exists the set t* = {t1,t2,...}
with t; <tz <...and t* C [0,T1), so that &,(-) : t* — [ holds and the relationship between two sets is one-to-one mapping.
ledeT . lei‘l'dT
- lp( K = oo and limy,, o fﬁp N+E7'§d'r -
Base on the integral property of the Nussbaum odd function N(§), for any t, € t*, it yields

(ii) For any I, € [, it holds that limg, 4 0o

En(tp) [€; (tp)]
Vity) < /O n(r) (NF (€0 (7)) — N (€n(r)) déin(r) + Z / g ()N (& (r)) e ()

i=1,i#n

€t p)\ _
Z/ déi(r) + b, (A1)

where b = sup{3>_7"_ it f‘fgé;”)‘ (9i(T)N(&i (1)) + k)dE; (T) + 22:1 fgoi(()) (9i (T)N(&; (1)) + k)d&; (1) + b}. All £;(0) are given initial values
meeting &;(0) € Lo, s0 b is a positive constant.
By further scaling processing, one has

En(tp) En(tp) _
Vity) < /0 (@ N (6 (7)) — gN™ (69 (7)) den (7) + /O Il dén(r) + . (A2)

From property (ii) fop N~ (7)dr is the high-order infinity relative to I, and folp Nt (7)dr for I, — +oo. Since the higher order can
absorb the lower ordor in the addition and subtraction rule of infinity, it can be concluded that V(t,) — —oo for I, — +oo, which
contradicts V(tp) > 0. Thus, &,(t) € Loo and all §;(t) € Lo hold. For the other condition g;(t) < 0, the boundedness of &;(t) can also
be obtained by the same contradiction method, and the similar proof process is omitted. Thus, Case II does not exist.

Case III. All &;(t) ¢ Loo hold. As a special case, i.e., j = n for Case II, it is also obtained that all £;(t) € Loo, i.e., Case III does not
exist.

Step 2. Suppose that all & (t) € Loo for t € [Ti—1,Tk) (k=2,...,400), then limtﬁTf &i(t) = &i(T,, ) € Loo holds.
Step 3. Owing to the continuity of &;(t), it yields & (Tk) = & (T}, ) € Loo. Similar to the argumentation process in Step 1, it can be
concluded that all &;(t) € Loo for t € [Ty, Th41)-

Based on the boundedness of &;(t) (¢t € [0,+00)), it can be proven that V(t) and 7 | fo (gi (TN (&5 (7)) + K)Ei(T)dT € Loo for
t € [0, 4+00).
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