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Optimal Fault-Tolerant Control for Large-Scale
Interconnected Systems with State-Constraints

Qingyi Liu, Ke Zhang, Senior Member, IEEE, Bin Jiang, Fellow, IEEE, and Silvio Simani, Senior Member, IEEE

Abstract—Guaranteed system performance under various cir-
cumstances remains a challenge in technique and practice. To
address this problem, this article investigates the optimal fault-
tolerant control strategy for large-scale interconnected systems
with intermittent faults. Since the subsystem state is enforced
to a limited range, an asymmetric integral barrier Lyapunov
function is incorporated into the principle of Bellman optimality
to avoid the violation of state-constraints. Also, it can conquer a
conservative limitation that the bounds of the transformed error-
constraints are known. Subsequently, the critic-actor-identifier
framework is constructed in the backstepping step to evaluate
the objective function, control behavior and unknown dynamic,
respectively. Wherein, the decentralized controller derived from
the learning process and the fault-tolerant controller are sepa-
rated by introducing an intermediate controller. Meanwhile, it is
illustrated that the trajectory tracking errors will approach to
a small region nearby the origin, and the system states may
not beyond the given asymmetric constraint bounds, even in
the presence of actuator faults. Finally, results are presented
to exhibit the effectiveness and the advantage of the optimal
approach through appropriate comparative simulations.

Index Terms—Optimal fault-tolerant control, large-scale inter-
connected systems, intermittent actuator faults, asymmetric in-
tegral barrier Lyapunov function, critic-actor-identifier network.

I. INTRODUCTION

The practical applications such as chemical reactors, public
transportation systems, robots, etc., all have a complex connec-
tion among multiple subsystems, which can be described by
the large-scale interconnected systems (LSIS). However, this
connection usually influences the behavior of subsystems and
the whole process, hence, many researchers have attempted to
design several approaches to stabilize these coupled dynamics
well. As a principal technique, the decentralized backstepping
control is suited for such a system, because it can devise the
control law of each subsystem only using its local knowledge.
Hence, the whole system is controlled by several independent
controllers that all together combine to form a decentralized
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controller [1]-[3]. Owing to it, many results on this technique
have been investigated for stochastic LSIS [4], time-delay
LSIS [5], switched LSIS [6], uncertain LSIS [7], fractional-
order LSIS [8], and others.

Nevertheless, some of the physical components (actuators,
sensors, and processors) encounter any type of sudden and ran-
dom faults, which can bring about unsatisfactory performance
or even make the system unstable [9], [10]. All these cases
improve the fault-tolerant capability to achieve several control
objectives and enhance the system robustness efficiently, thus,
the fault-tolerant control (FTC) strategies have been developed.
Usually, FTC can be divided into an active one and a passive
one [11]. The active FTC needs fault information through a
fault estimation observer, to reconfigure the nominal controller,
which may delay the fault compensation time and bring more
computational burden. While the passive FTC mainly counts
on the robustness of controller itself to deal with fault effects,
i.e., it operates in both normal and faulty conditions. Therefore
passive FTC compensates faults faster as compared with active
FTC. Recently, many techniques have been coupled with the
passive FTC for improving the desirable performance of LSIS
with faults, e.g., resilient control [12], prescribed performance
control [13], and finite/fixed-time control [14], [15].

However, without considering optimization, the above FTC
strategies cannot guarantee a better control performance. The
optimal FTC has an extensive application prospect in control
fields, aiming at finding a controller during an interval while
optimizing the objective function, then the energy consumption
is reduced in the case of faults. It is noted that the results on
the optimal FTC often require handling the coupled Hamilton-
Jacobi-Bellman (HJB) equation, which makes it hard to obtain
the analytical solution for such a partial differential equation.
The adaptive dynamic programming (ADP) [16], has a certain
advantage in dealing with the dimensionality problem of the
traditional dynamic programming [17], becoming an emerging
approximate optimization method in recent years. The authors
in [18], [19] developed the single critic network-based optimal
FTC schemes for nonlinear continuous/discrete-time systems,
respectively. After that, a typical structure employed in ADP is
the critic-actor architecture [20]. The principle is that, there is
a critical evaluation for each control action implemented by an
actor; therefore, the objective function and the control behavior
coupled by HIB equation can be approximated by a critic and
an actor subsequently. On this foundation, the optimal FTC
approaches have been studied for switched systems [21], affine
systems [22], stochastic systems [23], etc. At present, there
exist numerous complex scenarios when loss of effectiveness
and stuck faults happen, the critic-actor-based learning method
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is not yet adaptive for optimal FTC, especially for the high-
order LSIS, which is a main motivation of this article.

It is known that most practical applications normally operate
under various constraints, e.g., the performance requirements,
physical limitations and security considerations. Neglecting to
accommodate these constraints may cause some inaccurate
performance, system instability, or even unexpected accident.
Many efforts have been devoted to solving it, including barrier
Lyapunov function (BLF), funnel control [24], [25], model
predictive control [26] and others. BLF is a special Lyapunov
function, whose value approaches infinity when it nears the
boundary of permissible set. It is seen that many types of BLFs
in the literature, such as tangent BLF [27], logarithmic BLF
[28], [29], and integral BLF (IBLF) based control approaches
have been widely used to achieve the output/state-constraints.
Among them, the processing of constraints using IBLF have
been greatly simplified and relaxed the feasibility conditions,
i.e., it has a well calculate capability of not requiring to convert
state-constraints into transformed error-constraints, but help
to restrict a system state directly. Hence, the conservatism of
BLFs-based control can be reduced. Employing the neural net-
works to estimate the uncertain dynamics, the IBLF has been
utilized to solve output/input-constrained problems [30], [31],
as well as the state-constrained problems for switched systems
[32], block-triangular systems [33], and multi-agent systems
[34]. Regarding the practical applications, IBLF has been also
applied a flight vehicle with the field-of-view constraints [35],
and a recovery carrier with trajectory and posture constraints
[36]. Nevertheless, the IBLFs studied in [30]-[36] are only
available for constrained problems with symmetric limitations.
It remains uncertain whether IBLF can handle an asymmetric
constrained problem, which will be recognized as a new idea
to extend the optimal FTC design with constraints further.

Inspired by the above-mentioned literature and discussions,
this article concentrates on the development of an optimal FTC
algorithm for a class of state-constrained LSIS. Meanwhile, the
innovations and contributions of this article can be summarized
as below:

1) An asymmetric IBLF is incorporated into each back-
stepping step to maintain the state-variables in an asym-
metric constrained region. This function can enable full
state-constraints during the learning process directly, and
avoid the complex tracking error-constraints conversion
inherent in the conventional BLFs [27]-[29].

2) The principle of Bellman optimality is exploited under a
critic-actor-identifier architecture to achieve the optimal
FTC. Different from the results in [18], [21] and [22], the
proposed strategy is free of exact knowledge of unknown
dynamic that is estimated by identifier network.

3) In comparison with existing FTC schemes in [14], [28],
which only deal with a finite of actuator faults, the inter-
mittent faults are studied here, and the optimal controller
derived by actor network and the fault-tolerant controller
are isolated by creating an intermediate controller.

This article is organized as follows: Section II provides the
system descriptions and some preliminaries. The main work on
optimal FTC algorithm is presented in Section III. Section IV

Page 2 of 31

2

and Section V give the stability analysis and simulation results,
respectively. Finally, the conclusions are drawn in Section VI.

II. PROBLEM FORMULATION AND PRELIMINARIES

Consider a class of LSIS that is composed of N subsystems
connected by their outputs, and the dynamic model of the ith
subsystem has the following form:

X1 = i1 (Xi,1)Xi2 + fi1(%i,1) + Aq1 ()

Xin = 8in(Xin)Xint1 + 5 n(Xin) + A n(¥)

Kim = 0 8 (i b+ Fon, (i) + A ()
1,1 k=1 D0 2,05 ) ik 2,1 \<*,1; 7,14

Yi =X, 1= 1,2,...,N, h:2,...,ni—1

(D
where x; , L =1,2,...,n; is the measurable subsystem state
variable with %;, = [x;1,%;2,...,%;JT € R'. y; € R

denotes the control output vector. f; ((X;,) and g; (X; ) de-
pict the unknown functions, and A; (¥) is the interconnection
among N subsystems with ¥ = [y1,ya2,...,yn]T € RN.

For simplicity, the functions f; \ (X; ), ;. (X;,.) and A; ()
are abbreviated by f; ., g; , and A; ,, respectively.

Similar to [8], [13], the intermittent actuator faults contain
both the loss of effectiveness and the stuck faults, which are
modeled as below:

ul =l + O, te [T, h=1,2,...0 ()

where h denotes the number of faults, ;) € (0,1] is the
coefficient of the loss of effectiveness faults, and Cﬁ‘)k depicts
an unknown time-varying function in the hth faulty mode. It
is assumed that there exists an unknown positive constant Z?k
such that |C2k| < Z?k Up to m; — 1 controllers lie in faults,
and the others continue to operate.

Remark 2.1. The actuator of the ith subsystem mainly can
experiment with the following four cases: i) 11)?)1{ € (0,1) and
Cﬁ"k # 0 indicate that the ith subsystem has the loss of control
effectiveness and stuck faults at the same time; ii) ‘l’?,k €(0,1)
and Cz}'tk = 0 imply that it can only output a fraction of the
control input; iii) B = 1 and (', # 0 signify stuck faults
only; iv) P}, =1 and Cf') = 0 means the fault-free case.

Remark 2.2. The fault number h in [14], [28] is limited to
finite under a single occurrence time. In contrast to this, the
more general case is considered as Eq.(2), which indicates that
the actuator can be intermittently revert to normal operation,
or alternate intermittently between different fault modes. It is
applicable not only to the actuator faults with uniform interval
periods but to those with non-uniform interval periods.

In this article, the main control objective is to devise an
optimal FTC scheme, so that the subsystem output y; can fol-
low the reference signal y; 4, and the constraint requirements
are not violated (i.e., the state-variable x; , L = 1,2,..., 1,
satisfies the inequality —kLL < x;, < k' with the positive
constants k! , k')

To further achieve the purpose, a learning-based algorithm
with the asymmetric IBLF is employed to tackle the optimal
FTC problem for LSIS. Common assumptions and lemmas are
also needed to introduce as below.
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Assumption 2.1 [37]. There exist positive constants g, , and
g, satisfyg, < lgi,.| <8;, for the unknown functions g; ,.
However, the sign function of giﬁni is known, i.e., sign(gi‘,ni)
is known for k =1,2,...,m;.

Assumption 2.2 [6]-[8]. The interconnected items among
the subsystems consist of all the subsystem outputs (i.e., ¥),
which are formulated as A;  satisfy the inequality A, ] <
Sy Z, 193, 1|y1[* for a known constant gj  ; and a known
integer p = maXISLSN{pZ,L}

Assumption 2.3 [8], [37]. It is assumed that there exists the
upper bound y; ., such that the desired reference signal y; g
and its time-derivative fulfill the conditions —k,liyL < yia <
ki' and ygfc)l <yi forv=1,2,... 1

Remark 2.3. As a kind of typical LSIS, the form of Eq.(1)
can be found in several practical applications [14], [38], [39]. It
should be underlined that Assumptions 2.1-2.3 are the standard
and necessary requirements in the optimal FTC design during
the subsequent section.

Lemma 2.1 (Neural Network Approximation [7], [8]). For
an unknown continuous function h(x), there exists a neural
network W; TSy, (x) making the following relation holds:

h(x) = Wi Sh(x) + en, |en| < & (3)
where W} and Sy (x) depicts the ideal weight vector and the
basis function vector, and €}, denotes the approximation error.

Lemma 2.2 (Young’s inequality [4]). For any vectors X, y €
R", the following inequality holds:

n o
xy < ;\XP \X|b “4)

wheren>0,a>1,b>1and (a—1)(b—1)=1.

III. OpTIMAL FTC SCHEME DESIGN

In this section, the optimal virtual and actual control input
are exhibited, to follow the desired reference trajectory y; of
LSIS in Eq.(1) with asymmetric state-constraints by using the
asymmetric IBLF.

Owing to the high-dimensional characteristic of the overall
system, the design procedure has a hierarchical structure. As
is shown in Fig.1, the backstepping control technique is used
to derive the optimal virtual control inputs a7, _; and a7 ..
in each phase sequentially, and the optimal FTC input uj,
is derived by constructing an intermediate controller v;. The
proposed algorithm consists the following steps.

Before presenting the design procedure of the optimal fault-
tolerant controller, the transformation errors are defined as:

Zi1 = Xi1—Yid

_ Ak
Zih = Xih — & p_1 )
Ak

ai,ni—l

Zi,ni = Xi,m —
where éf 1> h=2,. —1 is the estimation of the virtual
optimized control 1nput aj,_q, and x; 5, is viewed as a;

Step i,1. As for the ﬁrst backsteppmg step, the assomated
objective function is selected as:
oo

Ji1(zi1) = min J (Mi 1

a; 1€V, 1

= JOO(MM

t

(1) + a7, (1))dT
‘ (©)
(1) + a3 (1)dv

T) (k; 1 +kj 0
where M; 1(T) = fg”( ) (it o 1k1 ki) =

ki}l +0,1+Yi.a and 1_{?,1 = ki'y —0i,1 —yi,a. The compact set
containing origin is denoted as ¥; 1 = {x;1 : _kin <xi1 <
ki, } with k;l and k}'; being the positive constants.

Remark 3.1. The proposed asymmetric IBLF extends the
application of symmetric IBLF when asymmetric state limita-
tion boundaries are considered, that is to say, the symmetric

2 .
IBLF M, (1) = [*) - Xa%l 451 in [30]-[36] is

0 k2, —(0i1—yi,a)?
a special case of M; 1(1). That is to say, if k! 1=k =k,
it has M; 1 (1) = 4M; 1 (1) accordingly.

The HIB equation of z; ;-subsystem that is correlative with
the Eq.(6) can be generated as below:

dO'Z"1 with 17{1371 =

* * * *
Hii(zi1,a7 1, d;, ) =J;, (gi1al, + i1+ Ay

. 2 (7
—Vid) + M1+ a1
a7 1 (zi,1) . OHia(zi,87 5,07 )
where J; | = (,;71 By resolving aar, L =0,
the optimal virtual control input a7, can be obtained as:
_Bil
SRS ®
where J; =g R

By decomposmg the term J into the following form:

I 2 2K¢,1zi,1+J;’,1(ci,1)+hi,1(ci,1)+2g;jwi,1d>i,1 )

where K; 1 > 0, ¢;1 = a (+;l+1k)(11.)1 z_“i ”) and J?1(Gin) =

—2K;12zi1 — h;1(G, 1)*28 Wi 1¢11+Jz71’ h; 1(Giq) =
251 — 22 1y5,.ani1/di +Zf’ 2257 qy 1 4|24,1|% /41 with
the input vector (;; = [xl,l,zz,l,yz,d7yi7d]T. (The detailed
forms of qy,1; and ;1 refer to the subsequent section).

In what follows, J¢ ;(C; 1) and h; 1 (G; 1) are abbreviated by
J; 1 and h; 1, respectively.

Since these functions are both unknown but continuous, two
independent neural networks would be utilized to approximate
these uncertain terms as:

T _
1= Wjiyls-]i,l + €Ji1o |€Ji,1| < €J;1 (102)

T _
hi,l = Wikli,lshi,l + €h; 1) |€hi,1| < €h; 1 (10b)

where W3 and W7 are the ideal weight vectors, Sy, , and
Sh, 1 indicate the basis function vectors, while €, N and €h; 1
stand for the approximation errors, respectively.

With this design, substituting the Eqs.(10a) and (10b) into
the Eqgs.(8) and (9), it derives that:

Ji  =2K; 121 +WJ7 Syia €

Zi,1
+ Wi'klj:jlshi,l + th‘ , + QEZ- 1Wi,1¢)i,1 (11a)
aj; = —Ki1zi1 — Wj Sy — 260

1
- 7Wh1 1Sh1:‘1 — 5¢h; 1

5 —g;fwi,1¢i,1 (11b)

Note that J} ., and a7, are still unavailable due to the fact
that W3 and Wh are unknown only for analysis purpose.
Hence, the followmg critic-actor-identifier learning technique
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Step 7,1
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Make the errors
2,1, Wi, , Wi , W, =0

Make the errors

2, Wy, , Wy, ,Wa,, >0

Make the errors z, , ,\37:;_“‘ s
W W.. L7, =0

m

_The actor we1ght The critic evalution Lo~ o~ =
J/Y.:d W 1, to estimate a; WJ to improve 4, - > Train Wi, , Wy, and Wi,
Tl}e ith large—sc;lle Step i, _The actor weight The critic evalution = = A
L et Wy, to estimate a;, Wi, to improve 4; Train Wy, , Wy, and W,
system g L 7
J/ M Step i,n; | The actor weight The critic evalutlon Train Wy, , Wy,
Wy, to estimate v, Wi 5, to improve ¥ W am e
Interconnections 27
L Design the optimized J

actual control u;,

Fig. 1. The block diagram of the proposed learning-based optimal FTC design.

is implemented to separately evaluate the cost performance in-
dex, the control behavior and the unknown dynamic function:

T 1T
Jzi’I =2K; 121 + WngsJi,I

+ Walshi,l + 257:11\’\71',1491',1 (12a)
53,1 = —-K;1zi1 — %VAV}%’ISJM

- %Wa,lshi,l - g;llwi,ld)i,l (12b)

1 =W Sk, (12¢)

where W J< W 2, and VAVhi,1 separately denote the estimated
critic, actor and identifier neural weight vectors.

The training laws of the above-mentioned neural weight
vectors are given as:

WJE,l = _7\;':,1SJ1~,1WJ?1 (13a)
Wis, = —A3185,, Was |+ Ay, Wi, (13b)
V;Vh,-,l = Ti,l(%dn,lshi,l — A Wh,,) (13c)
where Sy, , = Sj,,S7 . Ti1 stands for a positive-definite

matrix, )\Z 1- Af 1 and ?\ﬁl are positive constants to be designed
later with A; 1 = A2 — XS,

Remark 3.2. The optimal virtual control input &7 ; is decom-
posed into a model-based part —K; 1z; 1 — g;lle ¢i1 and a
learning part — WJa Sy, — 1WT Sh; ,» by means of the
asymmetric IBLF and the neural networks For the learning
part, the identifier training law is selected in conformity to the
stability analysis, while the critic and actor training laws are
chosen by the gradient-descent method as in [23], [40].

Remark 3.3. The existing results in [41], [42] need the per-
sistent excitation (PE) condition to stabilize the system. In con-
trast, we illustrate that the Bellman residual error tends to zero
regardless of the PE condition. This can also be verified by
defining a function E; = Tr{(VAVJ:1 _WJE‘I)T(W‘]?J —VAVJEJ)}.

Hi‘l(zi,lgai,l»‘]ziyl)

It can be verified that E; = 0 and T = 0 are
I
. . IE;, IE;, __ X X
equivalent. Since aWJa = _anc = 2(WJ?,1 - WJ?J), the
time-derivative of E; can be calcuIated as:
. JoE; = JE;, =
E;=Tr — Wia + %WJC
K J?"l o ! (14)
JE;
= Z L T { l 1 2 : } S 0
2 6WT1 T OW J2

which implies that the learning laws of Egs.(13a) and (13b)
can ensure the satisfaction of (14), and the Bellman residual
error can approach to zero independently of the PE condition.

Remark 3.4. The main advantages for the designed critic and
actor training laws are: 1) it simplifies the design procedure in
comparison to the existing optimal methods in [41], [42]; 2) it
can reduce the computational complexity due to the unknown
functions f; 1(X; 1) and A, 1(¥); 3) it enables to remove the
PE condition commonly required in the optimal control.

Step ¢, . Similarly, the optimal function interrelated with
the subsystem dynamic has the form as:

Viploin) = min | (M%) + a2 (r))de
a; n€¥; n Ji (15)

(1) + af}(0)dr

- L (Min

where M, 5 (1) = fgi’ﬁ(T) %dﬁm, U, n(Q%) =

{Xz Bt _kz n < Xin < ki } with kz h= ki,h,‘k‘fi,h‘*‘é;m—p
z,h - kz,h Oi,n — z,hifl and kz,h’ kz,h > 0.
Then, the HIB equation is yielded as:

H’iah<ziﬁ7 z hs J ) J* (gi,haz,h + fi,h + Az,h (16)
ai,hq) +M,; 5+ af?h
where J} 76”]132(2; n)

Slmllar t0 the aforementioned step, settle with the condition
aHi,h(zi hs :FL?J; h) . . .
Ja7 = 0 to achieve the optimal virtual control

input a7 , that yields to:

2, * 1**
al, = —° th7 - *§J¢,h(zi,h) a7

)

and the term JZ +(zi.1) is disintegrated as:

T n(zin) 2 2K nzin + 5
+ Qg;

w(Cin) + i v (Gig)

_ (18)
w (Win®in + 8 no12indin—1/din)

(ki Ky 1) 20,0

where K j, is a positive constant, ¢; 5 =

_ (k;h‘kxi,ﬁ)(k;h*xi,h)'
B n(Cin) = Jin(zin) 2K nZin h; 5 (Cin)
2 (Win®in + Bipo1Pin-1/Pin) hin(Gn) =
265 — 2258 1 Min/ din + Z;’:l 25 gy 4 % /din

. . Ak Ak T
with (; p = [Xi,hazi,lvzi,mai’h_lvaiﬁ_l} .



Page 5 of 31

oNOYTULT D WN =

By substituting the above Eqs.(17) and (18), we have the
following critic-actor-identifier architecture:

Jin = 2Kinzin + Wi Sy, + Wi, Sn,,,
+ 255,1 (Wi,n®in + gz‘,hﬂzi,hd)i n-1/$in)  (192)

1.4
ko T VVT
A p = 5 vV JSYE,SJi,n - h; ﬁsh’L h

— g:é (Wi ndin+ giyhflzi,hd)i,h—l/q)i,h) (19b)
hin =Wy, , S, (19)

where WJ;E, VAVJ% and Wh
vectors, respectively.

The training laws of the critic, actor and identifier networks
weights are constructed as:

—Ki nzin —

, » represent the networks weight

WJ?.n = _)\zc'ﬁSJi,hWJ;h (20a)
vVJih::"AithLh\Vdjh +'thSJLh\Vj?h (20b)
4 1 R

Wh,.,,h — Ti,h(icbhi,hshm — A Wi, ) (20¢c)

where Sy, , =Sy, ST, . A{ 4, A2, and A, denote designed
parameters with A; = A =AY, and Yy, is a positive-
definite matrix with appropriate dimension.

Step i, n;. According to Eq.(5), the following tracking error
dynamics can be acquired in the presence of the actuator fault:

m;
zi’ni = Zk 1 gz n; (wz kWi k + Cz k)
+Vz+fzn1 +Azn1 - :nl—l

where v; is an intermediate controller to be designed

Now, we denote s; = 1nft>0{zk | lek nl|z/1 W i =1/s;
and 71; = supy>o{d pe 85y, 'y} Which will be estimated
by the designed updating laws.

Subsequently, the form of the optimal performance index
function is obtained as:

(9]
Von(Bin) = iy | (Mo (1) + v
1021 “ng Jt (22)
| (0 + v

t

21

1 u 2
. 2, (T) (Kin, K5 5,) 0im, s 11
with Mi,Ili (T) =Jo Wdo—i’ni with ki,ni =
1 A% l.u _ b u ‘ . A ¥
k + Oin, + az n;—1° kz n; k — Oin; — ai,nifl’
! n;» Koy, are known positive constants
Thus, the HIJB equation becomes:

* _ * . . _ *
Hi n, (Zi,nanle . ) J g (fz n, + i, —V;

+Z gzm zkuik—’_('h ) (23)
+vi—a zn—1)+Man+V

and

szni (z,;y,,i) H’L,I\i (zz,ni sV 7J:i,ni)

where J; = = Oz, . By solving P
0, it derives that v} = 1J; ’
To achieve the optlmal FTC the term J;  will be decou-

pled into:
Taons = 2KinZim, +J7 4, (Ging) +hin, (Cin,)
+ 2W; n, Gin, + 271 tanh(d; p, /€5)
+28; 0, —1Zin, Pin,—1/Pin, (24)

5
(le n; kt‘]\ ) zl.l’l‘
) ) _ i i
where Kin, > 0, din, = @@ 1+xz,nq)(k7,ni S
o
Jz,ni(ciﬂli) = ‘];7 . 2K; n;Zin; — h; n; (CL n; )

27-(1' tanh(d)i,ni/a ) ng nl_lzz n; d)z nl—l/d)z n; 2Wz n; d)z n;»
(Cz n; ) = 2fz n; 2Zz7n1 z7ni_1nz,nz/¢z,n, +
22”_1(311 n;,i|%q, 1| /d)z n; with Ci,ni =
[Xl n;s%i,1,%q l’lz7az n;—1» a:n,,—l]T‘

Similar to the previous steps, the learning method is carried
out in the following to obtain the required control. The critic,
actor and identifier neural networks and their’s updating laws
are separately designed as below:

i = 2Kin Zim, + Wi St Wi, .
+ 2w 0, Gin, + 27 tanh(cbimi/ei)
+28; 0, —12i, nld)i ni—1/®in, (25a)

P =Ky Zin; + WJL SJl 0

+ WZ’"'id)lvn’t + us tanh(d)l,ni/az)

Sh; .,
2T

+ Wh Sh

i,my

+ 8in,—1Zim; Pin;—1/Pin; (25b)
hin, = Wy, , Sn,.., (25¢)

and
WJ;W = A5 0, S0, WJf (26a)
WJ;M = A, SJ; wWar F Nin Sy, Wae - (26b)
Wi, = znz< BinSnin, = A, Wi, (26¢)

where Sy, =Sy, .. S}L_’ WJC . Wiz and Wy, indi-
A2, and A{ | are the
and Y, ,, is a

cate the neural network Welghts )\Z o
designed constants with A;,,, = 7\311& — ?\f ;e
positive-definite matrix.

Furthermore, the optimized actual control input is:

27)

SH282
. k V. or; (bim,
ujy = —sign(g;iy,) \/ —

2 ox23242
€1 TV,

where €;1 > 0. Also, the updating laws of the two unknown
parameters r;, 7T; are given as:

. — Tz 1(‘1)7, nl i — € 21'1) (2821)
i = Yio(Pin, tanh(d; n, /€;) — 61,37%1') (28b)

where €;5 > 0, €;3 > 0, and Y, 1, T; 2 denote the positive-
definite matrices.

Remark 3.5. The proposed design algorithm includes the
following procedures: 1) the formulated system controlled by
optimizing the virtual input in each n; — 1 dimension and the
actual input in the n; dimension with asymmetric constraints;
2) the critic-actor-identifier framework is used to approximate
the control policy, the value index and the nonlinear function,
respectively; 3) with the defined condition for the principle
of Bellman optimality, the actor/critic/identifier training laws
are designed in accordance with the stability analysis; 4) by
iterative updating the neural networks, the HIB equation and
the optimality are finally satisfied.
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IV. STABILITY ANALYSIS

At this stage, the optimal FTC approach is realized for
system (1) with state-constraints, that the boundedness of the
signal is guaranteed in the sense of asymmetric IBLF, and the
system output can track the desired signal well.

Theorem 4.1. Consider the LSIS with intermittent actuator
faults (1). With the critic-actor-identifier framework (13), (20)
and (26), the virtual control inputs (12b), (19b) and the actual
control input (27) can be optimized to satisfy the principle of
Bellman optimality in each step.

Proof: In accordance with the aforementioned control de-
sign, the stability analysis is also divided into three steps.

Step ¢.1. Construct the integral-type Lyapunov functional
candidate for the z; ;-subsystem as below:

zin (kb +kP)?0; 1.~ -
Vi1 = J (l’l—l#do't 1+ *W}; Wje
k; (kY 2 i et
0 i,17,1 (29)
g = 1.~ i
+ §W}%1WJ?1 + iwgi,lfri,llwhiyl

where WJC = WJC — le 1 WJ?l = VAVJ?I — le N and
Wh, 2= th 1 Wh depict the networks Weights errors.

Accordlng to the cond1t1on Zj2 = X;2—a; 71, the derivative
of V;; along with time is:

1=Gi(gin(zia+a; )+ + A1 —Via)
+ Via(bi1 —
+WJa WJa +Wh IT Wh11

z;1Mi1) + W:]FC VAVJﬁ1 (30)

K} 1+k1 1 (ki,1+xi,1)(k§‘,1*y7’,,d)
(kil,l—xi,l)(kli,1+Yi,d) '
From the Assumptlon 2.2 and the Lemma 2.2, one has:

Cbz 1A11 > 4 11"’2 +|yi,d|25) (31)

where qy,1,; = Np Zl 1 qz,l,l ]
Substituting a; ; in Eq. (12b) into V, 1, it becomes:

where 1; 1 =

ql,l,z IZz 1|

Vip < -8, Kiihinzin +8;1$i12i2 + @i
1 8i1
_(Wz’,l_i_ 4 ) i,1
a c mln
(2

7\‘,1 gzl 4,178, 1 X
—( 5 )( SJH) — — W e Wi,

C min
AS1Ag d

AS
_ Si1 W N W 7,1
2 J ‘] 2AIII&X

a

c )\1 T
AR R =) (W3 S..)°

Wh L, (32

1 — : 3 P
where @;; = Zeﬁm + 3P, 22bq1,1,i|yi7d|25‘ + (A +
AT OAEPWIT WS /2 4+ N WRT Wi /2. A8 and A
depict the minimal and maximal eigenvalues of Sy, , and T 11
K +k ;
Note that there is le ! %dm 1 < &;.12;,1 holds

in [43], it implies that if we select the constants A% 1 and w; 1
satisfy the following conditions:

. gi1 1 81
Apy > 7 Wit > 5 jl (33)
then V,1 can be rewritten as:
Vi1 < K1 Vi1 + @i + 8i1$i1zi2 (34)
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with K; 1 = mln{g i A 17\m1“/2,?\fl/2)\m“}
Step ¢.h. Slmllarly, the Lyapunov functional has the form:

ih k’L ; + k’L Gi,h
1E*ZV1K+J‘ %dciﬁ
G 39
- 1.~ —143
+ fWJTg Wngh + §WJT37HWJ?,;L + QWEz hT17%Whi’h
where WJC

Wh1 0 Wh
After several s1mp1e calculations, Vl » can turn into:

X * X _ X . *
= WJC — W‘]i,h’ WJ?JL = WJ;h — WJi,ﬁ and
W* .» Tepresent networks weights errors.

ih

h—1
Vin <Y Vi - 8, 1 Kindinzin +8inPinini
k=1
AS hAmm }\d
i, ik x i,h x/T —1yX
W Wt~ g Wi T W,
in ‘Sn”; - 1 8n, o
_ 5 W E;FLWJ? (Wlﬁ 5 - 4 )d)i,h
_ o Nnyd
—8in_1Pin—1zin — (A5 — 2 )(WJT;;LSJM)Q
Al h o Biny r
— (5 = Wi, 80,)% + @i (36)

where @5 = 1€p , + Yoo_ 225q1,h,i|}’i,d|2s + (Ar, +
Af,h)NSnaXW " W3, r/2 + A hW Wflr/z and qup,;
Np Z{il q?’ ﬁ,1~_}‘g2: and )\ma’; are the minimal and maximal
eigenvalues of S; 5 and T_

Zi.h kb -‘rkb Oi.h
From [ %doi n < ®&inzin and we make

kl k"
the constants A? b and wi 5 satisfy
Nep>8in/2 Win > 1/2+8,;,/4 (37)
then we have the following inequality:
h—1
Vin € —KinVin+ Y @i+ @in+ 8 pPinzingt (38)
k=1
where Ri,h = min{I_(i,l, ‘e 7Ki7h—1’gi hKl Ry N h)\nnn/Q

AY, JoAmax
i,h Yin
Step i, 1n;. Select the Lyapunov function candidate as:

n;—1 Zi n. u )
. o (kz n; + kz nl) Oin;
Vin, = E Vig + doi n,
k=1
1

0 kl ku

4,0, 1,0,

—_

+ ff'»Tsf_f;ffi + 57‘?T1 27 + WJ? oy Wngni
T_l Wh (39)

1 - -

T

+ §WJ?,ni W‘]?,n + Whl -
where r; = 1, —r; and 71; = 7t; —

errors of r; and 7t;. In addition, WJC
WJ1 = WJE} - WJ* . and Wh

the networks Iv&]/elghts errors.
As shown in references [8], [13], the following inequalities

are verified in the derivative of V; ,,, along with time:

7; denote the approximation
= Wue,, — Wi,
= Wh — Wp+ are

i,ng ing ing

m;
k h ~ N
Pin; Zgi,ni ik < 8i€i1 — 8Ty n, vy (40a)

|Pim,| — Bin, tanh(d; , /ei) < 0.2785¢; (40b)
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Substituting the Egs.(28a) and (28b) into the inequality
(39), there is:

n;—1 c min

. . i,n;”'S, ~ ~
S nL woT
Vi,nj < Vi,? - Ki,nid)i,ni - —— WJ(; WJS )
2 iong i,n
g i
k=1
¢ Alnin d
LTSin; 5T R in; 5T —1
- 9 WJ?,HZ. WJ?,ni }\max hin, Ti,nz‘whivnt

)\?n- 3

€;28; -
2 4,291 “TA~—1=
n; SJi,ni) - 2)\1%134)( r; i,lrz

a

A2 g .. A €3 =
_ (Dt Bimi T g )2 2 _mTYy-lg,
( 9 4 )( T2, J’L,ni) 2)\max 17,2

12
1 7,
o R (D)

where )\gl_m is the minimal eigenvalue of S;,,,, and 7\““”1‘

i,n

AZaX and AW@X  present the maximal eigenvalues of Y,
Yo wani 7, 1

1 —1 1=
T 02 and T . Win;, = 162“‘ +Z 22 AQln,;,ilYi, d| s

0.2785¢;m; + sleZ 1+ €iosir; rz/2 + €, 37‘[ T /2 4+ (A2
Aini))\maij’}‘nvwh nv/2 + }\d W*T

- (Wi,ni -

7,0, +
S W4, /2, which can
be bounded by a positive constant.

Moreover, if we select the constants satisfy the conditions:
Aan —g7n/2 W111L21/2+gzll/4 (42)

and V; ,,, can be derived as:

l‘lri—].

Vi,ni S *Ki,nivi,nl + Z (D’i,K + @i,n, (43)

k=1

= . = - €,28 €i,3
where Ki n; — mln{Ku, e ,Kj,,ni_h Ki,n“ 2}1‘?6; s 2}\,;,3,( .
Ti1

Yo
d c min
Aih Ain; s

i,n,

AR 3

Therefore, it can be easily concluded that the transformation
errors z; ., the estimated parameter errors W I, W 3 Wh
with « = 1,2,...,n;, and 1;, 7; of the ith subsystem are
uniformly ultimately bounded, which completes the proof. l

Remark 4.1. It is noteworthy that the stability of the whole
system was not analyzed in the above discussions, that is, the
transformation and approximation errors of each subsystem
remain in the corresponding compact sets under the optimal
FTC algorithm. This implies that the proposed algorithm can
also stabilize the LSIS with N subsystems.

Remark 4.2. In [27]-[29], it needs to compute the constraint
bounds on the error variables z; .. Therefore, it is essential to
know the bounds of the virtual controllers. From the Egs.(29),
(35) and (39), it can be concluded that the constraint bounds
are directly utilized in the control design. In this paper, this
conservatism can be solved.

Remark 4.3. From (43), it is known that larger K;, and
smaller @; , can achieve an exceptional system performance,
i.e., one can increase the value of K; . and decrease the values
of €1, Ti7l, Ti72’ éhi,l’ Ti}L, L= 1, 2, S 1 P Nevertheless,
over-adjusting these values may lead to an excessive control
input magnitude. Hence, the tuning procedure may require a
tradeoff between the achievement of the system performance
and the input characteristic.

V. SIMULATION RESULTS

Further, the practical LSIS are implemented to demonstrate
the effectiveness of the learning-based optimized fault-tolerant
controller.

Example 4.1 [38]. In this work, an electrical power system
composed of two-machine subsystems is investigated as below

}'(1‘71 = X2, 1= 1, 2 (44&)
. . Dl 1 2 F 2 EiEjYi,j

Xi2 = _Ml Xi2 + — M, Zk 1 u; + ijl M,

X (cos(é?ﬂj —0;,;) —cos(x;1 — X1 + 6?’3- —0,;)) (44b)

where x; 1 and x; 2 denote the absolute rotor angle and the
angular velocity of the ith machine. M;, D; and E; separately
represent the inertia coefficient, the damping coefficient and
the internal voltage. Also, Y ;, 61 g and 0; ; are the constants
depending on the topology, the physical properties of the
network and the loads (admittance matrix) between the 7th and
jth machine. The values of these parameters are M; = 1.03,
My = 1.25, D1 = 0.8, Dy = 1.2, E; = 1.017, E5 = 1.005,
Y,; = 198 &Y, = 1.2, 6871 = —-12, 0,2 = 1.5 and
021 = —1.5, respectively.

Due to the prolonged high-speed rotation in the electrical
power system and the harsh, remote environment, the motors
are susceptible to an infinite number of actuator faults. Hence,
the intermittent actuator faults are more common in this type of
system. The intermittent actuator faults are assumed as ulfk =
0.2u; x + 1 and qu = 0.3ugx + 1.5 when t € [hT*, (h +

1)T*), for h =1,3,5,..., and T* = 4s.

The critic, actor and 1dentiﬁer neural networks for Eqs.(13),
(20) and (26) are to have 60 neurons, and the centers of
the receptive fields are in -5 to 5. The critic and actor
updating laws are with the parameters A7 = 20, A? = 10,
t = 1,2, and the initial values of the network weights are
set as W}:l(O) = W]71(0) = 0~5IG()*1 and W];Q(O) =
W‘]?2(0) = 0.4Igo«1. The identifier updating law is with
the design parameters 7\‘3L = 0.1 and T, , = Igox60 With
I being the identity matrix, and the initial values of the
network weight is Whi,l (0) = 0.5I6041, Whi,z (0) = 0.4I041-
The optimized fault-tolerant controller is with the designed
parameters w; = 1 and K; , = 15.

Under the zero initial conditions, the simulation results are
exhibited in Fig.2-7, the trajectory of the output-variable y;
and the tracking reference signal y; q are depicted in Fig.2.
As illustrated before, both output-variables are under control
during the whole learning period and approach the reference
signals stay within the predefined constraint boundary in the
presence of faults. Fig.3 displays the boundedness of critic, ac-
tor and identifier neural network weights of two backstepping
steps, i.e., the boundedness of HW]; s A g2 || and [Wh, ,
Fig.4 shows the boundedness of actuator control input u;
and actuator control output uf’k. It can be determined that the
designed FTC method can achieve the desired objectives. To
further verify the effectiveness of the proposed FTC scheme,
we utilize Eq.(25b) without using (27) and (28) to control
system (1). In the simulation, the initial conditions of variables
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and parameters are selected similar to the above case. From
Fig.5, it is clear that the subsystems are unstable.

2 . .
N, ™, ) faY -
1 "\, A I\ {3 A A !
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2 . . . . . . .
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Fig. 2. Tracking trajectories of y; and y; 4.
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Fig. 3. The critic, actor and identifier neural network weight norms for Steps
1 and 2.
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Fig. 4. Trajectories of control input u; 1 and control output uik.
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Fig. 5. Tracking trajectory result of y; without FTC.

Finally, here, the control performance of the asymmetric
IBLF (the blue line), the tangent BLF in [27] (yiT and zZl,
the red line) and the logarithmic BLF in [29] (y} and z},
the yellow line) are displayed in Fig.6, i.e., (al)-(a2) are
tracking trajectories, and (b1)-(b2) are tracking errors. These
three types BLFs have seen similar performance in the tracking
control, however, the output-variable with the proposed IBLF
is closer to the actual trajectories than the others due to its
smaller tracking error. Through the selected mean square error
performance criteria MSE = (1/T) ZtTZO(yl- (t) —yia(t)?, it
is possible to verify the well tracking performance and less
conservative features of the proposed algorithm. Additionally,
Fig.7 shows the comparative results of the tracking perfor-
mance between the proposed algorithm and the algorithm with
no optimization (z?fl, the red line), also, the MSE results of
the proposed algorithm illustrate its efficiency than the one
with no optimization.

0.6

———~MSE,,,=0.0030
) , os -+ MSE,;r =0.0050
A A A R A ' MSE,. =0.0120
A : IR ’A‘ N %
LAV e
RVRVAVAVARAY ‘zm .‘.,\
1 L 1 EIE i
AT ERTER AR v i 0’ N7 \/i
V oy vy v Y
-2 -0.2
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time(s) (al) Time(s) (b1)
3 06 ===~ MSE,,, =0.0034
, —-ee MSE,1 =0.0058
0.4
MSEZL =0.0161
ta A AAR 02
AR AARAN R '
IEEANA RN
o%gﬁj‘zi”%f;f{kg‘.f%;’ r'\,'\" ﬂ' ¥
;;;;g;z“sv;g;v .J'%,-‘ Y \1
JV VYV VY VY &
-0.2
0 5 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40

Time(s) (a2) Time(s) (b2)

Fig. 6. The comparative tracking trajectories and the tracking errors of the
asymmetric IBLF (the blue line), the tangent BLF in [27] (y; and z}?l, the

red line) and the logarithmic BLF in [29] (le.‘ and Z%,p the yellow line).

Example 4.2 [39]. Consider the thigh and knee motions of a
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Fig. 7. The comparative tracking errors of the proposed algorithm and the
algorithm with no optimization (z%, the red line).

walking robot composed by three interconnected subsystems:

1 =0.1(1—5.2562 )& — E1e + Z ui (45a)
2 =0.01(1 — 6070832, )és — 4&n0 + 0.0575151
2 . .
+ ub+0.1(E &)
€3 =0.01(1 — 19282 )& — 4&3, + 0.057&, &,
2 F . .
Y w018 — &) (45¢)

where &; is the relative angle between two thighs, &> and
&3 depict the right and left knee angles, respectively. &;, =
& —&;.q with &; g being the reference trajectory for i = 1,2, 3.
The control objective is to devise the optimal fault-tolerant
controller u7, such that the system output y; can track the
signals &; g = 0.1sin(t) + 0.3sin(2t), &9 = 0.2sin(t) +
0.35 bln(1.5t) and &3 q = 0.15sin(2t) 4 0.25sin(2.5t).

For this simulation, the faulty actuator model is selected
as u?k = 0.2u;x + 1.3, u2k = 0.3ug + 1.25 and usk =
0.25ug x+1.2 when t € [hT* (h+1)T*), forh =1,3,5,.
and T* = 5s, which implies that the actuator works normally
every 5s, and then encounters partial loss of effectiveness and
stuck faults every Ss for the next 5s. In addition, the design
parameters of the optimal FTC are chosen as kLL =—-4,k} =
5 Kio =20, w;, = 1, A{ = 10, A} = 15, )\?)L = 0.1,

=0.1, €iL = 1, Tz 1= 0 1 TZQ =0.1, Ti,L = I10410 With
I being the identity matrix and = 1,2, 3.

Under the initial weight conditions of WJ;[(O) = Lio«1,
VAVJ?l(O) = 0.8110%1, Whi_l(O) = 0.5I1041, and the others
are zero, the tracking control performance of the proposed
optimal control algorithm is shown in Fig.8. The 2-norm of the
network weights for critic, actor and identifier are presented
in Fig.9. Fig.10 displays the trajectory of the actuator input
u; 1 and output ufyk. Fig.11 further demonstrates that all the
signals in the closed-loop system are not bound without FTC.
From these graphs, it can be concluded that the optimized
fault-tolerant controller can meet the control objective even if
the fault occurs between 5-10s, 15-20s and 25-30s.

(45b)

To further illustrate the superiority of the proposed optimal
FTC approach, as depicted in Fig.12, the control input under
the IBLF (the blue line), the tangent BLF in [27] (yiT and zgl,
the red line) and the logarithmic BLF in [29] (y} and z{f_l, the
yellow line) are compared. Furthermore, the tracking control
performance of the learning-based algorithm is compared with
the algorithm with no optimization (zgl, the red line) in Fig.4,
and the MSE results also highlight its optimality with respect
to the one with no optimization.
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Fig. 8. Tracking trajectory results of y; and y; q.
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Fig. 9. The critic, actor and identifier neural network weight norms for Steps
1 and 2.

VI. CONCLUSION

This article introduced an optimized FTC strategy for the
constrained LSIS via learning algorithm. By decomposing the
learning process into the critic, the actor and the identifier net-
works to be estimated, the associated IBLF was incorporated
into the decentralized backstepping control method to con-
strain the state-variables staying within an asymmetric region.
On this basis, the restriction of converting state-constraints
into error-constraints under the logarithmic and tangent BLFs
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Fig. 11. Tracking trajectory result of y; without FTC.
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Fig. 12. The comparative tracking trajectories and the tracking errors of the
asymmetric IBLF (the blue line), the tangent BLF in [27] (y;F and z;Fl, the

red line) and the logarithmic BLF in [29] (yZL and zﬁl, the yellow line).

was relaxed. Considering the problem of intermittent actuator
faults, the optimal controller derived from learning algorithm
and the fault-tolerant controller were isolated by an interme-
diate controller. At the same time, the tracking errors were
demonstrated to converge to a small neighborhood around the
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Fig. 13.  The comparative tracking errors of the proposed algorithm and the
algorithm with no optimization (zyl, the red line).

zero. Finally, comparative results shown the effectiveness and
superiority of the proposed method.

Here, the passive optimal FTC was investigated. Further, we
will concentrate on the optimal active FTC case in the LSIS.
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Authors’ response to the Reviewers’ comments on Paper Ref
No. SMCA-23-09-2616

Qingyi Liu, Ke Zhang, Bin Jiang and Silvio Simani

April 29, 2024

The authors wish to thank the editor and the anonymous reviewers for their helpful comments and sugges-
tions, which are invaluable for significant improvement of the readability and quality of the manuscript.
We have considered these comments and suggestions carefully, and have revised the paper accordingly.
Based on the reviewers comments, the article has been modified and further details have been added to
it, including the followings:

1. Rewriting, rearranging, improving, and editing the INTRODUCTION section of the paper.

2. In the section SIMULATION RESULTS, some comparison results with those of the previous re-
searches in this field have been added to illustrate the effectiveness of theoretical results.

3. Revising, improving the controller presentation, and adding a block diagram and some related expla-
nations in the OPTIMAL FTC SCHEME DESIGN and STABILITY ANALYSIS sections, to
illustrate the differences and novelties of design procedures clearly.

4. The symmetric integral barrier Lyapunov function in our previous manuscript has been extended to
an asymmetric integral barrier Lyapunov function, and some corresponding sections have been modified.
5. Modifying the CONCLUSION section and adding the future work in this section.

6. Some expression and grammar errors are corrected to improve the quality of language in our paper.
7. A number of relevant references have been rearranged to improve the background, such as main
motivations, contributions, simulation results and so on.

Furthermore, with thanks for the constructive comments of the editor and respected reviewers, the authors
have tried to incorporate the comments in the revision and respond to the questions in order to improve
the articles quality, clarity and presentation as follows:

1. Response to Associate Editor

First of all, we would like to thank you for your helpful comments and suggestions on our manuscript,
and some responses of your comments are given as follows.

Comment 1: This manuscript has been evaluated by four reviewers who have unanimously provided
positive evaluations. However, the reviewers also raised some issues, particularly regarding the richness
of the introduction and background, the presentation of technical content, the validity of the simulation
experiments, and language-related aspects. Based on the reviewers’ comments, it is clear that the paper
is not ready for publication. I suggest the authors study these comments carefully and then enhance the
quality of the paper sufficiently.

Re:

Thanks for the beneficial suggestion of the respectable associate editor. The optimal fault-tolerant control
problem has been investigated for a large-scale interconnected system with both intermittent loss of
effectiveness and stuck faults, on the basis of a critic-actor-identifier architecture. From which, the actor
is utilized to implement control actions, the critic is utilized to evaluate these actions from the environment
and to return the evaluations to the actor so that the subsequent actions can be well, and the identifier is
utilized to approximate the unknown dynamics. In the last round review, the reviewers mainly concentrate
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on the problems including the background, the presentation of some sections, the comparative simulations,
the quality of language, among others. For these major concerns of the reviewers about these problems,
we have given the corresponding responses to these concerns and indicated in blue in the revised version.
For the concerning of the richness of the introduction and background, the INTRODUCTION and
REFERENCES sections have been entirely rewritten in the revised version, at the same time, we have
tried to enhance and clarify the presentation of the original ideas, main features and objectives of this
paper. Also, some brief explanations of optimal fault-tolerant control, barrier Lyapunov function and
related recent references have been added to rich the introduction and background. In comparison with
some previous literature, there are mainly three theoretical contributions and differences in our paper,
which can be summarized in the following: 1) An asymmetric IBLF is incorporated into each backstepping
step to maintain the state-variables in an asymmetric constrained region. This function can enable full
state-constraints during the learning process directly, and avoid the complex tracking error-constraints
conversion inherent in the conventional BLFs [27]-[29]; 2) The principle of Bellman optimality is exploited
under a critic-actor-identifier architecture to achieve the optimal FTC. Different from the existing FTC
schemes in [18], [21] and [22], the proposed strategy is free of exact knowledge of unknown dynamic that
is estimated by identifier network; 3) In comparison with other FTC schemes in [14], [28], which only deal
with a finite of actuator faults, the intermittent faults are studied here, and the optimal controller derived
by actor network and the fault-tolerant controller are isolated by creating an intermediate controller. To
better justification of the novelty over the existing ones, we have added some correlative explanations
in this part (see the Remark 3.4 on page 4 and Remark 4.2 on page 7) and the comparative results of
tracking control performance have been depicted in the SIMULATION RESULTS section.

Remark 3.4. The main advantages for the designed critic and actor training laws are: 1) it simplifies
the design procedure in comparison to the existing optimal methods in [41], [42]; 2) it can reduce the
computational complexity due to the unknown functions f; 1(X;1) and A, 1(¥); 3) it enables to remove
the PE condition commonly required in the optimal control.

Remark 4.2. In [27]-[29], it needs to compute the constraint bounds on the error variables z; . Therefore,
it is essential to know the bounds of the virtual controllers. From the Eqs.(29), (35) and (39), it can be
concluded that the constraint bounds are directly utilized in the control design. In this paper, this
conservatism can be solved.

For the presentation of technical content, some formulas have been corrected in terms of typography,
integrity and plausibility, and the authors have tried to explain them more precisely and completely in
the revised manuscript. Furthermore, all the formulas have been corrected with the unified punctuation
marks, such as the colons, parentheses and magnitudes. In order to present the optimal fault-tolerant
control design procedure clearly, another section is added to illustrate the procedure clearly. That is,
the optimized virtual controller, the optimized actual controller and the learning laws of network weights
for the backstepping steps are presented in the section III, while the stability analysis for these three
backstepping steps is shown in the section IV. Also, the numbers of the equations in these two sections
are reduced correspondingly. Owing to the Step 7,1 and Step i, & have some similarities in the control design
and stability analysis, several formulas are omitted in the Step ¢, 2. Moreover, a brief block diagram of the
proposed optimal fault-tolerant control scheme and some explanations of design procedure are added to
exhibit the design procedures and the methodology clearer, see the Fig.1 (i.e., the figure 1 in the response)
and Remark 3.5 in the revised article.

Step 7,1 X B -
’"J The actor weight The critic evalution LS = Construct the Make the errors
lyhd Wy, to estimate a;, Wi, to improve &, Train W, W, and Wi, IBLFV,, 2,1, Wi, Wi, Wiy, =0
The ith large-scale Step i, [ p, : g .
X ’ e actor weight The critic evalution = = = Construct the Make the errors
interconnected Wy, to estimate a;, Wi, to improve 4; [ [Train W, , W, and Wi, “[BLF Via 20 W, Wi, Wi, 50
system C c 2 . .
\L Y Step i,n; The actor Weight . The criti? evalutiog Train \?’wa ,\’i’i,’", > Construct the 5 Make thejITOTS 2, Wi, s
Wi, to estimate v, Wy, to improve v, W and 7 IBLF V, Wi, ,Wa,, .7 —0

Interconnections
L Design the optimized j

actual control u;

Figure 1: The block diagram of the proposed learning-based optimal FTC design.

Remark 3.5 The proposed design algorithm includes the following procedures: 1) the formulated system
controlled by optimizing the virtual input in each n; — 1 dimension and the actual input in the n; dimension
with asymmetric constraints; 2) the critic-actor-identifier framework is used to approximate the control
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policy, the value index and the nonlinear function, respectively; 3) with the defined condition for the
principle of Bellman optimality, the actor/critic/identifier training laws are designed in accordance with
the stability analysis; 4) by iterative updating the neural networks, the HJB equation and the optimality
are finally satisfied.

For the validity of the simulation experiments, some additional figures (including the tracking control
performance with no fault-tolerant control, the control input and the approximated network weights) and
comparative results have been shown correspondingly. The tracking performance of the faulty system
without the fault-tolerant control has been added to accomplish the same control objective, see the Fig.5
on page 8 and Fig.11 on page 10 (i.e., the figure 2 in the response). From which, it can be observed that
the system output cannot track the reference trajectory, and the tracking error is very large when the
intermittent actuator faults occur. Therefore, it is concluded that the proposed optimized fault-tolerant
control approach without the compensation algorithm (27) and (28) cannot guarantee the boundedness of
all the variables, i.e., the subsystems are unstable without using fault-tolerant control. Also, the control
input u, x and actuator output uEk are also depicted in Fig.4 and Fig.10 on page 8 and 10, i.e., the figure
3 in our response. From which, we can conclude that the control input signals are bounded regardless of
whether there are intermittent actuator faults when applying our proposed optimal fault-tolerant control
scheme, and the optimal fault-tolerant controller can stabilize the whole system well. The norm-bound of
the estimated critic weight WJE s t=1,2,... n;, actor weight WJ? _ and identifier weight Whi,l vectors
are shown in Fig.3 (a)-(c) and Fig.9 (a)-(c). As is described before, the actor performs certain actions
by interacting with the environment, and the critic evaluates the actions and returns feedback to the actor
so that the performance of subsequent actions can be improved. From the updating laws of the critic, the
actor and the identifier network weights (13), (20) and (26), we know that the actor and the critic weights
are tuned to satisfy the principle of Bellman optimality of Hamilton-Jacobi-Bellman equation, while the
identifier weight is utilized to approximate the unknown function h;1(¢;;). From the above-mentioned
figures, it can be further concluded that the presented method can not only guarantee that all the signals
in closed-loop systems are uniformly ultimately bounded, but also achieve the optimal control objective.
To illustrate the advantage and superiority of the proposed optimal fault-tolerant control scheme, the
simulation results are compared with some relevant researches from the aspects of BLF and optimization.
The control performance of the asymmetric IBLF, the tangent BLF in [27] and the logarithmic BLF in
[29] are displayed in Fig.6 and Fig.12 (see the figure 5 in our response), i.e., (al)-(a2) and (al)-(a3) are
tracking trajectories, and (b1)-(b2) and (b1)-(b3) are tracking errors. These three types BLFs have seen
similar performance in tracking control, however, the output-variable with the proposed asymmetric IBLF
is closer to the actual trajectories than the others due to its smaller tracking error. Through the selected
mean square error performance criteria MSE = (1/T) ZtT:o(Yi(t) —yia(t))?, it is possible to verify the
well tracking performance and less conservative features of the proposed algorithm. Additionally, Fig.7
and Fig.13 (see the figure 6 in our response) show the comparisons of the tracking performance between
the proposed algorithm and the algorithm with no optimization, also, the MSE results of the proposed
algorithm illustrate its efficiency than the one with no optimization.

| | | | | | | | !
A Ay i . P L Fault occurs

I i i 3
af \ g v\ g £ 3 i
t YA NRY ¥} A £ v
o _, J {
Fault’ occurs 12 i
2 - : - - - - Fault occurs
0 5 10 15 20 25 30 35 40

yat
P YN
] ey

y1 without FTC

T T T T - L
~ a o ~ ~ o 5 10 5

1
yo without FTC

.

ir 2 £ 2 kA L

FA S U AU S ST AN & U A & W AR
osif b f3 SV fs Sy 7Y 7y i iy [ 1 : :
ER IR 1 ! 1
P 2 T A W A W N Y O | v [ER A Fault occurs
[N N A A A N O A N O A O R O 05f i

osk VoG N F oA Vv E i F oy 30 FANON LU ANN!

UV OMRY YWy af of % NS AN AN ]

PIEER VAR AL U T 4 oy N (YA ;

Fault occurs 0.5 . S - -
15 1 n L L L L 0 5 10 15 20 25 30
0 5 10 15 20 25 30 35 40 y3 without FTC

y2 without FTC

a) Tracking trajectory result of y; without FTC in Example (b) Tracking trajectory result of y; without FTC in Example
5.1. 5.2.

Figure 2: The tracking trajectory result of y; without FTC.



Page 15 of 31

1
2 100 ‘ ‘ : ‘ ‘ ‘ -
T 1.k
3 —rme Uk
4 50 - iy
5 —— ug,
6 0 u,-‘%..,. - \__.T, . \_,,T\Jr = ]
! 17
7 EAIS WY ¥} o e .
8 {\.\, Ay L, w2 y %
i >
!
9 100 : = 4
]
10 ! |
1 -150 ! 1
1 2 -200 L L L L L L L -20 L L L L L
13 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30
o Time(s Time(s)
a) Trajectories of control input u; i and control output ut’, (b) Trajectories of control input u; i and control output uf
1 B i,k B 1,k
5 in Example 5.1. in Example 5.2.
16
17 . . . .
Figure 3: The trajectories of control input u; . and control output uf, .
18 g J p > p i,k
19 .
mememe Wi [ == Wi > ‘ ‘ A
20 A A 34f, A A
= [Wag || =ememee [ Wi | Y e W I = W |
21 s W, | === W5, |
22 % 5 10 15 20 25 30 35 40 21 T . . S
Time(s) ’ 5 10 15 20 25 30
2 3 5 T T T T = = 35 Thne (H) = =
24 a AW, I W, I e [Wigg [ = [ W
[ene —ememe W | == [ Wl mememee [ Wi || = [ W
A W 5 b V5 Va5,
25 e Wy, | W, |
26 20 5 10 15 20 25 30 35 40 L L L
Time(s 15 20 25 30
27 5 un‘(( ) _ _ Time(s)
28 b == [ Wy, |l [ W, | == Wy | === [ W |
= (W [ === (W | e W | = [ W |
29 [ Wil = [Vl
30 §
31 Time(s) - 1‘5< ) 20 25 "0
me(s
32
a) The critic, actor and identifier neural network weight (b) The critic, actor and identifier neural network weight
33 g g
34 norms for Steps 1 and 2 in Example 5.1. norms for Steps 1 and 2 in Example 5.2.
35
Figure 4: The critic, actor and identifier neural network weight norms for Steps 1 and 2.
36 g ) g P
37 R I — MSE,,,=0.0030 ° o 55530004
38 J R e— MSE,; =0.0050 I 02 oeos
39 MSE,, ~0.0120 TV sAAAA AN AATZ
02 o ‘
40 &g A R } A T e A e T
LAY AUAR A ’v Time(s) (al) Time(s) (b1)
AAARSY <
41 i YooY - A= REoT
42 20 5 10 15 20 25 30 35 40 '0’2(‘1 5 10 15 20 25 30 35 40 ‘%E%EE
Time(s) (al) Time(s) (bl) e
43 s
44 2 ’ ° nTum:(‘f) U\ZJZO =
45 . ————
,,,,,, 2 =7.5191e-04
46 0 ” - X
47 ) OPAAB A NASAN A
48 0 5 10 15 20 25 30 3 40 Co 5 10 15 20 25 30 3 40 R e @) " Yo e o)
49 Time(s) (a2) Time(s) (b2)
a e comparative results of different asymmetric e comparative results of different asymmetric in kx-
Th i Its of diff ic BLF (b) Th i Its of diff ic BLF in E
51 in Example 5.1. ample 5.2.
52
igure 5: e comparative tracking trajectories an e tracking errors of the asymmetric e blue
53 Figure 5: Th parative tracking traject d the tracking f the asy tric IBLF (the bl
54 line), the tangent BLF in [27] (y} and Zzl, the red line) and the logarithmic BLF in [29] (yF and Z{-jl,
55 the yellow line).
56
57 For the language-related aspect, the authors have thoroughly rewritten the language and tried to resolve
58 the variable definitions and demonstrations as many as possible, which are indicated in blue in the revised
59 version. These changes will not influence the content and framework of the article. Now, we are confident
60

to say that this paper is much more readable than before.



oNOYTULT D WN =

Page 16 of 31

0.2

“_ ...... MSE,, ,=0.0030 - MSE,y =0.0031 |-+~ MSE,,,=3.55400-04 e MSE,y =3.5745¢-04
. " ~, ~ N, ™ e
o1f 4 IS WAV AN WA ANTAVE
A l\l| . /r,:‘_\ /’ef\\ An 7 ?\\a ) or /N NS NN S WS N\ ‘.j\/ \S
JATE Ik H iy A ¥ L o4
/ 5!“ { £\ 1’ \ y \ II \‘ / l‘l’ 0.06 L L .
Uf'l'aé \‘ / ‘\!' \ g v/ N v 0 5 10 15 20 25 30
h." WY .“Vj \“ // \\’!' A S Time(s)
% “ S
- ¥ B 0.09 T
01T% . . . . . . . —-—-=MSE,,, =3.18236-04 - MSE,y =3.2023¢-04
0 5 10 15 20 25 30 35 40 s =
N N e /“\\ N 7, VN
" / \ \
0 f/" oA "’ \\// N \\/1 \\,-“’/ \rl
-0.06 - - - y
0 5 10 15 20 25 30
Time(s)
0.09 T
‘ ....... MSE,,, =4.4698¢-04 oo MSE,y =4.4716e-04
N A RETARE
ANV VAV AWAWAVAVAVAVAVA
orii \‘\/l \"5. "/ \‘jl \\/ .\1_.“, NS \\/I “-}" \/
H 0.06E L L L L L
-0.2 . : . : : : : 0 5 10 15 20 25 30
0 5 10 15 20 25 30 35 40 Time(s)
Time(s)
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5.1. ple 5.2.

Figure 6: The comparative tracking errors of the proposed algorithm and the algorithm with no optimiza-
tion (z}, the red line).

Once again, the authors would like to express their appreciation and sincere thanks for the respectable
editor’s encouraging, approving, constructive, fruitful and inspiring remarks and comments.

2. Response to Reviewer 1

First of all, we would like to thank you for your helpful comments and suggestions on our manuscript,
and some responses of your comments are given as follows.

Comment 1: Can the authors propose a comparison of a fault system, controlled by a controller without
fault compensation? Then compare it with the presence of fault compensation. This would provide a
convincing case of the effectiveness of fault compensation.

Re:

Thanks for the careful consideration of the respectable reviewer. This manuscript investigates the optimal
fault-tolerant control problem for a series of state-constrained large-scale interconnected systems with
intermittent actuator faults, in which the critic-actor-identifier framework in each backstepping procedure
to evaluate the performance index, the optimized controller and the unknown functions, respectively. In
accordance with the theoretical results, an electrical power system and a walking robot are presented to
illustrate the superiority and the validity of the learning-based optimized fault-tolerant controller. To
further verify the proposed control scheme, the tracking performance of the faulty system without the
fault-tolerant control has been added to accomplish the same control objective, see the Fig.5 on page 8
and Fig.11 on page 10, i.e., the figure 7 in the response. In the simulations of no fault-tolerance control,
the initial conditions of the variables and parameters are selected similar to the fault-tolerance case, and
as a result, the structure of the SIMULATION RESULTS section, numbering of the figures, also
have been changed. From which, it can be observed that the system output cannot track the reference
trajectory, and the tracking error is very large when the intermittent actuator faults occur. Therefore,
it is concluded that the proposed optimized fault-tolerant control approach without the compensation
algorithm (27) and (28) cannot guarantee the boundedness of all the variables, i.e., the subsystems are
unstable without using fault-tolerant control.

Comment 2: Also, from the simulations the authors report only the tracking errors which is not enough,
it is suggested to give the control input as well. This would provide a convincing case of the reasonable
control input.

Re:

The authors of this paper welcome the valuable comment. In the stage of simulations, the intermittent
actuator faults are chosen as u} ) = 0.2u; x + 1 and ujy, = 0.3ug + 1.5 when t € [hT*, (h 4 1)T*), for
h =1,3,5,..., and T* = 4s in the first example, while u}’, = 0.2u; ) + 1.3, uf, = 0.3ug + 1.25 and
ugk = 0.25ug + 1.2 when t € [hWT*, (b + 1)T*), for h = 1,3,5,..., and T* = 5s in the second example.
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Figure 7: The tracking trajectory result of y; without FTC.

Accordingly, the satisfactory the fault-tolerant tracking control performance is reflected on the tracking
errors and the selected criteria MSE = (1/T) Z;F:l(yi(t) — yia(t))®. To carry out this constructive
comment and suggestion, the control input u; x and actuator output uZF,k are also depicted in Fig.4 and
Fig.10 on page 8 and 10, i.e., the figure 8 in our response. From which, we can conclude that the control
input signals are bounded regardless of whether there are intermittent actuator faults when applying our
proposed optimal fault-tolerant control scheme, and the optimal fault-tolerant controller can stabilize the
whole system well.
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(a) Trajectories of control input u; x and control output ul’, (b) Trajectories of control input u;x and control output uf,

in Example 5.1. in Example 5.2.

Figure 8: The trajectories of control input u; x and control output ugk.

Comment 3: This would be especially relevant in the platooning example (Example 4.2), where is
important to assess if the acceleration of the vehicle is in reasonable range, if the velocity is positive, ...
and other reasonable setting for a vehicle.

Re:

Thank you for pointing out this. The driving behavior of an individual vehicle within the platoon can be
described by a generalized third-order nonlinear model as dl =V;—Vi_1, V; = a¢; and &¢; = L Ly, — L 1amv,
i=1,2,...,N, where d; = x;,_1 — x; is the distance between two consecutive vehicles with x;_1 and x;
being their positions, v; and a.; are the velocity and acceleration of the ith vehicle, u; is the input signal
chosen to make the whole system satisfy certain performance criteria, and t; is the time constant of the
engine. For a platoon of N vehicles running on a straight flat road, it is reasonable to assume the relative
distance d; and the velocity v; are positive, and the velocity v; and acceleration a.; are in a limited
range. Nevertheless, we found that this dynamic system cannot be modeled by the proposed large-scale
interconnected system (1) with the system output y; = x;1, due to the state vector of the ith vehicle

. _ T : _
is x; = [Vic1 — Vids8ci—1 — 8ci,d, di — di,ds Vi — Vid,aci — acia] and the system output is y; = C;x;.



oNOYTULT D WN =

Page 18 of 31

Moreover, it is reasonable to utilize the distributed control strategy to stabilize the N vehicles rather than
using the decentralized control. Hence, this practical example is not suitable to verify the effectiveness
of the proposed optimal fault-tolerant controller in the simulations. This is our negligence to use this
inappropriate example in the last round review. We were really sorry for our careless mistakes, and now,
we have replaced this example with an electrical power system composed of two-machine subsystems.

As shown in the example 4.1, the dynamic model of the electrical power system is formulated in (44a) and
(44b), where x; 1 and x; 2 denote the absolute rotor angle and the angular velocity of the ith machine. M,,
D; and E; separately represent the inertia coefficient, the damping coefficient and the internal voltage.
Also, Y, j, 89 ; and 0; ; are the constants depending on the topology, the physical properties of the
network and the loads (admittance matrix) between the ith and jth machine. By selecting the reasonable
parameters and under the zero initial conditions, the simulation results are exhibited in Fig.2-7. Fig.2
depicts the trajectory of the output-variable y; and the tracking reference signal y; 4, i.e., the figure 9(a)
in the response. Fig.3 shows the 2-norm of the critic, actor and identifier network weights, i.e., ||VAVJ§1L Il
||VAVJ?J || and ||VAVhi,l I, v=1,2,...,n;, i.e., the figure 10(a) in the response. Fig.4 and Fig.5 (i.e., the figure
8(a) and figure 7(a) in the response) present the boundedness of u; x, uiF’k and the tracking trajectories
of y; without fault-tolerant control, respectively. Moreover, the comparative results on barrier Lyapunov
function and optimization are separately displayed in Fig.6 and Fig.7 (i.e., the figure 9(b) and (c) in the
response). From these figures, we can know that the proposed algorithm can stabilize the whole system
and track the actual trajectories more accurately.
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Figure 9: The tracking results and the comparative results in Example 5.1.

Comment 4: In many learning-based methods in the literature, a probing noise is required to guarantee
convergence to the rule parameters. I did not see this mentioned in the manuscript, although I suspect
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that some probing noise is needed as the authors select the signals in a sinusoidal form, expected to
guarantee persistence of excitation. Please clarify if persistence of excitation is required or not. If it is
required, please clarify where. If it is not required, please clarify why.

Re:

Thanks for the beneficial suggestion of the respectable reviewer. The design of an optimal controller is
often troublesome because the analytical solution of the Hamilton-Jacobi-Bellman equation is difficult
to obtain. This motivates the application of neural networks or fuzzy logic systems as an important
supplement of the adaptive dynamic programming technique due to their global approximation ability,
which has been considered an effective online and forward optimal controller design strategy. Note that
the neural networks or the fuzzy logic systems require iterative optimization algorithms for training to
obtain the optimized weighting parameters. During this process, the persistent of excitation (PE) con-
dition is a commonly used precondition to avoid the disappearance of the gradient of the value function,
such that the parameters can be continuously updated until they converge to the optimum. For the
learning-based optimal control design, by defining a function ®; = %Bgi,l with the Bellman residual error
as Bei1 = Hii(zi, @i, Jz,,) — Hi,l(ziyha;"l,J;i‘l) = H;1(2zi1, @1, J2,,), 1 = 1,2,...,n4, the critic updating
law can be yielded based on the gradient descent algorithm for minimizing the Bellman residual error:

W —_ Ai d®;
T T80l oWy
S . 1
= D (BN W — (K2, — 1)22 1)
1+ ||£i,1||2 ,1( 1 Jl,l ( 1 ) 1

. .. 1o o
+ 2Kivlzi:l(whi,lshi,l - a‘i,l*l) + ZWJT?ISJMWJ?J)

where é‘;O = Yi,d and ELI = SJ¢,1(Wh1,1Sh1,1 — é‘;l—l — K“Zi’] - %W}%lSJi’l).
Also, the actor network weight law is designed based on the stability analysis:

C

i 1 G b Aiy
WJ?,l - §SJ,;,1Z1',1 - A?,ISJ'L',IWJ?,I + 4 7

(14 ||1&]

% SJT;JW};?JEJ,IWJ;I (2)

For obtaining the desired control performance, the term E,Z-,IE,EI should satisfy the PE condition.
However, the PE condition is difficult to verify during the leafning process and in practical applications.
To relax the PE condition, some additional assumptions have been introduced to ensure the stability
of the control system. Motivated by the aforementioned limitations, this article proposes an optimized
fault-tolerant control algorithm with neural networks for the large-scale interconnected systems on the
basis of a critic-actor-identifier architecture, in which the critic, actor and identifier are utilized for eval-
uating the system performance, implementing the control action and estimating the unknown dynamic,
respectively. In particular, the updating laws of the critic-actor-identifier architecture are derived from
the Bellman residual error, such that the gradient of the Bellman residual error is always less than zero.
This leads to a simple updating law making the adaptive dynamic programming technique not rely on
the assumption of the PE condition, or on additional constraints. Note that the optimal control (12b),
(18b) and (24b) derive Beiy — 0. If Hyi(zi1,a41,Jz,,) = 0 holds, the following equation can be de-
rived 6Hi71(zivl,ai,1,Jziyl)/&WJil = %S‘]M(\iﬁ\/x}i1 — VAV‘]‘;J) = 0. Subsequently, by denoting a function as
E; = Tr{(W(];L,I N WJ;I)T(WJ‘;] . W‘Jal)}, it is easy to verify that GHi’l(zivl,aZ-,l,Jzi)l)/()WJil = 0 and
E; = 0 are equivalent. Since GEZ»/()WJ?YI = —c)EZ'/&VA\/'Ji1 = 2(WJ?,1 - VAVJ;l), the time-derivative of E; can
be calculated as:

aEi A aEi

Ei =Tr{—Wja + Aiw c
{aWJﬁl oWy, ul
JE; A& - L - Ei .. o
= TI‘{ 6VAVJ71 (—?\MSJ“WJ?J + ?\mSJMWngl) - m}\iJSJi’lWJE’I} (3)
AY JdE; - JE;
= - 7ITI‘{ = Jit1 F¢r } <0
2 (9WJT(?1 ' 8WJ31

which indicates that the updating laws (13), (19) and (25) can ensure the satisfaction of the above
inequality, and the Bellman residual error can be near to 0 without the PE condition. To better justification
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of the difference over the existing ones, we have added some correlative explanations in this part, see the
Remark 3.3 and 3.4 on page 4.

Remark 3.3. The existing results in [41], [42] need the persistent excitation (PE) condition to stabilize
the control system. In contrast, we show that the Bellman residual error converges to zero without the PE
condition. This can also be verified by defining a function E; = TI‘{(W‘]?’I _WJE)I)T(WJ?YI _WJ;I)}. It can
be verified that E; = 0 and (ml(zavil—h:ll‘]zl)
the time-derivative of E; can be caléﬁlated as:

P s M aEl —_ aE'L J— X a . A c
= 0 are equivalent. Since M T W, 2(\7\7%1 W‘]i’l),

B =Tr{—Wjp + —Wy }
()WJ?l ,1 an?l i,1
, , 4)
A2 — . (
Mgy 0B B

2 ()VAV}%[ Jaa ()VAVJ?,l
which implies that the learning laws (13a) and (13b) can ensure the satisfaction of (14), and the Bellman
residual error can converge to zero without the PE condition.

Remark 3.4. The main advantages for the designed critic and actor training laws are: 1) it simplifies
the design procedure in comparison to the existing optimal methods in [41], [42]; 2) it can reduce the
computational complexity due to the unknown functions f; 1(X;1) and A, 1(¥); 3) it enables to remove
the PE condition commonly required in the optimal control.

Comment 5: By the way, it is also appropriate to provide the performance of the learning algorithm,
the convergence of the parameters and so on.

Re:

With thanks for the careful attention of the respectable reviewer, the norm-bound of the estimated critic
weight ng s t=1,2,...,n;, actor weight WJ?L and identifier weight Whi,l vectors are shown in Fig.3
(a)-(c) and Fig.9 (a)-(c). As is described before, the actor performs certain actions by interacting with
environment, and the critic evaluates the actions and returns feedback to the actor so that the performance
of subsequent actions can be improved. From the critic, the actor and the identifier updating laws (13),
(20) and (26), we know that the actor and the critic weights are tuned to satisfy the principle of Bellman
optimality of Hamilton-Jacobi-Bellman equation, while the identifier weight is utilized to approximate
the unknown function h;1(g;;). From the above-mentioned figures, it can be further concluded that
the presented method can not only guarantee that all the signals in closed-loop systems are uniformly
ultimately bounded, but also achieve the optimal control objective.
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(a) The critic, actor and identifier neural network weight (b) The critic, actor and identifier neural network weight
norms for Steps 1 and 2 in Example 5.1. norms for Steps 1 and 2 in Example 5.2.

Figure 10: The critic, actor and identifier neural network weight norms for Steps 1 and 2.

Comment 6: In general, English language is sometimes poor, please consider polishing it. Some expres-
sion are also not rigorous, such as ’achieve an exceptional system performance’, please consider polishing
it.
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Re:

Thank you for your useful advice. To address these deficiencies in the article, the authors have thoroughly
rewritten the language and tried to resolve the variable definitions and demonstrations as many as possi-
ble, which are indicated in blue in the revised version. These changes will not influence the content and
framework of the article. Now, we are confident to say that this paper is much more readable than before.

Once again, the authors would like to express their appreciation and sincere thanks for the respectable
reviewer’s encouraging, approving, constructive, fruitful and inspiring remarks and comments.

3. Response to Reviewer 2

First of all, we would like to thank you for your helpful comments and suggestions on our manuscript,
and some responses of your comments are given as follows.

Comment 1: The language of some sentences need to be modified. (e.g., the actuator faults including
the loss of effectiveness and stuck faults, which are modeled as. This sentence lacks the predicate.)

Re:

Thanks for the beneficial suggestion of the respectable reviewer. On the basis of your suggestion, we have
checked the language of this paper carefully, and we have corrected some grammatical, editorial and even
conceptual errors as much as possible. These changes will not influence the content and framework of the
paper. And here, we did not list the changes but indicated in blue in the revised version.

Comment 2: What is the Young’s inequality? In this paper, the Young’s inequality is directly introduced.
Please provide an appropriate introduction about the Young’s inequality.

Re:

Thanks for the careful attention of the respectable reviewer. In the manuscript, the Young’s inequality
is introduced to amplify the terms &; 14,1, $irdin and ¢;n, A, in (30), (35) and (39). The specific
form of the Young’s inequality is presented in Lemma 2.2 on page 3, i.e, for any vectors x, y € R", there
is an inequality xy < 1 |X|a + Tp L-|y|” holds withn > 0,a>1,b > 1and (a— 1)(b— 1) = 1. As for the

inequalities (30), (35) and (39), if we choose a = b = 2 and 1 = 1/+/2, and combine the Assumption 2.2,
it derives that

Pi
$igAin < ¢11+ Z Zl LGy oDy (5)

By using the Cauchy-Schwartz inequality (> 52} agbs)? < (302 a2)(3-P2) b2), we can obtain

s=19s

anzl 1%11|Yl S(Zp”(zz\llqzllb’l Zp”
< p“zp“ Zl ) (a5 1aly?)? x le 1%)

For the large-scale mterconnected system with N subsystem, there is Np; 1 Zz D s (Zl (5 lyl® )2 <

(6)

Npi Zz DD 1((11 1:[yil®)?. By substituting y; = x; 1 and x;1 = 21 +¥id mto the above inequal-
ity, and utilising Cauchy-Schwartz inequality (ZZ L a;)%k 221‘(2z L aZ2k), one has

Pi,1 s
Npiiy " leql“\yz Z 22qu1,i(|2i,1 % + [yial®) (7)

where q;1; = Np Zf:l qu’i, 1=1,2,...,n;. These computational procedures are omitted in the inequal-
ities (30), (35) and (39) for simplifications.
Lemma 2.2 (Young’s inequality [4]). For any vectors x, y € R", the following inequality holds:

xy < Ll 4 (8)
a bnP

wheren >0,a>1,b>1and (a—1)(b—1)=1.

10
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Comment 3: Please unify the use of punctuation marks. All formulas are preceded by colons, but the
formula (47) does not use colons.

Re:

The authors of this paper welcome the valuable comment. Based on your comment, all the formulas have
been reviewed and corrected in terms of typography, integrity and plausibility, and the authors have tried
to explain them more precisely and completely in the revised manuscript. Furthermore, all the formulas
have been corrected with the unified punctuation marks, such as the colons, parentheses, magnitudes and
SO on.

Comment 4: Please highlight the contribution of the paper. Besides, the research background can be
enriched by considering the related work: Recent progress in reinforcement learning and adaptive dynam-
ic programming for advanced control applications; Optimal and autonomous control using reinforcement
learning: A survey. The reviewer thinks that such publications can greatly improve the coverage of the
paper.

Re:

Thank you for your useful advice. As is well known that, the increasing complexity makes components
and equipments be more susceptible to diverse faults, which may cause unexpected reactions and even
catastrophes in the automated process. Therefore, the fault-tolerant control techniques have been inves-
tigated intensively over the past few decades. Note that most results achieved the stabilization only for
faulty nonlinear systems, rather than both stabilization and optimization simultaneously, thus, the opti-
mal fault-tolerant control method is imperative and challenge to balance the stability and the optimality
of faulty systems. From the viewpoint of most previous studies, there are still no results on reporting
the optimal fault-tolerant control design for both multiplicative and additive faults cases (most results
only focus on additive faults or the actuator faults under a single occurrence time), even in the large-scale
interconnected systems, which are the main motivations of our paper. In light of the mentioned benefits
and limitations, we intend to introduce the optimal fault-tolerant control problem for a class of large-scale
interconnected systems with both intermittent loss of effectiveness and stuck actuator faults, with the help
of a critic-actor-identifier architecture. Among which, the actor is utilized to implement control actions,
the critic is utilized to evaluate these actions from the environment and to return the evaluations to the
actor so that the subsequent actions can be well, and the identifier is utilized to approximate the unknown
dynamic.

To address this concern of the honorable reviewer, the INTRODUCTION and REFERENCES sec-
tions have been entirely rewritten in the revised version, at the same time, we have tried to enhance and
clarify the presentation of the original ideas, main features and objectives of this paper. Further, a number
of related reference and explanations and new evaluations have been added to the introduction. These
descriptions are indicated in blue in the revised manuscript. In comparison to some previous literature,
there are mainly three theoretical contributions and differences in our paper, which can be summarized
as the following aspects: 1) An asymmetric IBLF is incorporated into each backstepping step to maintain
the state-variables in an asymmetric constrained region. This function can enable full state-constraints
during the learning process directly, and avoid the complex tracking error-constraints conversion inherent
in the conventional BLFs [27]-[29]; 2) The principle of Bellman optimality is exploited under a critic-
actor-identifier architecture to achieve the optimal FTC. Different from the existing FTC schemes in [18],
[21] and [22], the proposed strategy is free of exact knowledge of unknown dynamic that is estimated by
identifier network; 3) In comparison with other FTC schemes in [14], [28], which only deal with a finite
of actuator faults, the intermittent faults are studied here, and the optimal controller derived by actor
network and the fault-tolerant controller are isolated by creating an intermediate controller. To better
justification of the novelty over the existing ones, we have added some correlative explanations in this
part (see the Remark 3.4 on page 4 and Remark 4.2 on page 7) and the comparative results of tracking
control performance have been depicted in the SIMULATION RESULTS section.

Remark 3.4. The main advantages for the designed critic and actor training laws are: 1) it simplifies
the design procedure in comparison to the existing optimal methods in [41], [42]; 2) it can reduce the
computational complexity due to the unknown functions f; 1(X;1) and A, 1(¥); 3) it enables to remove
the PE condition commonly required in the optimal control.

Remark 4.2. In [27]-[29], it needs to compute the constraint bounds on the error variables z; .. There-
fore, it is essential to know the bounds of the virtual controllers. From the Eqs.(29), (35) and (39), it can
be concluded that the constraint bounds are directly utilized in the control design. In this paper, this

11
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conservatism can be solved.

Comment 5: The parentheses in some formulas are small. A suitable parenthesis can wrap the entire
content inside. (e.g., The parentheses of the formulas (23) and (29) are obviously too small.)

Re:

We appreciate the useful advice made by the respectable reviewer. Owing to the changes made in the
article, the structure of some sections, and as a result, numbering of the formula has been changed, and
omissions and inconsistencies have been corrected in the revised manuscript correspondingly. In addition,
the suitable parentheses, punctuation marks and font sizes have been added in each formula.

Comment 6: How are the actuator faults established? Is it accurate to only consider the loss of effec-
tiveness and the stuck faults? Please provide the detailed response from the authors.

Re:

Thanks for the careful consideration of the respectable reviewer. Intermittent faults are that the actuator
states change frequently between normally working mode and faulty mode or between various faulty modes
during operation. Such faults will inevitably lead to the intermittent jumps of unknown parameters, and
the number of jumps may tend to be infinite. Due to the effects of intermittent jumps, the estimated
parameters in the controller may increase ceaselessly, and the possible increase of the Lyapunov function
may accumulate ceaselessly, as the number of jumps increases. Finally, the boundedness property is lost
as the number of jumps tends to infinity. Nevertheless, the existing fault-tolerant control schemes cannot
be applied to deal with the problems on the infinite number of actuator failures. Therefore, under the
case of intermittent actuator faults, effectively guaranteeing the boundedness of parameter estimates in
the controller and closed-loop stability is very challenging; in turn, establishing the optimal fault-tolerant
control strategy and the system tracking performance are also difficult.

It is well known that, the actuator faults ul’ = P;(t)u; + ¢;(t) including both the loss of effectiveness and
stuck-type actuator faults have been considered in [13], [27] under single occurrence time, where ;(t)
represent the unknown efficiency factor satisfying 0 < ;(t) < 1 and ¢;(t) is a bounded signal (bounded
function). In contrast to this, we consider an actuator fault that may be recovered to a normally working
mode or changes from one fault mode to another fault mode intermittently. As described in the Eq.(2),
0< Ei,k < 1])?1( < 1 with Ei,k and ll)zk being unknown constants, C?k is the stuck value. t € [t;n, tiht1)
for h € Z*, and t; , represents the unknown failure time constant, which indicates the actuator faults are
completely unpredictable in time, pattern, and value. From the Eq.(2), four types of states of the kth
actuator are described as follows: i) ?)k € (0,1) and C?k # 0 indicate that the kth actuator has the loss
of control effectiveness and stuck faults at the same time; ii) lb?,k € (0,1) and C?,k = 0 imply that it can
only output a fraction of the control input; iii) ‘4)?,1« =1 and C?’k # 0 signify stuck faults only; iv) 1])?7k =1
and C?,k = 0 means the fault-free case. Concise descriptions of the intermittent actuator faults are further
explained in the revised article as a response to this comment (see the Remark 2.1 and 2.2 on page 2).
There are many types of faults (the actuator/sensor or the component faults) that occur in the engineer-
ing systems that are modeled the studied system described in (1), wherein the loss of effectiveness and
the stuck actuator faults are common types. For the electrical power system composed of two-machines,
the pressure drop across the valve changes depending on its opening (i.e., the flow rate value), and the
control voltage signals are sent from the controller to the valve, and control the needle valves opening to
achieve the required constant pressure drop across the valve. The faults that are considered in this paper
including multiplicative and additive actuator faults, the partial loss (multiplicative) and bias (additive)
failures of electromechanical components including motor and generator may cause unstable voltages dur-
ing the long-time running or working in the remote and harsh environments. And for a walking robot,
the multiplicative term refers to a fault that maybe caused by partial loss of actuator torque, electrical
power or partial brakes of a joint, while the additive term means that a joint is gradually drifting from
the actual torque command caused by the damage in the motor windings or faulty electronics.

Remark 2.1. The ith actuator mainly can experiment with the following four cases: i) lj)ﬁk € (0,1)
and C?,k # 0 indicate that the ith subsystem has the loss of control effectiveness and stuck faults at the
same time; ii) ll)?k € (0,1) and C?k = 0 imply that it can only output a fraction of the control input; iii)
ll)ﬁk =1 and C?’k # 0 signify stuck faults only; iv) 11)21( =1 and C?’k = 0 means the fault-free case.
Remark 2.2. The fault number h in [14], [28] is limited to finite under a single occurrence time. In
contrast to this, the more general case is considered as Eq.(2), which indicates that the actuator can be
intermittently revert to normal operation, or alternate intermittently between different fault modes. It is
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applicable not only to the actuator faults with uniform interval periods but to those with non-uniform
interval periods.

Once again, the authors would like to express their appreciation and sincere thanks for the respectable
reviewer’s encouraging, approving, constructive, fruitful and inspiring remarks and comments.

4. Response to Reviewer 3

First of all, we would like to thank you for your helpful comments and suggestions on our manuscript,
and some responses of your comments are given as follows.

Comment 1: In this paper, under equation (1), the authors propose the assumption on the dynamics
of the system. For example limitation on g; ;(x; ;) and A; ;(¥) are not acceptable assumptions. I think
that it is essential to derive new assumption on f; ;(x; ;).

Re:

Thanks for the beneficial suggestion of the respectable reviewer. As for the considered large-scale in-
terconnected system (1) with N subsystems, f; (X;,) and g; (X;.), L = 1,2,...,n; depict the unknown
functions, and A, ,(y) is the interconnection among subsystems with y = [y1,ya2,...,yn]T. Subsequently,

the optimal fault-tolerant control strategy is designed to track the desired reference signal y; 4, on the basis
of the backstepping control technique and a critic-actor-identifier learning-based framework. To achieve
this purpose, there are some assumptions and lemmas employed for the large-scale interconnected system.
Some assumptions are utilized to achieve this purpose, see the Assumption 2.1-2.3. The Assumption 2.1
implies that the control coefficient g; 1(X;,.) is bounded and not equal to zero, and the sign function of
ghni is known, which are the standard controllable condition in dynamic system and can be found in [37].
This assumption of coefficient is guarantee that the fault-tolerant controller is exist and can be designed
by applying the proposed strategy. The Assumption 2.2 is a bounded restriction for the interconnected
term A; (¥), which is utilized in stability analysis of the inequalities (31), (36) and (41), with the help
of the Youngs inequality (i.e., the Lemma 2.2). Besides, the Assumption 2.3 is a bounded condition for
the desired trajectory y;q and its tth order derivative, that making the optimized virtual control inputs
aj,_1, a7, and optimized actual control input uj, are bounded. To estimate the unknown function
f; . (X;,.), the neural network in Lemma 2.1 is utilized to solve this problem due to its global approximation
ability. In this article, the unknown dynamic h; (; ) containing f; (X;,) and other unknown terms is
approximated by neural network, and the training law of identifier weight is given correspondingly.

Note that in some practical applications of the large-scale interconnected systems, e.g., an electrical pow-
er system composed of two-machine subsystems [38], a walking robot composed by three interconnected
subsystems [39], the inverted pendulums [14], etc. The control coefficients are also bounded and not close
to zero, and the interconnected terms in these practical examples are bounded by a function in state
variables. These examples can reflect that the Assumption 2.1-2.3 are reasonable and meet in practice.
To address this concern of the honorable referee, the description of all assumptions and lemmas have been
changed, and some explanations about the assumptions and lemmas have been added, see the Remark
2.3 on page 3 in the revised paper.

Remark 2.3. As a kind of typical LSIS, the form of Eq.(1) can be found in several practical applica-
tions [14], [38], [39]. It should be underlined that Assumptions 2.1-2.3 are the standard and necessary
requirements in the optimal FTC design during the subsequent section.

Once again, the authors would like to express their appreciation and sincere thanks for the respectable
reviewer’s encouraging, approving, constructive, fruitful and inspiring remarks and comments.

5. Response to Reviewer 4

First of all, we would like to thank you for your helpful comments and suggestions on our manuscript,
and some responses of your comments are given as follows.

Comment 1: The fault-tolerant control problem in large-scale and networked systems has been of inter-
est at least for the last three decades. That means any contribution in the field should be well justified
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and supported by the available literature. I see some very important and relevant articles that have not
been reviewed in the paper. For example:

[1] Tang, X., Zhai, D. and Li, X., 2020. Adaptive fault-tolerance control based finite-time backstepping
for hypersonic flight vehicle with full state constrains. Information Sciences, 507, pp.53-66.

addresses a very similar problem and even use the Barrier Lyapunov Function method (the same as this
paper). I am really keen to see where the weakness of the method, proposed in [1], is and how the current
paper is going to fix it. Or, the following paper is very relevant, but is not cited:

[2] Yang, W., Jiang, Y., He, X., Zhu, Y. and Wang, S., 2022. Feasibility conditions-free prescribed perfor-
mance decentralized fault-tolerant neural control of constrained large-scale systems. IEEE Transactions
on Systems, Man, and Cybernetics: Systems, 53(5), pp.3152-3164.

Authors are kindly asked to:

a. Complete the literature review, and clearly show the gap of knowledge that none of the previous liter-
ature has filled.

b. Compare the performance of the proposed controller with one or two most relevant articles in the
literature to prove the gap is filled.

Re:

Thanks for the careful consideration of the respectable reviewer. Note that the optimal controller can
ensure that the closed-loop system is bounded, and achieves an adequate level of performance as well,
the optimal fault-tolerant control problem is investigated for the large-scale interconnected systems with
the intermittent actuator faults and state-constraints. To illustrate the differences and the contribution-
s with the existing literature, the INTRODUCTION and SIMULATION RESULTS sections are
completely rewritten and their organizations are modified accordingly. Also, the related recent articles
and comparative results are added to better justification of the novelty over the existing ones.

a). For the gaps and contributions of the manuscript, some corresponding works are supplied to elab-
orate the specificities and the differences. In comparison with the previous literature, there are mainly
two aspects are illustrated as follows, including the optimal fault-tolerant control and the integral barrier
Lyapunov function. It is well known that the optimal fault-tolerant control has an extensive application
prospect in control fields, aiming at finding a controller during an interval while optimizing the objective
function, then the energy consumption is reduced in the case of faults. From the viewpoint of most
previous studies, there are still no results on reporting the optimal fault-tolerant control design for both
intermittent multiplicative and additive faults case (most results only focus on additive faults or the
actuator faults under a single occurrence time), even in the large-scale interconnected systems, which
are the main motivations of our paper. In light of the mentioned benefits and limitations, we intend to
introduce the optimal fault-tolerant control problem for a class of large-scale interconnected systems with
both intermittent loss of effectiveness and stuck actuator faults, with the help of a critic-actor-identifier
architecture. From which, the actor is utilized to implement control actions, the critic is utilized to evalu-
ate these actions from the environment and to return the evaluations to the actor so that the subsequent
actions can be well, and the identifier is utilized to approximate the unknown dynamic.

As for the constrained system, the processing of constraints using integral barrier Lyapunov function have
been greatly simplified and relaxed the feasibility conditions, i.e., it has a well-calculated capability of not
requiring to convert state-constraints into transformed error-constraints, but help to restrict a system state
directly. Thus, the conservatism of tangent-type and logarithmic-type barrier Lyapunov functions-based
control in the existing literature can be reduced. Also, the integral barrier Lyapunov functions studied
in most works are only available for constrained problems with the symmetric limitations. On this basis,
the asymmetric integral barrier Lyapunov function can handle the optimal fault-tolerant control design
with an asymmetric state-constrained problem.

Throughout the whole article, we intend to summarize and enhance the innovations and contributions
specifically in terms of these two aspects. These descriptions are indicated in blue. Compared with some
previous literature, there are three theoretical contributions and differences in our paper, which can be
summarized in following: 1) An asymmetric IBLF is incorporated into each backstepping step to maintain
the state-variables in an asymmetric constrained region. This function can enable full state-constraints
during the learning process directly, and avoid the complex tracking error-constraints conversion inherent
in the conventional BLFs [27]-[29]; 2) The principle of Bellman optimality is exploited under a critic-
actor-identifier architecture to achieve the optimal FTC. Different from the existing FTC schemes in [18],
[21] and [22], the proposed strategy is free of exact knowledge of unknown dynamic that is estimated by
identifier network; 3) In comparison with other FTC schemes in [14], [28], which only deal with a finite
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of actuator faults, the intermittent faults are studied here, and the optimal controller derived by actor
network and the fault-tolerant controller are isolated by creating an intermediate controller. To better
justification of the novelty over the existing ones, we have added some correlative explanations in this
part (see the Remark 3.4 and Remark 4.2) and the comparative results of tracking control performance
have been depicted in the SIMULATION RESULTS section.

Remark 3.4. The main advantages for the designed critic and actor training laws are: 1) it simplifies
the design procedure in comparison to the existing optimal methods in [41], [42]; 2) it can reduce the
computational complexity due to the unknown functions f; 1(X;1) and A, 1(¥); 3) it enables to remove
the PE condition commonly required in the optimal control.

Remark 4.2. In [27]-[29], it needs to compute the constraint bounds on the error variables z; .. There-
fore, it is essential to know the bounds of the virtual controllers. From the Eqs.(29), (35) and (39), it can
be concluded that the constraint bounds are directly utilized in the control design. In this paper, this
conservatism can be solved.

b). In order to show the superiority of the proposed optimal fault-tolerant control scheme, the simulation
results are compared with some relevant researches from the aspects of barrier Lyapunov function and
optimization. The tracking control performance of the asymmetric IBLF, the asymmetric tangent BLF
in [27] and the asymmetric logarithmic BLF in [29] are displayed in Fig.6 and Fig.12 (see the figure
11 in our response), i.e., (al)-(a2) and (al)-(a3) are tracking trajectories, and (bl)-(b2) and (bl)-(b3)
are tracking errors. These three types BLFs have seen similar performance in tracking control, howev-
er, the output-variable with the proposed asymmetric IBLF is closer to the actual trajectories than the
others due to its a smaller tracking error. Through the selected mean square error performance criteria
MSE = (1/7T) Z;rzo(yi(t) —yia(t))?, it is possible to verify the well tracking performance and less con-
servative features of the proposed algorithm. Additionally, Fig.7 and Fig.13 (see the figure 12 in our
response) show the comparisons of the tracking performance between the proposed algorithm and the
algorithm without optimization, also, the MSE results of the proposed algorithm illustrate its efficiency
than the one with no optimization.
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(a) The comparative results of different asymmetric BLF (b) The comparative results of different asymmetric BLF in Ex-
in Example 5.1. ample 5.2.

Figure 11: The comparative tracking trajectories and the tracking errors of the asymmetric IBLF (the
blue line), the tangent BLF in [27] (y; and z,, the red line) and the logarithmic BLF in [29] (y} and

z{jl, the yellow line).

Comment 2: The paper is structurally very difficult to follow. That is mainly because,

a. The notation of the paper is sometimes vague and not consistent. For example in Eq.(1), the subscript
Jj in x; ; means jth element of x;, while in A, ; it means jth subsystem, and in a; ; (in Eq.(10)) it refers
to jth step. Also, in Eq.(1), many papers use x; (x in boldface) to show the state vector of subsystem i.
What is the point of using x; ; instead? I suggest using consistent notation and symbols throughout the
paper and, most importantly, defining all of them clearly in a nomenclature.

b. Parameters, used in equations, need to be clearly defined. For example, what is n; in Eq.(1)? What is
p in Assumption 2.2, and where it has been used? What is a;; in Eq.(3) and what is its difference with
a; ; in Eq.(7)?

c. Section III, the main contribution of the paper, is a very long section without any subsections or
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Figure 12: The comparative tracking errors of the proposed algorithm and the algorithm with no opti-
mization (z},, the red line).

general explanations of what is happening. Three steps, called Step 4, 1, Step 4, h, and Step 4, n; have been
introduced. When one goes through them, Step 7,1 and Step 4, h are so similar in procedure. Authors are
requested to:

e Add appropriate subsections to section III.

e Reduce the number of equations by augmenting pre-defined Steps (Step 4,1, Step ¢, h, and Step i,n;),
or transferring either of them to the appendix.

e Add a control block diagram to clearly show how the combination of this backstepping and learning
works.

e A brief explanation of 'Barrier Lyapunov Function’ should be added in the preliminary section.

e On page 4, line 40, it is claimed that the proposed method ’is significantly simple in comparison to the
existing optimal methods in [25],[27)’. What is the authors’ justification for this simplicity? How is it
measured and proved?

Re:

Thanks for the beneficial suggestion of the respectable reviewer. Due to the changes made in the article,
the structure of the sections II-IV, and as a result, the numbering of the formulas and some related no-
tations have been changed. Also, a control block diagram is provided to illustrate the design structure
of the optimal fault-tolerant control clearly, and some descriptions are further explained to enhance the
contributions and differences in comparison to the existing results. To address these concerns of the hon-
orable referee, the detailed corrections to the above-mentioned comments are listed as below.

a). For the notations and symbols in the formulas, we have utilized a consistent nomenclature to repre-
sent the subsystem states x; 1, X; 1, X n,, the interconnection terms A; 1(¥), A; 1(¥), Ain, (¥), the virtual

optimal control input a7, a7, _;, h=2,3,...,n; —1, and so on. In Eq.(1), the large-scale interconnected
system with N high-dimensional subsystems is considered, and the ith subsystem has n; dimensions with
n; being a positive integer, i = 1,2, ..., N. That is to say, there are different dimensions in each subsystem

for the large-scale interconnected system. Accordingly, the subscript 1, # and n; in the subsystem states
and the interconnections imply the 1-dimensional, Ai-dimensional and n;-dimensional in the ith subsystem.
Also, the terms A; 1(¥), Ain(y) and A; 4, (¥) play a part in the interactions between ith subsystem and
other subsystems, that is because the variable § = [y1,y2,...,yn]T includes the output variables of all
subsystems. In addition, the notations a7,, aj, , in Egs.(8) and (16) also mean the virtual optimal
control input of the 1-dimensional and A — 1-dimensional formulas in the ith subsystem.

During the existing results, there are several representations of the large-scale interconnected systems. For
example, the state-space form of large-scale interconnected system was proposed as x; = A;x; + B;u; +
Z?I:Lj# Fi;jx; and y; = C;x;, where A;, B;, C; and F;; are known parameter matrices with appropriate
dimensions. Subsequently, the decentralized or distributed control method was utilized to stabilize the
whole system. Furthermore, some results used the system model as x; = £;(x;) + gi(x:)(u; + A;(¥))
with x; = [x;1, X5, xi,ni]T being the state vector, and a decentralized controller was designed to achieve
control objectives. Hence, the state and control coeflicients can be extended to state-dependent functions
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rather than constants as before. Nevertheless, this model still has a limitation that the form of function
gi(x;) may cause the interconnection term only appears in the n;-dimensional formula. For instance,
the power network system with two interconnected synchronous generators [37] cannot be represented by
this model. That is why we use a general model as Eq.(1) to describe the characteristics of large-scale
interconnected system. Afterwards, a learning-based optimal fault-tolerant control strategy is present to
improve the tracking performance and security.

b). For the parameters in the formulas, clearer definitions and explanations are provided to illustrate the
physical meanings. All these parts are marked in blue in the revised manuscript. As described before,
the large-scale interconnected system with N subsystems is considered as Eq.(1), where n; represents the
total dimension of the ith subsystem. During the simulations, n; = 2 for ¢ = 1,2 in the first example and
n; = 3 for i = 1,2, 3 in the second example.

Assumption 2.2 is a bounded restriction for the interconnected term A; (y), t = 1,2,...,n;, which is
utilized in stability analysis of the inequalities (31), (36) and (41), with the help of the Young’s inequality,
i.e., the Lemma 2.2. From which, p is a known integer p = max{p;,} that can amplify the interconnec-
tions. More specifically, from the condition |A; | < S°P") Z%\Ll q§7L11|yI|S7 one can derives that ¢; A;, <
id)%t + (3P qﬁ,L,l|yl|S)2. By using the Cauchy-Schwartz inequality (302} asbg)? < (304 a2) (3P4 b2),
we can obtain (32025 ST, a2 lyil®)? < Npi 051 STL (af ilyil)?. By substituting y; = x;1 and
X;1 = Z;1 + ¥i,q into it, and utilising Cauchy-Schwartz inequality (Z?Zl a;)%k < 221‘(2?:1 a2k
NDi S0 S (@ alyil®)? < S0Py 2% i(lZan | + [yi.al®) where qui = Np 305, o .

As for the a;_; in Eq.(3) and a} ; in Eq.(7) in the last round manuscript, the former one is a generalized
symbol a;_; in Eq.(3) to represent the reference trajectory y; q and the estimated optimal virtual control
input a7, a; ,, while the latter one means the optimal virtual control input that will be estimated by a
critic-actor-identifier framework. To further promote the readability of the manuscript, the lemma about
the asymmetric IBLF has been integrated into the STABILITY ANALYSIS section, and the explicitly
notations and definitions are added in the revision.

c). For the presentations of the optimal fault-tolerant control design, another section is added to illustrate
the procedure clearly. That is, the optimized virtual controller, the optimized actual controller and the
learning laws of network weights for the backstepping steps are presented in the Section III, while the
stability analysis for these three backstepping steps is shown in the Section IV. Also, the numbers of the
equations in these two sections are reduced correspondingly. Owing to the Step ¢,1 and Step ¢, have
some similarities in the control design and stability analysis, several formulas are omitted in the Step 1, &.
Moreover, a brief block diagram of the proposed optimal fault-tolerant control scheme is added to exhibit
the design procedures and the methodology clearer, see the Fig.1 in the revised article (i.e., the figure 13
in the response).

), one has

Step i,1

The actor weight The critic evalution R =~ Construct the Make the errors
lyl-d Wm to estimate a:., Wi, to improve &;, Train Wiy, W, and Wa,, IBLE V,, 2, Wi, , W, ,Wa, =0
Tl}e ith large-scale Step i,7 _The actor weight The critic evalution| o~ ~ _ Construct the Make the errors
mtercortmected W, to estimate a' Wy, to improve &’ ATrain Wi, , Wy, and Wi, IBLF V,, 25, Wy, W, , Wiy, =0
system : ! !
\L Y, Step 7,n, The actor weight . Ipe critic evalutiont Train W s W s Construct the lelie thejrrors z, ,WJ,‘_N s
Wi, to estimate v, Wi, toimprove V; Wi, gl 5.5 IBLFV, ” Wi, ,Wh, ,E.7 —0
Interconnections - .
L Design the optimized

actual control u,

Figure 13: The block diagram of the proposed learning-based optimal FTC design.

d). For the brief explanation of 'Barrier Lyapunov Function (BLF)’ and ’Integral BLF (IBLF)’, some
related sentences are added in the fourth paragraph of the INTRODUCTION section, e.g., 'BLF is a
special Lyapunov functions, whose value approaches infinity when it nears the boundary of permissible
set’, "Among them, the processing of constraint using IBLF has been greatly simplified and relaxed the
feasibility conditions, i.e., it has a well calculate capability of not requiring to convert state-constraints into
transformed error-constraints, but help to restrict a system state directly. Consequently, the conservatism
of BLF's-based control can be reduced’. These parts are indicated in blue in the revised manuscript.

e). Due to the structure and formula changes made in the revision, the structure of some section-
s, and as a result, numbering of the literature have been changed. The references [40] and [41] de-
sign the training laws of critic and actor weights via using the gradient descent algorithm and the
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1
g PE condition. That is, by deﬁning a function ®; = Bgz . with the Bellman residual error as Be;,, =
4 Hi, (zi,0, 0,0, Jz;, ) — Hi (24,2 fu J; )= Hi?L(zi,L,aZ,L,JZM), t=1,2,...,n, the critic updating law can
5 be yielded based on the gradient descent algorithm for minimizing the Bellman residual error:
6 . TS
7 WJC, _ i, . ! 7
8 o 1+ ||E»7,,L|| ()VVJ;L
9 A} 2 2 9
10 = T e (B Vs, — (L~ D Y
11 R _ .
12 + 2Ki7lzi7l(whi,‘shi,‘ - é‘;L—l) + ZWJT?,lSJi,LWJ?,l)
13 . R . R
14 where a7 o = y;.q and & = Sy, , (Wh, ,Sh,, —a; 1 —Ki,.zi, —3 W3 Sy, ). Also, the actor network weight
12 is designed based on the stability analysis: W‘]?,L = %SJMzi)L—?\iLSJMWJa —l—mSJ W}%L E‘i,LWJSY“
17 For obtaining the desired control performance, the term E,UEEL should satisfy the PE condition. In order to
18 simplify this design procedure, the updating laws of critic and actor weights are derived as Egs. (12), (20)
19 and (26) without using the PE condition. By denoting a function as E; = Tr{(Wya — Wye )T(Wya —
20 WJ?L)}, it is easy to verify that aHi7l(zi7l,ai7l,Jziyt)/()VAVJ?’l = 0 and E; = 0 are equivalent. Since
21 OE;/dWj 2 = —0dE;/dWjc =2(Wjza — Wye ), the time-derivative of E; can be calculated as:
22 7,0 it it i,
23 . JE; JdE;

Ei =Tr %W‘p + %WJC
;g { ()W]: . ot GW]; . o }
26 JE; & < e 8Ei

=Tr —A\2 SJ“WJa +}\'718Ji1WJ<} - — SJ WJ“
27 {8W1-7L ( i,1°7;, 2y i , M) (’WJ?[ i1 } (10)
28
AY JE; - JE;

29 == 71TI‘{ = Ji1 37 }SO
30 2 aWJT?‘ ' ()VVJ?’l
31
32 which indicates that the updating laws (13), (19) and (25) can ensure the satisfaction of above inequality,
33 and the Bellman residual error can be near to zero without the PE condition. However, these two
34 types of the learning laws of network weights have similar convergence performance in the simulations.
35 Furthermore, we give some explanations for this design procedure, see the Remark 3.3 and 3.4 on page
36 4.
37 Remark 3.3. The existing results in [41], [42] need the persistent excitation (PE) condition to stabilize
38 the control system. In contrast, we show that the Bellman residual error converges to zero without the PE
39 condition. This can also be verified by defining a function E; = Tr{(Wja —Wje 1)T(VVJa —Wye )} It can
40 OH, (251,85 1,z '
41 be verified that E; = 0 and % = 0 are equivalent. Since 6\?VEJ%1 = W = Q(WJ‘ —WJF D
42 the time-derivative of E; can be calculated as: '
43
44 . ()Ei 2 () )\? 8El = 8E1

B = Tr{———Wy + WJ”}—— S Tr{——S8),, ———} <0 (11)
45 ()W‘]?l ’ aWJ_ . 2 ()ngl ()WJ@]
46 ’ " b "
47 which implies that the learning laws (13a) and (13b) can ensure the satisfaction of (14), and the Bellman
48 residual error can converge to zero without the PE condition.
49 Remark 3.4. The main advantages for the designed critic and actor training laws are: 1) it simplifies
?1) the design procedure in comparison to the existing optimal methods in [41], [42]; 2) it can reduce the
55 computational complexity due to the unknown functions f; 1(X;1) and A, 1(¥); 3) it enables to remove
53 the PE condition commonly required in the optimal control.
gg Comment 3: The ’Simulation’ section needs revision:
56 a. What is the difference between the two examples? What does Example 2 show that Example 1 does
57 not? Better to stick to one example, but clearly demonstrate the paper contribution.
58 b. Results should be compared with a relevant paper to show the contribution.
59 c. Figures, and texts on them, are too small.
60 Re:

Thank you for your useful advice. Note that the selected practical example in the previous manuscript is
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Page 30 of 31

not reasonable to reflect the validity and the superiority of the proposed method due to the mismatching of
the system model. In the simulations, two practical examples are presented to illustrate the effectiveness
of the learning-based optimized fault-tolerant control scheme, i.e., the electrical power system with two-
machine subsystems and the walking robot with three subsystems. Additionally, the difference between
the two examples and the comparative results are explained and added clearer, and the sizes of the figures
and texts on them are adjusted accordingly.

a). For the difference between the two examples, we concentrate on the different numbers of subsystems
in the whole large-scale interconnected system or the different dimensions in each subsystem, that can
verify the proposed control algorithm will stabilize the overall system and achieve the control objective.
That is why we use two examples rather than only one example for simulations. More specifically, the
Example 5.1 has two subsystems with two-dimensional in each subsystem, while the Example 5.2 owns
three subsystems with two-dimensional in each subsystem. With the help of the appropriate parameters,
the tracking trajectories of y; and y; 4, the boundedness of the network weights ||[W s I W ae HVAVh,m I
and control input wu; x, uEk, the tracking trajectories without fault-tolerant control, and other comparative
results are both presented to make a further explanation of these two examples.

b). On the basis of the critic-actor-identifier architecture, the optimal fault-tolerant control problem is
investigated for the large-scale interconnected systems with intermittent actuator faults. Among which,
the actor is utilized to implement control actions, the critic is utilized to evaluate these actions from
the environment and to return the evaluations to the actor so that the subsequent actions can be well,
and the identifier is utilized to approximate the unknown dynamic. To illustrate the superiority of the
proposed optimal fault-tolerant control scheme, the simulation results are compared with some relevant
researches from the aspects of BLF and optimization. The control performance of the asymmetric IBLF,
the tangent BLF in [27] and the logarithmic BLF in [29] are displayed in Fig.6 and Fig.12 (see the
figure 10 in our response), i.e., (al)-(a2) and (al)-(a3) are tracking trajectories, and (b1)-(b2) and (b1)-
(b3) are tracking errors. These three types BLFs have seen similar performance in tracking control,
however, the output-variable with the proposed asymmetric IBLF is closer to the actual trajectories
than the others due to its smaller tracking error. Through the selected mean square error performance
criteria MSE = (1/T) EtT:O(yi(t) — yi.a(t))?, it is possible to verify the well tracking performance and
less conservative features of the proposed algorithm. Additionally, Fig.7 and Fig.13 (see the figure 11 in
our response) show the comparisons of the tracking performance between the proposed algorithm and the
algorithm without optimization, also, the MSE results of the proposed algorithm illustrate its efficiency
than the one without optimization.

c). For the simulation figures and the texts on figures, we have adjusted the sizes and the arrangements of
them into an appropriate presentation to fit the overall page. Then, the figures and the texts are clearer
than before.

Comment 4: There are also typos and grammatical issues in the paper, some of them are:

a. Page 1, line 35: ’...play a significant part in ...’ -> ’...play a significant role in ...’
b. Page 1, line 45: ..., due toit can ...’ -> ’..., because it can ...’
c. Page 1, line 46: ’...only use ...” -> ’...only using ...’

d. Page 2, first column, lines 10-13: The sentence is vague.

e. Page 2, the line above Eq.(2): It refers to ’stuck faults’; however, Eq.(2) does not cover the stuck fault
considering the condition on ; k.

f. Page 2, last line: What does the superscript (£) in y©) mean?

g. Page 3, line 12: definition of a;_; is not complete. How aj, ag, ...will be calculated.

Re:

Thanks for the beneficial suggestion of the respectable reviewer. In order to address these deficiencies in
the article, the authors have thoroughly rewritten the language and tried to resolve the variable definitions
and demonstrations as many as possible, which are indicated in blue in the revised version. Now, we are
confident to say that this paper is much more readable than before.

a)-c). On the basis of your suggestion, we have checked the language of this paper carefully, and we have
corrected some grammatical, editorial and even conceptual errors as much as possible. Here, the sentences
"...play a significant part in...’ is revised by ’...play a significant role in...’, ’...due to it can...’ is
changed into ’...because it can...’, and ’...only use ...’ is corrected as ’...only using ...’, etc. More
sentences with grammatical errors are also corrected in the revised manuscript accordingly.

d). On page 2, the sentence in the lines 10-13 expresses the importance of accommodating the system

) 9 )
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constraints during the control process. To avoid ambiguity, the sentence is written as "It is known that most
practical applications normally operate under various constraints, e.g., the performance requirements,
physical limitations and security considerations. Neglecting to accommodate these constraints may cause
inaccurate performance, system instability, or even unexpected accidents’, which is indicated in blue in
the revised article.

e). For the intermittent actuator fault model (2), the coefficient of the loss of effectiveness 1])21( satisfying
0< Qiyk < ll)?,k < 1 with Qi,k being an unknown constant, C?,k is the stuck fault value with \C2k| < Z?k
t € [tin,tins1) for h € ZT, and ti,n represents the unknown failure time constant, which indicates the
actuator faults are completely unpredictable in time, pattern, and value. From the Eq.(2), four types
of states of the kth actuator are described as follows: i) ?,k € (0,1) and C?k # 0 indicate that the kth
actuator has the loss of control effectiveness and stuck faults at the same time; ii) ?,k € (0,1) and C?,k =
imply that it can only output a fraction of the control input; iii) 1])21{ =1 and C?’k # 0 signify stuck faults
only; iv) ngl’k =1and C?,k = 0 means the fault-free case. Concise descriptions of the intermittent actuator
faults are further explained in the revised article as a response to this comment (see the Remark 2.1
and 2.2 on page 2).

Remark 2.1. The ith actuator mainly can experiment with the following four cases: i) Ib?,k € (0,1)
and C?’k # 0 indicate that the ith subsystem has the loss of control effectiveness and stuck faults at the
same time; i) P € (0,1) and (]!

1/7

« = 0 imply that it can only output a fraction of the control input; iii)
P =1 and ¢y # 0 signify stuck faults only; iv) b}, =1 and ', = 0 means the fault-free case.

Remark 2.2. The fault number h in [14], [28] is limited to finite under a single occurrence time. In
contrast to this, the more general case is considered as Eq.(2), which indicates that the actuator can be
intermittently revert to normal operation, or alternate intermittently between different fault modes. It is
applicable not only to the actuator faults with uniform interval periods but to those with non-uniform
interval periods. ©

L

f). Due to the change of notations and symbols in the formulas, y®) is represented by Yiat=12,... .0

And the superscript (1) in ygt()i means the tth-order derivatives of y; q, i.e., ¥id,¥id, y§3d)7 . ,yglz). This

condition guarantees the optimized virtual control inputs a7 ,, a; ;, and the optimized actual control input
aj,, are both bounded.

g). For the Lemma 2.1 in the previous manuscript, the parameter a;_; denotes the optimized virtual
controllers &; ;, a7 ;, which will be calculated in (12b) and (19b), respectively. This inequality is utilized
in the stability analysis of each backstepping step. To avoid inconsistent notations and symbols, this

lemma is omitted and represented directly in the STABILITY ANALYSIS section.

Once again, the authors would like to express their appreciation and sincere thanks for the respectable
reviewer’s encouraging, approving, constructive, fruitful and inspiring remarks and comments.
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