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Abstract For nonlinear Itd-type stochastic systems,
the problem of event-triggered optimal control (ETOC)
is studied in this paper, and the adaptive dynamic
programming (ADP) approach is explored to imple-
ment it. The value function of the Hamilton—Jacobi—
Bellman(HJB) equation is approximated by applying
critical neural network (CNN). Moreover, a new event-
triggering scheme is proposed, which can be used to
design ETOC directly via the solution of HIB equa-
tion. By utilizing the Lyapunov direct method, it can
be proved that the ETOC based on ADP approach can
ensure that the CNN weight errors and states of sys-
tem are semi-globally uniformly ultimately bounded
in probability. Furthermore, an upper bound is given
on predetermined cost function. Specifically, there has
been no published literature on the ETOC for nonlin-
ear [tO-type stochastic systems via the ADP method.
This work is the first attempt to fill the gap in this sub-
ject. Finally, the effectiveness of the proposed method
is illustrated through two numerical examples.
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1 Introduction

The control problem of nonlinear stochastic systems
is diffusely considered in different fields, such as bio-
logical systems, chemical reaction processes, financial
systems [1,2]. And in existing control theories, the
time-triggered control (TTC) is an important method
for most control problems [3—7]. As we know, the TTC
requires the controller to be updated at every moment.
This defect of TTC greatly limits its practical appli-
cations [8]. Therefore, the method of event-triggered
control (ETC) was proposed, which greatly reduces
the computational complexity compared with the TTC
approach. In ETC, the execution of the control task is
determined according to a well-designed event-trigger
mechanism, and the input control action is updated only
when the triggering condition is violated. Since the
property of less computation is required in ETC, it has
been widely used to solve consistency problems in dif-
ferent systems, including multi-agent systems [9-11],
unknown dynamics nonlinear systems [12,13], switch-
ing systems [14,15], and networked control systems
[16,17].

It has been well acknowledged that nonlinear It6-
type stochastic systems are widely used in various
fields, such as biological engineering, finance, nuclear
reactors, and physics [18,19]. The stochastic systems
not only supplement the deterministic systems, but
also precisely reflect the dynamic characteristics of
engineering systems. The existence of stochastic dis-
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turbances changes the dynamic characteristics of the
original system, reduces the control performance, and
even destroys the stability of the stochastic systems. In
recent years, many scholars have studied the stability of
stochastic systems. The problem of ETC for stochastic
nonlinear delay systems with exogenous disturbances
was first solved by Zhu in [20]. In [21], the stabil-
ity analysis and design procedure of ETC for nonlin-
ear stochastic systems with state-dependent noise were
studied. For network-based control of linear stochastic
systems with state multiplicative noise, the time-delay
method and ETC approach were proposed to obtain suf-
ficient conditions for the exponential mean square sta-
bility in [22]. However, almost all researches on ETC
problems for stochastic systems focus on the design
of feedback controller to achieve the control objec-
tives. Different from the traditional control methods,
the optimal control not only realizes the control goal
but also optimizes the given performance cost function
[23]. Optimal control has a very wide scope of applica-
tions in practice, such as enterprise planning, satellite
launch, and production control. Therefore, it is of great
significance to study the event-triggered optimal con-
trol (ETOC) of the nonlinear stochastic systems.

As we all know, the solution of optimal control prob-
lem usually comes down to the solution of HJB equa-
tion. However, the analytical solution of the HIB equa-
tion of nonlinear systems is very hard to get [24]. The
ADP method that combines dynamic programming,
reinforcement learning, and adaptive technology was
firstly presented by Werbos in [25]. It provides a novel
and effective method for solving the optimal control
problem of nonlinear systems. Compared with dynamic
programming, the advantage of ADP is suitable for
complex nonlinear systems. Moreover, it can effec-
tively solve nonlinear HIB equation and overcome the
disaster of dimensionality. A greedy iterative algorithm
by ADP was designed to solve the HJB for discrete-
time nonlinear optimal control in [26]. For nonlinear
polynomial systems, a new global ADP approach was
suggested to do with the adaptive optimal control prob-
lem [27]. The difference between this method and the
known nonlinear ADP method is that it avoids the neu-
ral network (NN) approximation and greatly improves
computational efficiency.

ADP methods for deterministic nonlinear systems
with ETOC have been studied by many scholars
and have been well developed [28-36]. For discrete-
time nonlinear deterministic systems, the ETOC prob-
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lem was studied in [28], which proposes an adap-
tive ETOC according to heuristic dynamic program-
ming. In [29], an ETC based on ADP method was sug-
gested to solve the optimal control problem of unknown
nonlinear continuous-time systems with input con-
straints. Dong proposed an ETOC structure and ADP
approach for nonlinear systems with control constraints
in [32]. According to event-trigger mechanism and
ADP approach, a new optimal control method for
unknown nonlinear continuous-time systems was pro-
posedin[34]. Guoetal. [36] studied the event-triggered
guaranteed cost optimal tracking control problem for
a class of uncertain nonlinear system by using ADP
approach. However, there is no research for It6-type
stochastic systems with ETOC based on ADP method.

In addition, most works on ETOC problems for non-
linear deterministic systems first need to obtain event-
triggered HJB equations and then get approximate solu-
tions by using ADP methods [37—40]. Noting that the
fact that the event-triggered HJB equation is already
a kind of approximate of the given equation, the error
of the solution is relatively large. Moreover, the opti-
mal performance index in ETOC is bound to degrade
to some extent since the use of event-triggered con-
trol. Therefore, it is essential to investigate how much
performance will decline for the ETC approach. How-
ever, there is little research on how the event-trigger
scheme affects the optimal performance index. In the
works of Dong et al. [32] and Zhu et al. [33], the pre-
specified cost function (C-F) for the ETOC contains
an integral term, and the boundedness of the integral
term was not analyzed. Luo et al. [41] proposed a new
ETOC method, which guarantees an upper bound for
C-F. However, this work does not take into account
the impact of stochastic disturbances for system and
performance index, which is not in line with practical
applications.

Motivated by the above discussions, the problem of
ETOC for nonlinear It6-type stochastic systems is stud-
ied utilizing the ADP method in this paper. And the
main contributions are as follows.

i) ETOC for nonlinear Itd-type stochastic systems is
designed for the first time in this paper by using
ADP method, which can get the numerical solution
of HJB equation. Moreover, it can reduce computa-
tional load and savings communication resources.

ii) In the existing researches, there is no literature to
study the influence of ETOC on the corresponding
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performance index of Ito-type stochastic optimal
control problem. In our work, a new ETOC is pre-
sented to ensure the predetermined upper bound of
the corresponding performance index for Ito-type
stochastic optimal control problem.

iii) For ETOC problems, the main purpose of most
works is to achieve the numerical solution of the
event-triggered HJB equation by applying ADP
method [37-40]. However, considering the fact that
the event-triggered HJB equation itself is already a
kind of approximate of the original HIB equation.
In our work, a new event-triggering scheme is pro-
posed, which can be used to design ETOC directly
via the solution of HIJB equation and the accuracy
of the approximate solution can be improved.

The rest of the paper is introduced as follows. In
Sect. 2, we give the problem statements and prelimi-
naries. The ETOC scheme, stability problem, and an
upper bound of the C-F are developed in Sect. 3. Sec-
tion 4 constructs CNN to estimate the optimal value
function. The ETOC based on ADP method is analyzed
theoretically in Sect. 5. In Sect. 6, examples results are
presented to illustrate the application of the proposed
method. Section 7 concludes this paper.

2 Problem statements and preliminaries

The notations used in this paper are as follows. R"
denotes the n-dimensional Euclidean space and || - ||
represent vector norm. The superscript T represents the
operation of transpose. Denote by (2, F, {Ft}i>0, P)
a complete probability space with a natural filtration
{Ft}i>0- E{-} denotes the correspondent expectation
operator with regard to a given probability measure P.
o (+) and o (+) represent the minimum and maximum of
singular values. X is a compact set of R”. Let C?(X)
represent the family of nonnegative functions V(x) and
Y(x), which are twice differentiable in x € X C R".
||A||% = bTAb for symmetric matrix A > (>)0 and
real vector b.

Consider the Itd-type nonlinear stochastic systems
as

dx(t) = F(x(0)dt + Gi(x(@)u(x@)dt + Ga(x(D)dw (1),
6]

where x = [x1,---,x,]L € X C R" represents the

system state, the control input u(x(¢t)) € RP”, and

w(t) be a one-dimensional Brownian motion defined

on space (£2, F, {Fi}i>0, P). F(x(t)), Gi(x(r)), and

Ga(x (1)) are Lipschitz continuous on compact set X' €

R"™. Moreover, F(0) =0, G1(0) =0, G»(0) = 0.
The cost function of (1) can be written as

T (x(1), u (1))

+00
“E { fo (Qu) + ") Rutx(@)) dr} ,
®)

where Q(x(¢)) is a positive definite function, expressed
as a weighting function of state x(¢) with Q(0) = 0,
and R > 0.

The goal of optimal control problems is to find the
optimal value function as

V*(x(1)) = ur(;n(g) Tx (@), u(x(@)], 3)

where V*(x (7)) € C2(X), V*(x(t)) > 0, and V*(0) =
0. If the control input u(x(¢)) is admissible, then the
Hamiltonian of V*(x(¢)) and u(x(¢)) is given as

H(x, u(x), Vi)

1
=VIF(x)+ ViGi(x)ulx) + zngV;xQZ

+ Q) + u" () Ru(x), )
where
N A% aV
VNE ,
0x1 0x2 0xy,
and
. 32V dx10x] dx10x,
Vxx = P) = : . .
xixj nxn 32V o 32V
0x,0X1 0x,0Xp

Based on [42], V*(x) can be achieved through solv-
ing HJB equation as

minH(x,u(x),Vj) =0. (5)
u(x)
Therefore, the optimal control is given as

1
u*(x) = —ER—I(mng(x)v;‘, (©6)
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and the optimal performance index can be written as
J*(x0) = min J (xo, u) = V*(x0).

Substituting (6) into (5), the HIB equation becomes

1
ViF(x) + EggV:xg2
1
— G ORT @G @WVHT+ Q) =0. (7

Remark 1 Noticing that the HIB (7) is a time-triggered
HIJB equation, the controller is required to stay active at
every time instance. Obviously, the time-triggered opti-
mal control (TTOC) has the disadvantage of requiring a
heavy computational burden and needs more communi-
cation sources. Fortunately, the controller in the ETOC
method is updated only when the triggering condition
is violated, which can surmount the above shortcom-
ings. In this paper, we will develop a novel ETOC to
achieve the approximate solution of (7).

3 Design of ETOC and stability analysis

Let triggering instants set {#;} satisfy 0 =1 < --- <
t < -+, limg_ ooty = o0 and define the sampled
State as

X()=x (), t €. tkg1), k€N,

where 1, is the triggering instant. Let e(¢) represent the
error of true state x(¢) and sampled state x(¢). Then,
we have

e(t) = x(1) — x(1), forVt € [t, trs1) . (8)
The sampling interval of the ETOC is defined as
hic & tip1 — t.
According to (6), the ETOC has the form
_ _ | _
p® =@ = - RGO OH. ©9)

By system (1), error (8), and ETOC (9), the closed-
loop system is written as
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dx
= F(x)dt + G (x)u(x)dt 4+ G (x)dw

1
= F(x)dt - 56, ORGTE®WHT + Ga(x)dw

1
= Fdi = 5G10R ™G (v + )V,
+ Gy (x)dw. (10)

Now, a new event-triggering scheme considered in
this paper is

Zo(x,x)
1
=({+o¢) [V;‘F(x) +ViGi()u ) + EQZTV;}QQ]

+ Q) + uT (®Ru(X)
<0, (1

where ¢ > 0 is a predetermined constant parameter,
which will determine an upper bound of the C-F of
(2). The controller will be updated according to the
current state when the triggering scheme (11) is vio-
lated. Therefore, the next release time instant #;| can
be updated as

tkpr = inf {7] Zc(x(2), X (1)) 2 0,1 > 1} . (12)

Theorem 1 Closed-loop system (10) with the event-
triggered optimal controller (1(x) in (9) and the event-
triggering scheme (11) is asymptotically stable in prob-
ability and the upper bound can be given for the C-F if
V*(x) is a solution of (7).

Proof Choose V*(x) as the Lyapunov function.
According to (11) and (12), we acquire

1
LV =VIF@) + VG 0u@) + 50 VG

_ o I, P
= +C[Zc<x,x> Q) — W ®Ru() |

1
Y [0 + 1T @R |

<0, (13)

N

which implies that (10) is asymptotically stable in prob-
ability.
Based on (13), we have

Q) 4+ uTXORuE) < —=(1 4+ ) LV*(x).
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Next, it follows from Dynkin formula and (13) with
V(xt) > 0 that forany T > 0,

T
E { /0 (@) +n G Rux()) dr}

T
<—-(1+0FE {f EV*(x(t))dt}
0

= (1 +0E{V(x0) — V(xr)}
< (1 +0)V*(x0)
= (1 4+ )T (x0).

Letting T — 00, one can obtain

E { /0 (Qu) + 1" EERuED) dr}
= (140" (x0).

Accordingly, an upper bound (1 +¢)J*(xo) is guar-
anteed on the cost function 7 (xq, ). |

Corollary 1 For system (10) with the triggering
scheme (11) and the triggering time sequence (12), the
sampling interval hy of the ETOC is monotonic non-
decreasing. That is, hy, = hy,, for any ki = ky > 0.

Proof Fort € [0, hy, ], according to (12), we have

Zkl ()C,)E) - Zkg(xvi)

1
= (k1 —k2) [V;*F(x) +ViG1(0)p) + EggTfogz]

ki — k

= 11+ k22 [Zkz(x, X)— Qx) — MT()?)R/J,()E))]
_kzk T, = _

ST 6 [Q) + u' DRuE)] <0,

one can obtain Zy, (x, xX) < Zy, (x, x), then, hy, = hy,.
O

Corollary 2 Combining system (10) with triggering
scheme (11) and the triggering instant sequence (12).
If the parameter ¢ = 0, we can obtain the sampling
interval hy = 0 for all k and J (xg, u) = J*(x0).
Then, the ETOC will degrade into a traditional TTOC.

Proof According the HIB equation (7), we obtain

1
VIF(x) + 593 Vi Ga + Q(x) = (u*(x) T Ru* (x).
(14)

Based on (11), (14) and the condition ¢ = 0, we get

Z.(x, %)
= VIF(x) + VIGi()pE) +0.5G; Vi, 0>
+ Q) + (nE) TRu(X)
= () TRu*(x) — 2(u* (x) TR (%)
+ (@) Ru()

= [u* () — n®]% = 0,

one can obtain from (12) that #x4 = #, thatis, hy =0
forallk =0, 1,2, ---. According to the condition ¢ =
0 and Theorem 1, we can obtain J (xg, u) < J*(xo).
Meanwhile, J*(xp) is the minimum performance, i.e,
J (x0, u) > J*(x0). Then, we get J (xg, u) = J*(x0)-

O

Remark 2 Based on Corollary 1, we know that a larger
c will lead to a larger sampling time, which greatly
reduces the computational complexity and saving com-
munication resources. That is, ¢ is a tuning parameter
between the TTOC and the ETOC.

Remark 3 Tt is worth noting that our proposed event-
triggered scheme (11) can guarantee that the C-F has
an upper bound, and we consider the system and C-F
affected by stochastic disturbances. Although the ADP
method was used to solve the ETOC problem of contin-
uous systems in [32,34,43], the C-F of event-triggered
control was not unsolved. In addition, there has been
no works to study the influence of ETOC on the C-F of
stochastic optimal control problems.

Remark 4 In our work, the proposed ETOC approach
only needs to solve the HIB equation (7) directly and
does not need the event-triggered HIB equation, which
has better practicability. However, the HIB equation
of event-triggered was needed in [37,40], where the
value function V*(x) was required to satisfy both the
event-triggered HJB equation and original HIB equa-
tion. Thus, our work is more practical than those in
[37,40].

4 Critic neural network design

The V*(x) is estimated by using a CNN. And the struc-
ture of NN-based approximate value function as
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L

Vi) =Y wfmi(x) + 8(x), (15)
k=1

where w* £ [a)iK a)*L‘]T represents the CNN

weight vector, my(x) 2 [m(x),---,mp(x)]" is the
vector activation function with my(x) € C2(X) and
m(0) = 0, and 8 (x) denotes the error of CNN estima-
tion.

Due to the ideal weight w™* is usually not available
and difficult to obtain. Therefore, the CNN is applied
to approximate V*(x) as

L
V() =Y oxmy(x) = M ()o. (16)

Submitting (16) to (9), the ETOC based on ADP is
expressed as

) 1o .
n® =—3R Gl (®)ViML (), (17)
where Vi M| £ [%IIL aajg; aa/fL] w(t) = w(ty),

vVt € [tk, t+1), and Z.(x, x) in the event-triggering
scheme (11) is performed with

Ze(x,X)
A A 1 ~
=0+ Ve F(x) + ViGi(x)u(x) + Eggvxxgz]

+ Q) + u(®) T ()Ru(F)
< 0, (18)

where ¢ > 0 is the predetermined constant that will
determine an upper bound of the C-F with the ETOC
a7). f)(x) is the approximation of V*(x). When the
event-triggering scheme (18) is violated, the controller
will be updated according to the current state x ().

The ADP approach is developed to study the CNN
weight vector w. Motivated by works [34,41,44], the
following assumption is presented.

Assumption 1 Let P(x) € C*(X) and P(0) =0bea
Lyapunov function candidate such that
V,P(x)F(x) + Vi P(x)G1 (x)u* (x)
8273 X
15017706, <o

@ Springer

where

aP 0P aP
V. P& | ...
xP [Bxl 0x2 8xn:|
and

P P P
2 2 dx10x] 0x10xy,
?P(x) , [ 2P ] 3 o ,
7 = = : . :
dx nxn

0X;iX : o
Y PP 8P
0x,0x] 0x,0xp

Py with Py > 0.

Meanwhile, ||V, P| <

According to (16) and (17), the approximate Hamil-
tonian has the form

H(x, 1(x), Vi V(x))
= o [VIML () F(x) + VIML(x)G1 (x) e (x)]
182 Mp (x)
9x2
+ Q) + uT(ORu(x),

1
+ Egglnxn R w g2

where ® represents the Kronecker product. Since
the estimation error in the CNN, the replacement of
V*(x) and u*(x) in (5) with f)(x) and p(x) will
cause residual error, that is, V(x) % 0. Therefore,
the residual error between H(x n(x), Vy V(x)) and
H(x, u*(x), V,V*(x)) can be expressed as

(x 1(x), Vy V(x))
—H (x, 1 (x), VoV (x))
= A (. (), VD)) =
= H (x, u(x), vxf/(x)) . (19)

n(x, w) =

Due to derive the minimum value of 5, the square
residual error has the form

1
E(x,w) £ 5772()6, w).

Accordingly, the following gradient-descent-like
rule is designed as

—y&w w)
1+ ¢T)g)
+ AT, WG ORTIGLOVIPX),  (20)

2 X
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where

¢(x) = VIMp(x)F(x) + VIML ()G (x)n(x)

1+ 2 M (x)
y I X S~ A 9
+292® LxL™ 53 G
and
0, if  VyP&x)F(x)+ ViPx)G1(x)u(x)
2
= +1012 P0G, <o, 1)

1, else.

Remark 5 Two explanations for (20) are showed as fol-
lows.

(1) The purpose of the first term in (20) is to minimize
the target function E (x, w) via the gradient descent
method. Meanwhile, 1/(1 4+ ¢T(x)¢(x)) is a nor-
malized processing term, and ¥ > 0 is a constant
gain.

(2) The last term in (20) is added to ensure the sta-
bility of system (1). The derivation of this term is
as follows. Represent the derivative of P(x) along
system trajectory

dx = F(x)dt + Gy (x)u(x)dt + Go(x)dw

as

¥ =V, P(x)F(x) + ViP(x)G1 (x)u(x)
1 _13*P(x)

2 dx? G-

Applying the gradient descent approach to ¥, we

have
L4 1
=5 TML ()G ()RTIGT)VIP ().
1) 2

Obviously, it is helpful to prove ¥ < 0, which can
ensure the stability of system (1).

Remark 6 Now, we introduce the implementation prin-
ciple of the ETOC based on ADP. Utilizing x and x to
validation event-triggering scheme (18), and using x in
(20) to calculate the CNN weight w. The control input
(17) will be calculated according to x and @ when the
event-triggering scheme (18) is violated.

5 Theoretical analysis

The system stability and cost function bound are ana-
lyzed theoretically in this section. First, the following
definition and assumptions are introduced.

Definition 1 [45] For system (10), the trajectory x(¢)
is SGUUB in p-th moment. For a compact set X € R"
and any x(f9) = xo, if there exist constant b; > 0 and
T (b1, xo) satisfying E[||x(®)|”] < b1, t >t + T.

Define the CNN weights error is () 2 w(t) — w*.
Then, we have

o) = ot). (22)

Assumption 2 The control input #*(x) is Lipschitz
continuous, that is to say, for every x1, xo € &, there
exists K > 0 satisfies

|u*(x1) — w(x2)|| < K llx1 — x2l -

Assumption 3 Assume that Ki|x|?> < Q) <
K>||lx||%, and K3|lx| < [lu*x)Il < Kallx|l, where
K1, K>, K3, K4 > 0.

Assumption 4 Assume that

(1) F(x) is Lipschitz continuous, that is, for any
X1, xp € X, there exists [y > 0 satisfying

IF (x1) — F ()|l < Ipllxr — x2].

F(x), Gi(x), and G>(x) are bounded on the com-
pact set &, that is, |F|| < Fum, |1G1ll < Gim,
1921l < Gam, where Fur, Giy, and Goyr > 05

(2) w* is bounded, that is, |o*| < wp, where wy >
0;

(3) There exists My, dy, and dypy > 0 such that

ML) < My, [IVxMp ()|l < du, and
3> M (x)
dx?2
(4) V446(x) is Lipschitz continuous, that is, for every

X1, xp € X, there exists [;5 > 0 such that

” <dypm forall x € X;

V8 (x1) — Vid ()|l < las llx1 — x2ll,

and there exist 87, d4pm, and Spy > 0 such that
18N < 8ur, 198 < dan, and | 2242 | <
Spym forall x € X;

(5) ¢(x)isbounded onthe compactset X, thatis, ¢, <
¢ (x) < ¢y, Where ¢y, Py > 0;
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Theorem 2 Consider system (1) with control (17) and
the event-triggering scheme (11) with (18), and let
Assumptions 2—4 hold. Then, the true state x(t), sam-
pled state x(t), and CNN weights error w(t) are
SGUUB in probability, if there exist matrices Y > 0
and

ISl > D, (23)

where

S = Llxl, 1%, 117,

b— VI +VIVI2Z(V) +4Ua (Y)
20(Y)

and U, V, Y are as follows:

’

1
U= EngzMnZnaDMn +8amFy +q1,

q2
V= SamGimKs + q2 ’
¢2
| du Far = 55+ 51w P |
i Yéu (KitKs)
1+c + 1+¢M 0 0
Y = 0 % _dMgizMKA i
_duGimKa YPu
L 2 1+

where

q1 = %'PMgleail(R)an 72 = PuGimKs.

Proof Selecting the Lyapunov function condition

LoTo + P(x (1)),
24

V(@) = V*(xp) + V*(x () +5

where P (x(r)) € C?(X) is given in Assumption 1,
V(x (1)) € CE(X), and Y(x()) > Oisa positive func-
tion due to V*(x;) > 0, V*(x(¢)) > 0, V*(0) = 0,
P(x(t)) > 0,P(0) = 0. Since (24) includes both dis-
crete dynamics and continuous dynamics, we analyze
the stability analysis under the following two cases.

Case 1 Events are not triggered, that is, t €
[#x, tx+1). For system (10), taking the derivative oper-
ation for (24) and using (22), we get

LY(x (1)) = LV*(F)+LVE(x (1) +OTd+LP(x (1))

It is worth noting that X; remains invariant on ¢ €
[k, te+1), thus,

LV* (%) = 0. (25)

@ Springer

From (15), one has

V(x) = M} (x)o* +8(x) =
=V(x) -

Mz(x)(w — @) +5(x)
MT(x)d + 8(x). (26)

It follows from Assumption 2, Assumption 4 and (26)
that

1
LV () = VIF () + VG 0r®) + 5 G VLG

~ ~ 1 ~
=V F(x) + Ve G1 () (%) + 59} VirGo
— VML (x)F (x)& — Vi M1 (X)G1 (x) 1 (¥)

TB ML(x)a)

- fg G2 + Vi8(x) F(x)

828()6)

+ Ve 8(0)G () () + gT G

e [Q) + u(i)TRuoz)]

= [VaML(x)é — Vi8(x)] [F(x) + G (x) pu(X)]
102 ML(x)w 1 028(x)

1
g2+§ 2 9x2

1 2
<1 [Klnxn + K31517]

+ (dm BN + 8am) (Fr + Gim K4l X))

< -

—fg

G

1
+ 5 1G22 dran 111 + f||gzM|| I8parll
(27
The infinitesimal generator of P(x) is written as
32
LP(x) = Vi P@x)(F(x) + G (0)ax)) + gT P(X) G
2
= ViPX)(F(x) + G1(x)u(x)) + = gT P(x) G

+ ViP()G1(x0)fa(x) — pr(x)gl (X)M(x)- (28)

According to (20) and (22), one can obtain

e OTp(x)
LY (@) =0 b= —Vmﬂ(xﬁw)
FLTVIML WG ORGP,

(29)
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From Assumptions 3, 4, and (19), the first term of
right side in (29) has the following property:

OT(x)
T T
. TPt ()P (x)
14 ¢T ()¢ (x)
. oTPT ()P (x)
14 ¢T () (x)
. (Q(x) + uT () Ru(x)) 50)
14 ¢T () (x)
10l (@pm + 1B])
_ o _

n(x, w)

o, QW+ wT()Rw(x)) 50
L T )

(0" + @)

dm (K1 + K3)|x |12
1+ 63

For k in (21), consider the following two situations:
1) For k = 0, one have

ViP(x)(F(x) + Gi1(x)p(x))
2
gTa P(X) g2 X

Then, we can get

]%c?)TVIML DG ORIGIOVIP@) + LP(x)
<0. (30)

2) For k = 1, one have

82
VP (F(x) + G () (@)) + gz P(X)gz > 0.

Then, from (28), one can obtain

LPR) + %@TvIML G ORGT @ VIP ()

82
P(x) G2

= VyPx)F(x) + Vi P(x)G1 (x)ju(x) + Qz
+ ViP@)G1(x)u(x) — VXP(x)Ql(X)u(X)

+ %@TVIML(x)@(x)R‘lng(x)VEP(x)

1
=V:PWF) = 561 ORIGI OV ML (x) (@0 — &)
T3273( )
2 2
=V, P(x)F(x) — 791 ORIGT OV (V*(x) — 8(x))
BZP(x)

G + ViP(x)G1 (0) ((X) — 1(x))

gT

G2 + Vi P(0)G1 () (u(x) — p(x))

2
= VPO F(x) + Vi PG (1) (x) + gTa P(") A

1
+ 5 VPG ORGT () V,8(x)
+ Vi P(0)G1 () (1 (X) — p1(x)). (31)

Based on (30), (31), and Assumptions 2—4, we have

LPx) +0.5k0"™VI ML ()G ()R GT (1) VIP(x)
< %vmmgl OR™GT (1) V28 (x)

+ ViP0)G1(x) (1 (x) — pu(x))
= q1 +q(lIx]l + lIxID, (32)

Combining (30) and (32), we have

LP(x)+ gc?)TVEML NG ORIGIx)VIP©K)

< max{0, g1 + (Xl + [xID} = g1 + g2 (X1 + llxID.

Next, by (25), (27), (29), and (32), we have
LY(x(1))

< ———[Kilal? + K10°]

14+¢
+ (dml®ll + 8am) (Fu + glMK4||i||)

1
+ S 1Gam P dma o] + —||92M|| 18Dl
Py loll@p + 1101 du (K1 + K3)llx])?
1+ ¢3, 1+ ¢3,
+aq1+g(I% ]+ llx )
=-S"ys+vis+u. (33)

Then, from condition Y > 0, we have
LYx(®) < —aMIISI*+ VIS + U. (34)

Using condition (23) and doing completing the
squares for (34), we get

LY(x(@) <0

By applying E[LY(x(1))] <
mula, one can obtain

0 and using Dykin for-

t
E[Y(x ()] = E[V(x0)] < IE/O LY(x(s))ds < 0.
Thus, we get
E[Y(x()] < E[Y(x0)].

Then, the true state x(¢), sampled state x(¢), and
CNN weights error w(¢) are SGUUB in probability.
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Case 2 We consider the event-triggered moment t =
tx. Consider the difference of the Lyapunov function
Y(x(tx)) defined in (24) on the event-triggered instant,
we get

AV(x(tr) = Y(x () — YV(x(t,))
= AV*(x (1)) + AV*(x (1))
+ AV, (1)) + AP (x (1)),

where x(t,) = limox(tk_l —a).
o—>

From the stability of the flow dynamics, we have
that for ||S|| > D,

AV* (x (1) = V* (x (1)) = V* (x~ (1)) <0,
AV (@) £ V(@) — Vi (07 (1)) <0,
AP (x (1)) £ P (x () — P (x~ (1)) <0,
AV* (X (1) £ V" (X (1) — V* (X (tx-1))

< —K(le) ),

where K(-) represents class-/C functions in [46]. The
strictly increasing property of class-/XC functions ensures
the decrease of AV* (x (;)).

Therefore, we can get AY (x(fx)) < 0 when || S| >
D. Finally, one can obtain E[YV(x(f))] < E[V(x0)]
when [|S|| > D. Then, the true state x(r), sampled
state x (1), and CNN weights error w(¢) are SGUUB in
probability. O

Theorem 3 For system (1) with control input (17), let
Assumptions 24 hold. Then, an upper bound is given
on the cost function J (xo, [4).

Proof For system (1) with control (17), doing deriva-
tive operation for V*(x) in (15), we get

LV*(x) = LV(x) 4+ L£5(x)
~ ~ 1 ~
=ViF(x) + ViGi()p() + Eggv,’;gz + L£8(x)

_ 1! : Tz :

- [Hex. ) = Q) = wT@ORRE | + £5(x)
1

B 1+c¢

X

[0 + 1" ORu® | + £30).

Then, we get
Q) + uT(HRU(E) < —(1 4+ )[LV*(x) + LE(x)].

According to the Dynkin formula and condition
18]l < 8y, forany T > 0 and V(x7) > 0, one has

@ Springer

T
E { fo (Q) + T ERuGE)) dr}

T
<—=(1+0oFE {/ [LV*(x(1)) + Eﬁ(x(t))]dt}
0

= (1+OE {V*(x0) — V*(x1) + 8(x0) — 8(x7)}
< (L +o)(V*(x0) +28m)
= (14 LT * (x0) + 28u].

Letting T — oo, we have

Fxo. ) =E { [0 (Qux(0) + LT GO RuEW))) dr}

< (I +o)[T*(x0) + 28pm1.

Thus, we can conclude that there exist an upper
bound (1 + ¢)[J*(x0) + 28] for the real performance
index. Furthermore, it can be demonstrated that the
upper bound of prespecified C-F will be close to the
ideal value when the NN estimation error §(x) — 0. O

Remark 7 Noticing that for deterministic continuous-
time systems, there have been many results reported
about ETOC based on the ADP method [33,41]. How-
ever, there has been no published paper on the topic for
nonlinear Itd-type stochastic systems. Our work is the
first attempt to fill the gap of this subject.

Remark 8 1t is worth emphasizing that an upper bound
of the prespecified C-F can be obtained by the parame-
ter c. Besides, according to Theorem 3, when the esti-
mation error of NN is considered, the upper bound of
NN can also be analyzed via ADP. However, in [32,33],
the prespecified C-F for the ETOC contained an inte-
gral term, and the boundedness of the integral term was
not analyzed.

Remark 9 In our work, the event-triggering scheme
(11) is different from those in [38,39], and the latter
ignored the effect of stochastic disturbances. In [38,39],
the main purpose is to achieve the numerical solution
of the event-triggered HIB equation by applying ADP
method. However, the event-triggered HIB equation is
really a kind of approximate of the given HIB equa-
tion. It is noteworthy that the event-triggering scheme
(11) can utilize the ADP method directly to get original
solution of HIB equation. Thus, the error of numerical
solution can be reduced.
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6 Simulation results 0.0 _,‘_‘_._u(t)
. —ult)
Example I In this example, a controlled Van der Pol fﬂW—
oscillator of system (1) is expressed as o0
dx(t) = A(x(0))dt+Gy (x ())u(x(1))dt g ..l
2 o
+ G (x(1)dw(1), (35 z
-0.15
where
-0.2
1
Ax) =[0.1xp —x1 — §x2 (1 - x%) - O.lxlzxz]T,
-0.25 : : : ‘ :
0 5 10 15 20 25 30
G1(x) =[002x1]", Ga(x) = [0 x2]". Time(s)
The corresponding cost function is given in (2), Fig.2 The ETOC u(r) and TTOC u(r)
where R = 1and Q(x) = xTIx with an identity matrix 02
1. The Lyapunov function candidate P (x) = %(x% +
x3) and the initial value x(#) = [0.5, —1]T. Let the of T T T T T T
CNN activation function is My (x) = [xlz, x% x0T, \
and the CNN weight vector v = [w1, w2, w3]". Let the 2 B
parameter c¢ of triggering scheme (18) as 0.05. = 0a
By means of MATLAB, the simulation figures are §
shown in Figs. 1-4. Figure 1 shows the response of Z -06r
the state x and x, one can obtain that system (35) 8
is asymptotically stable in probability. Meanwhile, it © 08
shows that the state x under the TTOC and the ETOC 1 wi(t)
has a similar effect, and ETOC reduces the comput- _ _Zigg |
ing load. Figure 2 shows that the ETOC () and the 12 . . . . .
TTOC u(x). It reflects that the frequency of control ° 10 Tir:]z(s) 2 ® %
updating of ETOC can be greatly reduced. The con-
vergence of the CNN weight @ is shown in Fig. 3, Fig. 3 The trajectories of @
3 o) T
06 T T T T T —o h(t)
***** z1(t)
» 041 (1) 25T
o ©
§ 02 2 ol
5=
0 2
0 5 10 15 2 25 30 ;0 5T
Time(s) =
g
& 1T
0 .
S
> A0 |7 T2 (t) 0 % L Q g L ﬁu L i Mo
Zy(t) 0 5 10 15 20 25 30
6 L L L L 1 Time(s)
0 5 10 15 20 25 30
Time(s)

Fig. 1 The state response x () and x(¢)

Fig. 4 Sampling period /1
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which demonstrates that the CNN weight converges
to [0.0467, —1.1023, —0.2016]T. Thus, the approxi-
mate value function is written as ]>(x) = MZ w =
0.0467x7 — 1.1023x3 — 0.2016x1x2. Moreover, in
Fig. 3, the initial weights of the CNN are all set to
zero, which means that the implementation of the con-
trol strategy does not require the initial stabilizing con-
trol. Figure 4 shows the intersample times 4y, and the
minimum Ay is 0.02 s. Moreover, simulation results
about ¢ € [0, 30] incidents that only 36 state samples
applied to execute the ETOC approach, which takes
about 0.036% of the whole state samples. Thus, the
use of communication resources can be promoted and
the computational complexity is greatly decrease.

Example 2 Consider the power system with stochastic
disturbance as

dx = Axdt + B(x)u(x)dt + C(x)dw, (36)

where the system matrices as

LY
= A
R;G, G,
_,%xl 0
Bx)=| zx |.Cax)=| 0

where x = [AP;, AG,, AV,]", AP; represents
the incremental frequency deviation, AG, denotes
the incremental change in generator output, and AV,
denotes the incremental change in governor valve posi-
tion. By x; denoting the APy, x, denoting the AG,
and x3 denoting the AV,. P, = 0.5, R, = 0.1,
T; = 0.6, G; = 0.5, and Px = 0.6 represent the plant
model time constant, the feedback regulation constant,
the turbine time constant, the governor time constant,
and the plant gain, respectively.

Remark 10 Most works on the power systems are
based on deterministic systems [38,47]. However, in
practical applications, stochastic perturbations will
have an impact on all aspects of the power systems,
such as the fluctuation of system frequency, node volt-
age, and generator speed. The existence of stochastic
perturbations destroys the stability and reduces the con-
trol performance of the systems. Therefore, the ETOC

@ Springer

problem of the power system with stochastic perturba-
tions is studied in this paper.

The cost function is given in (2), let Q(x) =
xTIx with an identity matrix / and R = 1. Select
the critic NN activation function vector is My (x) =
[x12, X1X2, x%,xlxg, X2X3, x%]T.The Lyapunov func-
tion candidate P (x) = (x} + x3 + x7) and the initial
condition x(r) = [1, —1, 0.5]T. Choosing the parame-
ter ¢ of triggering scheme (18) as 0.06.

Simulation figures are shown in Figs. 5, 6, 7,
and 8. Figure 5 shows the response of the state x
and x, one can find that the ETOC can guaran-
tee system (36) is asymptotically stable in probabil-
ity. Figure 6 shows the trajectories of ETOC ()

Time(s)

Fig. 5 The state response x(¢) and x (¢)

Time(s)

Fig. 6 The response of ETOC p(t) and TTOC u(x)
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0.6 T T T T T T T

t
t
05 — = —w(t
t
t
1

0.4 ws(
0.3 I
0.2 1

0.1 1

Critic NN weight vector

-0.1 4

-0.2 1

-0.3 1

-0.4

Time(s)

Fig. 7 The trajectories of @

0.35 T T T T T T T T T

03 (0] (0] 4

o e
o o N
o ) 3
T T T
©
©
L L L

Sampling period hy,

o
T
L

0.05 'T 1

Fig. 8 Sampling period Ay

and TTOC u(r), which reveals that the frequency
of control updating of ETOC is greatly reduced. As
reflected in Fig. 7, the CNN weight converges to
[0.334, —0.3568, 0.4211, —0.3813, 0.4064, 0.407]".
Thus, the approximate value function as Vx) =
M (x)w = 0.334x7 — 0.3568x1x, + 0.4211x5 —
0.3813x1x3 + 0.4064x2x3 + O.4O7x32. As illustrated
in Fig. 8, the minimum interexecution times are 0.06
s. Moreover, simulation results about ¢ € [0, 10] inci-
dents that only 11 state samples applied to accomplish
the ETOC algorithm, which takes about 0.03% of the
whole state samples. In that sense, the ETOC used in
this paper can maintain the control performance while
effectively reducing the number of sampling and con-
trol tasks.

7 Conclusion

In this paper, we study the ETOC problem for nonlin-
ear [td-type stochastic systems based on ADP method.
A new event-triggering scheme is proposed, which can
be used to design ETOC directly via the solution of
HJB equation. Furthermore, the stability of nonlinear
Itd-type stochastic system is analyzed, and the given
ETOC scheme can give an upper bound for predeter-
mined C-F. In particular, the ADP approach is firstly
applied to study nonlinear It6-type stochastic systems
with ETOC, which can achieve the numerical solution
of the HJB equation.

There are some meaningful topics that can be inves-
tigated in the future. Since the practical systems are
inevitably impacted by time-delay, stochastic perturba-
tions, and unknown dynamics. Therefore, it is of great
significance to study the ETOC for stochastic systems
with time-delay and unknown dynamics. In addition, it
is also a very promising topic to study the ETOC for
nonlinear stochastic multi-agent systems.
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