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EVENT-TRIGGERED OPTIMAL CONTROL OF
COMPLETELY UNKNOWN NONLINEAR SYSTEMS
VIA IDENTIFIER-CRITIC LEARNING

ZHINAN PENG, ZHIQUAN ZHANG, Rut Luo, YiQuN KUANG, JIANGPING HuU,
HonG CHENG AND Bujoy KuMAr GHOSH

This paper proposes an online identifier-critic learning framework for event-triggered opti-
mal control of completely unknown nonlinear systems. Unlike classical adaptive dynamic pro-
gramming (ADP) methods with actor-critic neural networks (NNs), a filter-regression-based
approach is developed to reconstruct the unknown system dynamics, and thus avoid the depen-
dence on an accurate system model in the control design loop. Meanwhile, NN adaptive laws are
designed for the parameter estimation by using only the measured system state and input data,
and facilitate the identifier-critic NN design. The convergence of the adaptive laws is analyzed.
Furthermore, in order to reduce state sampling frequency, two kinds of aperiodic sampling
schemes, namely static and dynamic event triggers, are embedded into the proposed optimal
control design. Finally, simulation results are presented to demonstrate the effectiveness of the
proposed event-triggered optimal control strategy.

Keywords: optimal control, unknown nonlinear system, adaptive dynamic programming,
identifier-critic neural networks, event-triggered mechanism

Classification: 93C10, 68T07

1. INTRODUCTION

With the rapid progress of control theory, numerous engineering applications have rec-
ognized that developing an admissible controller to ensure the system stability is a basic
requirement, and that the resulting control cost should also be minimized. As a result,
researchers have dedicated decades of effort to optimal control of uncertain nonlinear
systems [12] [15].

From the principle of optimality, an optimal control problem can be generally solved
with the help of a Hamilton-Jacobi-Bellman (HJB) equation, which is a partial dif-
ferential equation (PDE). Werbos proposed an adaptive dynamic programming (ADP)
method to compute approximate solutions to HIJB equations [27], which combined neural
networks (NNs) and dynamic programming into an actor-critic adaptive control archi-
tecture. Till now, the ADP framework has been developed to address a variety of control
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issues, including stabilization control, tracking control, H., control for single-agent sys-
tems [3, 9 22] or multi-agent systems [19] 20].

It is important to note that the ADP framework often relies on the system dynamics
information, but accurate system modeling is generally challenging in many real-world
scenarios. For instance, autonomous underwater vehicles and exoskeleton systems have
complex and uncertain dynamics and thus difficult to model accurately [2]. Alternatively,
the structure of the system dynamics may be known in some application scenarios, but
the model parameters may be unknown or uncertain, as in the case of hypersonic vehicles
[16]. When faced with the lack of system information, identifier /observer-based recon-
struction methods have been employed to facilitate the ADP framework. Particularly,
NNs have been applied for system identification in recent years due to their exceptional
performance in nonlinear function fitting. For example, for a partially unknown system
(drift dynamic), S. Bhasin et al. combined the prior actor-critic ADP architecture with
a NN identifier and proposed a triple-NNs structure, namely, actor-critic-identifier NNs
in [I]. Under this framework, Lv et al. proposed NN weight tuning laws for online
system identification based on an auxiliary filtering operation [I4]. Luo et al. studied
an adaptive optimal control of unknown nonlinear systems by using an identifier-critic
learning framework with relaxed persistence of excitation [I3]. Different from the NN
identifier methods, Jiang et al. [7] developed a model-free control method based on pol-
icy iteration (PI) to solve the algebraic Riccati equation (ARE), which is another way
that does not rely on complete system information. However, it is noted that, in the
above mentioned literature, data sampling and control updating are both implemented
in a periodic manner, which results in frequent data updates and heavy computational
burden.

In recent years, researchers have been attempting to reduce the update frequency
of controllers due to limited resources and computational bandwidth in practical con-
trol systems. To achieve this goal, event-triggered communication mechanisms have
been proposed by designing an event generator that updates control inputs aperiodically
[BL @, 23, 26, [31]. Tabuada proposed a static triggering mechanism (STM) by designing
a triggering rule based on the system state in [23], which promoted subsequent studies.
For instance, Yang [31] proposed a STM-based event-sampled robust control method for
unknown nonlinear systems by using adaptive critic learning. An event-triggered data-
driven iterative learning control method was proposed for disturbed nonlinear discrete-
time systems in [2I]. To further reduce the triggering frequency, Girard developed a
dynamic triggering mechanism (DTM) by incorporating an internal filter variable into
the design of triggering rules [4]. It has been shown that the closed-loop system’s sta-
bility can be guaranteed under STM and DTM, respectively. Recently, event-triggered
mechanisms have been applied to the ADP framework and improve learning and control
efficiency [18] [29]. For example, Wang et al. embedded STM into critic learning frame-
work to solve optimal H, control problems [25]. Xu et al. proposed an event-triggered
ADP control method to solve a tracking control problem under STM in [28].

To the best of our knowledge, there are still some open issues in the existing studies:
1) Most of the literatures did not study optimal control with dynamic event-triggered
schemes. Meanwhile, although some event-triggered mechanisms were adopted in the
field of learning control of nonlinear systems [25], they need complete or partial knowl-
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edge of system dynamics; 2) The reference in [24] tried to relax the dependence of partial
system dynamics g(z) by utilizing an NN-based identification; however, drift dynamics
were still required and the identification process was only implemented offline, which is
not practical in many real-time cases. As a result, we try to combine system identifica-
tion methods, online learning frameworks, and event-triggered mechanisms to cope with
these issues, which becomes the motivation of this paper.

Based on the previous discussions, this paper presents a novel online identifier-critic
learning framework for event-triggered optimal control of completely unknown nonlinear
systems. The main contributions of the paper are summarized as follows:

1. Unlike existing ADP methods that used classical actor-critic NNs, this paper
proposes a simplified online identifier-critic learning framework to address event-
triggered optimal control of completely unknown nonlinear systems. The proposed
method uses a filter regressor based parameter estimation method to reconstruct
the unknown system dynamics, thereby reducing the dependence on accurate sys-
tem models in control designs.

2. In contrast to previous methods that use gradient-descent based NN adaptive
laws [24] 25], which only converge to the bounded neighborhood of their actual
values, this paper proposes novel NN weight adaptive laws for the identifier NN
and the critic NN based on parameter estimation. The convergence performance
of the estimated weight is ensured, and the learning process of the identifier and
critic NNs is simultaneous and online, using only the measured system state and
input data.

3. To reduce the state sampling frequency, two aperiodic sampling schemes, namely
static and dynamic event- triggers, are embedded into the proposed learning con-
trol framework. Additionally, the stability of the closed-loop system is proven with
the help of a Lyapunov function method.

The rest of this paper is organized as follows. Section II describes the system model
and optimal control problem. Section III proposes the identifier-critic learning frame-
work and the NNs’ adaptive laws. Section IV introduces two event-triggered mechanisms
and the main theoretical results. Section V demonstrates the effectiveness of the pro-
posed learning control methods via numerical simulations. Finally, Section VI concludes
this paper.

2. PRELIMINARIES AND PROBLEM FORMULATION

In this paper, we consider a class of nonlinear continuous-time systems
&= f(z)+g(@)u, (1)

where x € R™ and u € R™ denote the system state and control input, respectively.
f(x) € R™ is the drift dynamics and g(x) € R™*™ is the input dynamics. It is assumed
that f(z) and g(z) are unknown. f(z) + g(z)u is Lipschitz continuous, and can be
stabilized on a compact set 2 C R™.

In order to analyze the stability of the closed-loop system of[I| we need the following
notation:
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Definition 1. (Uniform Ultimate Boundedness, Lewis et al. [I1]) The solution of the
system is said to be uniform ultimate boundedness (UUB) if there exists a compact
set C C R™ contiaining the initial value z(ty) = xo, a constant B > 0 and a time
T = T(B, zo) such that ||z(t) — zo|| < B for all t > to + T

In order to evaluate the system performance, an infinite-horizon cost function J(z(t))
is defined as follows:

sty = [ " () ) dr, @)

where r(2(t)) = 2(t) "Qxz(t) + u(t) " Ru(t) denotes the utility function, @ € R™*" and
R € R™*™ are symmetric positive definite matrices, respectively.

The objective of this paper is to design a controller to stabilize the system and,
simultaneously, minimize the cost function J(z(t)). According to the optimal principle,
the Bellman equation is obtained by taking time derivative of :

r(z,u) + VI () (f (2) + g (2)u) =0, (3)
where VJ (z) = 0J ()/0x. Based on (3], we define the Hamilton function as
H (2,u,VJ) =1 (z,u) + VJ' (f () +g(2)u). 4)

The optimal cost function J* satisfies the following Hamilton-Jacobi-Bellman equation:
min [H (z,u, VJ*)] = 0. (5)
Then, the optimal controller can be obtained as follows:
_ 0H (x,u,d,VJ* (z)) (©)
N ou ’
1

u'(2) = —5R™g" (@) (V" (). (7)

By applying @ to , the HJB equation can be expressed as

0

0=2"Qu+VJ"f(z)- iVJ*Tg(sc) R7g" (z)VJ*. (8)

As we know, it is difficult to compute the solution to the HJB equation because of
the existence of the partial differential part in . In addition, since the information of
f(x) and g(x) is unknown, thus the optimal controller «* still cannot be applied directly
to stabilize the nonlinear system.

In order to address these difficulties, in Section [3] a filter-regressor-based system iden-
tification will be proposed for reconstructing the unknown dynamics (f(x) and g(x)), and
then a critic NN is established to solve the approximate solution to the HJB equation,
where an online NN weight adaption laws are proposed based on filtering operations.

3. ONLINE IDENTIFIER-CRITIC NNS LEARNING FRAMEWORK DESIGNS

This section presents an online NN-based identifier-critic learning control structure. It
contains two NN, i. e., identifier and critic neural networks, and is used to estimate the
unknown dynamics and approximate the cost function.
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3.1. Filter-regressor based system identification

In this subsection, we will describe the design process of the NN-based identifier with a
filter-regressor method. T'wo NN-based identifiers are designed as follows:

[ (z) = ad (z) + ey, (9)

g(x) =By (z) + ey, (10)

where o € R™*!« and f € R"*!# are the ideal and unknown bounded weights of drift
and input dynamics, respectively. §(z) : R® — Rle and ~(z) : R® — R%*™ are the
activation functions. I, and g respectively represent the dimensions of the NNs’ hidden
layers. ey € R™ and e, € R™™ ™ are reconstruction errors, respectively.

According to @ and , the system dynamics can be reformulated by a compact
form:

T = W;@i (x,u) + &4, (11)

where W," = [a, B]T € RUa+18)x" denotes the unknown identifier weight. 6; = [6 T, uT "]
is the regressor vector, and €; = ey + equ is the integrated reconstruction error. Before
continuing the discussion, the following assumption is made.

Assumption 1. The signal §; is assumed to be persistently excited (PE) if there exist
two positive constants A\; and Ay such that the following condition holds during the time
interval [t,t + T,

t+T
M < / 0; (7)0; ()" dr < Mol (12)
t

To estimate the unknown weight of the NN identifier, inspired by [I0], a filtering
operation is employed to transfer the system identification to a linear regression problem.
First,  and 6; are filtered by a low-pass filter operator 1/(l;s + 1), that is,

liabf—l—xf =ux, (13)
liéif +0;r =6, (14)

where [; is the filter constant. xy and 6;; are the filtered variables of x and 6;. The
reconstruction error ¢; is filtered by l;€;r + €5 = €.

By the filtering operation, according to and , the NN-based system can
be constructed by the following linear regression form, i.e.,

— X
i?f:Tf:WiToif+€if. (15)

To facilitate matrix processing, we multiply the transpose of the last two terms of equa-
tion by 60;¢. This yields:

K2

T
Qlf |:J} l -rf:| — Hif‘gifTWi + eifgifT- (16)
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T—Xf

-
Similar to the first filtering process, 6, {T] and 0,40;; " are filtered by a low-pass
filter 1/(s + &), respectively, as

Si = *ESZ + 9”‘92}, (17)

.
. r—x
T; = =€T; + big [l- f} ) (18)
where S; € RUatls)x(atls) gnd T; € RU«t8)x" denote two intermediate filtered regres-

T
sor matrices of 0;¢ [m_lmf} and HiinfT, respectively.

Assuming zero initial conditions, that is, S;(0) = 0 and T;(0) = 0, we can obtain
analytical solutions to the differential equations and in the following form:

t
S; () = / e 60,0 (1) 0;5 (1) dr, (19)
0
t o T
T, (t) _ / e—g(t—T)Hif (T) |:$ (7') ll’zf (T):l dr. (20)
0 i
Based on S; and T}, we define an another intermediate variable P, € RUatla)xn a9
P, = S;W; — T,. (21)
Then, the weight tuning law for identifier NN is designed as

Wi = —IL; P, (22)

. AT
where W = {d, 6} denotes the estimation of W. II; denotes the learning gain matrix.

Remark 1. By using (15)), (19), and (20), one can obtain 7; = S;W; — e;, where
e = fg e~¢0=70if (r)eif (r)' dr. It should be noted that if the number of neuron
nodes is large enough, the reconstruction error e; will converge to zero, which will result
in e; — 0.

Remark 2. According to the core filtering steps , , and their solutions S; (t) =
T

[3e S0, (1) 6 ()T dr and T () = [ e$0=7)0;4 (1) [M] dr, these fil

tering steps allow for the accumulation of previous and current data, weighted by an

exponential term in the time domain. By applying this filtering process, we can im-

prove the excitation and adequacy of the original regressor vector #; in the NN-based
approximate system , by using only measured data.

3.2. Critic learning based optimal control

Based on the identification given in the previous subsection, the reconstructed system
dynamics of can be re-expressed as

&= ad (x) + By () +eni + &, (23)
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where & and B denote the online estimated weights of identifier NNs, respectively. ep;
is an estimation error introduced by the NN, i.e., en; = (W; — Wi)TOi (z). Since the
accurate dynamics f(z) and g(z) are unknown, the estimated system model is
employed in the critic learning design below.

According to , the approximate Hamilton function can be written as

H (z,u,VJ) =r (z,u) + VJ ' (&6 () + Bv (2) + eni + &i). (24)

Therefore, with the approximate Hamiltonian function and HJB equation, the optimal
control policy u* can be re-written as:

u = —%R_l [BA'y (:Jc)}T VJ* (z). (25)

As is well known, the HJB equation and optimal control are difficult to be computed.
Thus, we introduce an approximation method to estimate the optimal cost function by
using a three-layer critic NNs, which is represented as

J* (x) = W, "0, () + e, (26)
and its derivative is given by
VJ* (x) = V6. (x) W, + Ve, (27)

where W, € R* and 6. € R* denote the ideal weight and activation function of the
critic NNs, respectively. k denotes the number of neurons of the critic NNs. V6. and
Ve, are the partial derivatives of the activation function 6.(z) and approximation error
¢, respectively. Since the ideal weights are unknown in the learning process, the true
optimal cost function J (z) is approximated as

J(x) = W] 0.(x), (28)

where W, is the estimated weights of critic NN. Thus, the estimated control policy @
can be expressed as

= —%R‘l {Bv (x)} AL (29)

Based on critic and identifier NNs, the estimated HJB equation can be represented as

W, TV, (a(s + Bw) r(zu) +er =0, (30)

where ep = W, ' V6, (eni +&i)+ Ve (&5 + B’yu +en; + 5i> is the reconstruction error.
According to Weierstrass approximation theorem, if I, Ig and k tend to infinity, e will
be vanished.
Then, the approximated HJB equation can be formulated as a linear regression equa-
tion, that is,
U=_—W,"T—er, (31)

where T' = V0.(46 + fyu) and ¥ = r (z, u).
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Similar to the filtering procedure proposed in the identifier NN designs, two interme-
diate filtered regressor matrix S, € R%**¥) and T, € R¥ are introduced for filtering TT T
and I'W in (31)), respectively. By using a low-pass filter operator 1/(s + ;) with zero
initial conditions, we have

S.=—1.S.+TITT, (32)
T.=—1.S.+T0U, (33)

where I, is a positive parameter. Then, we define an another vector P, € R* based on
S, and T, as
P.=SW,+T.. (34)

Then, the weight tuning law of critic NN is designed as

Wc == *HcPca (35)
where II. is a learning rate matrix of the critic NN.

Remark 3. This paper proposes a new weight adaptation method based on a filter-
regressor approach, which diverges from existing system identification techniques [30 [31]
that aim to minimize the identifier error between the system state x and the estimation
state . Although these methods show that the identifier state & converges to its true
value x, they do not prove the convergence of the identifier weights to ideal model
parameters. In contrast, the proposed method is a direct weight adaptation method
based on the parameter estimation error. The advantage of this method is that the
weights can be ’directly’ estimated rather than updated to minimize the identifier error,
which guarantees the convergence of the NN weights to ideal model parameters.

Till now, the derivations of the identifier and critic NNs with weight estimation laws
have been completed. In the above controller designs, the system state must be period-
ically sampled to compute the controller, which results in high energy consumption and
communication bandwidth. In the following, to improve learning and control efficiency,
an event-triggered sampling mechanism is introduced into the proposed identifier-critic
learning control designs. The block diagram of the proposed event-triggered optimal
control method is shown in Figure

4. EVENT-BASED IDENTIFIER-CRITIC LEARNING CONTROL

In this section, two triggering mechanisms are incorporated into the proposed learning-
based optimal control. By using the event-based scheme, the controller is updated only
when the triggering event occurs at 7;, and remains unchanged in the time interval
[7;,Tj+1). The system state vector at the triggering instant is denoted by

;= a(75) = 2(t)]t=r,- (36)

Then, we define an error between the actual system state x(¢) and the system state
at triggering instant 7; x; as e;(t) = x; — z(¢) in the time interval [r;,7j41). The
event-based control policy 4(x;) at triggering time 7; is given by

i(a;) = —%R‘l |3y (@}T V0. (@) Wert € [17,7j41) - (37)
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Fig. 1. Block diagram of the proposed identifier-critic-based
event-triggered optimal control methods.

Then, the weight tuning law of the critic NN is designed as

We = —TL(Se(t(x;))We + Te(a(x;))), (38)

where S.(4(x;)) and T.(4(z,)) are computed by using and with T'(a(x;)) =
V0c(6 + fyi(x;)) and W(a(zy)) = r (z, d(z;)).

Remark 4. In critic NNs, most available weight adaptation laws are designed to mini-
mize the Hamiltonian errors, i.e., H — H, by utilizing gradient descent methods [29, [31].
In contrast to these approaches, we propose a filter-regressor-based weight adaptation
method based on the parameter estimation error. By introducing some new filtered
variables, the problem of system identification can be transformed into a problem of
parameter estimation, such that the convergence of NN weights can be guaranteed.

Before presenting the triggering condition designs, we need to make the following
assumption, as proposed in [25].

Assumption 2. The control policy u(t) satisfies the Lipschitz condition, that is, there
exists a constant £ such that, for all z,z; € Q, |Ju(z) — @ (x;)]| < L|le; (B)]|.
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4.1. Static and dynamic triggers mechanism design

We first present the design of the static trigger mechanism (STM), the triggering time
Tj+1 is determined by

Tj+1 =arg mtin {t ERfIt>7N {prQm

(39)
2 2 2 2
Pl )l = 1lPles 1 <o}
Based on , the static trigger condition is designed as
2 _ pr Qu || (z))]?
lle; (DI < = Es, (40)

2
L2]| ]
where y is decomposed from R, i.e., R = up', and p € (0, 1) is a positive constant. Eg
is the trigger threshold of STM.

Inspired by [4], a dynamic trigger mechanism (DTM) is proposed based on the STM.
First, we introduce a filtered variable y4(t), which has the following equation

a (t) = = bya+ {px" Qu + lull* | () I* = £l les 1}, (41)

where ¢ > 0 is a positive filtering constant. The initial value of the filtered variable
ya(0) > 0. The triggering time 7;; is determined by

Tjt1 = arg mtin {t eERf|t>mN {yd (t) + pa (prQx

(42)
2 2 2 2
Hllpllla @)™ = L2l lle; @) ) SOH.
Hence, the dynamic trigger condition is designed as
T 20 ~ 2
pa (P2 Qz + lullla () *) + va
le; (D)) < — Ep, (43)

2
palL? |||

where pg is a positive constant and Ep is the trigger threshold of DTM.

Remark 5. It is worth noting that when y4 equals zero, the dynamic triggering mech-
anism becomes equivalent to the static triggering mechanism. Furthermore, it can be
observed that the dynamic triggering condition has a higher threshold compared to that
of the static scheme, which means that the dynamic triggering condition is relatively
easier to satisfy, which results in fewer trigger events.

The convergence of the weight adaptation laws and the stability of the closed-loop
system under static and dynamic triggers will be proved in the following subsection.



Event-triggered optimal control of completely unknown nonlinear systems 375

4.2. Stability and convergency analysis
Before giving the main theoretical results, the following assumptions are first made.

Assumption 3. The unknown dynamics f(z) and g(x) are bounded, such that
3ty >0, t,>0, If (@) <trllzl,llg (@) <t

Assumption 4. The critic NN weight [|[W,||, the derivative of critic NN activate
function [|V6,.||, the derivative of approximate error ||Ve.| are all bounded, that is,
[Well < [[Wemlls VOl < N10cmll, [IVeell < [10camll- tay = 1871, tw, = [[Wel| are also
bounded variables.

Theorem 1. Let Assumptions hold. Consider system with weight tuning laws
of identifier NN and critic NN updated by and , respectively. Then, if the
event is generated by the static triggering scheme , we can conclude: 1) Without
regard for reconstruction errors, the system is asymptotically stable and the weight
€Irors VNVl =W, — Wi, WC =W, — Wc all converge to zero; 2) If reconstruction errors
exist, the system stability and the convergence of the weight estimation errors W; and
W, are all ensured in the sense of uniformly ultimately bounded (UUB).

Proof. The Lyapunov function candidate L is constructed as
Ly =L11 + L12 + L13 + Lia + L1s + Las
1 ~ ~ 1.~ -
—tr (WJH;lWi) + W, (44)

+ J" (x) + J* (xx) + gie; | e + oce. ! e
The whole proof process is divided into two cases: 1) the event is not triggered and 2)
the event is triggered.
Case 1. In event holding interval, we have L1y = 0. The derivative of Lyapunov
function L, is given by

Ly = L1 + Ly + Liz + Lis + Lys. (45)

For L117 a equivalent deformation related to variables S;, T; and W; are made based on

equations , and :

t
T, = S;W; + / e S0, (1) el dr. (46)
0
We represent the integral term as e; = — fg e’f(t*T)Qif (1) 51.Tf dr. The variable P; can
thus be re-expressed as
Py = S;W; — T; = S;W; — (SiWi — e;) = —SiWi + e (47)

Hence, L1; can be decomposed as

Lll = tT(WlTH:lwz) = 7tT(WZTSlWl) + tr(WiTei). (48)



376 Z. PENG, Z. ZHANG, ET AL.

According to Assumption the intermediate variable S; satisfies Amin(S;) > w; > 0,
where A\pin(S;) denotes the minimal eigenvalue of matrix S;. Then, based on the the
Young’s inequality: Jc > 0, ab < a?c/2 + b2 /2c, the following inequity can be further
derived as

) 2
Ly

IN

~ 112 ~
—wi || Wi +HWiTeZ-

(ar )l

The derivative of Lis can be deduced by a similar procedure. From , and
, a linear equation related to S., T, and W, can be expressed as

49
flled]? (49)

2

A

t
T.= S~ [ e Der (T (1) dar
0

(50)
= _SCWC + éc,
where e, denotes the integral term e, = — f e~ LU= (1)ep(r) dr. Further, plugging
(50) into yields
P.=—S.W. +e.. (51)

Therefore, if S, satisfies PE condition in Assumption |1} we have Apin(Se) > we > 0, Lo
can be further derived as

Lio = W TI;'W,

WS, e,
~ 112 - 2
S —We WC + HWCTeC (52)
2
< (o 1) i+ el
- 2 2

By using @ and , the following equations can be obtained

VI g(z) = —2u*" (2) R, (53)
VI () = iVJ*Tg ()R 'g" (x)VJ* — 2" Qu. (54)

For Lis, by applying the chain rule, we can get

aJ* (z) Ox
dr Ot

J* (z) = =V (f (@) +g(@) (). (55)
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By applying and to , we can make the following deformation
. 1
J* (x) ZZVJ*T (x)g" () R™'g () VJ* (z)
—2"Qz—2u*" (z) Ra (x;)
=u*" (z) Ru* (z) — 2" Qz — 2u* " (z) Ra (x;)
=[u" (@) — i (ay) + @) Rlu™ (1) = (a5) = () (56)
—2'Qx
* N 2 N 2
=[|u" (u () = a(z))||” — ||n"a(ey)]]
—pr Qe —(1-p)z’ Qu.
According to fot e ¢=")0;¢ (1) e/r d7 in Remark 1, we have
Using Young’s inequity, L5 can be derived as
Lis = 20;e;  (—€e; + ez‘fffin)
1 ) ) (58)
< loibigeigl® + (206 + ) el
By using the fact é. = —I.e. + I'er and Young’s inequity, Lm is derived as
L16 =2U€;réc
:20662( —lc|lec| + T [WCTVHC(eNi +e&;)+ Vef + gu)])
1 1
*EUfWEmGEmIIFIIQHemIIZ + 503W3m9fmllFH2lleill2
1 . (59)
+ o232, ITIPlla]

1 _ 2 2
+ @)‘?nax (R 1) Ugtzt%/Vct,%’yegm”FH ||VECH

+ (4¢ — 20.1,) ||ec]|.
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Based on the aforementioned processing —, we have

Ly =Ly + Lig + Liz + Lys + Lie

1
< (= 0= ) A (@ + G238 P

1 1 -
~ (= g~ 2RISR ) 1P
C C
1 1112
= (1o 52 ) 107
3¢ 9¢c 60
+ (2o 5 ) e+ (5 - 208 ) eal? o0

1 1
< lloibigei|® + ~ oW 0%, T lens?

1
oW T e

1 J—
N (B) 0205 5015, 02, [ TIP)| Vee

F " (u (@) = a(ay)I® = llpta(eg)]® - pr’ Q.
To facilitate analysis, we define the following notations as
L 5.9 2
P1=— (1 - p) Amin (Q) + Eoctfecdm||r|| ’

1 1
Py = — (wz- I 03W3m0§m|r||2|0i||2) ,
2¢ c

1 3c
= - c 5 ) = -2 ) 0
3 (we +5-),pa oi§ + 5 (61)
9c
Ps :E - 2O—clca

1 2 1 2 2
E=—loibiseis +EO—§W02m9§m”FH lle:ll

1
+ (R™1) o2 tytivethy 02 T Vel .

max

If parameters o;, 0. and ¢, respectively, satisfy the following inequities:

¢ >max{ (22021, IT17/ (1 = ) Amin (Q)), (1/20),
(5 + W2 TIPIO) i)} (62)

3c 9c

7;>77 C>7~
TS
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Then, inequality can be further expressed as

Ly <pi||@))* + pa|[Will* + ps||[Wel|* + palle:)?
+psllecl® + ln" (u* () —a(x)))]?
— |l a (@)l - pr" Qr + E
<prllz|? + p2 | Will> + psllWell® + palle:|)?
+psllecl® + L2l lle; O = el lla () |12
—pz'Qx + E.

(63)

(i) If the reconstruction errors of both identifier and critic NNs are zero, i.e., |l =
|Vec| = |leif|]| =0, then Ly can be re-expressed as
Ly < pillel® + p2 Wil + p3|We|I? + palle:®
+psllecl® + L2[lul®lle; (O = llel®lla (z;) I (64)
—pz " Qux.
If the triggering error ||e; (t)H2 satisfies the triggering condition , according to Lya-

punov theorem, the NNs weight errors |W;|| and ||W,|| will decay to zero when t — oo,
the closed-loop system is therefore asymptotically stable.

(ii) If the reconstruction errors of both identifier and critic NNs exist, i.e, E # 0. In
this sense, we can conclude that if the following inequalities

Hx” >y _E/pla
[Will >V/=E/pa, [Well > v/—E/ps, (65)
leill >/ —E/pa, llecll > v/ —E/ps,

hold, then the convergence of weight estimation errors for identifier NNs and critic NN,
i.e., ||[W;|| and ||W.||, and the stability of closed-loop system are all guaranteed in the
sense of uniformly ultimately bounded (UUB).

Case 2. We consider the situation when an event is triggered. The difference of Lya-
punov function L; at triggering time ¢ = 7,41 is defined as

AL = ALi3+ ALy + ALy + ALys + AL1s + ALqg,

(66)
AL.
where
ALz = lim {J" (zj11) = J* (¢ (741 — A1)}, (67)
ALy =J (xj41) — I (), (68)

AL& = Aliglo {Ls|t:‘rj+1 - LE|t:T.7‘+1—At} . (69)



380 Z. PENG, Z. ZHANG, ET AL.

Since we have proved in Case 1 that L1 < 0, and since W;, W., e;, and e, are continuous
at t € [15,7;j41), we can further obtain

ALy < T (1) = 7 (25) < =K [|wj41 — 25, (70)

where K(-) is a class-K function [§8]. Based on the above two cases, we can conclude
that identifier NNs weight errors W;, critic NNs weight errors W, and the stability of
closed-loop system are all UUB. This completes the proof. g

Remark 6. It is noted from Theorem [I| that the PE condition is necessary for ensur-
ing the convergence performance of NN weights. To the best of our knowledge, adding
exploration noise to the controller during the learning process is an effective way of
meeting this condition. Additionally, some studies have explored relaxing the PE condi-
tion by introducing concurrent learning techniques [30], such that the PE condition can
be checked via the rank condition of historical data. Inspired by this idea, we plan to
investigate the potential of obtaining relaxed PE conditions for the proposed parameter
estimation method.

Theorem 2. Let Assumptions hold. Consider system with weight tuning laws
of identifier NN and critic NN updated by and , respectively. If the event is
triggered by the dynamic triggering mechanism , then the system stability and the
convergence of the weight estimation errors W; and W, are all UUB.

Proof. We select the following Lyapunov function candidate Lo as
Lo =11+ yq. (71)
Based on results of , the derivation of Ly can be deduced as
Ly =Ly + §a
<prl|z ]| + pal|Will* + pal Wel|* + palles|? (72)
+psllec)® + E — dya.

By using comparison lemma [§] and , we can obtain y4 > y4 (0) ef(‘b*%)t, which
means that yq is non-negative. Then, if the conditions in hold, one can conclude
that ||z, ||[W;|| and ||W,]|| are all UUB. This finishes the proof. O

5. SIMULATION RESULTS

In this section, two simulation examples are given to verify the effectiveness of our main
results.
Example 1. Consider a nonlinear continuous system as follows:

"b:

—T1 + X2
—0.521 — 0.5z (1 — (cos (221) + 2)2)

* [ cos(29(c)1) +2 ]“
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We first construct an identifier NN to estimate system parameters of both drift dynamics
f(x) and input dynamics g(x), simultaneously. The activation function 6. is chosen as

0. = [m,xz,xQ (1 — (cos (2z1) + 2)2>,cos (221) u,u} ! ) (74)

According to the system model , the ideal weight matrix W; is

Wil w2 Wil w4 s ~1.1.0.0.0
W; = [ W2l W22 W23 W24 W25 } = [ 05,0, -0.5.1,2 ] .
Some parameters of system identification are chosen as: [; = 0.001, £ = 1, II; = 200.

The initial system state is #(0) = [3, —1] ", and the initial identifier NN weights are

W;(0) = 0.4854,0.1419,0.9157,0.9595, 0.0357
7] 0.8003,0.4218,0.7922,0.6557,0.8491 |

For critic NNs, the activation function 6. is selected as
2 2 17T
0= a3 wizo a3 | . (75)

Some parameters of critic NNs are chosen as: [. = 150, II, = 200diag(0.3,1,1). Q
and R are all identity matrices. The initial critic NN weights are set to be W, (0) =
(W2 (0),W2(0), W2 (0)]T = [0.9509,0.7223,0.4001] . In the proposed event-triggered
designs, some parameters are set as: ¢ =1, p =0.84, L =30, u =1 and pg = 10, and
y4(0) = 1. To satisfy PE condition in Assumption [1|in the training process, a probing
noise d, is added to control input u for 1 second, i.e.,

8p = 0.25¢ " (sin” (¢) cos (t) + sin® (2¢) cos (0.1¢) + sin® (—1.2t) cos (0.5¢) + sin® (¢)).

Figure m shows the training process of the identifier weights Wt, W12 W2l w23
W24, W2 under dynamic trigger mechanisms. It shows that the weight tuning law can
drive the estimated weights approach the true values, that is,

W, — —1.0029, 0.9818, —0.0015, 0.0061, —0.0030
| —0.4945,0.0341, —0.4972, 0.9886, 2.0057

Figure illustrates the training process of the critic NN weights. Figure [3] compares
the trajectories of system states x = [z1, xg]T under the proposed STM and DTM-based

critic learning control approaches, as well as the event-triggered scheme, ||e; ®)? <

“?’f?ﬁ%‘;@ |#||* with € = 1, proposed in [30]. It is observed that the evolution of

the system state is similar across all three methods. Figure [4| shows the comparison of
control inputs under the proposed STM and DTM, as well as the event-triggered scheme
proposed in [30].

The performance of the event-triggered control is presented in Figure [5| and Fig-
ure [ Figure and Figure illustrate the relationship between triggering error
and triggering threshold for the static and dynamic triggering methods, respectively.
With the static and dynamic triggering schemes, the triggering times are reduced to
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175 and 92, respectively, compared to 5000 times for the time-based triggering scheme.
In other words, the static and dynamic triggering mechanisms reduce sampling times
by approximately 96.50% and 98.16%, respectively. Figure |§| depicts the trigger inter-
val Tyiqg = Tj — Tj—1 of the two triggering schemes. These results demonstrate that
there are two advantages of the dynamic triggering mechanism when compared with the
static triggering mechanism: 1) it triggers fewer state samples and 2) the triggering in-
terval gradually increases over time. Therefore, the simulation results demonstrate that

the proposed event-triggered mechanisms can effectively reduce system’s computational
resources.
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Fig. 7. Diagram of a 2-DOF robotic manipulator.

Example 2. Consider a 2-degree-of-freedom (DOF) robotic manipulator (RM) sys-
tem [I7], which is shown in Figure [7| to test the effectiveness of the proposed event-
triggered optimal control method. The 2-DOF RM system model and system parameters
are represented as

H(q)j+ D(q,9)d +G(q) =, (76)
Hiq) = s1+ s2 + 2s3cos(ga)  s2 + s3cos(q2)
1= S9 + 83 cos(gz) S9 ’

—s3¢1 sin(g2) 0

G(Q)={8}7

where s1 = myler” +mali> +S1, s2 = mal?y + S, 83 = malila, s4=mile+maly, s5 =
Maley with ley = 11/2, lea = l2/2. The joint state vector is ¢ = [q1,¢2] " and velocity
vector is ¢ = [g3,q4] . T = [11,72]" is the control input of the system. The system
model parameters are given in the Table

D(q,q) = { —s3q2sin(qz) —s3(¢1 + ¢2) sin(gz) } ’

Length of link 1 || Iy 1.01m
Length of link 2 || s 0.82m
Mass of link 1 my 4kg
Mass of link 2 mo 3kg
Inertia of link1 S1 1.021kgm?
Inertia of link2 || Sy || 0.5043kgm?

Tab. 1. Parameters of the 2-DOF robotic system.
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In the critic NN, the activation function is chosen as

0 = (7. 102, 0103, 0104, @3 4203+ G244 03, 4304, 03] " -
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Fig. 10. (a) Triggering error and threshold under DTM; (b) The
evolution of filtered variable yq(t).

The initial joint states of the 2-DOF robotic system are ¢(0) = [0.3,0.3] " and ¢(0) =
[0,0]T . The initial critic NN weights are set to be

W, (0) = [0.4795,0.6393, 0.5447,0.6473,0.5439, 0.7210, 0.5225, 0.9937, 0.2187, 0.1058]T.

Q@ = 10I; and R = I>. In our event-triggered scheme, some parameters are set to be:
¢ =1 p=084, L =27 pu = 3 and pg = 3. The initial value of filtered variable
is y4(0) = 3. Figure [§ illustrates the trajectory of the system states. Figure El shows
the comparisons of control inputs under the proposed DTM method and the traditional
time-based control method. F igure (a) reflects the relationship between the triggering
error ||e; (t)||* and dynamic triggering threshold Ep. The evolution of filtered variable
ya(t) is shown in Figure (10| (b), which confirms that the filtered variable y4(¢) is non-
negative. Therefore, the simulation results demonstrate the effectiveness of the proposed
event-triggered identifier-critic learning control method.

Remark 7. Note that in order to test the proposed control methods on the RM sys-
tem (Example 2), we should first transfer the RM system to a general nonlinear
continuous-time system . In this sense, as shown in [I7], only G = 0 can satisfy
f(0) = 0, which is a common assumption to obtain the main results in the ADP field.
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6. CONCLUSIONS

This paper proposed an online identifier-critic learning control framework for unknown
nonlinear systems based on event-triggered methods. Different from traditional ADP
methods, a filter-regressor-based parameter estimation approach was proposed to recon-
struct unknown system dynamics, thereby removing the need for an accurate system
model in the control design loop. Meanwhile, NN weight adaptation rules of the identi-
fier NN and the critic NN were designed for the parameter estimation by utilizing only
measured system state and input data. Furthermore, two kinds of aperiodic sampling
schemes were included in the proposed learning control framework to reduce state sam-
pling frequency. The stability of the closed-loop system and the convergence of adaptive
laws were analyzed. Finally, the simulation results were presented to demonstrate the
performance of the proposed event-triggered learning control strategy.
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