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Abstract

In this article, an event-triggered robust control (ETRC) method is investigated
for multi-player nonzero-sum games of continuous-time input constrained non-
linear systems with mismatched uncertainties. By constructing an auxiliary
system and designing an appropriate value function, the robust control problem
of input constrained nonlinear systems is transformed into an optimal regulation
problem. Then, a critic neural network (NN) is adopted to approximate the value
function of each player for solving the event-triggered coupled Hamilton-Jacobi
equation and obtaining control laws. Based on a designed event-triggering
condition, control laws are updated when events occur only. Thus, both com-
putational burden and communication bandwidth are reduced. We prove that
the weight approximation errors of critic NNs and the closed-loop uncertain
multi-player system states are all uniformly ultimately bounded thanks to the
Lyapunov’s direct method. Finally, two examples are provided to demonstrate
the effectiveness of the developed ETRC method.
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1 | INTRODUCTION

Due to dynamic uncertainties in practical systems, the controller has to be robust to avoid the control performance dete-
rioration of the closed-loop system; in turn, this implies that the control system is effective whenever the actual system
slightly deviates from its nominal conditions. During the past few decades, many robust control (RC) methods have been
developed for nonlinear systems in the control community.!® Lin et al.? transformed the RC problem into an optimal
control (OC) problem by introducing a modified performance index function. To remove the requirement of knowing
the system dynamics, Wang et al.® extended this strategy to deal with uncertain nonlinear systems by employing model
parameters learned on the input-output data. In the OC problem, it is necessary to solve the Hamilton-Jacobi-Bellman
(HIB) equation whose analytic solution is intractable for nonlinear systems.>!° Fortunately, adaptive dynamic program-
ming (ADP) and reinforcement learning (RL) are suitable techniques proposed to overcome this difficulty by computing
forward-in-time.!1->4

Many ADP or RL-based methods have been reported to solve OC problems for continuous-time (CT) nonlinear systems
with input constraints,'¢ external disturbances and uncertainties,?>3! failures3>3* and so forth. For example, Liu et al.?®
proposed a decentralized control method for large-scale nonlinear (LSN) systems with matched interconnections with an
online learning OC method. Zhao et al.?° extended this method to LSN systems with unknown mismatched interconnec-
tions by establishing a set of neural network (NN)-based decentralized observers. Wang et al.>° proposed a RC method
for uncertain nonlinear systems based on online policy iteration. And then, for nonlinear systems with uncertainties,>!
the robust tracking control was transformed into an OC by constructing an augmented nominal system and a modified
cost function. However, the aforementioned works were developed by using the ADP-based time-triggered control (TTC)
mechanism, which may increase the computational burden and not well managing the communication resource.

As a well-recognized effective technique for solving the above problems, the event-triggered strategy has attracted
extensive attention in the ADP community. Under the event-triggered strategy, the control input is updated when the
designed triggering condition is violated.>**! Zhang et al.’® developed an ADP-based event-triggered control (ETC)
scheme for solving H,, control in the perspective of zero-sum game problems. The control law and the disturbance
were updated by event-triggered and time-triggered mechanisms, respectively. To design a robust controller for nonlin-
ear systems with uncertainties, many ADP-based event-triggered RC (ETRC) methods have been developed.***! Wang
et al.* proposed an ADP-based ETRC method for a class of uncertain nonlinear systems with input constraints. Yang
et al.*! developed an online integral RL-based ETC method to address robust constrained control problems for nonlin-
ear systems with external disturbances. In these aforementioned works, the basic idea lies in that the ETRC problem is
transformed into an event-triggered OC (ETOC) problem by a modified cost function. However, these methods only con-
sidered matched uncertainties, and thus were not applicable to systems with mismatched uncertainties. Zhang et al.*?
decomposed the mismatched uncertainty into a matched and a mismatched components, and constructed a modified
value function to transform the ETRC problem into an ETOC problem.

Although RC schemes have been extensively reported, they considered the single controller only. In practice, many
complex systems are controlled by multiple controllers, which can be regarded as multiple players trying to minimize their
individual value functions, such as microgrid systems, traffic systems and so forth.*** For nonzero-sum games (NZSGs),
multiple players work neither in fully cooperation nor in fully competition. Zhang et al.** developed an ADP-based ETC
method for multi-player NZSGs of unknown nonlinear systems. However, related research of multi-player nonlinear
(MPN) systems with uncertainties is still in its infancy. Meanwhile, control inputs are always constrained by limit bounds
given the physical characteristics of actuators. To deal with input constraints, nonquadratic utility functions are employed
to design the ADP-based controllers.?”3#* However, for MPN systems, input constraints are rarely considered. Therefore,
it is urgent to develop an ADP-based ETRC scheme for NZSGs of MPN systems with input constraints and mismatched
uncertainties.

Motivated by the aforementioned works, this article focuses on solving the NZSG problem of MPN systems with input
constraints and mismatched uncertainties. The contributions and novelties of this work are summarized in the following
three aspects.

1. Different from existing works**¢ on developing the OC laws for multi-player systems without uncertainties, this article
develops an ADP-based ETRC method for MPN systems with uncertainties.

2. In contrast to existing time-triggered RC schemes®?>#78 for nonlinear systems with uncertainties, this article investi-
gates an ADP-based ETRC method for NZSGs of input-constrained MPN systems with mismatched uncertainties.
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3. Unlike existing works*®42 which developed ETRC methods for systems with single controller only, this article extends
ADP-based ETRC method to tackle NZSGs of uncertain MPN systems. Different from References 39-41 which focused
on developing ETRC for nonlinear systems with matched uncertainties, this article considers mismatched uncertain-
ties in the input-constrained MPN systems. Furthermore, both the OC laws and the auxiliary OC laws are updated
when events are triggered to reduce the computational and communication burdens.

4. Since a critic-only strategy is adopted to obtain the control laws, the computational burden is further reduced
comparing to the popular methods which employed the critic-actor structure.!>13

The article is organized as follows. In Section 2, the problem statement is introduced. In Section 3, an ADP-based
ETRC method is developed, and stability analysis is provided. In Section 4, two simulation examples are provided to
validate the proposed theoretical results. Section 5 briefly concludes this article.

2 | PROBLEM STATEMENT

Consider a class of CT uncertain MPN systems described by

'A/u
X(t) = F (X)) + Z (Ga (X(O) Ua(t) + Ho (X (1)) &0 (X(1))) 1)
a=1

where X(t) € R" is the system state with X(0) = X, u, is the ath control input whose gth element is denoted as u,q, and
bounded as |uyg| < @t,q = 1,2, ... ,mg, U, € R is the upper-bound of u,,, and N, is the number of players. F(-) € R",
Ga(+) € R™™aand H,(-) € R™% are continuously differentiable matrix functions with H,(X) # G,(X) and F(0) = 0. &,(X)
is the unknown norm-bounded nonlinear perturbation, that is, there exists a known upper function such that ||£,(X)| <
Zo(X) with &,(0) = 0 and E,(0) = 0.

Assumption 1. The function describing system dynamics F(X) + Zﬁ‘l (CGa(X)ug(t) + Hy(X)EL(X)) is Lipschitz contin-
uous on a compact set Q € R", and the system (1) is controllable.

Assumption 2. There exists a nonnegative function A,(X) such that
1GH (XY Ha(X)E(X)]]> < AZ(X),

where G (X) denotes the Moore-Penrose pseudo-inverse of function G,(X).384%47

To address the RC problem, the uncertain term H,(X)&,(X) can be decomposed into two components

Ho(X)Ea(X) = Go(X)Gg (X)Ho(X)Ea(X) + (In — Ga(X)Gg (X)) Ha(X)Ea(X),

' '
Term I Term II

where Terms I and IT are the matched and the mismatched components, respectively. The RC problem is converted into
an OC problem by constructing the auxiliary system

N.M
X(t) = F(X) + Z (Ga(X)a + Ra(X)Wa) , ()

a=1

where 714(X) = (I, — Go(X)GH (X)) H(X), and wy(X) € R is the auxiliary control law.
The value function of each player corresponding to (2) is defined as

o M N,
V(&) = / 52Ai (X(r)) + 19251, (X(7) + Za (X(7), Vy(z), Dy(7)) | d7, 3)
t b=1 b=1
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Where Za (X9 Uu’ DW) = XTQ(IX + RG(U'M) + szlj,ﬁllwgwba DW = [W17W27 IR} W'A/u]’ Uu = [u17 u27 cee uNu]’ Qa E Rnxn iS
a symmetric positive definite matrix, R,(V;,) is a nonnegative utility function, and é, 9, and y are positive constants. To
solve the constrained control problem, R,(V;,)*** is chosen as

Nu ub
Ro(Vy) = 22 / it tan h™(v/ip) dv,
p=170

where tanh™ () is the inverse of the hyperbolic tangent function tanh(-). Taking the time derivative of (3), we have

N, N, Ny
0=06) AXX)+9 ) EAX) + Za(X, Vs D) + VVL(X) [ FX) + D (Go(X)up + Trp(X)wip)
b=1 b=1 b=1

with V,(0) = 0, where VV,(X) = 0V,(X)/0X. The Hamiltonian of system (2) is given by

N, N,
Ha (VVa(X), X, V3, Dy) = 8 ) AAX) + 9 ) EXX) + Za(X, Uy, Dyy)
b=1 b=1
NM
+ VY (X) | F(X) + Z (Gp(X)up + hp(X)wp) |- “
b=1

Define A() as a set of admissible control pairs. According to Reference 9, the optimal value function V;(X) is obtained
by solving the HJ equation as

min  Ha (VVi(&), &, Vi, D) =0 (5)

Uy,Ww, €A(

with V;(0) = 0, where VV;(X) = 0V;(X)/0X. Therefore, the OC law u};(X) and the auxiliary OC law wj(X) are derived as

Wi(X) = 0, tanh ( 1 g;wwv;(»e)) , ®)
Wi(X) = == ha(R)TVVE(X). @)
2y2
Substituting (6) and (7) into (5), we have
N, N, N
0= XTQu& + Ry (Uil (X)) + 8 ) AZX) +9 D E2X) + VV;T(X) | F(X) + ) (Go(X)uy + p(X)w])
b=1 b=1 b=1
Nu
+7° ZWZTWZ, ®)
b=1

where U}/(X) = [u],u3, ... ,uj\, ]. As it is well known, (8) is a time-triggered HJ equation. Although ADP-based TTC

methods'>! can solve the HJ equation, they often involve heavy computational burden and the resource waste. To address

these problems, we propose an ADP-based ETRC method in the following section.

Remark 1. In multi-agent systems, the controller of each agent is constructed by collecting the states of its neighbors only
in accordance with the communication topology. Then, all independent controllers construct the multiple controllers for
multi-agent systems. Different from multi-agent systems, the multi-player system considered in this article is driven by
multiple controllers with shared global system states.

Remark 2. It is worth mentioning that the traditional quadratic function is generally suitable to tackle control problems
of systems without input constraints. In order to eliminate the influence of the constrained control input, a modified
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nonquadratic function which adopts the tanh(-) function is constructed in the value function. Then, the constrained OC
law u(X) = —ii, tanh (%QI(X)VV; (X)) is obtained, where tanh(-) € (—1, 1) can guarantee that the control input varies
within the constraints.

Remark 3. 1t is noticed that the auxiliary system (2) is derived on the basis of the uncertain system (1), which implies
their dynamics are different. In References 38 and 42, a RC method was developed by transforming the RC problem into
an OC problem with a modified value function, and the theoretical analysis in Theorem 1 shows that the problem trans-
formation is reasonable. Inspired by these works, in this article, the RC problem of uncertain system (1) is transformed
into an OC problem of the auxiliary system (2) by introducing a modified value function, which reflects the upper bound
of uncertainties. It implies that the OC laws are designed considering the bias between the mathematical model and
the actual system. That is to say, the designed OC laws can guarantee the closed-loop uncertain system (1) to be stable.
According to the Lyapunov stability theorem, the OC laws of the auxiliary system (2) can guarantee the uncertain system
(1) to be asymptotically stable.

Remark 4. For multi-player nonzero-games, the value function of each player is usually defined as V,(X) =
fl°° (XT(T)QQX(T) + Zlﬁ“l uZ(r)Rbub(r)> dr, where Q, and R, are symmetric positive definite matrices. However, control

inputs are always constrained due to the physical characteristics. To deal with this difficulty, inspired by Wang et al.,*’
Zhu et al.,* the nonquadratic utility function R,(V},) is established to limit the amplitude of the control input. Moreover,
to reduce the influence of uncertainties, the utility function yzzlﬁ“lewb of the auxiliary OC input w,, the upper-bounded

functions 5222‘1A§(X) and Szlﬁ“lii(X) are integrated in the value function. In other words, the influence of uncertainties
and control input constraints are considered in designing the value function.

3 | EVENT-TRIGGERED ROBUST CONTROLLER DESIGN
3.1 | ADP-based event-triggered robust control

Define a monotonic sequence of triggering instants {o, ;":0 with ¢, < 0p41, p € N, where g, is the pth sampling instant.
The sampled state can be written as

(%p(t) = X(@p), vVt e [Opa 0p+1)~

The event-triggered error function e,(t) is defined as
ep(t) = Xp(t) = X(1), VL € [0p, 0pr1)-
Then, the ETC law and the auxiliary ETC law are formulated as

Ua(Xp) = uq (ep(t) + X(0)) , )

Wa(Xp) = wq (e,() + X(1)) . (10)

Furthermore, the auxiliary system (2) becomes
‘/\/u
X(t) =F(X) + Z (Ca(X)ua(Xp) + a(X)Wy(Xp)) -

a=1

Thus, the ETOC law (6) and the auxiliary ETOC law (7) can be derived as

Wi(X,) = —ii tanh <%gg(5ep)vv;(i’p)> , 1)
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%3 1 A * 04
Wa(Xp) = _Z_}Jha(f\;p)-rvva (Xp)’ (12)

where VY (X p) =0V (X )/ 0X »- Therefore, the event-triggered HJ equation can be expressed as

Ny
Ha (VY20 2, Vu(&), Dul®p) ) = VT | F@) + ) (Gol@u () + hp(@w} (&) [+ XTQu
b=1

N, N, N,
+Re (Uu(ﬁep)) +6 Y A2X) + 9D E2X) + 72w (X pwi ().
b=1 b=1 b=1

where 7,(%)) = [ (&), u3(Xp). ... ., (&) and Dy(Xy) = [Wi(EXp) wi(&y), ... . W', (X)),

Assumption 3. The OC law u,(X) is Lipschitz continuous such that
IUus(X®) = us(Xp)ll < Luallep@Il,

where L, is a positive constant.

éssumption 4. "£he system input gain function G,(X) and #,(X) are norm-bounded, that is, || G,(X)|| < g, and ||7,(X)]| <
hq, where g, and h, are positive constants.’*>!

Theorem 1. Consider the uncertain MPN system (1), Assumptions 1-4, and the ETOC law uj;(z?p) (11). There exists a matrix
Q, such that

3 .
@3 Amin(Qa)[|X|I* > EIIVVa(fV)IIZ, (13)
and if the event-triggering condition satisfies

N,
2(1 - ’(ﬂlz)zazulﬂrmin(Qa)”)(”2 _ 6’2
) N, o
gNIZ,M L

=1"ub

(14)

lle,(OI> <

where Amin(Qq) represents the minimal eigenvalue of Qq, w; € (0,1) is a design parameter, and er is the event-triggering
threshold. Then, the closed-loop system (1) is asymptotically stable.

Proof. See Appendix A. n

3.2 | NN implementation
The optimal value function V;(X) can be approximated by a critic NN as
Va(X) = Wig 060a(X) + Eea(X), (15)

where W}, € Rl« is the ideal weight, 6.,(X) € Rk is the activation function, I, is the number of hidden neurons, and
£:q(X) € R is the approximation error. The partial derivative of (15) with respect to X’ can be expressed by

VVi(X) = Vo (X)We, + Vi (X). (16)
The approximate V;(X) is formulated as

A ~.T
V(X)) = Wea0ea(X),
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where W, € Rlw is the approximation of W,. Similarly, we have
VVa(X) = Vo (X)W,

According to (11), (12), and (16), the ETOC law (11) and the auxiliary ETOC law (12) are converted into
s RN _ - hiLci T 3 . T 3
ua(Xp) = i tanh | —Ga(&p) (Vor(¥p)Wea + VE(Xp)) ) 17
a
ENEY 1 3 ) # 2
wy(&p) = —z—yzhlwp) (Vo X)W + VEu(Xp)). (18)
Then, the approximations of (17) and (18) are presented as
P _ 1 4 & M
g(Xp) = g tanh <Egg(xp)vaga(xp)wca> > (19)
a
s 1 .7,z S
(&) = =2 5 ha( ) Vor(Xp) Wen (20)

By introducing the critic NN, the Hamiltonian (4) is approximated by

Nu Nu
Ho(Wea, X, T u(X)), Dy(Xp)) = 6 YT AKX) + 8 ) ELX) + Za (X, U (X)), D(X)))
b=1 b=1

N, N,
+ WIaVaca(fv)<F(«v> + Y Ga(X)ita(Xp) + ZHa(mwa(«?p))
a=1 a=1

>

€ca>

where U'(&p) = [(1(Xp), 0a(Xp), ...,y (Xp)] and Dy(Xp) = [y (Xp), Wa(Xp), ... .o (X,)]. The critic NN is trained
by minimizing the objective function E., = (1/2)e],e... Then, the critic NN weight Weq is updated by

A 1 dEca €ca
We = —at ) - g (— 22 o, 21
« ‘(1 + OLd,)> (awca) ol 1+ cbgq>a)2) ¢ 1)

where a, > 0 is the learning rate, and @, = Voa(X) (F(X) + X% Ca(X)1a(Xp) + T2 hg(X)ia(X))).
The training process of the critic NNs is shown in Figure 1. After training, the converged weight vectors of the critic
NNs are employed to construct robust controllers which drive the uncertain system (1).

Lemmal. Considering the auxiliary system (2), the critic NN weight error dynamics is guaranteed to be uniformly ultimately
bounded (UUB) with the updating law (21).

Proof. The related proof is similar to that in References 33-38, so it is omitted here. (]

Remark 5. The ideal weight vector W}, which corresponds to the optimal value function V(&) is not unique. In this
article, the goal is to find an approximate weight W,, to approximate the OC policy. In other words, the approxi-
mate weight vector W, is required to converge to a small region of the ideal weight W;,. According to Lemma 1, the
weight error dynamics of the critic NN is guaranteed to be UUB with updating law (21), that is, it converges to the
optimum.

Remark 6. Inthisarticle, E., = %ezaeca isdefined as the objective function for training the critic NN. In existing ADP-based
control methods, the gradient descent method is widely employed to train the critic NN weights through the updating
rule (21). Moreover, many improved updating rules have been developed based on experience replay,*® swarm intelli-
gence,’” and nested structure.!® In this article, we focus on developing an ETRC scheme for multi-player NZSGs with input
constraints and mismatched uncertainties. Thus, the typical updating rule is sufficient to train the critic NN weights of
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FIGURE 1 The training process of the critic NNs

each player, and we can also refer to aforementioned improved updating rules according to different control objectives.
Furthermore, the simulation results demonstrate the rationale of the updating rule (21).

3.3 | Stability analysis

Assumption 5. Vo, (X), V& (X), W, and W;, are norm-bounded, that is,

IVoea(@)ll < Voca, V(X < Ve, max{ [Weall, IWiall} < Wea,

where Vo, VE,,, and W, are positive constants.3741:51-5

Assumption 6. The auxiliary OC law w}(X) is Lipschitz continuous, that is,
e (X(©) =W Xpll < Lualle®l, (22)

where L, is a positive constant.**°

Theorem 2. Considering the auxiliary system (2), the approximate ETOC law (19) and the approximate auxiliary ETOC
law (20), the critic NN whose weights are tuned by (21), and Assumptions 1-6, the closed-loop auxiliary system is guaranteed
to be UUB when the event-triggering condition

1-w; ol Amin(Qa) || X 2
”ep(t)”2 < ( wz)ztzzl (Q )” ” _ é%’ (23)

holds, where w, € (0,1) and L,,, > 0 are the design parameters, and ér is the event-triggering threshold.

Proof. See Appendix A.2. m

Remark 7. It is worth pointing out that the triggering condition (14) in Theorem 1 and the triggering condition (23) in
Theorem 2 are different. Theorem 1 aims to guarantee the stability of the closed-loop system (1) theoretically. While, the
triggering condition (23) is designed for the proposed ADP-based ETRC method which is actually implemented for the
auxiliary system (2).

Remark 8. Theorem 2 proves that the system state X will converge to the compact set Qy if the triggering condition
(23) is satisfied. For Case 1, when the system state & lies outside the compact set Q», and the designed event-triggering
condition (23) holds, we have L,(t) < 0. For Case 2, the control input is updated when the event-triggering condition (23)
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is violated, and the event-triggering error e, is reset to zero such that the event-triggering condition (23) is satisfied. Then,
we have L,(t) < 0. Based on the analysis above, it concludes that the system state X will converge to the compact set Qy
as long as the event-triggering condition (23) is satisfied and X’ lies outside the compact set Q. Thus, there is no conflict
in these two conditions.

Remark 9. For Assumption 1, the Lipschitz condition is basic and popular for nonlinear systems in the control
field.®?3364144 1n this article, we develop an ETRC method for uncertain MPN systems under this assumption. For
Assumptions 2 and 4, since the controlled plant is controllable, the input gain functions G,(X) and #,(X) are reason-
able to assume that they are norm-bounded by two positive constants.>”#** Moreover, G} (X) is the Moore-Penrose
pseudo-inverse of the input gain function G,(X), which can be assumed to be norm-bounded. Meanwhile, it is reason-
able to assume the uncertain term H,(X)&,(X) has an upper-bound function such that |G} (X)H,(X)E,(X)]|? < AZ(X)
as in References 2,36,41, and 44. For Assumptions 3 and 6, the input gain functions G,(X) and 7,(X) satisfy Lipschitz
continuity according to Assumption 1. Meanwhile, VV}(X) = Vol (X)W, + VEL(X) is assumed to satisfy the Lipschitz
condition since the optimal value function V}}(X) is continuously differentiable. Furthermore, tanh(-) is a hyperbolic tan-
gent function and Lipschitz continuous. Thus, it is reasonable to assume that there exist two Lipschitz constants such that
lui (X () — ui (Xl < Lugllep®]] and [[WEX () — wi(Xp)I < Luallep(D]].>*> For Assumption 5, the ideal weight vec-
tor W, is norm-bounded since it is a constant vector. According to Lemma 1, we can obtain that W,, is norm-bounded,
s0 it is reasonable to assume that max{ || W, [[WZ ]|} < W b61112:20:42

Remark 10. The triggering instant ¢, can be calculated according to (14). Then, we can obtain the intersampling time
Aoy = 0p+1 — 0p, p € N. However, if the minimum intersampling time Apmin = min{Ag,},p € N is zero, the well-known
Zeno behavior will occur.®® Fortunately, related proves which demonstrated that the minimum intersampling time
Agmin > 0 have been given in detail in References 34-42. Thus, the proof of Zeno behavior exclusion is omitted here.
Furthermore, simulation results in the following section are provided to show the minimum intersampling time
Aomin > 0.

4 | SIMULATION STUDIES

MPN systems have drawn much attention due to their wide practical applications.*** In this section, we consider two
general simulation examples to verify the effectiveness of the developed ADP-based ETRC method.

41 | Examplel

Consider the MPN system modified from Reference 50 with mismatched uncertainties as
X = F(X) + Gi(X)uy + H1(X)E(X) + Go(X)u; + Ha(X)E(X) (24)

with

F(X) =

X, — 24, 0 0 0.2 0.3
,G1(X) = ,G(X) =] | , Hi(X) = s Ha(X) = ,
X cos(2X)) + 2 sin(4X}7) + 2 0 0

X = —0.5X; — X, — 0.25X,(cos(2X1) + 2)* + 0.25X,(0.5sin(4X7) + 2)),
Ea(X) = A1 X1 co8(1/(Xa + Aa2)) + Aaz X SiN(Aga X1 X3),

wherea = 1,2, X € [X, X,]" € R?is the system state, Aq1, Aa2, Aq3, and Aq4 are the unknown parameters randomly chosen

as Aq € [-1,1], Ag2 € [-100,100], A3 € [—0.2,1], and A4 € [—100, 0], respectively.
After calculation, we can get

0.2
Gi(X) = [0,1/(cos(2&1) + 2)1, (I = Gi(X)GT (X)) H1(X) = l 0 ] 2 m(X),

&)1 < IX117 £ EXX), IG] (X)H1(X)E(X)]I* = 0 £ AX(X),
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G5 (X) = [0,1/(sin(4x7) + 2)1. (I — Go(X)G (X)) H(X) = lﬂ £ hy(X),
&)1 < 1X]I7 £ EX(X), 1G5 (X)HAX)EX)])? = 0 £ AS(X).
Then, the auxiliary system related to (24) is expressed as
X = F(X) + GL(X)uy + 1 (X)w1(X) + Co(X)uy + My (X)wy(X),
where wy, w, € R are the auxiliary control inputs. Based on (3), the value function is chosen as

N,

Va(Xo) = / XTQUX + |IXI% + Ra(Vi) + Y. llwyll? | dr,
0 b=1

where Q; = 5I,, Q, = 61, and

N=2 .y
Ro(Vy) = 22 / fgtanh™(v/iig) dv
=1J0

with #1, = 0.5. The learning rates of the critic NNs are set as l;; = l; = 0.8. Since there is no guiding method to select
activation functions, they are selected as 6, (X) = 6,(X) = [X2, X1 X, XZZ 1" based on repeated “trial and error”. The

weight vectors of the critic NNs are defined as Weg = [Wia, W?a, Wia ]". Let the initial system state be xo = [1, —1]".

The auxiliary system states are illustrated in Figure 2, where the states &; and &, all converge to a small region
of zero (SRZ) after 5 s. From Figure 3, we can observe that W and We converge to [0.1153,—0.4542,0.6292]" and
[—0.5773,0.2646, —0.3400]", respectively. Then, the converged critic NN weight vector W, is applied to the proposed
ETRC method (19) to drive the system (24).

Select A1; = 0.2, A1, =100, 413 = 1, 414 = —1, 433 = —0.2, 12> = 100, 4,3 = —0.2, and 4,4 = —100. The state trajectories
of the closed-loop system (24) and corresponding control signals are shown in Figure 4, which shows that the control
signals can guarantee the closed-loop system (24) to approach a SRZ. From Figure 5, we can see that the minimum
intersampling time Agnin > 0, and the Zeno behavior is excluded. The event-triggering error and threshold are displayed
in Figure 6A, we can find that the ||e,(¢)|| and er both approach a SRZ after 5 s. Figure 6B describes that the required
samples of time-triggered RC (TTRC) and ETRC methods are 300 samples and 101 samples, respectively. It means that 66%
transmission has been reduced between the actuator and the controller. Thus, the proposed ADP-based ETRC method
can reduce the computational burden, as well as save the communication resource.
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FIGURE 2 The auxiliary system states of Example 1.
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FIGURE 6 (A)Event-triggered error and threshold of Example 1. (B) Cumulative number of samples of Example 1.

Remark 11. From Assumptions 3 and 6, we know that there exist two Lipschitz constants £,, and L, such that
[|luk (X)) — uZ(ffp)ll < Lygllep(®]l and [Jwi(X(5) — WZ()?p)ll < Lyqllep (0], respectively. Actually, they are selected by “trial
and error” with repeated simulations. It is worth pointing out that the large Lipschitz constant may lead to more trig-
gered events, and wasting more computational and communication resources, but small Lipschitz constant may cause

system instability. Thus, appropriate Lipschitz constants are selected to tradeoff the triggering frequency and the control
performance.

4.2 | Example 2

We consider the following MPN system with mismatched uncertainties as
X = F(X) + Gi(X)uy + H1(X)E(X) + Co(X)uy + Ho(X)E(X) + G3(X)us + H(X)E3(X) (25)

with
X, 0 0.2
F(X) = l _ ],91(?6)= H,Hl(?f)= l ]
—-2sinX; — 0.154, 1 0

0 0.3 0 0.25
G (X) = l ] s Hy(X) = l ] ,G3(X) = l s H3(X) = l ] ,
0.75 0 0.5 0

Ea(X) = A Xy cos(1/(Xs + Aa2)) + Aazds Sin(Ags X1 X2),

where a = 1,2, 3, u, is control input bounded by |uyg| < liq = 1.2, Aa1, Aa2, Aa3, and Aqs are the unknown parameters with
Aa1 € [-1,1], Aqx € [-100,100], A4z € [-0.2,1], and Ay € [—100, 0].
Similar to Example 1, we have

n(X) =

0.3
ha(X) = l 0 ] s h3(X) =

0.25 2 2 Ao
0 (N7 < NI X]17 = EG(X),
163 (X Ho(X)ea(X)|I* = 0 2 AZ(X),a=1,2,3.

Thus, the auxiliary system related to (25) can be expressed as

X = F(X) + Gu(X)ur + m (X)W1 (X) + Ga(X)uz + ha(X)Ws(X) + G3(X)us + hz(X)w3(X),
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where wy, w,, and w; € R are the auxiliary control inputs. Let Q; = 5, Q, = 61, and Q3 = 12L,. The value function is
selected similarly to Example 1. Let the initial system state be xo = [1, —1]".

Simulation results are shown in Figures 7-12. From Figure 7, we can find that the system states converge to
a SRZ after 35 s. Figure 8 shows the critic NN weights We, We, and We converge to [0.0825,0.1898, —0.4153]",
[—0.2810, —0.7404,0.3451]", and [1.1371,-0.3102,0.4200]", respectively. Then, we apply the converged critic NN
weight vector Wca to construct the ETRC. The parameters of uncertainties &,(X),a =1,2,3 are chosen as
Table 1.

The state trajectories of closed-loop system (25) are shown in Figure 9, we can observe that the system states approach
a SRZ. As displayed in Figure 10, the control inputs are piecewise signals which indicate that they are updated at the sam-
pling time o, only and keep unchanged during the time interval [¢p, 0p+1). The minimum intersampling time Agpyi, > 0
is shown in Figure 11, and it reveals the exclusion of the Zeno behavior. Figure 12A shows the event-triggering error
lep(0)]] is beneath the threshold er, and both of them converge to SRZs as time increases. Figure 12B indicates that the
ETRC method needs 106 samples, while the TTRC method needs 800 samples. It can be concluded that 86% transmis-
sion has been reduced between the actuator and the controller. Hence, the computational burden is reduced and the
communication resource are saved.
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TABLE 1 Parameters of uncertainties

Aa Aaz Aaz Aas
a=1 0.2 100.0 1.0 -1.0
a=2 —0.2 100.0 -0.2 —100.0
a=3 -1.0 —100.0 0 —100.0

Remark 12. The initial critic NN weights are selected according to the initial admissible control input of each player.
However, there is no guiding method to obtain the initial admissible control input, thus, we select the initial critic NN
weights by repeated “trial and error”.

5 | CONCLUSIONS

This article mainly focused on designing multiple event-triggered robust controllers for MPN systems with input con-
straints and mismatched uncertainties, and the computational burden and the communication resource are all saved.
The RC problem is transformed into an OC problem by constructing an auxiliary system. To reduce the computational
burden and save the communication resource, a novel triggering condition is presented to determine whether the control
laws are updated or not. To derive the ETRC law of each player, a critic NN is employed to approximate its value func-
tion. Then, according to the Lyapunov stability theorem, both the critic NN weight error dynamics and the states of the
closed-loop system are guaranteed to be UUB. Finally, two simulation examples are provided to verify the effectiveness
of the proposed ETRC scheme.

In practical implementations, we notice that the independent players in MPN systems have their own transmission
sequences, rather than taking the transmission actions synchronously. Therefore, it is worth considering how to relax the
requirement of synchronous transmission actions in our future work.
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APPENDIX A

A.1 Appendix
Select a Lyapunov function candidate as L; = Ztﬁ“lLla, where Ly, = V;(X). Its time derivative is expressed as

Ny
Lia(t) = VVT@) [ FX) + Y (Go(X)us () + Hp(X)Ex(X))
b=1
N, Ny
= VYT | F(@) + D (Go@u(Xp) + Go(X)G; (X H(X)EX)) |+ VVIT(X) Y hp(X)En(X). (A1)
b=1 b=1
According to (8), we have
N, N, N,
VVTR)F(X) = —XTQuX — Ry (U (X)) — y2 Y wiTwy — 8 Y A2X) = VVIT(X)Y. (Go(X)uy + p(X)w})
b=1 b=1 b=1
Ny
—9) E(X). (A2)
b=1

Substituting (A2) into (A1), and recalling Assumptions 2-4, we get

N, Ny
Lig(t) = = ) (SALX) + 9Z2(X) + y*w; (OW}(X)) — XTQuX — Ry (U3 (X)) + VVT(X) Y Gh(X)G; (X)H(X)Ep(X)
b=1 b=1
N, Ny
+ VY)Y Go(X) (U () — (X)) + VVIT(X) D (&) (E(X) — wi (%))
b=1 b=1

3

< =D (BARX) + 9Z5(X) + Pw; (XW(X)) — XTQeX — R (U3 (X)) + %IIVV&“(/\?)II2

o
Il
—

N, N N,
+ %||ZQb(X)G;(X)Hb(X)éb(X)||2 + %Hng(x) (: () — u (X)) ||2 + %”Zhb(gb(m - w;()e))“2
b=1 b=1

3

<=3 (BAX) + IEXX) + 72w (W] (X)) — XTQuX — Ry (VX)) + %IIVV;‘(X)IIZ

o
I
—

N|z‘

N, Nu N N, R
LS g+ D 2 2 LB lep I + S ¥ e (&) —wi0)) |
b=1 b=1 b=1
3 N
< —XTQaX = Ry (Vi (X)) + SIVVEII* + f;g apllepOll? + Z <—gb - 5) AL(X)

N, N
" (&zz - ,9) 2+ Y, (%ﬁi - f) w, (@ () “
b=1
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Denoting

_/\/'M Nu Nu
AX) = <£g2 - 5) 3A ) + <%%2 - 9) B2(X) + (%Ez - y2> 3 T @w (),
b=1 b=1

b=1

where g = max{g,.g,. ... ,§Nu} and h = max{ﬁlﬁz, ’EM }, and based on (A3), we have

Nu
Ly(t) = ) Laa(0)
=1
N, N, A2 N,
<= D XTQuX — YR (Ui (X)) + =- Nig 2 L2 eI + NyAX) + 2 vav @)
a=1 a=1 b=1
N, 3 Ny Ny
< =@} D Amin(QIXIP + 5 Y IVVI@IP + MA@) + (wf - 1>szm<Qa>uxu2 Zﬁ eI
a=1 a=1 a=1

_ —2 —2 ,
By selecting the parameters as 6 > %gz, 9> %h ,and y% > %h , we have N,A(X) < 0, and L(t) becomes

N, N, N,
i 2 \ 2,3 \ * 2 2 \ 2, —2 2
Li(t) £ —w; ;lelmin(Qa)ll?fII + Eazzlllvva(r"f)ll + (@7 - 1)a§=1/1mm(Qa)IlXII Z L2 llexI1*.

Then, when conditions (13) and (14) hold, we have
Li(t) <0, VX #0.

According to Lyapunov stability theorem,>”>® for Ly (t) > 0 and L, (¢) < 0, VX # 0, we can conclude that the closed-loop
system (1) is asymptotically stable.

A.2 Appendix
Choose the Lyapunov function candidate as

Ly(t) = Ly (£) + L (1), (A4)

where Ly (t) = Z “ Va(X) and Ly (1) = Z V*(Xp)
Since the event triggering mechanism is introduced, the stability should be analyzed with the following two cases.

Case 1. Events are not triggered, that is, V¢ € [gp, 0p+1). It implies that L,,(f) = 0. Taking the time derivative of Ly; (f), we
can obtain

N, N,
L@ = Y [ VYU [F@) + Y (Go(X)p(Rp) + Tap(X)ibp(X)))
a=1 b=1
Then, based on (A2), we get
N N, No [ N N,
L) = =) [XTQuX + Ry (U3 (X)) + 6 D AZX) [ D] 2 2X) +y Zw*T(X)w,,<X>
a=1 b=1 a=1 b=1 b=1
N, N, N, N,
+ZW*T<2€>2@,(2€) (&) — up (X)) +ZW*T<X>Zhb<X> Wh(&p) — Wy (X))
=1 a=1
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N, N I Nu
< =D | ATQuX + Ro (Ui (X)) + 6 Y ANX) | = D119 D ENX) + 77 D wi T(0)wy ()
a=1 b=1 a=1 b=1 b=1
1 N, N, A 5 N, R
+ 2300 (@) — w0 |+ 2D ()~ wy0) [+ M X Vol + veL )|
b=1 b=1 a=1
N, Ny N N
<= XTQuX + Ra (Ui @) + 6D AKX | = D (9D EAX) + 72 ) wi ()i (%)
a=1 b=1 a=1| b=1 b=1
N, > Ny )
+ 2N (VoW £ ua<2€ )~ uamH N 3 [waen) - wic)- (AS)
a=1 a=1\_ _/
Y, Y,

By applying Young’s inequality ||O + P||? < 2||0||? + 2||P||?, and using (17)-(20), Y; and Y, become

Y = | () i) + (i) 0 |

A A 2 5y 2
< 2)[a(Ey) - ui(&p)||” +2]usp) - up )|

_ 1 o & _ 1 N . . “ 2
< 2| -2 tanh <2u a(«vaaIa(Xp)wm) + i, tanh <2a 2(Xp) (Vou(Xp) W + Véla(xp») | + 2Lkl
a a

T [1E " 2L5llep®1I?

¥)) + Vo (Xp) Wea

<1,
=3h
1
2

IA

ez g (vain + vEm> +2L2, eI, (A6)

Y, = || (Wa(Xp) — WZ(f%p)) + (WZ((%P) - W) “2

A ~ 2 ~ 2
< 2iba(dp) = Wi )|+ 2||wi () - wica0)|

1 .74 NI N
<2 = 5SRO Wea + 5 W) (Vo Wil + VELED) | + 263l 01

2
+ 2L llep 11

< S IR |VELRy) + Vol e

12/ o2 —2 5 5
< 2y4h VoeWea + Vie ) + 2L5allep (DI (A7)

where L is a Lipschitz constant of tanh(-). Considering (A5) and (A6), L,1(t) becomes

N, N, Ny Ny Ny
Loy(t) < = Y XTQuX + 7o + Lunlley®I* = D | Ra (Vi (0)) +6 YA X) + 9 Y EpX) [ = Nuy? Y IWSX)I2, (A8)
a=1 a=1 b=1 b=1 b=1

_ —2
where Ty = (j\/ Etanhg + - 2 =Ny 7 + 8N, )Z _l(focaWca + Va:ca) and L, = Zﬁ‘l(Nugzﬁﬁa + Nuh L%,) are positive
constants.

Considering Ly, (t) = 0 and introducing (A8), the time derivative of L,(t) in (A4) is given by

'A/u 'A/u
Ly < —wizlmin(Qa)llelz + 7o + Luwlley O + (w3 — l)zlmin(Qa)llelz. (A9)
a=1 a=1

Then, we have L,(f) < 0 when conditions (23) satisfies and X(¢) lies outside the compact set

Qx={X5||X||S\/+}- (A10)
wgzazul Amin(Qq)
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Case 2. Events are triggered, thatis, Vt = gp,;. The difference of the Lyapunov function candidate L,(t) in (A4) is given as

ALD) = La(®pi1) - Lz (X(05,) )
= AL (t) + AL ().

From Case 1, it shows L,(t) < Oforallt € [op, 0p+1). Considering the continuity of the auxiliary system state and the value
function, we have

u

N,
ALx (0 = Y, (Vilp) = Vi (%65, ) <0,
a=1
NM
ALy(D) = Y (Va(@pe1) = Vi &) < =v (llepa(opll) »

S
I
—

where X((); 1) = limaro X(ops1 — Al), v() is a class-K function and eyi1(0p) = 5€p+1 - i’p. Therefore, AL,(t) <
—v(|lep+1(0p)1), which implies that L,(t) decreases at Vi = g41.

Based on the above analysis, it concludes that the closed-loop auxiliary system (2) is guaranteed to be UUB. It is noticed
that i’p is sampled from the system state X. That is to say, i’p is not an independent state, thus 2?[, can also be guaranteed
to be UUB if & has an ultimate bound.
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