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Abstract

In this paper, the decentralized tracking control (DTC) problem is investigated for a class of continuous-time nonlinear
systems with external disturbances. First, the DTC problem is resolved by converting it into the optimal tracking
controller design for augmented tracking isolated subsystems (ATISs). A cost function with a discount is taken into
consideration. Then, in the case of external disturbances, the DTC scheme is effectively constructed via adding the
appropriate feedback gain to each ATIS. In addition, utilizing the approximation property of the neural network, the
critic network is constructed to solve the Hamilton-Jacobi-Isaacs equation, which can derive the optimal tracking
control law and the worst disturbance law. Moreover, the updating rule is improved during the process of weight
learning, which removes the requirement for initial admission control. Finally, through the interconnected spring-
mass-damper system, a simulation example is given to verify the availability of the DTC scheme.

Keywords: Adaptive dynamic programming, discounted cost function, decentralized tracking control, disturbance
rejection, interconnected spring-mass-damper systems, neural networks, optimal control
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1. INTRODUCTION

For large-scale nonlinear interconnected systems, which are considered as nonlinear plants consisting of many
interconnected subsystems, decentralized control has become a research hotspot in the last few decades!'~l.
Compared with the centralized control, the decentralized control has the advantages of simplifying the struc-
ture and reducing the computation burden of the controller. Besides, the local controller only depends on
the information of the local subsystem. Meanwhile, with the development of science and technology, inter-
connected engineering applications have become increasingly complex, such as robotic systems*! and power
systems!®7], In (819 we found that the decentralized control of the large-scale system was connected with the
optimal control of the isolated subsystems, which means the optimal control method!"''*) can be adopted
to achieve the design purpose of the decentralized controllers. However, the optimal control of the nonlin-
ear system often needs to solve the Hamilton-Jacobi-Bellman (HJB) or Hamilton-Jacobi-Isaacs (HJI) equation,
which can be solved by using the adaptive dynamic programming (ADP) method ['>'¢], Besides, in['*!, Wang
et al. investigated the latest intelligent critic framework for advanced optimal control. In!'*), the optimal
feedback stabilization problem was discussed with discounted guaranteed cost for nonlinear systems. It fol-
lows that the interconnection plays a significant role in designing the controller. Hence, it can be classified
as decentralized and distributed control schemes. There is a certain distinction between decentralized control
and distributed control. For decentralized control, each sub-controller only uses local information and the
interconnection among subsystems can be assumed to be weak in nature. Compared with the decentralized
control, the distributed control "7~ can be introduced to improve the performance of the subsystems when
the interconnections among subsystems become strong. In?), the distributed optimal observer was devised
to assess the nonlinear leader state for all followers. In21, the distributed control was developed by means of
online reinforcement learning for interconnected systems with exploration.

It is worth mentioning that the ADP algorithm has been extensively employed for dealing with various opti-
mal regulation problems and tracking problems 2224}, which will achieve the goal, that is, the actual signal can
track the reference signal under the noisy and the uncertain environment. In[?°!, Ha et al. proposed a novel
cost function to explore the evaluation framework of the optimal tracking control problem. Then, aimed at
complicated control systems, it is necessary to consider decentralized tracking control (DTC) problems 26-2°1,
The DTC systems can be transformed into the the nominal augmented tracking isolated subsystems (ATISs),
which are composed of the tracking error and the reference signal. In[2°!, Qu et al. proposed a novel formu-
lation consisting of a steady-state controller and a modified optimal feedback controller of the DTC strategy.
Besides, the asymptotic DTC was realized by introducing two integral bounded functions in?7). In?%), Liu et
al. proposed a finite-time DTC method for a class of nonstrict feedback interconnected systems with distur-
bances. Moreover, the adaptive fuzzy output-feedback DTC design was investigated for switched large-scale

systems in %],

Game theory is a discipline that implements corresponding strategies. It contains cooperative and noncooper-
ative types, that is, zero-sum (ZS) games and non-ZS games. In particular, ZS games have been widely applied
in many fields*°-33. The object of the ZS game is to derive the Nash equilibrium of nonliner systems, which
makes the cost function optimized. In[*!J, the finite-horizon H-infinity state estimator design was studied for
periodic neural networks over multiple fading channels. The noncooperative control problem was formulated
as a two-player ZS game in[*?l, In[33], Wang et al. investigated the stability of the general value iteration al-
gorithm for ZS games. At the same time, we can also combine the ZS problem with the tracking problem to
make the system more stable while achieving the trajectory tracking. In[**l, Zhang et al. developed an online
model-free integral reinforcement learning algorithm for solving the H-infinity optimal tracking problem for
completely unknown systems. In!**), a general bounded L, gain tracking policy was introduced with a dis-
counted function. In!*), Hou et al. proposed an action-disturbance-critic neural network frame to realize the
iterative dual heuristic programming algorithm.
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As can be seen from the above, there are few studies that combine the DTC problem with the ZS game prob-
lem. It is necessary to take the related discounted cost function into account for the DTC system, which can
transform the DTC problem into an optimal control problem with disturbances. In practice, the existence of
disturbances will make an unpredictable impact on the plant. Hence, it is of vital importance to consider the
stability of the DTC system. In the experimental simulation, it is a challenge to achieve the goal of effective
online weight training, which is implemented under the tracking control law and the disturbance control law.
Consequently, in this paper, we put forward a novel method in view of ADP to resolve the DTC problem
with external disturbances for continuous-time (CT) nonlinear systems. More importantly, for the sake of
overcoming the difficulty of selecting initial admissible control policies, an additional term is added during
the weight updating process. Remarkably, in this paper, we introduce the discount factor for maximizing and
minimizing the corresponding cost function.

The contributions of this paper are as follows: First, considering the disturbance input in the DTC system, the
strategy feasibility and the system stability are discussed through theoretical proofs. It is worth noting that the
discount factor is introduced to the cost function. Moreover, in the process of online weight training, we can
make the DTC system reach a stable state without selecting the initial admissible control law. Additionally, we
present the experimental process of the spring-mass-damper system. Besides, we derive the desired tracking
error curves as well as control strategy curves, which demonstrates that they are uniformly ultimately bounded
(UUB).

The whole paper is divided into six sections. The first section is the introduction of relevant background
knowledges of the research content. The second section is the problem statement of basic problems about
the two person ZS game and the DTC strategy. In the third section, we design the decentralized tracking
controller by using the optimal control method through solving the HJI equations. Meanwhile, the relevant
lemma and theorem are given to validate the establishment of the DTC strategy. In the fourth section, the
design method in accordance with adaptive critic is elaborated. Most importantly, an improved critic learning
rule is implemented via critic networks. In the fifth section, the practicability of this method is validated by an
interconnected spring-mass-damper system. Finally, the sixth section displays conclusions and summarizes
overall research content of the whole paper.

2. PROBLEM STATEMENT

Consider a CT nonlinear interconnected system with disturbances, which is composed of N interconnected
subsystems. Its dynamic description can be expressed as

%i(0) = fi(xi(2) + gi(xi (1)) (i (x; (1)) + Zi(x(2))) + hi(xi(1))vi (xi (1)), (1)

wherei = 1,2,..., N, x;(t) € R" is the state vector of the ith subsystem and x(#) denotes the partial inter-
connected state related to other subsystems of the large-scale system. i;(x;(f)) € R™ is the control input
and v;(x;(¢)) € R? is the external disturbance input. As for the ith subsystem, we denote f;(x;(7)), gi(x;(¢)),
hi(x; (1)), and Z;(x(z)) as the nonlinear internal dynamics, the input gain matrix, the disturbance gain matrix,

and the interconnected item in sequence. Besides, [x;r,x;r e ,x;]T € R" denotes the whole state of the
large-scale system Equation (1), where n = Y. n;. Accordingly, x1,x,...,xy are named local states and
iy (x1),2(x2), ..., iy (xy) are called local controllers. We let R; € R”*™ be the symmetric positive definite
matrix and denote Z;(x(7)) = R;'/?Z;(x(¢)). In addition, Z;(x(r)) € R™ is bounded as follows:

N N
1Z eIl < D @iy () < > Biy6; (x)), 2)
Jj=1 J=1
where j = 1,2,..., N, a;; is the nonnegative constant, 6;;(x;) is the positive semidefinite function. Besides,

we define Qj(x]') = max {Glj(xj),ezj(xj), . ,QN]'()C]')} and the element of {Qlj(xj'),gzj(x]'), . ,QNJ'()C]')}
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will not reach zero at the same time. For this reason, 8;; > «;;0;;(x;)/0;(x;) holds, where B;; is also the
nonnegative constant.

In this paper, considering the nonlinear system Equation (1), a reference system is introduced as follows:
Fi(t) = §i(ri(1)), (3)

where r;(¢) € R"™ denotes the desired trajectory with r;(0) = rjo, the function ; is locally Lipschitz continuous
satistying £;(0) = 0. For the ith subsystem, the trajectory tracking error can be defined as ¢;(¢) = x;(t) — r;i(?)
with ¢;(0) = e;9. Thus, the dynamics of the tracking error is

éi(t) = fi(xi(0) + g (xi (1)) (i; (xi (1)) + Zi(x(f))) + hi(x;(1))vi(xi (1) = i(ri(2)). (4)

Noticing x;(t) = e;(¢) + r;(¢), we define the augmented subsystem states as y;(r) = [e;r(t), rl.T (t)]T e R
with y;(0) = yio = [e?(;, rl.—or]T. Hence, the dynamic of the ith ATIS based on Equations (1) and (3) can be
formulated as a concise form

¥i() = Fi(yi(0) + G (i (D) (@ (y: (D) + Zi(y(1))) + Hi (yi (D) vi (yi (1)), (5)

where 7 (yi(1)) € R*, Gi(yi(t)) € R*>™i and H;(y;(t)) € R¥*4i respectively. Specifically, they can be
expressed as

Jilei(t) +ri(1)) = &i(ri(2)) ]
Fi(yi(1)) = ’ (6)
L) G(ri()
ilei(t)+r(t
Gity(n) = | 4O ], )
n; Xm;
hi(e;(t) +ri(t
Hioy = [ MO ], ®
nixXqi
We aim to design a pair of decentralized control policies i1y, it, . . ., @iy to ensure that large-scale system Equa-
tion (1) can track the desired object while being restricted by external disturbances. It means that as t — +oo,
|lx; () — ri(2)|| — 0. Meanwhile, it is noteworthy that the control pair iy, i, . .., iy should be pointed out

only as a corresponding controller with the local information. In what follows, it presents the DTC problem
by transforming it into the optimal controller design of ATISs by considering an appropriate discounted cost
function.

3. DTC DESIGN VIA OPTIMAL REGULATION

3.1. Optimal control and the HJI equations

In this section, the optimal DTC strategy of the ATIS with the disturbance rejection is elaborated. It is ad-
dressed by solving the HJI equation with a discounted cost function. Then, we consider the nominal part of
the augmented system Equation (5) as

yi(t) = Fi(yi() + Gi(yi(0)ui (yi(2)) + Hi(yi())vi(yi(1)). (9)

We assume that 7; + Giu; +H;v; is Lipschitz continuous on a set Q; C R2"  which is commonly used in the field
of adaptive critic control to ensure the existence and uniqueness of the solution for the differential equation.
Related to the ith ATIS, we manage to minimize and maximize the discounted cost function as

s = [ [T (0)0m(r) + T (i) R = T oo} dr, - (10)
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where Q; € R?">21  R; € R™>Mi are both positive definite matrices. Herein, we let leQiyl- - Ql.zv;r(y,-)vi(yi) =

yl.z(yi) and 0;(y;) < J¥?(yi) — 4iJi(yi), where yl.z(y,-) > AJi(y;). It is worth noting that this inequality is
employed to prove the feasibility of Theorem 1. Then, Equation (10) can be equivalent to

B = [ e 200 4l (o) R ()

If Equation (11) is continuously differentiable, the nonlinear Lyapunov equation is the infinitely small form of
Equation (11). The Lyapunov equation is as follows:

Y2i) + 1] () Riui(3i) = i (i) + (Vi) TIF i) + G (0i) + Hi (i) = 0. (12)
Define the Hamiltonian of the ith ATIS for the optimization problem as

H, (i, i, vi, VIi(3)) = v2 (i) + 1) (v Rt (1) = i (vi) + (VT (i) T
X [Fi(vi) + Gi(yiui(yi) + Hi(yi)vi(yi)]- (13)

To acquire the saddle point solution {u;, v;}, the local optimal cost function need to satisfy the following Nash
condition

Ji" (yio) = minmax J; (yio)- (14)
Then, the optimal cost function J; (y;) is derived via solving the local HJI equation in the following:
min max H (v, s, vi, VI () = 0. (15)
ui Vi

Due to the saddle point solution {u], v}} satisfies the extremum theorem, the optimal tracking control law and
the worst disturbance law can be computed by

1
ui () = =3 R G () VI (7). (16)

V() = %%Tm)w:(m. (17)
94

1

Substituting the optimal tracking control strategy Equation (16) into Equation (15), the HJI equation for the
ith ATIS becomes

(V07 O I + Hv; 0] +920) = A () = 3 (9 0 TG R GT () (9 = 0. 19)

3.2. Establishment of the DTC strategy design
In the following, we present the DTC strategy by adding the feedback gain to the interconnected system Equa-
tion (5). Herein, the following lemma is given by

Lemma 1 Considering the ATIS Equation (9), the feedback control
i (yi) = kiu; (i) (19)

can ensure the N ATISs are asymptotically stable as long as k; > 1/2, which makes the tracking error approach
to zero.
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Proof. The lemma can be proved by showing J;(y;) is a candidate Lyapunov function. We can find J} (y;) > 0
in Equation (11), which implies that J7 (y;) is a positive definite function. The derivative of J}(y;) along with
the ith ATIS is given by

Jr ) = (VI i) Ty
= (VI ) TIF i) + G )i (vi) + Hi(y)vi(y)]. (20)
Substituting Equations (18) and (19) into Equation (20), we can rewrite it as
. 1
i) = =i i) + 4d () + Z(VJZ‘(yf))TQi(yi)R{‘Q,T(yi)VJf(yi)
1
~ k(YT 5)) T GiGIRT G (3 VI ()

2

(21)

) HR,.‘ 16T )V ()

1 1
= — (Y2 () = A7 (3i) — (Eki -2

Observing Equation (21), we can obtain that J7(y;) < 0 holds under the condition y?(y;) > A;J7(y;) for all
ki > 1/2and y; # 0. Thus, the conditions are satisfied for Lyapunov local stability theory and the actual state of

each ATIS can realize desired tracking objectives under the feedback control strategy. The proof is completed.

Remark 1. It is worth mentioning that only when k; = 1, the feedback control is optimal. Then, we will show the
following theorem to verify the proposed control law can effectively establish the DTC strategy.

Theorem 1 Taking Equation (2) and the interconnected augmented tracking system Equation (5) into account,
there exist N positive numbers &, such that, for any k; > k, the feedback control polices given by Equa-
tion (19) guarantee that the interconnected tracking system can maintain the asymptotic stability. In other

words, the control pair @1 (1), #2(y2), . . ., in(yn) is the DTC strategy for the large-scale system.

Proof. Inspired by Lemma 1, we observe that J;(y;) is the Lyapunov function. Therefore, a composite Lya-
punov function of J; (y;) is chosen as

N
L&) =D wild; (), (22)
i=1

where y; is a random positive constant. Taking the time derivative of £(y), we have
N
L) =) widi ()

i=1
N
= 2 m{ (VG TIFi00) + G0 (30) + Hi i)y
i=1
+ (VD TG00 Zi()}. (23)

Considering Equation (2), the mentioned inequality 6;(y;) < \/¥?(yi) — 4iJi(y:), where yZ(y;) > 4;Ji(y;), and

Equation (21), the upper formula can be converted to

N

L(y) < - Z#i{?’iz(yi) = AiJi(yi) + (%ki - }1) H(V-If(yi))Tgi(yi)Ri_é

i=1
N
Z BijAlvi i) = AiJ; (yl')}- (24)
i=1

2

. H(wﬂyi))Tg,-(yi)RZ :
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Herein, in order to transform Equation (24) to the compact form, we denote

M=diag{/.11,/12,...,/11\/}, (25)

. 1 11 1 1 1
K—dlag{zkl—Z,Ekz—z,...,zk[v—z}, (26)
B Bz -.. Bin
- Bo1 B2 ... Pon (27)
Bn1PN2 .. BN

Therefore, we introduce a 2/N-dimensional column vector 4, which consists of the N-dimensional column vec-

_1
tor 4 h/iz(y[) — A;J;(y;) and the N-dimensional column vector H(VJi* (y[))TQ;(y[)Ri 2 H Its form is as follows:

\/)’f()d) - 4J1(y1)
\/7§(Y2) - 2 (y2)

\/7’12\;()’N) = AnIN(yN)

9= - 1 (28)
H(fo(yl)) Gi(yDR,*®
* T -3
H(sz(yz)) G ()R,
o) TR
H(VJN()’N)) GnONR)®
Next, Equation (24) can be transformed to the following compact form:
. Tl M -1BTMm
< -9 2 )
L)< ~lmB MK
2 9T a9 (29)

According to Equation (29), it can be concluded that when k; is sufficiently large, the matrix &/ is positive
definite, which means there exist k7 so thatany k; > k sufficiently large to ensure the positive definite property
of o/. Then, we get £(y) < 0. Consequently, the DTC strategy with external disturbances is constructed. The
proof is completed.

Obviously, the key point of designing the DTC strategy is to obtain the optimal controller of the ATIS based
on Theorem 1. Next, for the sake of getting hold of optimal controllers for the N ATISs by solving the HJI
equations, in the following, we employ the ADP method to obtain the approximate optimal solutions by means
of critic networks.


http://dx.doi.org/10.20517/ces.2023.04

Page 8 of 15 Fan et al. Complex Eng Syst 2023;3:5 | http://dx.doi.org/10.20517/ces.2023.04

4. OPTIMAL DTC DESIGN VIA NEURAL NETWORKS

4.1. Implementation procedure via neural networks

In this section, we show the process of finding the approximate optimal solution by employing the ADP method
based on neural networks. The critic networks have the capability of approximating nonlinear mapping, and
the approximate cost function can be derived for the DTC system. Hence, J7 (y;) can be expressed as

Ji (i) = Wz%'(yi) + &6 (i), (30)

where w,; € Rl is the ideal weight vector, I,; is the number of neurons in the hidden layer, o; (y;) € Rle is the
activation function, and &.;(y;) is the reconstruction error of the ith neural network. The gradient of J(y;) is
formulated as

VI (30) = (Vou(vi) Twei + Véai (y0), (31)

Considering Equation (16), the optimal control policy for the ith ATIS is replaced by

0t () = =3 R GT (00) (Vo) T + V(o) (:2)
Utilizing Equations (31) and (32), the Hamiltonian associated with the ith ATIS is obtained as
Hi(yiovi(vi)o wer) = v () = 4w L oi(3) + wl (Vo 0D [Fi(v) + Hi (i) vi ()]
— PV DG ORT G () (Fora(3) e + e = 0. ()

where e.; is the residual error of the neural network. To avoid the unknown ideal weight vector, we construct
N critic neural networks to approximate J; (y;) as

;o0 = o), (39)
where W; is the estimated weight. Likewise, the derivative of J:* (y;) is
VI (3i) = (Voui () . (35)

Based on Equation (35), we obtain the estimated value of u; (y;) and v} (y;) as

1
i} (i) = =5 R G (50) (Vo () v, (36)

1
P (yi) = z—gmﬁy»(v%i(yi)ﬂwd. (37)

4

Considering Equations (34-36), the approximate Hamiltonian is expressed as
Ai(yi 07 (3 W) = ¥2(3) = LW i (30) + 0 (Vo () [F5 (vi) + He (3) 97 ()]

1
- ZWIVO'a‘()’i)gi(yi)Ri_IQ,T()’i)(VUci()’i))TWci = eg. (38)

Then, we obtain an error function of the Hamiltonian, which is denoted as e.; and is expressed by
eci = Hi(yi, 97 (vi), Wei) = Hi(vi, vi(vi), wei)
= LWL o) = W (Vo) [T + Hiivi)]

1
= VT ()GONR G () (Vo (yi)) T

1
+ WiV (0GR G () (Voei (7)) e = e (39)
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where W, = w¢ — W is the weight error vector. At present, in order to minimize the objective function
E.=(1/ 2)e;|;eci, the normalised steepest descent algorithm based on Equation (38) is employed as follows:

! (0%)_ b
T+ ] )2 \ D T+gfenr

Wei = (40)
where 1.; > 0 represents the basic learning rate. Besides, (1 + ¢;|_¢i)2 is introduced for the normalization to
simplify the critic error dynamics, and ¢; is derived as

¢i = Vo (y)[Fi(yi) + Hi(yi)v; (yi)] = 4ioei(yi). (41)

Usually, in the traditional weight training process, it is often necessary to select the appropriate initial weight
vector for effective training. To eliminate the initial admissible control law, an improved critic learning rule is
presented in the following.

4.2. Improved critic learning rule via neural networks
Herein, an additional Lyapunov function is introduced for the purpose of improving the critic learning mech-
anism. Then, the following rational assumption is given.

Assumption 1 Consider the dynamic of the ith ATIS Equation (9) with the optimal cost function Equation (14)
and the closed-loop optimal control policy Equation (32). We select Jy;(y;) as a continuously differentiable
Lyapunov function and have the following relation:

Ji() = (Vs TIF ) + G (5) + H ()] ()] < 0. (42)
In other words, there exists a positive definite matrix & such that
(VI (i) T F (i) + Gi(you; (vi) + Hi(yi)v; (yi)] = ~(VIi(3) "BV (i) < =smill VI 1% (43)

where s,,; is the minimum eigenvalue of the matrix 2.

Remark 2. Herein, the motivation of selecting the cost function Jy; (y;) is to obtain the optimal DTC strategy, which
can minimize and maximize Jy;(y;) under the optimal control law and the worst disturbance law. Moreover, we
can discuss the stability of closed-loop systems by the constructed optimal cost function. Besides, just to be clear,
Jsi(yi) is derivgl_d by properly selecting the quadratic polynomial in terms of the state vector. We generally choose
Jsi(yi) = 0.5y: " yi.

When the condition occurs, that is, (VJS,'(yi))T [Fi(vi) + Gi(you: (yi) + Hi(yi))vi(yi)] > 0, which means the
system is in an unstable state under the optimal control law Equation (36). In this case, an additional term is
introduced to ensure the system stability. Based on Equation (36), some processing is performed as follows:

~A[(VI () T(Fo (i) + Gi(you; (yi) + Hi(y)vi (yi)]

6wci
(0 (i) \ T =01V ) T (Fe(ye) + Gi (v (v) + Hi(y)v; (v7)]
- OW i aﬁ[* (yi)
1
= SVou (G GIR G () V(). (44)
Thus, we describe the improved learning rule as

A ¢i 1 Ak A 1T
Wei = eci + =n5illi(vi, 4], 97) Vo () Gi(y) R, G;' (yi)VIsi(yi), (45)

M aTer 2
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Approximate
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Improved
update rule .
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J'/y' 1 y N\ J i* (y i)
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R
u; (yi) Control "
function )
Ak
Vi (y i) Disturbance
function B

Figure 1. Control structure of the ATIS. ATIS: augmented tracking isolated subsystem.

where 7;; > 0 represents the additional learning rate with respect to the stabilising term and II;(y;, i}, b}

i k
stands for the adaptation parameter term that tests the stability of the ATIS. The definition of IT; is as follows:

1

1, else. (46)

i (yi, 7, 97) = {
It is found that when the derivative of Jy;(y;) satisfies J;(y;) < 0, the latter term of the weight update rule
does not play its role so that the update mode is still the traditional normalized steepest descent algorithm.
When J;(y;) > 0, the latter term of the weight update rule starts to play its role of ensuring the stability, that
is, the improved weight update method is adopted. It can be seen that the system can be adjusted to be stable
under the improved weight updating criterion. Moreover, in order to clearly highlight that we have achieved
the elimination of the initial admissible control law, herein, we set the initial weight vector to zero. Through
the new critic learning rule, the structure of the proposed DTC strategy for ATIS is performed in Figure 1.

In accordance to w.; = —W,; and Equation (39), the specific form of Ww,; is derived. Then, we can convert
the estimated weight W; into the form of the weight vector w; and the error weight vector w,;, which can be
employed by proving the state y; and the weight estimation error w,; are UUB for the closed-loop system.

5. SIMULATION EXPERIMENT

In this section, we will introduce the common mechanical vibration system, that is, the spring-mass-damper
system. The structural diagram of the mechanical system is shown in Figure 2. From it, M; and M, denote the
mass of two objects, K, K», and K3 represent the stiffness constants of three springs. Cj, C», and Cs stand for
the damping, respectively.

In addition, let P;, V;, F;, and f,,, be the position, the velocity, the force, and the friction applied to the object,
where i = 1, 2. Hence, the system dynamics for M; and M, are as follows:

P =V, (47)

M\Vy = =K1Py = CiVi + Ky (P = P1) + Co (Vo= Vi) + Fi = fu,, (48)
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Figure 2. Simple diagram of the interconnected mass-spring-damper system.

Py=V,, (49)

MyVy = =K3Py — C3Va + Ky (P = P2) + Co (Vi = Vo) + F> — fi,. (50)

For the object M, we definex;; = Py, x12 = Vi, i1 (x1) = Fi,and vi(x1) = fy,. In the same way, welet x> = P>,
x2 = Vo, ii2(x2) = F, and va(x2) = f,;, for the object M,. Next, the state-space of the spring-mass-damper
system is written as

X X12 0 _ 0
i = [ U } =| & ¢ +| 0 [@ @)+ Zi@)+ | v () (51)
X12 TRt S v v M M
and
X X2 0 _ 0
x2=[ =l G + | (2 (x2) + Za(x)) + [ v2(x2), (52)
X22 M, 21 T a2 M, M,

where x| = [xu,xlz]T e R?and x, = [)Czl,.XQz]T € R? are system states. i1;(x;) € R, ii2(x2) € R, vi(x)) € R,
and v, (x2) € R are control inputs and disturbance inputs of the subsystem 1 and the subsystem 2, respectively.
Simultaneously, Zi (x) =K (X21 —x11) + () ()Qz —xlz) and Zz(x) =K (x11 —x2]) + () (x12 —X22), which
indicates the spring K, and the damping C; play a connecting role for two subsystems. Herein, we let 6 (x;) =
[lx1]] and 05 (x3) = |x22|. Besides, we choose B11 = B2 = 1, Ba1 = B = 1/2, and u; = uy = 1. Moreover,
we select A1 = A1, = 0.6, 01 = 0o = 1, Ry = R, = 2, and Q1 = Q) = 214, where 14 is the four-dimensional
identity matrix. Above all, the desired reference trajectories r; and r; for two subsystems are generated by the
following command system:

f‘l’ _ [ il } _ [ —0.57‘,'1 —0.5}",'2 COS (r,-l) ’ i = 1’2’ (53)

) sin (r;1) — 0.5r
where r| = [r”,rlz]T e RZand rp, = [r2],r22]T € R? are reference states. Then, we define the tracking
errors as ;1 = x;1 — 1 and ejp = X — rp. Hence, the augmented state vector can be expressed as y; =
[yil,yiz,y,g,ym]T = [e,»l,eiz,r,-l,riz]—r, i = 1,2. We set practical parameters as M; = lkg, K; = 3N/m, and
C; = 0.5Ns/m for the subsystem 1. Similarly, we let M, = 2kg, K3 = 5N/m, and C3 = 1Ns/m for the subsystem
2. Considering Equations (51-53), the augmented system dynamics y; and y, can be obtained in the following

forms:
r12+€|2+0.5r1] +0.5r12COS (}"]1) 0 0
=3(ri1 +eq11) —0.5(r12+ey2) —sin (ryy) +0.5r 1 |_ -1
yy = (ri 1130 Srll(_lé Srllzzzos (r“() 1) 2o, o (y1) + L (1) (54)
sin (r11) —0.5?‘12 0 0
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Figure 3. Weights convergence process of the critic network 1and the critic network 2.
and
rop +éexn + 0.51’21 + 0.5}’22 CcoS (r21) 0 0
—2.5(1’21 + 621) - 0.5(}"22 + 622) — sin (r21) +0.5r 0.5 _ -0.5
V) = + iy (y2) + va(y2). (55)
Y —0.5}’21 - 0.5}’22 COS (}’21) 0 0 Y
sin (r21) - 0.57‘22 0 0
Based on the online ADP algorithm, two critic networks are constructed as follows:
T A 2 A A A N 2
Ji ) = W10y T Wi1Y11yi2 T Wi2y11Y13 + Wi3y11yi14 + W14y,
N . a2 A P
+Wisy12)13 + WieY12Y14 + Wi7y13 + WisY 13y 14 + Wioy i, (56)
and
S N 2 N N N N 2
J5(y2) = Waoy3; + Wa1ya1y22 + Woaya1y23 + Wa3ya1y24 + Waays,
. . ) A P
+ W25Y22Y23 + W26Y22Y24 + W27Y53 + W2gY23Y24 + W29 Yoy (57)

During the online learning process, we take basic learning rates and additional learning rates as 7.y = 0.01,
ne2 = 0.03 as well as 1751 = 12 = 0.01. Let initial system states and reference states be xj9 = [l.S,O]T,
x0 = [1, —l]T, and rig = rp0 = [0.5, —O.S]T, respectively. Therefore, initial states of the ATIS are yjo =
[1,0.5,0.5,-0.5] T and yy = [0.5,-0.5,0.5,-0.5] 1.

Herein, two probing noises are added within the beginning 400 steps to keep the persistence of excitation
condition of the ATIS. The weight convergence curves are shown in Figure 3. It can be seen that the weight
has converged to a certain numerical value before turning off the excitation condition, which confirms the
validity of the improved weight update algorithm. Form it, we find the initial weights are selected as zero,
which indicates the initial admissible control is eliminated.

Next, in order to make the system achieve the purpose of the optimal tracking, feedback gains are selected as
ki = ko = 1. Then, the DTC strategy {k1i}(y1), k2it;(y2)} can be derived from the obtained weight vector
for the spring-mass-damper interconnected system. In addition, the evolution curves are shown in Figure 4,
which displays the tracking control inputs and disturbance inputs for the subsystem 1 and the subsystem 2.
Then, the obtained DTC strategy is applied to the controlled system for 50 s, and its tracking error trajectory
curves are displayed in Figure 5. It is obvious that the tracking error curves are eventually enforced to the
origin. Taken together, this simulation result verifies the effectiveness of the proposed DTC strategy.
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Figure 5. Tracking error trajectories for subsystem 1and subsystem 2.

6. CONCLUSION

50

In this paper, the optimal DTC strategy for CT nonlinear large-scale systems with external disturbances is
proposed by employing the ADP algorithm. The approximate optimal control law of the ATISs can achieve
the trajectory tracking goal. Then, the establishment of the DTC strategy is derived by adding the appropriate
feedback gain, whose feasibility has been proved via the Lyapunov theory. Note that all the above-mentioned
results are investigated by considering a cost function with the discount. Then, only a series of single critic
networks are employed to solve HJI equations of N ATISs, so that we acquire the approximate optimal control
law and the worst disturbance law. In addition, the stability term added in the weight updating process avoids
the selection of the initial stable control policy. Furthermore, the simulation results are displayed for the spring-
mass-damper system to indicate the validity of the proposed DTC method. In the future, we will utilize more
advanced methods to deal with the DTC problem for nonaffine systems. Besides, we can also consider the
unmatched interconnected relationship for the DTC problem, which is a considerable direction of improved

research.
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