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Abstract In this study, a data-driven learning algorithm was developed to estimate the optimal distributed
cooperative control policy, which solves the cooperative optimal output regulation problem for linear discrete-
time multi-agent systems. Notably, the dynamics of all the agent systems and exo-system is completely un-
known. By combining adaptive dynamic programming with an internal model, a model-free off-policy learning
method is proposed to estimate the optimal control gain and the distributed adaptive internal model by only
accessing the measurable data of multi-agent systems. Moreover, different from the traditional cooperative
adaptive controller design method, a distributed internal model is approximated online. Convergence and
stability analyses show that the estimate controller generated by the proposed data-driven learning algo-
rithm converges to the optimal distributed controller. Finally, simulation results verify the effectiveness of
the proposed method.
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1 Introduction

The cooperative output regulation problem (CORP) [1-3], which simultaneously addresses the problem
of asymptotic tracking and disturbance rejection for multi-agent systems, has attracted widespread in-
terest in the last decades due to its wide applications in many areas, such as multiple unmanned aerial
vehicles [4], dynamic traffics [5], distributed robotics [6], and distributed sensor networks [6,7]. Necessary
and sufficient conditions for solving the output regulation problem were first established by [8] in terms
of the well-known regulator equations. By viewing the leader and disturbance as an exo-system, the
leader-following output consensus problem with disturbance rejection can be viewed as a CORP, where
the exo-system lumps reference inputs and disturbances together. This scenario has been extensively
investigated by many researchers, and some recent interesting results are provided in [9-14].

In general, two classes of control schemes are used to solve the output regulation problem, i.e., the
feedback-feedforward controller [8,15] and dynamic controller embedding with the internal model [15,
16]. The CORP was addressed in [1] and solved by designing a feedback-feedforward controller with
a distributed observer. The distributed observer proposed in [1] is used to estimate the exo-system
state, which has been developed for solving the CORP for switching networks [2,11] and nonlinear
systems [3]. However, as stated in [15,17], the feedforward control gain is dependent on the whole system
parameters, so with varying system parameters, the desired feedforward control gain would also vary.
Thus, the feedback-feedforward controller can only deal with the deterministic system dynamics without
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uncertainty parameters. To further solve the cooperative robust output regulation problem, in [18], an
internal model [16,19] was employed to estimate the steady state of the system without solving the
regulator equations. This method ensures the robustness, with respect to parameter uncertainties, of
a controller embedded with the internal model. Later on, the cooperative robust output regulation for
nonlinear systems was investigated (see [11,20,21]). Due to the communication limitation, a distributed
adaptive internal model scheme was proposed in [9] for discrete-time multi-agent systems, and a similar
result for the continuous-time system is given in [10]. In [9], using the prior knowledge of the exo-system
dynamics, not only the estimation of the exo-system state but also the estimation of the internal model
for each agent can be achieved by the proposed adaptive distributed observer. Recently, the solution
in [9] was extended to solve the CORP for time-delay multi-agent systems [22].

Considering the output regulation and optimal control problems, an optimal controller design method-
ology was proposed in [23] by minimizing a predefined cost function that involves transient responses with
the constraint of the steady-state output regulation requirement, which is the so-called optimal output
regulation. Under the framework presented in [23], several studies on investigating the optimal output
regulation problem were presented for discrete-time linear systems [24], sample-data systems [25], and
nonlinear systems [26]. However, system matrices should be known prior to solving the related algebraic
Riccati equation (ARE) for linear systems [23,24] or the Hamilton-Jacobi-Bellman (HJB) equation for
nonlinear systems [26]. In addition, accurate knowledge of system dynamics is required to construct the
corresponding controllers in most existing studies on the CORP, e.g., [1-3,9-14,18,20-22,27]. This limits
the applications of these solutions due to the existence of unknown parameters in practice.

Recently, combining the adaptive dynamic programming (ADP) algorithm and reinforcement learning
(RL) method, several online learning algorithms have been proposed to solve optimal control problems,
e.g., optimal regulation problems [28-34], H, tracking problems [35,36], and zero-sum games [37]. In [28],
a data-driven cooperative optimal cruise control was proposed for heterogeneous vehicle platoons using the
ADP algorithm with the policy-iteration (PI) scheme. A general containment control of the discrete-time
multi-agent system was presented in [32] by employing the value-iteration (VI)-based learning scheme.
Compared to the PI-based learning method, the VI-based learning algorithm relaxes the requirement on
the initial stabilizing control policy at the expense of the convergence rate. Taking the disturbance re-
jection into account, a developed ADP-based learning algorithm with distributed observers was proposed
in [38] to solve the leader-following control problem. Later on, with the distributed adaptive internal
model designed in [10], the cooperative optimal output regulation problem (COORP) was addressed
in [39], and it was solved by the ADP-based learning method with the PI and VI schemes. However, in
most of these existing studies, e.g., [29, 31,34, 38-41], the exo-system dynamics should still be known,
such that the internal model and distributed observer can be efficiently designed for each agent.

To solve the COORP for unknown multi-agent system dynamics, a data-driven ADP-based learning
algorithm, which aims at estimating the optimal dynamic feedback controller embedding with the adaptive
distributed internal model, was developed in this study.

The contributions of this study are threefold: First, compared to [9] where the system dynamics should
be known, this study aims at developing a model-free learning algorithm to solve the COORP with
unknown multi-agent systems, including the unknown exo-system. Two different finite exciting (FE)-
based estimation update laws are proposed in this paper to approximate the exo-system dynamics, which
is used to establish the online distributed internal model. Second, different from [14,27,30], where the
internal model can be directly obtained for all agents, in this study, the distributed internal model of each
agent can be estimated by introducing an online adaptive distributed observer. Third, in most existing
methods for solving the COORP, for instance, [9,10,30,38,39,41], not only the exo-system dynamics are
assumed to be known, but also the exo-system state should be estimated by an observer network among
the agents. While in this study, by only accessing the data of the input, output, and state of each agent, a
data-driven learning algorithm is proposed, which does not require the approximation of the exo-system
state or the use of any prior knowledge of the multi-agent system and the exo-system. This could lead to
a reduction in the data computational load and data communication load. Moreover, estimation laws for
estimating the exo-system dynamics and a data-driven learning algorithm for approximating the optimal
control policy are designed without the requirement on the persistence of excitation condition.

The remainder of this paper is organized as follows: In Section 2, we present the basic assumptions,
preliminaries, and control objectives. In Section 3, we propose two online estimation methods to ap-
proximate the exo-system dynamics, which is used to design the distributed internal model, and then,
we developed an ADP-based data-driven learning method to estimate the optimal control policy without
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using any prior knowledge of the multi-agent system. We also present the convergence analysis of the
proposed algorithm in Section 3. In Section 4, we provide a numerical example to illustrate the proposed
method. Finally, in Section 5, we draw the conclusion.

Notations. The following notations are used throughout the paper. I,, € R"*™ is a unit matrix. o(A)
and p(A) are the complex spectrum and spectral radius of matrix A, respectively. For a matrix B € R"*™,

vec(B) = [b1 T, by, ..., b, |7, where b; € R™ is the ith column of B. For a symmetric matrix C' € R"*™,
n(nt1) .
vech(C) = [e11, €12, « -+, Clny €22, €235 - -+, Cr1.ms Cnn] T € R . , where ¢;; is the element of C. For two

column vectors v; € R™ and vy € R"2, col(vy,v2) = [v],v3]T € R™*"2 and dia(v;) denotes a diagonal
matrix V€ R™*™ where Vj; is the i-th element of v;. For any matrix G;, G = block diag{G,, ..., Gy}
is an augmented block diagonal matrix with block matrix G;; = G;. @ denotes the null set. P" denotes the
normed space of all n-by-n real symmetric matrices and P} := {P € P" : P > 0}. || - || is the Euclidean
norm of vectors and the Frobenius norm of matrices. ® denotes the Kronecker product.

2 Plant and control objective

Consider a class of discrete-time multi-agent systems described by

yi(t) = Cizi(t), (2)
ei(t) = yi(t) — Fu(t), (3)

where x; € R" u; € R™ y; € RP, and e; € RP denote the state, control input, output, and tracking
error of the ¢ subsystem with ¢ = 1,2,..., N, respectively. v(t) is the exo-system state generated by the
following autonomous exo-system:

v(t+ 1) = Sv(t), (4)

and A; € R"ix"i B, ¢ Rmix™i [, ¢ R%*9 C; € RP*™ F € RP*? and S € R?7*9 are constant system
matrices.

Define a directed graph D = (V, &), where V = {0, 1,..., N} is the set of nodes with node 0 denoting
the exo-system and the other N nodes associated with the N agents, and £ C V x V' denotes the edge
set. Let NV; = {j € V|(j,i) € £} denote the set of incoming neighbors of agent i. Let Vi := V/{0} and
Nt = N;/{0}. In addition, the virtual tracking error is described as

FEN; ijoaij

where yo = Fv, a;; is the element of a weighted adjacency matrix A = [a;;] € RWV+DX(N+1) - which
has positive elements a;; > 0 if (j,7) € £ and otherwise a;; = 0. Define the graph Laplacian matrix
W = [wi;] € RVN with w;; = Z;V=1 a;; and w;; = —a,;, for any i # j. Let A = dia([a10, a20,-..,an0])
and H =W + A.

The following standard assumptions are made on the multi-agent system.
Assumption 1. The pair (4;, B;) is stabilizable, Vi € V.

Assumption 2. rank[Aicfi” Pil=mn; +p, VA€ 0(S), i€ V.
Assumption 3. The communication graph D is acyclic which contains a directed spanning tree with
node 0 as the root.
Assumption 4. The eigenvalues of S are with modulus as 1.
Assumption 5. All of the system matrices A;, B;, C;, E;, F', and S are completely unknown, and the
exo-system state with a known dimension ¢ is only available to the agents i, 0 € N;.

Now, let the performance index

oo

T(to) = D Colwa(t), ui(t)), (6)

1=1 t=to

where C;(z;(t), ui(t)) = ||z; — a4 @, + ||u; —ul|| g, is the cost function with weight matrices Q; = QF >0 €
RmiXni R, = RT >0 € R™*™i and the pair (4;,/Q;) being detectable. i, and u}, are the steady state



Xie K D, et al. Sci China Inf Sci  July 2023 Vol. 66 170202:4

and stabilizing control input for each agent i € VJ‘ , respectively, when the closed-loop system achieves
the reference tracking and disturbance rejection simultaneously.

The objective of this study is to determine the cooperative optimal control input u] for each agent
1€ Vgr , such that the following conditions are satisfied:

(i) The closed-loop system of each subsystem described in (1) is stable.

(ii) The tracking error of each agent converges to zero as t — oo, i.e., lims_, o €;(t) = 0.

(i) The performance index J(tp) is minimized.
Remark 1. Assumptions 1 and 2 are the necessary and sufficient conditions used to solve the traditional
output regulation problem, which aims at simultaneously achieving the asymptotically tracking and
the disturbance rejection as shown in [9,15,38,41]. In Assumption 3, the graph containing a directed
spanning tree is a necessary condition that ensures the consensus of multi-agent systems [39,40]. Under
Assumption 3, one can always label all the agents such that A is a lower triangular matrix, which is also
required in [39]. Assumption 4 indicates that the exo-system is marginally stable and the exo-system
state is bounded, which is made without loss of any generality. Assumption 5 is used as the main setup
of this study. In addition, in Assumption 5, only the agents 7, 0 € A; have access to the exo-system state,
but all agents, including the agents i, 0 € N, cannot obtain the system matrix S of the exo-system.

3 Main results

In this section, an ADP-based data-driven learning algorithm is proposed to estimate the optimal co-
operative control policy with a distributed adaptive internal model for solving the COORP. First, two
FE-based estimation methods are presented to establish the online distributed internal model design
scheme. Then, a model-free VI-based learning algorithm is developed to estimate the optimal control
policy. Finally, the stability and convergence analyses are presented.

3.1 Online distributed adaptive internal model design method

To solve the CORP for multi-agent systems, the internal model framework is usually introduced for
converting the CORP into a tractable cooperative stabilizing problem. In general, the distributed adaptive
internal model can be designed by the prior knowledge of the exo-system dynamics. The challenge arises
when the exo-system matrix S is unknown. Thus, for agents i, 0 € N;, we first propose two FE-based
methods to estimate the exo-system matrix S online without the requirement on the persistence of
excitation condition, where the estimation error converges to zero.

To begin with, the FE condition, which is similar to the FE condition shown in [42], is given as follows.
Definition 1 (Finite exciting condition). A bounded signal p(t) € R™*" is finite exciting over a time
series t = tg,tg + 1,...,to + T with T, € ZT, for a given 0 < v < 1, if 3 8 > 0 such that

to+Ts

S Ao p(t) > AL (7)

t=to

holds, where I,, € R™*" is a unit matrix and 8 denotes the degree of excitation.
The exo-system dynamics described in (4) can be linearly parameterized as

’U(t + 1) = Xv(t)ev (8)

where 6 = vec(ST) € R? is the vectorization of the matrix S, and xo(t) = I, @ v(t)T € R is the
regressor matrix with the unit matrix I, € R?7*9.
Consider the following filter equations:

H(t+1) = ~vyH(t) + xo () o(t + 1), H(to) =0, (10)

where v € (0,1) is a tunable gain for adjusting the convergence rate and F(t) € R¥’*9" and H(t) € R?
are the integrated-filtered regressors.
We introduce two different parameter estimation update laws for 8 as follows:
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(1) The one-step estimation update law of 0 is given as
0 = F(tr,)” H(tr,), (11)

where t7, is the instant when x,(¢) satisfies the FE condition (7).
(2) The dynamic estimation update law of 6(t) is given as

B+ 1) = 6(0) + ko, xo(®) (vt +1) = o (D8()) + ko (H () ~ F(2)

>
—~
~
~—
———
—~
—_
[\
~—

where kg, > 0 and kg, > 0 are the tuning gains for adjusting the estimation convergence rate.

Now, we present the following Theorem 1 to show the convergence of the FE-based estimation methods
for approximating the exo-system matrix S.
Theorem 1. For agents i, 0 € N, if there exists an instant t7, = to + Ts, such that x, () satisfies
the FE condition (7), then the exo-system matrix S can be estimated by either the one-step estimation
update law (11) or the dynamic estimation update law (12), where both the estimation errors converge
to zero.
Proof. Note that the estimation process for approximating the exo-system dynamics only exists in the
agents 7, 0 € N, since the exo-system state is only available for the agents i, 0 € N;. To begin with, it
follows from (8)—(10) that

H(t+1) = F(t+1)0 = 7 [H(t) - F(1)0]. (13)

Let an error e(t) = H(t) — F'(t)0. Then, it follows from (13) that the error dynamics is
e(t+ 1) = ~e(t). (14)

Clearly, e(t) =0 for t = tg,to + 1,..., since F(ty) = 0 and G(tp) = 0. In addition, even though &(t) # 0
suddenly suffers from the measurement error, the error dynamics of e(¢) can still be stabilized by setting
the tunable gain v € (0,1). Thus, we have

H(t) = F()0, t=toto+1,.... (15)

Since x,(t)Tx0(t) = 0, F(t) defined in (9) is a nondecreasing positive semidefinite time-varying square
matrix, i.e., F(t2) = F(t1) > 0 for t; > t;. Considering that v € (0, 1), if x,(¢) satisfies the FE condition
at {7, , then

to+Ts
Fltz) = 3 4 () xult) > lp.
t=to
Thus, we have F(t) > 0, Vt > tr,, which indicates that the square matrix F(t) is of full rank for all
t > tr,. The full rank of F'(t) ensures the existence of a unique solution to the estimation equation (15).
Therefore, the parameters of S, i.e., §, can be estimated by calculating the following equation:

6 = Fltr,)” " H(try), (16)

where tp, is the instant when the FE condition is met. Accordingly, the proof of the one-step estimation
update law for 6 is completed.

Let A(t) = A(t) — 6 denote the estimation error. Tt follows from (8), (12), and (15) that the dynamics
of the estimation error (t) is

Ot +1)

B0 + ko, xo (D) (0t +1) = xo(00®)) + ko (H () ~ FOOD)) ~ 0
(1) + ko, o () (a0 = X0 (DO(1)) + ko, (F(D0() = FO())
0(t) — Koy xo(t) X0 (1)0(t) — ko, F(£)0(t). (17)

I
™

Consider the following Lyapunov function:
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If x,(t) satisfies the FE condition at ¢r,, it follows from (17) that

V(t+1) = V() = =07(t) (ko xo(t) "x0 (1) + ko, F (1)) 6(2)
< 07 (t)ka, F(16(1)
g _kGQ/BV(t)’ t 2 tT .

Therefore, since kg, > 0 and S > 0, the estimation error 0 converges to zero under the dynamic update
law (12). This completes the proof.
Remark 2. Compared to the estimation update law (12) where the start instant for estimating S is
to and the estimation error converges to zero as t — 0o, the estimation update law (11) starts from ¢p,
when the matrix F(t) is of full rank. In addition, if there exists no measurement error for all ¢ > tg, the
estimation error of the estimation update law (11) is zero for ¢ > tr,.

For the agents i, 0 € N;, which have access to the exo-system state, using the estimation solution 0 to
(11) or (12), the minimal polynomial of the estimated exo-system matrix S can be obtained as

Ag(N) = AT + 0, 1A+ ag A+ ag, (19)

with ¢, < ¢. Then, combining (19) with the internal model principle given in [15, Chapter 1], design the
dynamics of the internal state as
zi(t+ 1) = Gz (t) + Gaéi(t), (20)

where z; € RP9™ is the internal state, é; is defined in (5), and the pair (G?,Gs) is the designed internal
model parameters which can be explicitly given as

G? = block diag{GY,...,GY} € RP4m*Pim G, — block diag{Ga,...,Gy} € RPIm*P (21)
p-tuple p-tuple
with i i o
1 0
0
GY = , Go= : (22)
o o 0 --- 1
L — Qo —Q1 —Qg - —Qg,, 1 | LY
where «; is the coefficients of A in (19) with j = 0,1,...,¢m — 1, and b is a nonzero constant that ensures

the controllability of the pair (GY, Ga).

For the agents i, 0 ¢ N, due to the inaccessibility of the state and dynamics of the exo-system, the
matrix G¥ cannot be directly obtained. Inspired by [9], although GY is only obtainable for the agents i,
0 € N;, we can still design the online distributed adaptive internal model G (t) for all agents i € VJ as

zi(t+1) = Gi(t)zi(t) + Gaéi(t), (23)
with G defined in (21) and
Gi(t+1) = Gi(t) + Y ay ()= GiM) . Gilto) =0, (24)
JEN;

where 0 < 11 < 2/p(H) is a positive tuning constant and G¢ has the same form as GY, i.e.,

Gi = block diag{G1,...,G'} € RPIm*Pim, (25)
—_———
p-tuple

Now, we show the stability of the closed-loop multi-agent system under the cooperative control policy
embedding with the distributed adaptive internal model designed in (23) and (24), which is summarized
in Theorem 2.
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Remark 3. According to the internal model principle given in [15, Chapter 1], G must have exactly p
invariant factors, each of which is divisible by the minimal polynomial of S. Hence, GY is determined by
(19). Once the estimation process for approximating S is completed, G{ can be designed for the agents
i, 0 € N;. Then, for the agents i, 0 ¢ A;, using (24) where the information of GJ of the agent j, j € N is
required, the internal model parameter Gi of the agents i, 0 ¢ N; can be directly approximated without
estimating the exo-system matrix S.

Theorem 2. Under Assumptions 1-5, if there exists an instant ¢z, such that x,(t) satisfies the FE
condition, then the CORP of the multi-agent system (1)—(4) is solved by the dynamic feedback controller
with the online distributed adaptive internal model given as

ui(t) = —Klz;(t) — Kiz(t),
Zi(t+1) = Gi(t)zi(t) + Gaéi(t),

_ . , _ (26)
Git+1) = Gi() +m Y ai(G () - Gi(1)),
JEN;
with i € V7, Gi(tg) = 0 € RP4m*Pam and the pair (K%, K!) satisfying that the matrix
 [A, - BiK' —B,K'
Al = L (27)
QQCi gl

is Schur.
Proof. Under Assumptions 1 and 2, there exists a Schur matrix A% for each agent i € v0+ , such that the
following augmented regulator equations [15]:

X;S = (A; — BiIK})X; — BiK' Z; + E;, (28)
78 =GV, (29)
0=CiX;— F (30)

have a unique solution (X7, Z;), where G¥ defined in (21) is determined by 6. As proven in Theorem 1,
0 is the estimation of the exo-system dynamics where the estimation error converges to zeros once X, (t)
satisfies the FE condition.

Let

Using the above transformation equations (31) and (32), the closed-loop system (1)—(4) of each agent
i € Vg with the dynamic feedback controller (26) can be transformed into the following compact system:

i = AtFi () — L 7 00 z ’
Tt +1) = AT (t) JGXA; SN ai; | G2C; A0 [0 éi’(t)l o l?{(t)ZZ‘v(t)

= ATL(t) — L(t) + Ly ()ZL(t) + Ly (1), (33)
ei(t) = Gzl (1), 3

where 7% = col(%;, %), 20 = 0, C; = [Cy, 0], Gi(t) = Gi(t) — G) is the estimation error of internal model,
and

0
G2C;

Ly=Y 24—

N
SN 20 i

—j 7 — 0 0 : = ’
z(t), Li(t) = [0 é}(t)} , Ly(t) = [g}(t)Zz*v(t)‘| . %)

Following the same derivation from [39], one can always label all the agents such that i < j if (,j) € £
under Assumption 3. Thus, the representation that contains the dynamic of all the agents is given as

Z,(t+1) = Az, (t) + L1 (t)Z.(t) + La(2t), (36)



Xie K D, et al. Sci China Inf Sci  July 2023 Vol. 66 170202:8

where

z. =col(z},...,z)),

A = block diag {AL, ..., AY},
Ly = block diag {L1,..., L},
Ly =col (L},...,LY).

According to [9, Lemma 2], the estimation error of the adaptive internal model Gi(t) converges to
zero, which implies that lim; o L1(¢) = 0. In addition, since the exo-system state is bounded, we have
lims o0 Lo(t) = 0. As stated in [15, Chapter 1.6], for each agent i € VOJF, there always exists a pair
(K%, K!), such that the matrix A’ is Schur if Assumptions 1 and 2 are satisfied. This implies that there
exist pairs (K, K!), such that A, is Schur, which indicates that lim; . Z,(t) = 0. Then, it follows from
(34) that the tracking error lim; o €;(¢) = 0, which means that the CORP of the multi-agent system is
solved by the proposed dynamic feedback controller (26). Thus, the proof is completed.

3.2 Data-driven learning algorithm for solving the COORP

In this subsection, we first define a class of cost functions for the performance index described in (6).
Then, combining the existence of the solution to regulator equations, the COORP is transformed into
a cooperative optimal control problem. A model-free ADP-based learning algorithm with employing
the VI scheme is developed to estimate the optimal control gain by approximating the solution to the
corresponding ARE. Finally, the convergence analysis is given to show that the estimated distributed
controllers converge to the optimal distributed control policies.

3.2.1 COORP transformation

Since Gi converges to GY as shown in [9, Lemma 2], using the transformation equations (31) and (32),
the augmented multi-agent system of the representation (36) with the online desired internal model (20)
can be rewritten as

T,(t+1) = Az, (t) + Bu(t), (41)

where
a=[u;,...  uy" (42)
is the control input with @; = —K;z’ and K; = [K!, K], A = block diag {A;,..., Ax} with 4; =

[ oo], and B = block diag { By,..., By} with B; = [%'].

goc; 6f 0

It follows from (31) and (32) that
i, = — Kz =u; — (~K. X[ v — K. Z}v),

where u; = —Kiz; — Klz;.
Now, modify the cost function in (6) for each agent i € Vg as

Ciwi(t), ui(t) = |z — wgllor + Iz — zalloz + lui — ul g, (43)

where Q¥ = (Q¥)T >0, Q7 = (Q?)T > 0, and R; = (R;)T > 0 are the weight matrices with appropriate
dimensions.

Let 2%, = X}v, 2, = Z}v, and v}y = —K. X v — K. Zv. It follows from (26) and (28)—(32) that the
cost function (43) can be rewritten as

Ci(wi(t), wi(t)) = (@)T Qi (z) + ()" Ri (), (44)

where @; = block diag {Q?, Q?}.
That is, the COORP for the multi-agent system can be transformed as a tractable cooperative optimal
control problem subject to the augmented compact system (41) as formulated in Problem 1.
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Problem 1.

N oo
mind" > (74)" Qi (a) + (m)" i (m) (45)
subject to Z,(t+ 1) = Az, (t) + Bu(t).

Minimizing the cost function with respect to the policy u gives the following optimal control policy:
u; = —Kjz, (46)

where K = (Ri + B;F Pi*Bi)_l B;f Pi*[li is the optimal control gain and P} is the symmetric positive
definite solution to the following ARE:

ATPA; — P+ Qi — ATP,B; (R, + Bf P,B;) " Bf P A, =0. (47)

Then, we introduce a one-step recursion of the value update in the model-based VI scheme [43, Chapter
17.5] for solving the ARE (47), which is given as

_ _ _ _ _ N _
pHY — ATpk) 4, — AT PR B, (Ri + BT Pi(k)Bi> BIPM A, + Q.. (48)

The policy evaluation is
_ _\ 1 _ _
K" = (Ro+ BIPMVB) - BTRMYAL (49)

According to [43, Lemma 17.5.4], for Pi(k+1), k=0,1,2,..., evaluated in (48) with any initial symmetric
positive matrix Pi(o) € P, we have limy_, o0 Pi(k) = P’ and limy_s oo Ki(k) = K} with (4; — B;K}) being
a Schur matrix.

Notably, if the system matrices A; and B; are unknown, the solutions to the regulator equations (28)-
(30) and ARE (47) are unavailable. Hence, the steady state acﬁl, steady input ufi, and the optimal control
gain K are unknown. Moreover, the data (Z,,u) of the system (41) are unavailable due to the absence

of knowledge of z%, 2%, and u’;, which makes the design of the online learning algorithm for solving the
COORP more difficult.

3.2.2  Model-free online VI-based learning algorithm

To begin with, we combine the original multi-agent system (1) with the distributed adaptive internal
model (23) to obtain

E;
—0i0G2F

v(t) = > oy

JEN;

z;(t) +

0
G20

where 2 = col(x;, 2;), xo = v, Cop = F, and g;; = ai]-/z;\lzo Qij.

The main idea of the online ADP learning algorithm is that, by replacing the system matrices in the
ARE with the online data, a corresponding iterative learning equation is established for estimating the
solution to ARE without using any prior knowledge of system dynamics. Note that the solution to the
ARE (47) only relies on the system matrices A; and B;. If there exists a related system that has the
same system matrices (A;, B;) as those of the system (41), then the ADP-based learning algorithm can
be established by the online data from the related system without using any knowledge of (A;, B;).

Moreover, using the online data x¢ and u; from (50) to replace the data % and u; in (41), since it has
the same system matrices (A;, B;) as those of system (41), the online ADP-based learning algorithm can
be established for estimating the solution to the ARE, i.e., K, without using any knowledge of (4;, B;).

To deal with the issue that the exo-system state v(t) is unavailable to the agents i, 0 ¢ A, in most of
the existing studies for solving the CORP, for instance, [9,10,30,38,39,41], the adaptive observer network
is introduced in the agents i, 0 ¢ A; to estimate the exo-system state, which could demand a large data
communication load to transmit the estimated state data among the agents. Instead of estimating the
state v(t), we consider a transformation method to construct a signal ©(¢) to replace v(t) in (50), as
shown below.
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As G (t) converges to GY, the minimal polynomial of S is obtained for each agent i € V{)" . Thus, we
can always find a signal 9(¢) and a known matrix G%(t) € R4m > satisfying

0 (t 4 1) = G (t)di (1), (51)
o(t) = Stoi(t), (52)

where S} € R7¢9 is an unknown matrix.
Thus, combining (51) and (52), the system (50) can be rewritten as

, o _ E;S! 0
wh(t+1) = Al (1) + Byu; + - SN () + | 5
—0i0G2F'S} Jen QQC Gi(t)zi(t)
= 14_1130; (t) + Blul + Eiﬁi(t) + DZIj— (t) + Ei(t), (53)

where :c;r (t) is the vector lumping all z;(¢) for j € N; and D; is the matrix lumping all D; for j € A
with

0
G2C

E;S;
—0i0G2F'S;

0
0= léi <t>zi<t>] | oY

The above statements indicate that v(t) is replaced by a signal 0;(t) generated by the agent 4 itself
without interacting with the estimated state from other agents, which could lead to a reduction in the
data communication load and computational load, compared to [9,10,30,38,39,41] where an adaptive
observer network is needed to interact the estimated state among the agents.

Combining (48) with the data from system (53), we have

2] [ATPM A, ATP® B, ATP®E, ATPH D, [ (1)
| | wilt «  B'P®B BTPME, BTPOD, | | wit) |
)RRy = | ' SR i B BTG

ot (t) x x «  DIPYD; | [z (t)

wn)] [PEY PEY PEY PEYT [ i)

(i,k) (ik) (i,k)
= uzg : PQj 77;?()1 k) 77;(1 k) uzg +&(t), t>tr,  (55)
o] Lo+ o« o« PEY] e

where ¢, is the instant when ||Gi(t) — G (t)|| < e is achieved for all (j,i) € £ with a small threshold
€1 >0, and &(t) = (22 (t+1) — Ei(t))TPi(k)Ei(t). As shown in [9, Lemma 2], the estimation error of Gi ()
converges to zero by tuning 0 < p3 < 2/p(H). Since Pi(k) and % (t) are usually bounded, the term &;(t)
could be ignored by setting a small enough ¢;.

Next, we define the functions I'y, ,, and A, ,, associated with the column vectors v; and v, as

Loy 0y (t) = [U1(t) @ v2 (t)]T . Ay () = vech (21)1(75)1)1 (t)T — dia (vy(t)) dia (v; (t)))T ) (56)

Using the functions defined in (56), Eq. (55) can be rewritten as

vech(P(Z ¥ )
(i,k)
T(T vec(Pyy )

= (k)
=0, (T +1), 57
Vech(P(z k)) ( ) (57)
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O+ 1) =@ (tr, + T, 0P (tr, +2)7,..., P (g, + T + 1T, (59)

= [vec(P“ NT vec(PEFN)T vee(PSN) T vee (PS) T vech (P T vee(PSEF) T vech(PLEF) T } (60)
with

o (t+1) =kt + 1) PPl + 1), (61)
v, (t) - |:Am7'm7' ) 2F;ciuia AUiUi’ 2F:ci1”;ia 2Fa:7'a:+’ 2Fuifzia 2Fu.x+a Aﬁifzm 2F +a A zt +:| : (62)
z%z z z zv5 )

J J
Note that Eq. (57) is the so-called online VI-based iterative learning equation, which requires the data
of 2, u;, s, Pi(k), and x;, j € N to construct the related matrices U; and i)z(-k) for each agent ¢ € VJ at

each iteration k. It follows from (48) and (49) that, given an initial Pi(o) € P, for k =0,1,2,..., the
online VI-based value update and control policy evaluation are

PO+ _ plih) _ plik) (R +PiM) ' (P{Qk))TJrQi’ (63)

KM = (R, +7><““) (P{’”) , (64)

where P(z k) 77(1 k), and Péé’k) are obtained by solving (57), and @; and R; are user-defined weight
matrices. As shown in most existing ADP-based learning algorithms, for instance, [30,39,41], the iterative
learning equation (57) can be solved by the pseudo-inverse method, when W;(T) is of full-column rank
but not a square matrix. However, it should be pointed out that there may exist calculation errors when
the pseudo-inverse method is used.

Finally, the data-driven ADP-based learning algorithm for solving the COORP is described in Algo-
rithm 1. The convergence and stability of Algorithm 1 are shown in Theorem 3.

3.3 Convergence and stability analyses

Theorem 3. For each agent 7 € Vgr, if there exists an instant ts- = t1, + s* with s* € Z*, such that
the rank condition

(ni + pam + m; + @m + Zje,/\/i le)(]. + N + PG + My + G + Zjej\/% le)
2

rank (U;(T)) = (65)
is satisfied for all t; > ts+, then the COORP for the multi-agent system (1)—(4) is solved by employing
the control policy estimated by Algorithm 1.
Proof. First, since W;(T) only relies on the collected data and is independent of either Pi(k) or K Z-(k),
W, (T) is of full column rank for each iteration k at any instant t5 > t4, once the rank condition (65) is
satisfied at ¢s«. If the above rank condition (65) holds for each agent i € Vgr , then there always exists a
unique solution to the iterative learning equation (57). Note that Eq. (57) is transformed from the value
evaluation equation (48). Therefore, it follows from the properties of the VI scheme shown in [43, Chapter
(k) = K, that the estimated control gain K Z-(k) converges to its optimal value.
Then, accordmg to [43], the optimal solution K} for minimizing the cost function (44) makes (A4; —
BiKi* ) be Schur matrix. Combining the stability analysis proven in Theorem 2, the controller (26) with

17.5], i.e., limg oo K

the estimated optimal control gain K ; and the online distributed adaptive internal model by employing
Algorithm 1 can achieve the aforementioned three objectives (i)—(iii) given in Section 2, which indicates
that the COORP is solved by Algorithm 1. Thus, the proof is completed.

The initial control policy used in the proposed Algorithm 1 has no demand on a stabilizing control
gain, yet it only needs two requirements: (1) The state response of a closed-loop system with the initial
control policy is bounded; (2) The rank condition (65) can be met. The rank condition can be easily
satisfied by only adding the exploration noise in the data collection process, and the exploration noise
would be cut off once the rank condition is satisfied, which was utilized in most existing ADP-based
learning algorithms, for instance, [28,29,32,38,39]. The judgment on the rank condition for each agent i
would not affect each other if the initial control policies with exploration noise are chosen appropriately.
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Algorithm 1 ADP-based data-driven learning algorithm for solving the COORP

1: Initialize: Give an arbitrary initial control policy sequences {u}(t)}£2, with exploration noise series {€;(¢)}52,, initial 9;(0),
and the weight matrices Q; and R; for each agent i = 1,..., N. Select v € (0,1), kg; > 0, ko, > 0, 0 < p1 < 2/p(H), two small
thresholds €1 and €2, and a maximum iteration number ky. Define V4 = VO+‘

2: Compute F(t) and H(t) by (9) and (10), respectively;

3: if the FE condition (7) of F(t) holds

4 Solve (11) or update (12) to obtain $;

5: Find the pair (GY,b) by (22);

6: Construct the distributed adaptive internal model (G (t), G2) obtained by (24) for the agent i € Vg;

7: else

8: Let t =t + 1, and then go to Step 2;

9: end if
0: if ||Gi(t) — G ()| < €1 holds for all (j,i) € £

11: Collect data and compute ¥, (t) by (62) for agent i € Vg; Let T = ¢, i = 1;
12: for i € V4 do

Ju—

13: if the rank condition (65) holds for ¥, (T)

14: Let k = 0, and initialize P{” € P7;

15: Solve (57) to obtain ’Pﬁ’k), ’Pg’k), and ’Pé;’k);

16: Update PP = " — PR (R, + PE) "1 (PE)T + Qi
17: if [|PFTY — PF|| < e

18: Update control law u; = 71%7*93; with IA(;* = (R; + 'Pé;’k))’l('Pg’k))T for agent i;
19: Update the set V; with deleting the element 7 from Vg;
20: else if k < kn

21: Let k = k + 1, and then go to Step 15;

22: end if

23: else

24: Let i =i+ 1;

25: if i ¢ Vg and i < N

26: Go to Step 24;

27: end if

28: end if

29: end for
30: if Vo C0

31: break

32: else

33: Let t =t + 1, and then go to Step 11.
34: end if

35: end if

Figure 1 Communication graph of the multi-agent system.

4 Simulation

In this section, a numerical example is given to validate the effectiveness of the proposed data-driven
distributed cooperative optimal output regulation control scheme. Consider a multi-agent system with
four agents whose communication graph is shown in Figure 1, and the system dynamics for agent i =
1,2,3,4 is described as

0 1 0 0 0
xri(t+1) = x;(t) + u;(t) + (1),
(t+1) —ix0.1 1.1 ®) 1—ix0.1 i 0 —0.05xi ®)
0.99500 —0.09983
U(t+1) = ’U(t),

0.09983  0.99500
ei(t):[1 o}xi(t)+[2 O}v(t),

with the state initial values z;(0) = [i, i]" and v(0) = [2, 0]". The weight matrices in the performance
function for each agent i are set to Q; = i x I € R*** and R; = i where I; is the unit matrix. In
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(Color online) Evolution of the distribution adaptive internal model parameters Gi (t).
addition, for each agent i, 9;(0) = [1, 1]T. The parameters in the proposed algorithm are chosen as

v =109, ug1 = 0.9, e = e = 1078, and the maximum iteration number is ky = 1000. The initial
control gain is chosen as Kl.(o) = 0, and the probing noise is selected as Z;io ¢; sin(2mw; AT x t) with AT
being the sampling time, which is a combination of several sinusoidal signals with different amplitudes c;
and frequencies w;. Then, we collect the online data to estimate the exo-system dynamics, distributed

adaptive internal model, and optimal control gain for solving the COORP.

To illustrate the effectiveness of the proposed Algorithm 1, according to the given multi-agent system
dynamics with known weight matrices @; and R;, we first give the optimal control policy with the desired

distributed internal model for each agent i = 1,2, 3,4 as

with

and

The dynamic state feedback controller with the distributed adaptive internal model used in the pro-

{

K; =
K3
K3
K]

i - |

0.0098, 0.9423,
0.0973, 0.9732,
0.1964, 0.9981,

[_
[_
[—
[—0.3076, 1.0129,

— 71773, 7.2764],
— 7.6751, 7.7789)

— 8.2404, 8.3476],
— 8.8885, 8.9960],

0 1 ]

—1.0000 1.9900

I

. o
9= [0.01] '
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Figure 3 (Color online) Reference and outputs of each agent. Figure 4 (Color online) Control inputs of each agent.
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Figure 5 (Color online) Convergence performances of the online VI-based learning algorithm.

posed Algorithm 1 is given as

uit) = —Kjal(t),
zi(t+1) = Gi(t)zi(t) + Gai(t), (67)
Git+ 1) =Gi(t) +m Y . (G = Gi(1))-

Figure 2 shows that all the Gi(t) for each agent i = 1,2, 3,4 converges to G; and the error accuracy € is
achieved around the instant ¢ = 25, which illustrates the convergence of the distributed adaptive internal
model parameters. The trajectories of outputs and inputs are drawn in Figures 3 and 4, respectively, and
Figure 5 shows the convergence performances of the online VI-based learning algorithm. In particular,
Figure 3 shows that the control policies of each agent i = 1,2, 3, 4 estimated by Algorithm 1 can achieve
the reference tracking with disturbance rejection. In addition, Figures 4 and 5 indicate that the estimated
control policies w1, ug, us, and uy are updated after 255, 276, 256, and 368 iterations, respectively, when
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the rank condition for agent ¢ = 1,2, 3,4 is satisfied at ¢ = 58, t = 75, t = 75, and ¢t = 102, respectively,
and the estimate values are

0.0097, 0.9414, —7.1698, 7.2684],

[ ]
K3 =[~0.0965, 0.9728, — 7.7171, 7.8235],
K =[-0.1963, 0.9983, — 8.2546, 8.3625],
K} =[-0.3075, 1.0134, — 8.8989, 9.0034].

The simulation results illustrate that, by employing Algorithm 1 without using any prior knowledge of
the exo-system and multi-agent system or estimating the exo-system state, the estimated optimal control
policies for each agent with a distributed adaptive internal model can solve the COORP.

5 Conclusion

This paper addresses the distributed cooperative optimal output regulation problem with completely
unknown multi-agent systems. Two parameter approximation update laws are designed to estimate the
exo-system dynamics, which ensures that the online distributed adaptive internal model is established
without any prior knowledge of the exo-system dynamics. By only accessing the input, state, and output
data, the data-driven learning algorithm is proposed by using the ADP method with the VI scheme to
estimate the optimal control policy. The FE condition and rank condition guarantee the convergence
and stability of the proposed model-free ADP-based learning algorithm. Our future work will focus on
data-driven algorithms for adaptive optimal measurement/output feedback control with unmeasurable
external disturbance for unknown systems.
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