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Abstract: This paper proposes a PID (proportional-integral-derivative) control design method
to solve the regulation problem for a class of coupled multi-agent nonlinear uncertain stochastic
systems, where each agent only has access to its own regulation error without communicating
with others. A three-dimensional manifold will be constructed based on the information about
the Lipschitz constants of both the unknown nonlinear drift and diffusion terms, such that the
three parameters of each agent’s PID controller can be chosen arbitrarily from this common
manifold. It will be shown that such an uncoupled PID design method can globally stabilize the
whole nonlinear uncertain stochastic multi-agent system with the regulation error of each agent

approaching to zero asymptotically.

Keywords: PID controller, coupled multi-agent stochastic system, nonlinear uncertain

dynamics, Lipschitz condition, global stability.

1. INTRODUCTION

In the last decades, multi-agent control system has at-
tracted intensive research attention, mostly modelled by
uncoupled dynamics. A fundamental issue of multi-agent
systems is the regulation problem, which is a common
control objective in various real world systems such as mul-
tiple aircraft, mobile robots, electric power grids, sensor
networks, etc. However, both coupled uncertain dynamics
and random disturbances (see Koralov and Sinai (2007))
always exist in practical multi-agent systems, which con-
siderably increases the difficulty in achieving the control
objective. Dealing with uncertainties is a challenging prob-
lem in control theory, especially for the systems with
strongly-coupled nonlinear uncertain dynamics. Various
methods including adaptive control and robust control
have been proposed and investigated extensively in the
literature. Most adaptive control methods deal with para-
metric uncertain nonlinear systems with unknown param-
eter and known structure, where the unknown parameters
are estimated online by using the measured signals of the
systems (see Astrom and Wittenmark (1995); Chen and
Guo (1991); Krsti¢ et al. (1995)). Robust control usually
requires a nominal model for the uncertain systems which
are assumed to lie in a certain “ball” centered by the
nominal model (see Qu (1998)). There are also many other
“model free” methods which are less dependent on the
precise mathematical model, such as fuzzy and neuron
networks based methods, and the celebrated ADRC (ac-
tive disturbance rejection control) which uses an extended
state observer to estimate the total uncertainties con-
sisting of unmodeled dynamics and external disturbances
(see Han (2008); Jiang et al. (2015)). Nevertheless, it is
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well known that the PID (proportional-integral-derivative)
control is still the most widely used approach in engi-
neering systems (see Samad (2017)). The PID control is
a feedback control with linear feedback mechanism that
can reduce the influence of uncertainties including internal
structure uncertainties as well as external disturbances
and does not depend on precise mathematical models,
while their effectiveness is often limited due to poor tuning
(see Astrom and Higglund (1995, 2006); Killingsworth and
Krstié¢ (2006)).

The class of the second-order multi-agent systems is per-
haps the most extensively studied multi-agent system since
the celebrated Newton’s second law describing the motion
equation is second-order. The first rigorous mathematical
theory on global stability and asymptotic regulation for
second-order nonlinear uncertain systems controlled by
the classical linear PID controller was recently provided
in Zhao and Guo (2017a,b); Cong and Guo (2017). Sub-
sequently, in Yuan et al. (2017, 2018), a class of second-
order nonlinear deterministic uncertain multi-agent sys-
tems was considered, and a decentralized PID controller
was designed to stabilized the overall system globally with
each agent only using its own regulation error. How to
design the PID controller and guarantee the performance
of multi-agent control systems with strongly-coupled non-
linear uncertain dynamics as well as random process is not
considered previously, which motivates the investigation of
this paper.

In this paper, we will study the PID control problem of
a class of second-order high-dimensional coupled multi-
agent nonlinear uncertain stochastic dynamical systems,
where each agent can arbitrarily choose its PID controller
parameters from a three-dimensional manifold constructed
by using the information on the upper bounds of the
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Lipschitz constants of both the unknown nonlinear drift
and diffusion terms. We will show that the overall system
can be stabilized globally while each agent can achieve its
own regulation objective by using its own regulation error.

The remainder of the paper is organized as follows. The
problem formulation will be described in Section 2. Section
3 will present the main results together with mathematical
proofs. Section 4 will give a numerical example. Finally,
Section 5 will conclude the paper with some remarks.

2. PROBLEM FORMULATION

Let us consider a multi-agent system consists of r agents
and each has n degrees of freedom, i.e., the configuration
space of these agents is R™. Denote p;(t), v;(t), a;(t) be
the position, velocity, acceleration of agent j at the time
instant ¢, respectively, where j = 1,2,--- ,r. For simplicity
of notations, we denote p = (pi,ps,---,pi)T and v =
(i, v, -+, v5)T, where ol represents the transposition
of a matrix or a vector a throughout this paper. Assume
that the external forces acting on agent j consist of u;, f;,
and the “noise effects” expressed by the multiplication of
a drift term o; and “white noise”, where u; is the control
force acting by agent j, and f; = f;j(p,v,t) as well as
o; = o;(p,v,t) are R™valued nonlinear functions of all
agents’ positions p, velocities v and time ¢. f; means the
unknown dynamic of agent j. The “white noise” in the
continuous-time case is not defined mathematically, but
can be roughly regarded as the “derivative” of a Brownian
motion, and its effects on dynamical systems are usually
characterized by stochastic differential equations.

By Newton’s second law, we know the following motion
equation of agent j at time ¢,

mja; = f;(p,v,t) +u; + oj(p,v,t)“white noise”, (1)
where m; is agent j’s mass. The control objective of each
agent j is to design an output feedback controller u; by
using the online information of its own regulation error to
guarantee that for any initial position and initial velocity,
the position trajectory of agent j reaches a given reference
value y7 € R" asymptotically.

In this paper, our control force is the classical PID con-
troller,

! de;(t
) = s 0+ by [ es(o)ds + kg5, (2
where e;(t) = p;(t) — y; is the regulation error of j,

j = 1,---,r. The control variable is a sum of three
terms with three parameters (k,;, kij, k¢j) to be designed.
Without loss of generality, we assume that each agent has
the unit mass m; = 1. Notice that v; = p;, a; = p;, then
(1) can be rewritten as

p; = fi(p,p,t) + uj + o (p, p, t) “white noise”.  (3)
Now, let {B;(t)}+>0 be an n-dimension standard Brow-
nian motion defined on a complete probability space
(Q,.#, P) with a natural filtration {.%;},>¢ satisfying the
usual conditions (see Liptser and Shiryaev (2001)), where
Jj =1,2,---,r and each {B;(t)}+>0 is independent with
others. Let the “white noise” be replaced formally by the
“derivative” of B;(t). Then, denote z1; = pj;, x2; = vj, the
state space equation of system (3) can be described by the
following stochastic differential equation (SDE),
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d$1j = £Ezjdt7 (4)
dxgj = fj (l‘l, Tg, t)dt + Ujdt +0; (l‘l, Tg, t)dBj (t),

where L1 = (I?lv xrlr% e 7xr1I‘r)T7 T2 = (xgh ngv e 7zgr)T'
Assume that for all ¢ € RT and 21 € R™, f;(21,0,t) =
fj(xla 07 0)7 Uj(xlv 07 t) :Uj(xla 07 0)7 and y*: (yfv y;v ) y:
is the setpoint satisfying o;(y*,0,t) = 0.

In this paper, we will show that the three controller
parameters (k,;, kij, kq;) of each j can be designed off-
line based on some simple global information on the
nonlinearities of the multi-agent system such that each
agent can achieve its control aim, that is the position
of agent j converges to any given constant setpoint y;‘
under the control law (2) for any initial state, as long as
all f; = fj(z1,22,t) and 0; = 0;(x1,22,t) are Lipschitz
continuous functions with known Lipschitz constants.

3. MAIN RESULTS

Firstly, we define a functional space,
Fr = {f R < R = R"|[| f(z, )~ f(y, t)| < Lll= — g,
Va,y € R*™ vt € RY},

where L is the Lipschitz constant and ||.|| is the standard
Euclidean norm.

Theorem 1. Consider the PID control system (2) and
(4) with unknown functions f; € F,;,0; € 91;;,]' =
J

1,2, 7, where {L} > 0,L7 > 0,j = 1,2,--- 1} is a
given set of Lipschitz constants. Then, there exists an
unbounded open set §2,;4 C R3, such that as long as each
agent j takes its PID parameters (kp;, kij, kq;) from 2,4,
the closed-loop system (2) and (4) will be globally stable,
i.e., for any initial state (z1(0), 22(0)) € R*™,

iggE[z%(t) + 22(t) + u?(t)] < oo,

and for each agent j, the regulation error asymptotically
approaches to zero in the sense that
1 . - * 2 f—y

Jim Efzy;(t) = yj|” =0,
where y7 is any given setpoint in R"™.
Remark 2. Theorem 1 designs an uncoupled PID con-
troller for a class of coupled multi-agent nonlinear uncer-
tain stochastic systems, where the PID feedback signal of
each control channel depends on its own regulation error
only.
Remark 3. Notice that the openness of (2,4 is of signifi-
cant in practical applications, making the selection of the
three controller parameters quite flexible and small pertur-
bations of these parameters can not change the qualitative
performance of the system. From the proof of Theorem 1,
the concrete definition of (2,;4 in R3 can be given as

(kp| [kp]  [—(A1X2 + A1)s + A2)s)
Qpid:{ k; ‘ ki|= A2 A3 7()\1,>\27)\3)€99}7 (%)
kal'|ka A1+ A2+ A3
with the set {2y defined by
n
Qg:{ Ao ‘Oé <A1 <0,B81 < A2 < B2,A3 < Y, M1 < A1A2A3 <772},
A3

N

where the six parameters denoted by 62 («,31,82,7,71,12)
can be taken arbitrarily from the following set,
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0 ={0=(a, 81, 82,7, m,m2)ly < B1 < B2 <a<0,m <n2 <0,
> EH2me)20)- (L) m w(0)22(0)

j=1

/ 1
Z(0)=4/3+ a2+ 587+,
¥

o(0) = (Y= B1)*+ (v — )2 +72(B2 — a)?
(v=—a)?2(y = B1)?(B2 — )2
aly = B1)? +B2(y — @) +7°(B2 — a)?
2(y = a)?(y = B1)? (B2 — @)?
It can be verified that @ is nonempty similar to the case
in Yuan et al. (2017), and therefore, (2,;4 is nonempty.
If the system (4) does not have the diffusion term, i.e.,
L7 =0,57=1,2,---,r, then the result reduces to Theorem
1 in Yuan et al. (2017), i.e., the deterministic case.

< 0},
j=1

and

(o) = —

We give the following example to simply §2p:4.

Ezxample.  Let v be a negative number which satisfies
(Lf —1762 L(£9)? —4. Then, in Theorem

7<—16,/E

1, we can chose the following parameter set,

kp kp —(A1A2 + A1A3 + A2)3)
2pia ={ k; ki| = ,
kd k‘d A1+ A2+ A3

A1 A2 )3
—1<A1<0,-3<A2< =2, A3<", —2<>\1/\2>\3<—1}.

Proof of Theorem 1.

FiI‘St, denoteF (fl 7f2 ) 7fT) (0-11170'2’117"'70"?)’1"
u = (u}‘,ug".“,ur )T7 B = (BlT?B2T3 '?B;"F)T' Then (4)
can be rewritten as

dl‘l = J)th

dxy = (xl,xz, dtJru dtJrE(:vl,xQ, t)dB(t),

e(t (6)

where e= (ef, eg, e ) =x1—y* Kpy=diag(kpl, - -, kpel),
K;=diag(kal, - ki), Kg= dlag(de “karl). Here I is
an n X n unit matrix. We will not say the dimension of I in
the following, and I denotes the unit matrix of appropriate

dimension. Next, denote y; (t)=e(t), y2(t)= d‘;(tt),

yo:/o e(s)ds + [(‘fl (y]:i,lO,O))T’. T (fr(y,;o’ 0))T]Ta

_911(91,212715) 11+ Y2, ) f1(y30,1)
G1(y1,92,t)= : = : ;
glr(yhya,t)_ fr(y1+y7 v, £~ £(y70,1)
921 (y1,y2,8)] [or(yn + 4", y2, 1)
Ga(y1,y2,t)= : = : ;
_927'(91,927t)_ or(y1 + 4", 92, 1)

then (6) is equivalent to

dyo = y1dt,
dyl = ygdt,
dys =G1(y1, Y2, t) K yo Ky +HK gyo) dt+ Ga (Y1, Yo, t)dB(1).

(7)

Denote 7 = {1,2,--- ,7}. Because f; € #,, 0; EﬁL?7 it
J
is not difficult to see that gi1; €.%, s, g2; EQL?,j €7, and
J
G;(0,0,t) = 0,4 = 1,2. Hence 0 is an equilibrium of (7).
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Denote
Yo 0 I 0
Y =|wn s A=1]10 0 I ],
Y2 Kz Kp Kd
A is a 3rn x 3rn matrix. Then (7) can be rewritten as
0 0
dY =AY dt+ 0 dt+ 0 dB(t). (8)
G1(y1,y2,t) G2(y1,y2,1)
Using the properties of determinant, we have
det(Msrnxsrn — A) = [J(° = kg A® = kA — kij)™

j=1

For each j € 7, we take (kpj;,kij,kq;j) such that A3 —
kajA* — kpjA — k;; = 0 has three distinct negative real
roots Aij, Aaj, Azj, which is feasible because we can adjust
all the coefficients of this cubic equation.

Now, we introduce some notations that will be used
throughout the sequel.

1 1
a;= , b= ,
T s = A1) (A2 = A1) T (Agg—Agg) (Aayi—Azj)
)\3j
= , dj=A15A25A35, Aj = (A1, A2, Ag
(35 =A15)(Agj —A2;) 3223%05, Ay =030 225 Aag),
Aj)=,/34+X2. +)2 L 9
§(Ag) = [B+ AL 423, + 9)
3j
o= (Aj = A2j)2 4+ (X3 — A1) +A3; (Agj —A1j)?
7 (M35 =A15)% (A2j —A15)2 (A3 —A2;)?
_ 2 2 2
=,/a2 +b2 +c2, (10)
A3 — A2 )2 4 A Az —A1)2 A3 as— g )2
13( 37 2]) + 2]( 37 1J) + 3]-( 23 1])
P(Aj)=—

2(A35 = A15)? (A2j — A15)2 (A3 — A2;)?
= — 1()\1]12 + )\2]b2 + )\3]'6?), ] er. (11)
Let C; = diag(Ai1, -+, Air) ® Lnxn,i = 1,2,3, where ®

is the Kronecker product. Define three matrices Py, 35
P3rn><3rn and J3rn><3rna

oyt oyt eg?
reln sG] el d e
ci, Cy I

J = diag(Cl, OQ, 03)
Then, it is easy to see that P is invertible and

* x diag(A1arl, -, Adirapl)
Pl = |x x diag()\glb1l, ,/\27-b7-1)
* x diag(Asic1l, -, Azrep 1)

where the % in P~! represents the element we don’t care
about in our proof of the theorem. We can get A = PJP~!
by simple calculations.

Next, define an invertible linear transformation ¥ = PZ,

and denote Z=(z1, 21, 20T where z;= (2}, 2L, - | 21)7T,
and z;; is n-dimensional column vector, i = 1,2,3,j € 7.

Then we can rewrite the equation (8) in a diagonal form,

0 0
dZ=JZdt + P~* 0 dt + P~ 0 dB(t).
G1(P'Z,t) Go(P'Z,t)
(12)
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Therefore, we have

_A11z11+)\11a1g11(P'Z,t) A1a1g21(P'Z,t)

dz= dt+ dB(t)

_)\lrzlr+)\1raTglr(P,Z7 t) Alra'I‘QQT(Plzv t)
£81(P'Z,t)dt + R1(P'Z,t)dB(t),
A21221+A21b1911(P'Z, t) A21b1g21(P'Z, 1)
: dt+
_>\27'Z2'r+)\2rbrglr(P/27 t) AQTng?T(P/Zf t)
£ S9(P'Z,t)dt + Ra(P' Z,t)dB(t),
31231+ As1c1911(P'Z, t)

dzo= dB(t)

(13)

As1c1921(P'Z,t)
dB(t)
/\3rcr92r (Plzv t)

dt+

_)\3r33r+>\3rarglr(P/Z7 t)
£S5(P'Z,t)dt + R3(P'Z,t)dB(t).

dz3=

Now, we construct the following Lyapunov function,

1 T
V(Z)=§E (A2 Azjllz15 12 A5 A35 1225 1P+ A1 A5 ll23511). (14)
j=1

— (9V. 9V oV
VV - (821’ 822’ 823)

(A21A31211,° * - A2r A3 21r) T 372 =
372 = (M1A21231, 5 Aipdor2zar)
symmetric Hessian matrix H (V) =diag(\21Az11,: - -,
AiAsid, o A A L A AL, - Ap e ).

Next, let us calculate the differential operator L associated
with (13),
[RJ[RT RT RT1H(V)

oV
LV(Z)=8—+(STSQ ST )YV Ly
=Zdj 21512 22 12 23511%)
a1z11+b1z21+c1231
7d7”g’1rr) .

. Zd (A1ja2+ 22502+ Az;¢2)llg2; |12

is the gradient of V, where 2 7:
(AMrhsiza1, - ArrAsrzar) T

H(V) is the 3rn x 3rn

j=1

T
+ (d19117 e
arzlr+br22r+crz3r

AI+H+IH (15)

where gij is the abbreviation for (g;;(P'Z,t))T,i =1,2,j €

7, and Tr denotes the trace of a matrix.

It is easy to see that
1< max{d,}| 2.
JET

Then, we proceed to estimate the upper bound of || P’|,
where the matrix norm || - || is the operator norm induced
by the Euclidean norm, i.e., [| P'[| = sup,, =1 [[P'w||. Some

calculations using Cauchy inequality give that ||P’|| <
max;er{&(A;)}, where £(A;) is defined in (9). Considering
the Lipschitz property of g1; and g, we have

Hglj(P,Zﬂf)“SL;TS;({S(AJ')}”ZW||92j( "ZH)|<LF maX{E( D2

Using the above inequality,
I1((drg11(P'Z, )% - -, (drg1r (P'Z, )|

> ldigig(PZ 02 < | d3(L])2 max{e(A;)} ]

j=1 j=1

S pinlds)y| 3 maxteaI,

Next, according to Cauchy inequality,

>\27">\37'Iv

r

,Z \\ajz1j+blzgj+clzgj\\2

[aﬂu + b12'21 + 012311
J=1

arzir + br227 + crz3y
”

A

(a3 + b3 + ) (ll=1511% + 22511 + [123511%)

Jj=1
ma¥{¢ (A)}HIZ]P?, (16)

where ¢(A;) is defined in (10). Therefore,

S L2 min{d; y max{o(4,)} max{e(4,)}12]

Jj=1

I <—

<= (L9)" min{d;} max{y(Aj)} max{e® (4;)} 2]
j=1
Consequently,

LV(Z) < maix} 5 S Pminfhmaxto (4 e (4.)

- i) max (A} max(2(A) |2 (17

j=1

Now, we verify that if each j chooses the parameters
(kpj, kij, kqj) from 2,4, the right hand side of (17) is a
negative definite quadratic form of Z. It is easy to see
that £(A;) < 2(0), ¢(A;) < B(0), ¥(A;) < ¥(6) when
A; € {29. Therefore, we have

> (L)? min{d;} max{o(A;)} max{(4;)}
J=1

= 2 (L) min{dj}max{y(A;) hmax{€*(A,)}

(18)
where the last inequality follows from the definition of the
set O.

Next, by the Ito formula we have

Ry
Ry
R
Let us denote the diffusion term as R(P'Z,t),

dV =LVdt+VV?T dB(t).

r
R(PIZ, t) = Zdj (ajngjle—‘rbjgngQj-l-ngnggj)
j=1
a1z11+b1za1+c1231
= (dl.QQTh e 7dTg2Tr) :
arzlr+br22r +Cr23r
Because

1((d1g21(P'Z,1))% -+, (drgar (P'Z,1)]1)|

> ldige; (P'Z, )] < Zd?(L?)ergg{ﬁ(Aj)}llle
j=1 j=1

<—min{d;} ZL" max{£(A;)}H 2]

488
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and (16), we have
|R(P'Z,1)]

T

S (£9)2 min{d;} max{6(4,)} max{€(4,)H1 2]

Jj=1

Therefore,
|R(P'Z, )] = O(||Z]").
Hence, according to Theorem 4.1 in Mao (2008), we can
get
T
E/ |R(P'Z,t)|?dt < oo.
0
So,
T
E/ R(P'Z,t)dB(t) = 0.
0

According to (19), we obtained that for any T > 0,
T

V(Z(T)) = V(Z(O))+/O LV (Z(t))dt + OTR(P’Z, £)dB(t).
(20)

Taking the expectation on both sides of (20) and making
use of (17) and (18), we obtain

EV(Z(T))<V(Z(0))+E /0 EV(Z(t))dt—i—E OE(P’Z, t)dB(t)

From this and (18), by the definition of V(Z) and its
positive define property, we have for all T' > 0, there exist
constants ¢; > 0, ¢y > 0 such that

T
E(|Z(D)]?) < e1V(2(0)), /0 E(|Z(@®)]*)dt < 2V (Z(0)).

As |[Y|? = [[PZ|* = ||Z*PTPZ| < |P|P|Z]?, there
exist constants cs > 0, ¢4 > 0 such that

E(|Y(T)|?) < esV(2(0)), (21)
T
| By @1 < cav 200 (22)
Consequently, we have
sup E[y5 () + 7 (t) + v3(1)] < o0, (23)

which proves the global stability of (4).

Now, let T'— oo in (22), we have

/ "Bl (1))t < / (Y0Pt < eaV(2(0)).
0 0

Next, we use the Barbalat Lemma (see Lemma A.6 in
Reissig et al. (1974)) to conclude that E(|jy1(¢)]|?) — 0 as
t — oo. For that we need to prove the uniform continuity of
E(|ly1(#)]?) on (0,00), i.e., for each j € 7,k € {1,--- ,n},
for Ve > 0 and Vt;,t2 € (0,00), there exists § = d(e) > 0
such that when [t; — 5] < & , it must have [Ey7;; (t1) —
Ey? . (t2)] < ¢, where yijr € R is the [j(n — 1) + kJ**
element of y;. For simplicity, we use y to denote y1 .
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Firstly, we have the inequality

[Ey?(t1) — Ey?(t2)] < Ely*(t1) — v (t2)].
By the mean value theorem, there exists a random variable
¥ € [y(t1),y(t2)] such that

Ely*(t1) — y*(t2)| < E[2gly(t1) — y(ta)[]-
According to the Schwarz inequality, we have
ER2gly(t1) — y(t2)l] < 2V Ep*VE[y(t1) — y(t2)[*.
Note that
9l < max{[y(t1)], [y(t2)[} < [y(t)] + |y(t2)],
by (23), there exists a constant M; > 0 such that
E[g|* <2E{Jy(t1) [+ |y(t1)]*} < 4b;1>1§E|y(t)|2 < M. (25)

(24)

Furthermore, by the fact that dyljk/dt = Y25k, Where

y2;k € R is the [j(n — 1) 4+ k]*™ element of y2, we use the

mean value theorem again to get a random point ¢ € [t1, t2)

such that

Ely(ty) —y(t2)*=Ely3;, () (t1—t2)?] < 6*E( up ]{Iyzjk(t)lg})-
te(ty,t2

Then, by the boundedness property (23), from Lemma

3.2 in Mao (2008), we know that there exists a constant

M5 > 0 such that

E( sup {|2[*}) < Ma.
te[t1,ta]

(26)

Consequently, by (24) — (26), we can get

|Ey?(t1) — Ey?(ta2)| < 261/ M1 Ms.

€

Hence, taking § = s/arIn We have

|Ey2(t1) — Eyz(t2)| <e.

By Barbalat Lemma, we conclude that
lim E|z,(t) —y*|> = 0.
t—o0

Therefore, for each agent j, the regulation error asymptot-
ically approaches to zero in the sense that

1 . — * 2 frng
Jim Bl (1) — 3 = 0.

Finally, to complete the proof of Theorem 1, we need
to show that (2,,¢ is unbounded and open. To begin
with, we show that © is nonempty. In fact, for any 6 =
(v, B1, Bay 7y, mi,m2) with property (1 <fB2<a<0, 71<n2<0,
we can chose sufficiently negative v such that § € ©, since
lim, o @(0) = 0, lim, o ¥(0) = 0 and sup,, 5, H(0)
is bounded. Obviously, (% is nonempty, unbounded and
open for 6 € 6.

Moreover, from the relationship,
kp = —(MA2 + A1 A3 + A2As),
ki = A1A2As,
ka = A1+ A2 + A3,
we claim that §2,;4 is also an open set in R3 since the
Jacobian matrix J of the mapping defined by (27) is
nonsingular at every point (A1, A2, A3) € (2.
—(A2+A3) —(A1+A3) —(A1+A2)
)\2)\3 )\1)\3 )\1 )\2
1 1 1
= (A1 —A2) (A1 — A3)(A3 — Aa) £ 0.
The unboundedness of (2,4 is easily to certified by its
definition and (2y’s properties.

(27)

det J = det
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This completes the proof of the theorem.
4. SIMULATION

We illustrate the theoretical results by a numerical exam-
ple. We consider the following system,

dz11 = w214t

dl‘gl = fl (.’17, t)dt + U1dt + 01 (.’L‘, t)dBl (t),

dz12 = x92dt,

d{EQQ = fQ(ZL', t)dt + 'LLth + 0'2(,1'7 t)dBQ(t),

where & = (211, %12, %21, 22), u; is the control input of
agent j, 7 = 1,2. Assume that f; and o; are unknown

functions satisfying f; € Z#,s,0; € 5‘]?, where L;-c and
J

L7 are known positive constants, j = 1,2. Here we take
f1 = lisinzyy cos(x12 — x11) + la cos xay, fo = Iz cos 1z +
laos, 01 = lscosxiysinway + lgcoszar, 00 = lrsinzia +
lgroo, where ly,ls,---,lg are unknown constants, and
assume that we only know the Lipschitz constants L; =
L7 =1,j = 1,2 of the functions rather than the explicit
forms. The objective of agent j is using the following PID
controller,

* ’ N dx;(t
0=y o003y [ (13 0) 0 sy T,

such that z;; converges to the given constant setpoint
y;. Assume that the initial state is z(0) = (8,6,1,4)
and y; = 3,y5 = 0. According to the Example in
Section 3, we chose the PID parameters (kp1, ki1, ka1) =
(—950.765, —1.9, —382.502) € (24 and (kpe, ki, ka2) =
(—988.295, —1.975, —397.502) € §2;q. Then, Fig.1 shows
that both agents achieve their regulation objectives, which
demonstrates the effectiveness of the theoretical results.

5. CONCLUSION

In this paper, we have provided a design method for un-
coupled PID controllers of a class of second-order coupled
multi-agent nonlinear uncertain stochastic systems, and
have presented a theoretical result on global stability and
asymptotically regulation of the closed-loop control sys-
tems. It has been shown that as long as each agent takes
its PID parameters arbitrarily from a three-dimensional
manifold constructed by using certain global information
about the Lipschitz constants of the unknown nonlinear
functions, and each agent only uses its own regulation error
in its PID feedback loop, the whole closed-loop control
system will be globally stabilized and the regulation error
of each agent will asymptotically approach to zero. Of
course, there are still many problems remain to be solved
concerning more general uncertain nonlinear stochastic
dynamical systems, which belongs to further investigation.
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