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Multiagent systems (MAS): typical scenarios

Physically decoupled MAS Interconnected MAS

Agent model: x;(t) = Ax;(t) + B u;(t)

where i € {1'2' ey N} Agent model: 5Ci =A xX; + Bmul- + B‘mfl (Zi) + Bugi (yl)

Leaderless consensus problem:

(generally nonlinear dynamics) where
lim(x(0) = 5(@©) =0 Vij€{12,.,N}

z;=Cy ) jenaz aiix; — matched scenario, G,

=C.. ay ... i
Leader-follower consensus problem: Vi = Cyi ZJ'E]‘Qay @y % -  unmatched scenario, g,
L]im x;(t) = xo(t) vi,j €{1,2,..,N}
-0
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Problem Statement: Focus of this work

Linear Physically Interconnected MAS Three-layer (closed-loop) interconnected MAS

o Stabilization objective
xi(t) ;=30 vie{1,2,..,N}

exp

Agent model: x; = Ax; + Bu; + BC; X jepva agjx;
L

Assumptions over the agent layer:

1. (4, B) is stabilizable & known
2. Bis full column rank

3. Agent physical interconnection layer G, (W% and
a?j € R) is known and equal to G, (data-assisted
communication topology).

4. V;* may include self-loops; af; can be + or —

5. C; are completely unknown

Cooperation topology digraph G.: modified Laplacian matrix H .= L.+ S, where S.=diag{s;},

@ si > 0 (selfloop), otherwise s;=0. /
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Problem: Distributed Stabilization w/ Data-assisted Decoupling

Distributed Stabilization with Data-Assisted
Three-layer (closed-loop) interconnected MAS Decoupling

e Agent model:

J.Ci =Axi+Bui+BCiZjeNiaa%-xi or

%;(t) = Ax;(t) + Bu;(t) + B Z af; (I, ®x] (t))6;
jens

8; = vec(Cl) : Vector of unknown constants
(interconnection strengths)

e Atwo-component distributed stabilization protocol:
u () = ug(t) + ug(t)

e Cooperation protocol (fixed-gain):

Ui (£) = K (Zjepee a§; (6 (0) = () + sPx:(8)) Vi

e Data assisted decoupling protocol:

ugi(t) = = X jepa af (I, ®x] () 6;(t) VieS,

S4: Set of nodes affected by some neighbor agents’ dynamics
over the agent layer

At least one self-loop assumed to exist in each connected
component over Gc




Problem: Distributed Stabilization w/ Data-assisted Decoupling

Distributed Stabilization with Adaptive Decoupling

e Agent model:
%,(t) = A x;(t) + Buy(t) + B Z a% (I, ®x (£))6;
jeng

0/ = vec(cl) : Vector of unknown constants

e Atwo-component distributed stabilization protocol:
u; () = ue(8) + ug (1)
e Cooperation protocol:
u(t) =K < Z af; (x;(t) — x; (1)) + Sicxi(t)>
JENE
e Adaptive decoupling protocol:

ugr(®) = = ) al(l, ® (©)) 6,(2)

jens

(-

e Main control objective:
tlim xi(t) =0 vie{1,2,..,N}
e Estimation objective:

thrn éi(t) = Hl* Vi € Sai

e PE condition?
t+T)
/ iEfj(T)iE’JI:j(T)dT > iln, >0 Vaxpi(t)#£0 and Vt>0
t

to be satisfied by each neighbor j € V;*.
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Definition 1: Collective FE Condition

o Standard condition in adaptive control for parameter convergence: PE condition

t+T
/ zyi(T)2};(T)dr > v, >0  Vap(t)#0 and Vt>0
t
to be satisfied by each neighbor j € V2.

» Proposed Collective Finite Excitation (CFE):
tle

ijZaX deraX dr_y,n>0

I=1 t| JENa t| JENa

to be satisfied by a collection of all neighbors j € NV;* for each agent i whose dynamics are affected by
other neighbors.

np; = humber of non-overlapping, possibly non-contiguous time intervals over which data is collected by

agent i.

Instead of the restrictive PE, we make the cFE assumption in this work
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Main: Preliminary Steps

e Closed-loop agent dynamics:

Data-assisted decoupling layer

Agent layer Fixed-gain cooperation layer
t; = Az; + B Z (In. ®:c?)¢9‘{ + BK ( Z ag;(z; — x;) + sjx;) — B Z (In, ® mf)éz
JENT JENF JENS
Or Fixei part Adaptiie part
. c c T\ n
z; = Axz; + BK( Z aij(xz- —z;)+ sia:z-) - B Z (Inu ® x; )6’%-
JENF JENT

where 8;(t) = 0;(t) — 6;.




Main: Preliminary Steps

The fixed part of the dynamics

Fixed part Adaptive part
. T\ 7
z; = Axz; + BK( S afj(wi —z;)+ sf:z:@) - B E (Inu ® x; )6’%-
jENf jeNf

Is rewritten as

fictitious modeling uncertainty
.

N

networked nominal dynamics
% = AX (1) +xBv (t) + BK| X af (x(t) = x; )+ (s’ —x)x®)
e’

v. = KX, - virtual decoupled cooperation signal

k - positive real scalar to be designed




Main: Preliminary Steps

Fact 1:

n

There is a positive definite matrix A=diag{5} such that AH, + HIA = 0 where §; = % >
0 with col{§"} = (K1) 1y and col{?} = H 11y .




Main: Fixed Gain Cooperation Protocol

e Consider the following networked nominal dynamics:
J&'i, = Axi' + KBUi’

Kk > 0: Adesign scalar.

e LetW,, W, > 0 be two design weighting matrices (arbitrary).




Main: Fixed Gain Cooperation Protocol

The stabilization gain is K = —xW, 'BTP where P solves
the Algebraic Riccati Equation (ARE):  ATP + PA + W, — x*PBW, *BTP = 0

(The cooperation protocol is given by u,.; = K (Zje P a;j (x; — x]-) + sfxi)

The agent model is %; = A x; + Bu; + BC; X icpe ajjX; ).

w,., W,,, > 0 are two completely arbitrary design weighting matrices, so the tuning
rules of thumb can be useful.




Main: Data-assisted Decoupling Protocol

* Proposed distributed adaptation rule:

TlDi

éi =T <RiT(t)BTPxi — YDi (Di(tnDi)éi(t) — Y, Ry (e)B” Agi(tl)>>

Where R; =), jena a;; (Inu®ij(t)) and I;,yp; are design parameters (p.d. matrices and positive scalars,
resp.). t,,,, = time associated with the sample np; .

Integration of the agent dynamics yields

Agi () = x;(t) — x;(t — 6t;) — s4;(t) = BRy; (1)0;

Where Sgi(t) = Axgi(t) + Bugi(t)
t t
Xgi (t) = fmax(t—Sti,O) Xi (T)dT and Ugi (t) = fmax(t—Sti,O) u; (T)d'l'.

Data collection matrices: D;(np;) = Z;;Dl‘ RgTi(tl)BTBRgi (t;) are updated only at

‘acceptable’ excitation sample times defined as
Amin(D;(Mpi)) > Amin(D; (np; — 1))

(The decoupling protocol is given by ug;(£) = — Xc ya ajj (I,,®x] (1)) 0;(t) )




Main: Data-assisted Decoupling Protocol

e Assumption 1

For each agent i € S,, there exists a finite np; such that the collective FE condition in Definition 1

is gradually satisfied over a finite time interval [t5/%"", ty].

» Properties
e The data collection matrix D;(np;) = Zl lRTl(tl)BTBRgi (t;) satisfies, foreach i €
Sy
1) D;(np;) =0 forvt =0,
2) Di(np;) > 0 forallt >ty where tg > 6t;
3) Amin(Di(1))) > Amin(Di(np;)) using each new sample nj > np;
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Main: Data-assisted Decoupling Protocol
Aggregated cooperation signal U, = (I, ® K)X

leads to the representation of a 3-layer closed loop interconnected MAS:

X = AX + kBv + xBE_v + Bu, + BC_4 x

Where
E :((3@ _ |Nj® |nuj, ﬁd =4 ®1 , C:diag{Ci}
K
We define 0, (1) = X" ()PX(t) + ; -1(F) Hé(t)uz
- ﬂ“min (WXK) min
Po m'”[ g (P) 278 e (1) (D(”D)))

Where W, =W _+K™W,K =0, 2" =min {7/Di }, Vie dq
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Main: Data-assisted Decoupling Protocol

e Theorem 1: In the proposed multilayer interconnected MAS under the data
assisted stabilization protocol, the following is guaranteed:
1. All trajectories x;(t) and 8;(t) are bounded Vvt > 0,
2. All trajectories x;(t) and 8;(t) exponentially converge to the origin for t > t, =
max {ts;} where tg; defined in Assumption 1,

3. The upper bounds on all trajectories are given by:

)] < \/1 Q20 VO <t < f
x* —pao(t—ts)
\/e}(ﬁmi{P) Qb(}fs) Yt 2 Is
801 < v Amax(T)Q4/(0), V0 <t <t
1 -~

/ Amax (T) exp=Po =) Qu(15), Vi > 1




* Proof makes use of the Lyapunov function

Q(x, 67) =V(x)+» 6’770 >0, V(x)=x"Px
ieS,

leading to

Q< —X"Wy x=2Y 7,67D, (t

IS,

)6, <0

Npj

Hence, all states and parameter estimates are bounded at all times, even
when cFE is not satisfied.




e Whent >t

Q < — ﬂ‘min (VVXK)V(X) . ZazéiTF_léi
;i’max(P) ieS,

Where  a = yP" A0 (M Amin(D(np)) > 0.

Using p, = min [im‘” (W)

Ao (P)

We find Q<-p Q thus
Q(x(t), O(t)) < e HO(x(t,), O(t,))

, 27/E)nin/1min (F)/Imin (D (nD ))j




e Over0<t t; wefind

e Andfort >t :

Afmin (P)

Amin (r)

|x(r}||<\/e”‘pp””(”“°) (47 (1) Pt + OB

18]I \/ Amax (1) expPelt =) (a7 (15)Pa(ts) +

(detailed proof in the paper)

(-

16(z5)]2
;lfnin(r)

)
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Summary

* \We have proposed a mixed graph, optimal, and adaptive control theoretic formulation.

* We build a two-layer control protocol for the distributed stabilization and data-assisted
adaptive decoupling of interconnected multiagent systems.

» The proposed approach captures the architectural aspect of cyber-physical systems with
separate agent (physical) and control (cyber) layers.

e Compared to our previous publications, the cooperation layer topology can be chosen
nonsymmetric and completely independent of the agent- and data-assisted decoupling
layers.

e A new collective finite excitation condition relaxes the PE condition.

o Exponential stability of all state trajectories and exponential convergence of all
interconnection matrices estimates are established.
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