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= Adaptive internal model
= Networked internal model
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Multi-agent systems (2 2 E{4 .
ZHTM®E, 206K o

- Dynamics: agent (homogeneous ©
and heterogeneous),
environment (passive or active),
emergence (split or merge), ...;

e Information: directed (agent-
agent), indirected (agent-
environment), ...;

e Control: neighbor-based
(switching) rules, mass-based
control, partial centralized
control, ...




R
2 B Re AT i A DL AL ) R

o A1t consensus, containment, formation,
flocking, attitude synchronization, Kalman filter,
localization , data fusion ...

2 1>

- {4178 55 : distributed optimization, sweep,
evasion/pursuit, research/rescue, ...

o JEAL AN fE B VL opinion dynamics, social
networks, evolutionary or swarm intelligence,
evolutionary game, ...
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e Containment control & multiple leaders (Automatica
2012; IEEE TAC 2012; Automatica 2014): —M4ii&
HER—ANEERE LG

e Distributed output regulatlon (IEEE TAC 2010, 2013,
2014, 1JRNC 2013): Eﬁtﬁfﬁim FRAEZR, 45
Aﬁxﬁ@<wmﬁ@ﬂam 5715

o Attitude synchronization (Automatica 2014): JEZ: 14

BRI )5 A 7 —BOEIEME R PRI
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- Target surroundlng (IEEE TAC 2014): — B2 ReARxt
— MR AR B

- Distributed Kalman filter (IEEE TAC 2013): M= T
)7 A 2 As T
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e Distributed optimization (IEEE TAC 2013; SCL 2013;
IEEE TAC 2014): BEFLEHG & M T 85040 2 Ak

e Coverage: cooperative sweeping (Automatica 2013):
X 25 7€ X 38y A AN E TAF = B35 978 i 1)

e Quantization in control and optimization (CDC 2013,
IEEE TCNS conditionally accepted): &4t T {45 1] 5
fifl, 1EIHE =M

» Opinion dynamics (Physica A 2013): Ml (EiR)
HOVEA o d, ol F sl 1 Bt 7T
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Exosystem v

Plant x

regulated output €

»
»

Control u

measurement output Y

i H U 19 Output regulation: e = 0 & x is bounded.

Stabilization, asymptotical tracking, disturbance rejection ...



DOR for leader-following consensus

Exosystem

Motivation of distributed output regulation:

& Provide a general framework for
leader-following consensus
— Exosystem: leader (reference signal)
— Plant: followers

Link (information flow)



DOR beyond leader-following consensus

Exosystem

Motivation of distributed output regulation:
dist

& Provide a general framework for
leader-following consensus
— Exosystem: leader
— Plant: followers
& Faclilitate the study of more
coordination problems

— Nonlinearity or Uncertainties or Disturbance:
robust and adaptive control ...

— Multi-level networks: cyber-physical systems,
combination of decentralized OR and

Distributed OR, host internal model ... Link (information flow)




R\
Output regulation (OR)

Two main approaches to output regulation:

e Observer/estimator (feedforward): estimate
the exosystem and construct regulation
feedback

e Internal model (IM): build regulation
feedback based on IM = robustness ...



IM for output regulation

 Linear systems (Davison, Wonham, Francis, ...):
classic IM - incorporate a model of the
exosystem (1970’s)

* Nonlinear systems (lIsidori, Byrnes, Huang, ...):
Different IMs = Incorporate a model
determined jointly by both the plant and
exosystem (after 1990).

=» Large-scale systems (Ding, Gazi, ...):
decentralized OR control - each agent can get
the information of the exosystem




Existing Results

Two main approaches to DOR

e Distributed observer/estimator: Hong
et al Automatica 2006; Hong, et al
Automatica 2008; Hong et al, JSSC 20009 ...

e Distributed internal model: Wang, Hong,
et al IEEE TAC 2010; Hong et al Int J Robust
& Nonlinear Control, 2013; Su, Hong et al
IEEE TAC 2013; Xu, Hong et al, IEEE TAC
2014 ...
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DOR: Fundamental challenges

Linear systems:

e Solvability: when DOR can be achieved using
local neighbor information

e Connectivity condition: fixed or switched?

e Design: how to give IM-based design for DOR

Nonlinear systems:

e Solvability: necessary/sufficient conditions with
given topology?

e Connectivity condition: new communication
structure for exchanging local information?

e Design: new IM?



2.1 Adaptive DOR

* More complicated dynamics: nonlinear
dynamics and uncertain parameters

* Adaptive DOR control for the exosystem
with uncertain parameters = nonlinear

control



Nonlinear |M

For nonlinear systems, classic IM does not
work = various IMs (canonical IM, etc):
Incorporate a model determined jointly
by both the plant and exosystem

Construct steady-state generator (SSR) for
the design of IM



Steady-state generator (SSG)

SSG iIs a basic step to construct modern IM for
nonlinear systems

For exosystem: dv/dt=S(v) and dx/dt=f(x,u,v,w),
If there are smooth functions 6, «, f vanishing at
(v,w)=(0,0) such that, Vv (v,w)eV xW

df (v, w)
dt

where u Is the solution to the RE .

= a(6(v, w)), u(v,w) = B(#(v,w))
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From SSG to IM

With SSG {6, «a, /},
?} — ".f'[?l €, [Lj
with output u, Is an IM candidate If V (v, w),
a(Av, W)=V, w), 0, u(v, w)).
The IM candidate becomes an IM If it ensures the
stabilizability of the closed loop system.

Some known cases: linear SSG (maybe with
nonlinear output map), SSG in uniformly
observable form...



Adaptive IM: relatively new

e Adaptive IMs for conventional OR for the
exosystem with uncertain parameters: Serrani,
Isidori et al, 2001; Marino & Tomel, 2003; Liu,
Huang et al, 2009; Obregon, Castillo et al, 2011

 SU & Huang, SCL 2013: relative degree=1,
undirected graph, LH adaptive IM

e Our cases: relative degree=r>1, directed graph,
OC adaptive IM (- containment problem,
Automatica, 2014)



Adaptive DOR

The leader contains uncertain parameters -
DOR design based on adaptive IM to

make e =2 0:
e Leader is linear, dv/dt=S(o)v, where o is
the uncertain parameter vector

* Followers may be nonlinear



Design method

Two main design steps: adaptive IM + stabilization of closed-
loop systems

# Adaptive IM: find an observable pair based on the
solution of RE (polynomial of v )

# Stabilization control: construction of Lyapunov function
for the closed loop system

The result Is consistent with the case when there IS no
uncertain parameter.



Results

Adaptive DOR can be solved and the corresponding
controller can be constructed for directed graph
and minimum phase with relative degree r.

Design: Construct an adaptive IM; Construct
stabilization controller based on the construction
of a Lyapunov function for directed graph (it is
easier If the graph is undirected for the symmetry
of the matrix)



Example 1
A = wug 4 followers:
Leader: by = —wis i deth 4 s = 1
o uncertain ) ' | di Gl i =
Mo = 1 05<d; <15 1<s <2
 4followers with 1 leader @Q\
. Dlrecteq g.rapq | leader \E
e Uncertainties both in

leader and followers G



Numerical simulations
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2.2 Networked IM

DOR with two-level networks: additional
network to exchange IM information
(CCC2012, ICARCV 2012, CCC 2013,
IEEETAC 2014).

Motivation:

« A framework for distributed OR and
decentralized OR (large-scale systems)

* New IM to solve complex network
coordination by sharing IM information
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One level graph for DOR

* The graph describe the
Interaction between
agents, but sometimes
(nonlinear agents ...), it
IS hard to achieve DOR
only with the graph

 For DOR, each agent
has its own IM for the exosystem (node 0)
same exosystem (leader
or disturbance source)

-> what a waste?

Agent
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Two-level graph for DOR

Based on 2-level graph: Networked IM
1. Plant (agent) graph: host .., ™
physical connection @ \/ N

between agents &
measurement information
2. IM (controller) graph:
communication between
controllers exosystem (node 0)
Effective design for DOR?
Share IM information,
Improve performance ...

Agent

Some agents may not have
structural information of node 0



2-level network: cyber-physical ?

Unify decentralized and Cyber
distributed design for OR:

Large-scale decentralized l 1
control on physical layer i : i
(fixed plant graph) Physical

+

Distributed control on cyber l

or communication layer Mathematical analysis

(variable controller graph) for 2-level network ...
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Networked IM (CCC2012)

DOR Design to share the information of neighbor
IM-based controllers.

IM - networked IM:

0= fi(niwin®) or i = gi(n°)
where

ni = (n5,7 € OF)

T Neighbor information
The distributed controller: u;=h:(e;, 7;)
AR

Measurement variable IM variable



Challenges in IM network design

Construction of IM

Structure of IM network
(different from the agent
network): 2 simple cases

Selection of host IM for
homogenous or
heterogeneous agents

Solution of the RE and
construction of Lyapunov
function

Nonlinear and uncertain
agents/leaders ...




Example 2
The exosystem consists of two parts: leader & disturbance

_ ( Ti‘prj_ — _G{ﬂwﬁj}
& Leader: Lienard system

Yo - output of the leader

A

ﬂwﬁ — Upi — F{ﬂng

D = e
# Disturbance model: F U = Ygo,
L dgn = —wiagy

- ugz =0



Heterogeneous followers

Agent 1 with x, Plant/agent graph:
ST leader
g1 =2y —

U4

Agent 2 with X, —l
mz—ﬂ2+$1_ﬂa€1} O g
o = Lo — &y,

Agent 3 with x;=col(z; y5) @

73 = —z3 + ezys,

. : Relative measurement e.
ty = Uz — Ygztlai + ::fg - ﬂﬁg — asin® (7o) |

£z = Uz — 2.



IM/Controller graph

Cooperative controller based on
IM/controller graph: networked IM: (cyber) IM
variable 7, exchanged over

@_ _______ }@ the controller graph
host . )

a@ﬂ ¢ Helpful to solve RE

& Largely reduce structural
complexity of IMs for agents
2and3,...
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Results (ICARCV 2012)

With more information exchanges, solve the
unsolvable problems in decentralized control,
and reduce the complexity of IM-based
controller.

There are solution of RE and SSR for heterogeneous
nonlinear agents in output-feedback form -
networked IM can be constructed to be input-to-
state stable to solve DOR for fixed two-level
graphs without loops.
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Results (ICCA2014, IEEE TAC2014...)

Leader

Follower

e ()= {11... ?N}
e strict-feedback uncertain system having unity
relative degree

Disturbance
1 E i.’ff-' . E'q = ST;'LH



Problem Formulation

Two outputs

e Regulated output: control aim, unavailable for
control design

1€0: e =¥y — Yo

* Measurement output: available for control design

ieO: e, _ng (i — )



Semi-global leader following

For any index ;and any setss: and 52 with
z = (311 e 13_-""-."]3 = (yl'f' v '.-y_-""-")
find a smooth distributed controller
?.I"j = h'?}{?;llj'! u_j'::ll ‘E = h'&i[‘filﬂljvui]
Uy = uci("fi*ﬂj‘£?ﬂi]r i1=1,--- ri“'"'l_
with a set 5., where ¢ = (,.4.---.¢v), such that, for
any initial conditions in set 5 .= vxwWxB:xBy x5, |
1. the trajectory of the closed-loop exists and Is
bounded;

2. limy . e(t) =0



Host |M

-

Leader

Emi

Host agent: 2 IMs:
* One IM (host IM) is to track the leader

 local one is to reject local disturbance
Other agents : local IM to reject local disturbance



Main Result

Theorem: Under standard assumptions, for any
slected host agent index 7, the semi-global leader-
following consensus problem can be solved by the
host-internal-model-based control

M;n; +Ti(u; — Um,), i3
and stabilization control
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Remarks

A striking reduction of the controller order and

computing burden, while a one-dimensional signal
IS transmitted

* More general IM network can also be constructed.
For example

Layer 1 0 Layer 11 04_ _‘;6 3 ““@
Yo
A i C2. H = {2)
“1aZ 14 AL
Wi 29 o.9 9-9
P pamrR. ,
L 5 I g C3. H = {1.4)
Tn }%i,qu h“-u_q’l,..,p"ﬂ
V@ 900
K. e ; C4. H = (1,2,3,4)

el H={1,2)



Example 3

Consensus design of a group of FitzHugh-Nagumo
type agents with local disturbances

Leader i:'*.l'l = Welya, {-!rﬂ = —Wplp1, UYpr = Up
Follower (Zzi1 = os5(yi — 02zi1)
) Zi2 = 06(=Yi — 0azi2)
1 .
| Vi =i 5}*‘?—351 tzp+ Fi) +ui, 1=1,--- .4

Disturbance Fi(t) = A,y sin(w;t + ¢;) + d;
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Simulation

Measurement graph

3.
2
—0 0—So— 0
" \
= o

Host agent index
7=2
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Convex optimization: min  f(2)

- Distributed convex optimization'
min - f(z Zfz
Extensions:
e Zero-sum game: minmax f(x,y)
e Constrained convex optimization - Non-

convex optimization



Basic motivation and 1dea
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Problem setup

Consider the followinag system
T; = u; +di(t), i=1,---.N
where Xx; Is the state, u;is the input, and d; is the
disturbance governed by
w; = Sw;,  di = Cw;(t)
The control aim Is to find distributed control
zi = gi1(zi, V [i(Ti), Tmi)
w; = gi2(zi, V [i(Ti), Tmi)
to solve the optimization problem: x;, 2> x* with

" = arg min f(z). —-occ <z’ < 4o
rER™
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N
U = Ouj’ ijl ﬂ--f_j(il?i — il?j)
;i = (J-Tn ® F)Th (In, X 0)“3
_ _8
w; = —aVfi(x;) ZJ . a;;(x

optimal term

:(In X LI})”E_ .

internal model term

consensus term
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B (Wang, Yi, Hong, Control Theory &
Technology, 2014)

o WAL, BRAH B EN A B
HT- PR B AL 4 = 9281 (Wang, Hong,
Yi, CCC 2014; ¥ = LA eR ZUAN AR KA 2 A
515 RG22 AR L4

o R EIDAET B E RSP (i) ME
51 77215 . (ongoing work)
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Example 4 (5 agents)
BN BRI 2%

|
|
|

|
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4 Conclusions

MAS: collective dynamics and distributed
algorithms

 When conventional theory (e.g., output
regulation or optimization) meets new topic
(e.g., MAS) - Distributed output regulation
or optimization: framework, fundamental
problems, ...

« MAS: many new topics beyond consensus
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