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Synchronized Motion of biological groups

Fireflies
synchronize




The Power of Synchronization Coupled Osclllators
Diurnal Rhythm




Communication Graph

Strongly connected if for all nodes i and j there is a path from i to j.
Diameter= length of longest path between two nodes

N
Volume = sum of in-degrees Vol = d,
i=1

< Leader or
. root node
Tree- every node has in-degree=1
O
/ Followers
1 \

SN

3 Spanning tree
U Root node

/6
F——— >



Communication Graph

G=(V,E)

N nodes

State at node iis X (t)

Synchronization problem
() —x;(t)—>0



Communication Graph

. 1
Algebraic Graph Theory \2 a
V.E) / T,
3
51/»6

N nodes

0 0 0]
Adjacency matrix 0 01
A 0 0O
A=[a;] 000
0 0O
a; >01f (v;,v;)eE I 1 1 0]
if jeN.
N \/
d = Zaij Row sum= in-degree N. In-neighbors of node i /1
j=1
N 7
d’ = Zaji Col sum= out-degree N0 Out-neighbors of node i'\i

/



Dynamic Graph- the Distributed Structure of Control

Each node has an associated state Xi = U, ]
_ _ |
Standard local voting protocol U = Z a; (X; —X) /«
JeN; - -

U ==X > a,+ > ax, =—-dx +[a, - ay]

jeN; jeN; \
X
LN

X
U, | d, i

u=| : D= A:[aij]
| Un i dy

u=-Dx+Ax=—(D—-A)x=-Lx L=D-A = graph Laplacian matrix

X=—LX  Closed-loop dynamics

If x is an n-vector then X=—(L®1 )X



.
a

[

Theorem. Graph contains a spanning tree iff e-val of L at 4, =0 is simple.
Then 4, >0

Then -L has one e-val at zero and all the rest stable

Graph strongly connected implies exists a spanning tree

Then, all nodes synchronize

X =—LX  Closed-loop dynamics



Graph Eigenvalues for Different Communication Topologies

HYW1 (db eigenvalues

Directed Tree-
Chain of
command

Imaginary

Heal

HW1 QEb eigenvalues
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Graph Eigenvalues for Different Communication Topologies

Directed graph-
Better conditioned

Undirected graph-
More ill-
conditioned

[rmaginary

Imaginary
[}

HWW1 Qb eigenvalues
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Synchronization on Good Graphs

Regular mesh

Chris Elliott fast video




Synchronization on Gossip Rings

Chris Elliott weird video




Controlled Consensus: Cooperative Tracker

Node state X, = U, control node v

Distributed Local voting protocol with control node v
U= a;(X;=%) +0g((v-x)
JeN;
Local Neighborhood Tracking Error
g, =0 If control v is in the neighborhood of node i
jeN; jeN;

X=—(L+G)x+G1lv G =diag{g;}

Theorem. Let graph have a spanning tree and ¢, # 0 for at least one root node.
Then L+G is nonsingular with all e-vals positive
and -(L+G) is asymptotically stable

Ron Chen — pinning control
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Man'’s relations to

Confucius Family
Friends
Society
Tian xia da tong Nation
Harmony under heaven Emperor
Ancestors
Archery
Chariot driving
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Rites and Rituals

Poetry
Mathematics
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What is a micro-grid?

Micro-grid is a small-scale power system that provides the power for
a group of consumers.

Micro-grid enables F iy

local power support for i | * s
local and critical loads. iy -scale Energy Storage- |
Micro-grid has the
ability to work in both
grid-connected and
iIslanded modes.
Micro-grid facilitates
the integration of

Distributed Energy ﬁ
i Dlstnbuted Generation

Resources (DER) i Home Energy System

. Switches &

GroundPV Solar Array — , 4

Photo from: http://www.horizonenergygroup.com



An introduction to micro-grids:
Micro-grid applications

The main building block of smart-grids

Rural plants

Lkeil ity
Commumnications

Business buildings, hospitals,
and factories

Meteri H |
Plug-n Hy'brlds nﬁ/ @
Smart
Distributed End-Use
Generation N Devices
& Storage

Smart-grid photo from: http://www.sustainable-sphere.com



Distributed Generators (DG)
Distributed Energy Resources (DER)

 Non-renewables
> Internal combustion engine
» Micro-turbines
> Fuel cells

« Renewables
» Photovoltaic
> Wind
> Hydroelectric
> Biomass




Micro-grid Advantages

Micro-grid provides high quality and reliable power to the critical
consumers

During main grid disturbances, micro-grid can quickly disconnect
form the main grid and provide reliable power for its local loads

DGs can be simply installed close to the loads which significantly
reduces the power transmission line losses

By using renewable energy resources, a micro-grid reduces CO2
emissions



An introduction to micro-grids:
Micro-grid Objectives

Voltage and frequency synchronization for both
grid-connected and islanded operating modes

Proper load sharing and DG coordination

Power flow control between the microgrid and the main grid

Optimizing the microgrid operating cost

Hierarchical control structure

46



Micro-grid Control Challenges

In Grid-connected mode, the main grid has rotating synchronous
generators that provide a frequency reference

In Grid-connected mode, the main grid provides voltage support and
power quality

During grid disturbances, micro-grid goes to islanded mode to
provide the power for its local loads

In islanded mode, there is no frequency reference

In islanded mode, microgrid controller must provide voltage support
and power quality



Bidram, A., & Davoudi, A. (2012). Hierarchical structure of microgrids control system.
IEEE Transactions on Smart Grid, vol. 3, pp. 1963-1976, Dec 2012.

Micro-grid Hierarchical Control Structure

Optimal operation in both operating

Tertiary Control

Power flow control in grid-tied mode

v
— —— Secondary Control
Voltage deviation mitigation
. T Do coop. ctrl. here to
Frequency deviation alleviation :
Synchronize frequency
; ! and voltage
Voltage stability provision
Frequency stability
. Primary Control
Plug and play capability for DGs
Maintains Stability
'
i Microgrid ]

; Tie
[ Main grid ]




Micro-grid Primary Control

4 Primary control: The primary control maintains voltage and
frequency stability

O Conventional primary control: Droop techniques

o=, —MpP Mp1Pnax1 = -+ = Mpn FmaxN
E= Vimag =Vn — nQQ anQmaxl = =MNoN QmaxN
Droop Control
0 EI\ E
Yo ] Reference
Power 0 voltage L )
, calculator o 0
i, P I\ ® \/EESiI’l(OJl‘)
Microgrid P
load conditions Resulting
Power Required voltage and frequency

To maintain stability



Design of Droop Control Parameters

®
o w=w,—MP

Omin [~ T T e R

Pick slopes so that

mPl=(w,-®,,)/P

max1

MP2 = (@, — @) Py
Then

Mp1Pmax1 == MpN PrnaxN

Balanced Load sharing
50



1.

 Primary control (frequency droop)

Micro-grid primary control

Connected to Main Power Grid
Load is 7kW

Grid supplies 1kW

» Before islanding occurs

2.5kW

=

DG1

Vo1

Maingrid

Vb1 1kW
—

3.5kW f RIlnel
V02 I—I|ne1

DG1 nominal power, Pmax1= 4 kW
DG2 nominal power, Pmax2= 6 kW

mPlpmaxl — mPZPmaXZ

@Omin

2.5kW 3.5kW P



Micro-grid Primary Control

2. After Islanding
DGs must make up an extra 1kW

o

A N a):@—mpp

Pload= 7kW
New P1 + P2=2.8kW + 4.2kW

Makes frequency decrease

Dnew

|
|
|
|
|
|
Omin L - - _ - —
|
|
|
|
|
|
1

—_——_————_—y——— —

25 2.8 3.5 4.2

P (KW )

P1old I:’1new I:’Zold P2new

Increase @, to restore frequency to ref value

52



Secondary Frequency Control
New Secondary Control Input for Frequency Synchronization

@, = On —Mp; B

Secondary > Wy
Control input

W
Prescribed frequency
e.g. 60 Hz

Change p;j

To synchronize C()i PI

Existing power conditions in the microgrid



Micro-grid secondary control

O Secondary control: The secondary control restores the voltage and
frequency of the micro-grid to their nominal value.

Conventional Secondary control implementation:

» Centralized structure
s Low reliability
% Requires a Central control authority
% Requires too many communication links

NV = Kpg (Ver _Vmag)"‘ KIEJ‘(Vref _Vmag)dt

5 = Kpo (@ret = @)+ Ky | (aes —o)t
» We want to develop a new Distributed Control structure

s Highly reliable
% Uses sparse communication network

55



W
T
E |
(=]
2
=




. . Work of Ali Bidram
Micro-grid secondary control:  with br. A. Davoudi

New Distributed CPS structure

Cyber layer

A sparse, efficient communication network to allow
cooperative control for synchronization of
voltage and frequency

o i P
DG8 | ; -

DGl I !
g

[ <#=>pG2 DG 3 <]
Y P

Cyber
communication

framework Cyber Physical System (CPS)

Physical Layer

The interconnect structure of the power grid

60



Dynamical model of a DG

Primary Control Structure

Renewable DER

Provides DC voltage

VSC- Voltage source converter
Power electronics

LLL

r—— — — r—-— — — 1
| LC filter | Output
xS V. i | . | lconnector|
| Voltage | ‘L’ 'Lq | Current | "1, _ |
” 77— 7|controller| ! MY
controller VSC | Rf Lf J—C | | :_ R, LCJI _ _
% x | T /| - — - Microgird
i = "< Network
'Ld > 'Lq L— === < Networ
441 abe/dq a4 o | Load
. o|’o disturbances
Lod - loq L,
Vod’ Voq L,
77 0)
* *
VOd’ voq Vi
4 Power controller

Primary Control
Droop control is here

T

Given load conditions Vy,l; - pick @

VARRYA

' Tod ! Yoq

777

using Droop to maintain stability

65



Pogaku, N., Prodanovic, M., & Green, T. C. (2007). Modeling, analysis and testing of autonomous operation of an
inverter-based microgrid. IEEE Transactions on Power Electronics, 22(2), 613—625.

Dynamical model of a DG

x; =i (x;) + Kk (x;)D; +g; (xj)y; Heterogeneous agent dynamics
yi = hi(x;)+diy;

13 . .
x;j eR xipi=[6 B Q i i 7Vai Vg ldi Ngi Vodi Vogi  lodi  logil

©y;

.| Low-pass L

Vodi V ol o VD o _.-mp; P> ®;
. . N odi “odi + "oqi “oqi [ filter o omi TPiT i
Power controller dynamics: , _| Vogi 2
abe/dq | 1,4
. ioi_) io . Qi
/UN ; : |Low-pass—> 1, _ .0 *

5| = a)i —a)com ’ Vogi todi - Vodi Yoqi "I filter F ni~ "I Zi> Vodi
P = -, P, + @ (Vogilogi + Vogilogi) " 0= o

i = ~ @i i T G Vodilodi T Vogilogi

Q; =~ Q; + @i (Vogilogi — Vodilogi)

Droop control is here

66



Dynamical model of a DG

Voltage controller dynamics

. * % K[Vi *
i = Vodi ~Vodi- Vodi —X %)—> Kpy; + —>(:)—>(% —> i

*
¢qi = Voqi _Voqi’ Vi 0pCh|  |Fi
* : * T T
i = Filodi — @ CiVogi + Kpvi (Vodi —Vodi) + Kividi Vogi o
L : * Vodi Logi
ligi = Flogi + @ C iVodi + Kpvi (Vogi —Vogi) + Kividis L
Vogi cobCﬁ F,

_ + -l—i
oqi KPVi + 5 lgi

67



Dynamical model of a DG

Current controller dynamics

. . - K
R M '* ;@ , [Ci ,@ v
ydl Idi Idi Ldi +_ KPCZ'-I— . I T Vidi

7}qi = iIqi _ilqi {1di oyl
* . x . T
Vidi =~ Lfilgi + Kpci (lgi —hdi ) + Kiciva it
* _ . 01di
Vigi = @ Lfiligi + Kpci (igi —ligi) + Kicigi l
il(ﬂ (DbLﬁ

_ -|-i
i . Koo ! —— : Vi
lqi PCi t+ 5 iqi

68



Dynamical model of a DG

Output filter dynamics Output connector dynamics
i. .:_ﬁi +CO|'| .+iv. ._iv . . R . 1
i Lﬁ i ol Lﬁ i Lﬁ od lodi :_ﬁlodi +a)i'oqi +Gvodi _Evbdi
: R . . 1 1
ligi :_L—f_'lqi — Wil "‘L—f_Viqi _L—f_Voqi . Rei - _ 1 1
! ! ! logi =7 logi ~ @lodi T 7 Vogi ~ 7 Vi
L L L
: : 1 . A
Vodi = @Vogi =~ lidi ~ =~ lod
fi fi Depends on microgrid conditions and loads
Vogi =~ Vg + —— i ———iogi
ogi = ~“Yodi Cs lqi Cq 0 Voltage disturbances

69



From adaptive voltage ctrl- Trans CST paper

The nonlinear dynamics of the ith DG, while neglecting the fast dynamics of voltage and current controllers
Xj 1 = @ni —MpjXj 2 — Ocom

Xi2 = @i (X 6Xig + % 7% .9~ % 2)

Xi 3 = @i (X 6%i 9 — X 7% 8 — X 3)

o T Vhi —NqiXi3 —Xi6
Xj4 = L Xj,4 T OcomXj 5+ L
f f
S Xi,7
Xj5 = L—Xi,s ~ Weom Xi 4 L.
f f
1o Xi4—Xig
Xi6 = DcomXj,7 + c
f
. Xi5 —Xj9
Xj7 = ~WcomXie t C
f
Xig =—""Xi g + WeomXi g + 16 *d
T L v ’ Lei
—IGi Xi,7 ~ Vb

. _ i
X9 =7 X9~ WeomXig+ _
i i

\

. . T
Xi=lai B Q i g Vodi Vogi logi logil -



DG Microgrid Model and Synchronization Control Objectives

Heterogeneous Agent Dynamics — different dynamics

x; = £ (x;) + ki (x;)D; + g; (x;)y; x; e R
{Yi =h; (x;) +djy;



Synchronization in Microgrid of Interconnected DG

DG1 DG 2 DG 3 DG4
/—R? Vo2 Vo3 Vo4
. } R R
Voltage synchronization A Riet Lot |° Riner Liinez ;3 Riines Liines
cl c2 c3
— MM

. . R,
, Proadd 19oads l Proads*Cloaas 5 "
Pload]—}_J Qload] load2+JQload2 L.
line4
— MW
I Rline7 Lline7 Rline6 Lline6 Rline5 Lline5
c8 c7 cb c5
Rc8 Rc6 Rc5
Vo7 Vo6 Vo3
DG 8 DG 7 DG 6 DG 5
Frequency synchronization =@ = @ —Mp; P
Voltage synchronization (per unit) E =V =Vh —NoQ

Vo, magi :\/VOdI +Voq|



Secondary Control Synchronization Objectives

Renewable DER
Provides DC voltag

VSC- Voltage source converter
Power electronics

I

=

Change Droop control parameters to get synchronization

Secondary Control Inputs

r—— — — r— — — A
| Output |
x % . | LC filter |
; i I | | [connector)
.| Voltage | ‘Ld’ "Lg | Current . NN Al
"|controller[ 7 |controller| " R, Lyl [0 R L1
% = VSC : 4 fICf: LT S Microgird
irgiLg ] L— — = — "b<_ Network
44 abe/dq He—set o | Load
. o|’o disturbances
Lod - loq L, N
Yod* Yoq Voltage synchronization
77 (0] ( ’t)
o er uni
Vod’ Voq \ s P
V4 Power controller x

Frequency synchronization



DG Microgrid Model and Synchronization Control Objectives

Heterogeneous Agent Dynamics — different dynamics

x; = £ (x;) + ki (x;)D; + g; (x;)y; x; e R
{Yi =h; (x;) +djy;

1. For secondary frequency control:
=@ = @y —Mp; B

Ui = @y

~d|¢o

2. For secondary voltage control:

= Vq

E =Vinag =Vo —NoQ -} v qd =0

74
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1. Secondary Frequency Control
New Secondary Control Input for Frequency Synchronization

@, = Oy —Mp; B

Secondary > Wy
Control input

Prescribed frequency a)i

Change @p;j

To synchronize C()i PI

Existing power conditions in the microgrid
& —> Oref s VI

For example

Wpef = 50Hz



1. Secondary Frequency Control

Droop control relationship

@ = Oy —Mpi B

Using input-output feedback linearization
@ = Onj —Mpj R = Uy,

Coi = Z ajj (@ — @) + 9; (@) — Dret )
jeN;

Then Wnj =Mp;i B +Ugi =MpjR —C,; Z ajj (0 — @) + 9i (@ — et )
JeN;

Theorem . Let the digraph of the communication network have a spanning

tree and the pinning gain be nonzero for at least one DG placed on a root
node.

Let the auxiliary control U, be chosen as above.

Then, the global neighborhood error is asymptotically stable.

Moreover, the DG frequencies synchronize to @y 30



1. Secondary Frequency Control

Proof. Lyapunov Functions for Cooperative Control on Graphs
Graph Laplacian Matrix L =D-A4

T
ea):|:ea)l €, ewN} cRN ew:(L+G)(0)—Qref), u,=-C,e, Cw:diag{cwi}

. 1 _
Lyapunov function: V =Ee(ToPea,, where P = diag {%v}
|
W satisfies (L+G)w=1

Differentiating V
V =elP(L+G)(@) =, P(L+G)(u,) mmmmmp V =%e§,(P(L+G)+(L+G)T Ple,

) V<0

Theorem of Zhihua Qu
Coop ctrl Lyapunov equation Q=P(L+G)+(L+ G)T P>0

Qu, Z., (2009).Cooperative control of dynamical systems: Applications to autonomous vehicles. New York:
Springer-Verlag.

Internal Dynamics is stable for AC microgrid DG



1. Secondary Frequency Control

Restores Frequency Synchronization after islanding

@ = Onj —MpjF = U,

Hef | A
& [Ty L @ f % =f06)+g )y >
R D3 CRAREICEN o DA ) e R g IR 40
J—1 J +
jeN r
m; calculating P

Feedback Linearization Inner Loop

Distributed Cooperative Tracker
82



1. Secondary frequency control
Simulation Example

DG1 DG 2

Physical Microgrid
Network

DG 3 DG 4

R Vo3 Vo4
R R
Rior L Riines Liipes ¢
L L
c4
l P +i l P +0 Rline4
) load4 JQload4 4 load3 V¥ 10ad3
ProadiCoad PioadsC10ad L.
lined
41 1) —
Rlin€7 Lline7 R L I
L ¢S
R Rc5
Vo

line6 ~line6 Rline5 Lline5

L L

c8 c6
RcS

Rc6

Vo6

5

DG 8 DG 7

DG 6 DG 5

Cyber communication network- sparse

DG 8 DG 7

DG 6

O

DG 5

DG 4

O

O—H

O O—0O




1. Secondary frequency control

50.2

Ref. Frequency

s50 Hz — > 90

™
I 498
Yo

49.6

0 0.5 1 15 2
t(s)
Islanding Turn on

Coop secondary control







Shi nian su mu
Bal nian su ren

=l

£
Keshi-
Wu nian su shuesheng



New Secondary Control Input for Frequency Synchronization
AND Balanced Power Sharing

@, = Oy —Mp;i B
Secondary > Wi
Control input
W,
Mp;
Change @p;j |
P maxi
To synchronize C()i PI
R R

And enforce balanced power sharing = —...=




Secondary frequency and power control

Differentiating
the frequency droop characteristic @ = @ —Mp; B
yields:

@ni = @ +MpiR =
o +Mpy P =y

For N DGs: ; @2+ MpaPy =

\d)N + mpN PN = Up

The auxiliary controls are chosen based on each DG’s own information, and
the information of its neighbors in the communication digraph

Local neighborhood tracking errors

Ui = —C(Z ajj (& — @) + 9 (0 — Dep ) + Z a;j (Mp; B —mp; P;))
jeN, jeN,
89
TWO CONTROL OBJECTIVES WITH ONE CONTROL INPUT



Secondary frequency and power control

A 4
COref
z ajj (0; -0 )Tgi (O; 'Coref) . . :
1 | i =@ +MpiR =,
J . .
jeN; Cooperative tracker _ u; [T\ ni | j ,
c > : »DGi| P;

Cooperative regulator

— Y ajj (mp;P;-mp;P;)
j J

J EN;

A

TWO CONTROL OBJECTIVES WITH ONE CONTROL INPUT
90



Secondary frequency and power control

The local neighborhood tracking error control

U; :—C(Z ajj (0 — ;) + Gj (@ — Wpep ) + Z aj; (Mp; B —mp;P;))
JeN; JeN;

Guarantees that —C((L+G)(@w— @yes )+ LmpP) =0.

This does not guarantee synchronization of freq. and power separately

There is another relation between power and frequency in the microgrid DGs

Write the output active power as P = |V";lﬂsin(é‘i) = h; sin(o;),
ci
So that approximately P, = (0 — Dt ),

In global form P= h(@— &t ),

Therefore at steady state all frequencies synchronize to the reference frequency

So that G(w—@rer )+ LMpP =0



Simulation results

Physical Microgrid 1o B D5 Biatiias

R('f L i
DG 1 DG 4
Network
" f
E | Rﬁm’f Q
8 | 2
z | | £
E | LH}: 1 é-
E | =
i :
u* Vo2 | 5
Rt‘j’ Lt‘2 c €3 I
DG2 thdé' +j Q!rmdz" 4_ DG 3
I Rﬂ'f'rw,? Lﬁue? |
I Communication link |
(a) k
Cyber communication network- sparse .
Reference
value
DG 2 DG 3

(b)



Simulation results

316
Ref. Frequency s
Is 50 Hz
— v 314
3
2 313

30
20 A, ul A IR, PRI
ix \\‘\':\&‘YIN"‘“-—‘-"‘-—_'—'—'—":j‘ I\,/ A
L
10 ! .
¢
J
0 | | | | | | |
0.2 04 0.6 0.8 1 1.2 1.4 1.6
(b) time (s)
Turn on
Islanding

Coop secondary control






Work of Ali Bidram

2. Secondary Voltage Control , _
With Dr. A. Davoudi

Microgrid of Interconnected DG

_ _ DG 1 DG 2 DG 3 DG 4
SynChronlze per-unlt
It _—— Yoo Vo3 o
voltages R, R R
LC Rline2 Lline2 LC3 Rline3 Lline3 LC4
3 c4
MM &

. . R,.
l Proadd1C10ad4 l Proadspoaas 5
P1oadr1Cadr P1oad21Cadn L.
line4
MMM
I Rline7 Lline7 Rline6 Lline6L Rlin€5 Llin€5
c8 c7 c6 ch
Rc8 Rc7 Rc6 RC5
Vy7 Vo6 Vos
DG 8 DG 7 DG 6 DG 5

1. Frequency synchronization Vi =@, = @y —Mp; P|

2. Voltage synchronization (per unit) E = Vinag =V, _nQQ y B \/V 2, 2
o,magi — odi oqi



2. Secondary Voltage control
Secondary Control Synchronization Objectives

ANl Renewable DER
Provides DC voltage

VSC- Voltage source converter
Power electronics- DC to AC

I

-

Change Droop control parameters to get synchronization

Secondary Control Inputs

T T = =7 7 Qutput
- 1 LCfilter 1 ! PR
; j I | [connector)
.| Voltage | "La’ 'Lg | Current . O AN |n|
L4 A~ > 7 \W)
controller controller | Re Ly 1 C : D o L.
% = VSC | T/ |- Microgird
irgiLg ] L— — = — "b<_ Network
44 abe/dq He—set o | Load
. o|’o disturbances
Lod loq L, N
Vod> Voq Voltage synchronization
” 2 (per unit)
% er uni
Vod’ Voq \ s P
% Power controller x

Frequency synchronization



2. Secondary Voltage Control

Secondary Voltage control objective

The per unit voltage of each DG synchronizes to a
command nominal value

Voltage synchronization (per unit) Vv C_ \/V d_2 Ty .2
0,magl odl oql

Droop Control

/ Use this for frequency synchronization
w=aw,—MpP

E = Vmag :Vn — nQQ . Use this for voltage synchronization
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2. Secondary Voltage Control

If Vi =Vogi there is no direct relationship between the output and

input u, =V... d; =0

Must use Lie derivatives
Input-output feedback linearization for a heterogeneous nonlinear agents

{Xi = fi (Xi ) + ki (Xi )DI +8i (Xi )ui Fi (X|) = fi (Xi ) + ki (Xi )D|
yi = hi(x;)

i(l’) - LFl rhl + Lgi LFI r_lhiui

Vi =L h L Lg Ty Uy = (L L) T (L T )

(.

Yi = Vi
ry _ i Yi,l =VYi2 .. . _
=V, Vi m— V1 ommmmd ) =AY +Bv, Vi,
Vi1 =V,

102
Internal Dynamics it =W ()Y, 1), Vi

Assume relative degree r is the same for all agents
Zero dynamics can be different, but assume they are stable



2. Secondary voltage control
DG Agent Dynamics

N=AR+Bv, Vi,  X=[% ¥z - Yiral

(01 0 0 -+ O]
o010 -0

a0 2010 B[00,
0000 - 1
0000 0 O

rxr

Internal dynamics 4 =Wi(), 1), Vi

Leader node dynamics
{Xo =1, (o)
Yo = ho(x)

The synchronization problem is to find a distributed V; such that )} — Yy, Vi.

mmm) Y, =AY, +By\”, Yo=[¥o Vo ... VWUT

<Ypn

Assumption. The vector Y(() =1y y(r) VI is bounded so thatHy(r)
with a finite but generally unknown bound.
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2. Secondary voltage control

Theorem. Let the digraph of the multi-agent system have a spanning
tree and the pinning gain be nonzero for at least one root node.

Let all agents have stable zero dynamics & =W (0, ), Vi

Let the auxiliary control be chosen as

v; = —CKe; € = Zaij(}{_yj)"' 9i () —Yo)
JeN;
where ¢ e Ris the coupling gain, and K eR™ is the feedback control
gain.

Then, ); are cooperative UUB with respect to Y, and all nodes
synchronize to y, if KeR>" is chosen as

K=R'B'P, A"P,+PA+Q-PRBR'B'P =0.

and 1

C2————+  Jmin =Miicy Re(%) A is the first eigenvalue of L+ G

min

Zhang, H., Lewis, F. L., & Das, A. (2011).0Optimal design for synchronization of cooperative

systems: State feedback, observer, and output feedback. /IEEE Transactions on Automatic
Control, 56(8), 1948—-1952.



2. Secondary voltage control

Lyapunov function 1
Y =55T Ps, P,=R' P,>0

Differentiating V =8' P, =8"P,(¥-3)=3"R, ((lN ®A)d+ (I ®B)(v—z(§”))

V=5"P,(Iy®A-c(L+G)®BK)3-5"P,(Iy ®B)y.”

=5"P,H5 3" P,(Iy ®B)y!".

Lemma 1. Let (A,B) be stabilizable. Let the digraph have a spanning tree
and 9; #0 for at least one root node. Let /. be the eigenvalues of L +G.
The matrix H=1y ® A-c(L+G)®BK s Hurwitz if and only if all the
matrices A—C4BK, Vie N are Hurwitz. [Fax and Murray 2004]

Lemma 2. Let (A,B) be stabilizable and matrices Q =Q" and R=R' be
positive definite. Let feedback gain K be chosen as K = R™'B’ P,

where P is the unique positive definite solution of the control algebraic
Riccati equation A'P,+PA+Q-PBR'B'P, =0. Then, all the matrices A—Cc4BK
are Hurwitz if ¢ > , where A, =min,_,, Re(4) . [Zhang and Lewis 2011]

in



Secondary voltage control

Synchronizes Output voltages after Islanding

1
e [ - ]
fZa,-j(yi ¥ )t€i (¥i-Yo) el> cKX@—ir % ﬂ DG i |x; ’
4 - X !
il |
Yj Vodi
JEN; M (x))
Feedback Linearization Inner Loop

Ui = (Lg Lg hy) " (—Lg“hy +v;)
Vi — LFiZhi + |_gi LFilhiUi —

Vv — M (x:)
Vni — | I\I-I |

, V1.
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2. Secondary voltage control
Simulation Example

, , | pG1 DG 2 DG 3 DG 4
Physical Microgrid
Network e

Vo4

R R
c R, ) 4
Rlinel Lline] L R/ineZ L[ineZ LC line3 lee3 LC
cl c2 AAA A c3 c4

. ) R,
l Pload4_|—J Qload4 i Pload3 i Qload3 fined
ProadiCpoad Poads1C10ad2 L.
lined
(1] ) —
I Rline7 Lline7 R/ineé L[[ne6 I Rline5 Llinej I
c8 c7 c6 cs
RcS Rc 7 Rc6 Rc5
Vo7 Vo6 Vo5
DG 8 DG 7 DG 6 DG5S

Cyber communication network- sparse

DG 8

O

DG 7 DG 6 DG 5

OO0

DG 4 DG 3




2. Secondary voltage control

Simulation results

390
Ref. Per-unit
Voltage > 380 I
s 380 V g
2 370" |
£
>O
360 i
350 | | | |
1 1.2 14 1.6 1.8 2
t(s)
Islanding Turnon

Coop secondary control
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Adaptive Voltage Control

Prima
1.02 ‘ ‘ ‘ ‘ ‘ ‘ Y O_@
power _Q,A/\/\_(mT
. il source Rﬁ Lﬁ Cﬁ R L
4 ZL l Vb
% J vOi Zo[
Voo -
. 24l | oltage and current |4
/ v controller N 2
0.95 ‘ ‘ ‘ ‘ —
0.)/ 02 0. 0.4 0.5 0.6 0.7
time (5)
Load change y v
- (O <_
Primary alone! ! Power controller

Secondary

_ . T
Yi_[vodi vodi] —

Y
9}

I
1o \—1 2 : B . T 7; calculator
U = (Lg Lg 1) ~(—Lg "N +Vi) | 5 Poac Yoaen) —

I
I

Using Neural Network to |

compensate for unknown : Adaptive

nonlinear dynamics | secondary b
| voltage &
| control

M; (%), N; (%)



A Distributed Feedforward Approach to
Cooperative Control of AC Microgrids

He Cai, Member. I[EEE. Guogiang Hu, Member. IEEE, Frank L. Lewis. Life Fellow. I[EEE. and Ali Davoudi.

Voltage controlled VSI

1) VCVSIs: Fori=1...... \f. the nonlinear dynamics of
the i'" VCVSI can be written as
.l.'“ = —j1.4] T Widjs + ”iE‘”il —_ .H'm]‘
iz = —@410i2 — wiril + aial iz — i)

Wiz = wirig + aialeyn — 2s)

Senior Member, IEEE

rig = —wiriz + aiglriz — rig)

Tis = —0iaLis + Wirie + is(riz — Ubdi)
Lig = —QjgLig — WiTis + ais(rig — Ubgi )
*‘-':T = wWeilbigis <+ g lig — {47

Iig = Weilrigdie

i1 = Tis
Hfia = JXiq
As above

— Ljg.l45

— rig)

(la)
(1h)
(lc)
(1d)
(le)
(1
i1g)
(1h)
(1)
(1)

Current controlled VSI

2) CCVSIs: Fori= M+1,....] N, the nonlinear dynamics
of the i" CCVSI can be written as

Lyl = —ai1ri) + wiiz + @i2( Ui — Ubdi) (2a)
Tig = —ai1riz — wiril + ai2( iz — Vbgi) (2b)
Yi1 = i1 (2c)
iz = Li2 (2d)
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Voltage Synchronization

VCVSI are second order
after FB lin

Let @3 = col(wq,xia, Lis. Tig, L5, Lig, TiT,Lig)s Ti =
col(r;y.Ti2) and ; = col(.rj1..ri2). Then we have

£ = :-1.?,' -+ B“Jj i1 + ”'ilf.-ri-"":!}., (9a)
il = .—1.1_",; -+ B{Fﬁf o o ”."'lt.'ri* l‘fl'}} “‘Jh}

where h,‘ = (a3,

0 1 ()
Az!” ”].Bz[l] (10)

CCVSI are first order
after FB lin

Similarly, for the CCVSls, letting r; = col(.ryy.ri2), T =
£l ;, = I'j2 giVCH

}r = -"i-Fp g ﬂ”*r’”fl T ”l]{J'i-“’i )) (13a)
Ti = Axi + B(bjuia + cvia(xi.di)) (13b)

where b; = aya.

=
Il
vy
Il

(14a)

Heterogeneous MAS
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Solution of Output regulator Equations for Chained Form Systems

Theorem 1: Let (X,U), where X € R*"*™0 and U € R!*no
be the solution pairs of the following regulator equations Jie Huang

Lu Liu

XS=AX +BU, 0=CX — F (17)
where
[0 1 0 ««+ 0]
o 01 --- 0
F=:] 2§ Ny g |eRWEe
0 00 --- 1
| 00 0 .- 0 ]
[0 1 0 -« 0] "0
0O 01 -« 0 0 .
A= c R"*" B = e R He Cal
0 0 0 --- 1 0
LK s B g )
C=[100 --- 0]eR¥"
F=[10 0 .- 0]eR™m,
(18)

Define the following matrix
-Irrin, - FFL X T
M= cR (19
”:rll—n;.]!rm
where m > n. Let my. be the k' row of M. Then.
m
X = g = [ 0 m) - mbo? ] (20)

iy,

-

where m/ is the j'* element of m,,.
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Manufacturing as the Interactions of Multiple Agents

Each machine has it own dynamics and cost function
Neighboring machines influence each other most strongly
There are local optimization requirements as well as global necessities




Games on Communication Graphs
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Intelligent Operational Control

for Complex Industrial

Processes
Jinliang Ding
Professor Chai Tianyou
State Key Laboratory of Synthetical Automation for Process Industries

Northeastern University
May 20, 2013

Jinliang Ding, H. Modares, Tianyou Chai, and F.L. Lewis, "Data-based Multi-objective Plant-
wide Performance Optimization of Industrial Processes under Dynamic Environments,” IEEE
Trans. Industrial Informatics, to appear, 2016.



Production line for mineral processing plant

the high-intensity magnetic production line (HMPL)

Particle ore

y

| Grinding

Raw | Sereening
—ore > ofraw
ore
Lump

ore

TTigh- Concentrated Mixed

intensity T, Dewatering | concentrated
- . —>

magnetic > unit ore
separation

Low- Mixed
intensity » Dewatering tailing
m i > unit

agnejuc Tailing
separation

unit
Useful
Roasti L.
oasting |ore Grinding
and dry > )
. unit
seperation
Waste
rock

the low-intensity magnetic production line (LMPL)

Mineral Processing Plant in Gansu China






