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Background — Distributed Generators(Micro Grid) —

B Background

In the 1970s
Mounting expectation and demand for control
methodology for Large Scale Systems

In recent years
Energy-Environmental Problems and Security

New Applications

) Clen asgy Network
http://dhitaipergreémst.etbricinés:

Transportation System

Power Plant
http://marukosugi.com/

http://gazone.morrie.biz/
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B Distributed Generators(Micro Grid)
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Information Structure with Delays
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,I,ll. : controller of ] th subsystem

z ;o state of ith subsystem

o U : input of ith subsystem
Dt : transmission delay L . . .
1. : information that i th subsystem can obtain

Ei: l th subsystem

D, : propagation delay

D, : computational delay

e. g I(t) = (z,(1), z,(t = 1), z,(t = 2))

. . . L) = (2, = 1), z,(0), z;(¢ = 1))

zZ,,U Z,,U Zi, U
PRI T L0 = (3= 2, 2, =), 7,(0))
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Distributed Control

B Distributed Control
Spatio-temporally distributed collecting and processing

of information

Bl Advantages of Distributed Control
Scalability Collecting
Fault Tolerance
Flexibility
Time Complexity
Economic Efficiency

Processing
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Past Researches of Distributed Control
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B Past Researches
From 1970s
Stability,21)° 22) Optimalityl) and Robustness
In recent years
Involving recent control theory 5)- 6)

Considering system structure 7 8), 9), 13), 15), 25),
26), 29), 30)

<L

We focus on Covariance Constraints’> ) 13)

and 9), 15), 25), 26)

Decomposition approach
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Predictive Control

B Predictive Control
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state trajectory

predicted state trajectory AL—n
V=

(updated)
mput sequence
L (updated) H

L1l
NN §

input se

B Advantages of Predictive Control

Considering Constraints _L _L
Energy Efficiency —)M—»
Ecology
Security _T_ T

Switching Control
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Objective

B Objective
We propose Distributed Predictive Control Laws for
Linear Stochastic System with Mean and Covariance
Constraints.
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Note: Mean and Covariance Constraints represent State and
Input Constraints, Power Constraint and Delay Structure.
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A

Output Feedback Control
B Problem 1

minTr P,V (V) + 3T OF (x(k).utk)
ulk k=0
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subject to x(k + 1) = Ax(k) + Bu(k) + Fw(k)
(k) = Cx(k) + v(k)
Y(k) = (y(0), y(1)...., y(k))
u(k) = g, (Y(k))
Tr 9V (x(k),u(k)) < 7,. Covariance Constraints

te Z,, x()e R"
ut)e R"™, wi)e R™, vi)e R"

k
E [X( )}e DcR"™ Mean Constraints
u(k)

Tr OV (x(N), i, (x(N))) + Tr P.V._(x(N + 1)) € Tr PV, (x(N))

o x e

x(N) e 0. for Feasibility for Stability

Centralized Kalman Filtering

Tokyo Institute of Technology

H Problem 2

0
min Tr PV (XN +1)+ k:_zwn ;1;1’ 0. V..(x(k))
subject to x(k + 1) = Ax(k) + Fw(k) te Z, x()e R™

(k) = Cx(k) + v(k) w)e R™, vi)e R",0, = H H >0
Y(k) = (y(0), y(),..., y(k))
R(k) = AR(k = 1) + K(K)(y(k) — CAR(k — 1))

X(k) = (k) = (k) Kalman Gain

Tr O,V (¥(k)) <7, Covariance Constraints
E ¥(k)e Dc R Mean Constraints
Tr PV, (R(-N + 1)) + iTr 0.V .(Z(k) = Tr PV, (3(0)

! x ! xx
k=-N,+1

for Stability




Output Feedback Control
B Lemma 1(Output Feedback Control)

Problem 1 is reduced to Problem 3.
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B Problem3
mm Tr PV_((N)) + ZTr OV (&(k), u(k))

k=0
subject to x(k + 1) = Ax(k) + Bu(k) + K(k)(y(k) — Cx(k))
Z(k) = (%(0), (1),... (k) Kalman Gain
u(k) = 4 (Z(k))
Tr OV(Gh),utk) <7, Covariance Constraints
R O]
E [ (k)}e D<eR"*™ Mean Constraints
m +Tr PV (X(N +1)) <Tr PV _(X(N))

o

#(N) e &, for Feasibility for Stability E

Decentralized Kalman Filtering

Tokyo Institute of Technology

B Problem 4
min Tr VLN, D)+ DT 0K 6D

k=-N,+1
subjectto x(k +1) = Ax(k) + Fw(k) ' te Z,, x()e R"
v = Gy + k) wt)e R™, v)e R",0, = H H>0
V') = ('(0), ¥ D),..., y' (k)
# (k) = A% (k = 1) + K'(k)(y' (k) = CAZ' (k - 1)
' (k+1|k)= 4% (k) Kalman Gain
k) =3 (k| k) Vi(k) = y; (k) if y;(k)e Y'(k)
¥ (k) = x(k) = X' (k) | yi(k) = CAR' (k= 1) if y,(k)e V' (k)
Tr O,V (X(k)) <7, Covariance Constraints
E X(k)e DcR™ Mean Constraints
Tr PV, (X(-N + 1)) + iTr 0.V (F(k)) 2 Tr PV, (3(0)

! xx
k=-N,+1

_— for Stabilit

An Example of Decentralized Kalman Filtering
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H Example 1
N @
o—0—0 =
N 2 Vs

VIO = (3,(0), 7, = 1), 35(1 = 2))
V) = (3t = 1), 3,00, 55t = 1)
Vi) = (3t = 2), 5,(t = 1), 3,(1))
V() =0,y =1,....y,(0)
K1) K K@)
K'()=| K@) Ky Ky
Ky() Kyt Ky
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Distributed Kalman Filtering
B Problem 5
min Tr PV, J(X'(-N, + 1)+ ZTr [ONANEH(3)) N, <N,
K'(k) k==N;+1
subject to x(k +1) = Ax(k) + Fw(k) te Z,, x()e R"
ylk) = Cx(k) + v(k) wt)e R", vie R0, = H'H 20

V'(k) = (' (©0), ' (0,0, y' (K))

F (k) = 4% (k= 1) + K' () (k) — CA% (k = 1))

R (k+1|k)= 4% (k) Kalman Gain

Ry =%k | k) yi(k) =y, (k) if y,(k)e Y'(k)
X' (k) = x(k) = (k) | y;(k) = CAX'(k =1 if y,(k)e YV'(k)
Tr QV(Z(*k) <7, Covariance Constraints

E ¥(k)e Dc R Mean Constraints

Tt BV RN+ D)+ 3 Tr OV, G(0) > Tr BV, (R(0)

k==N,+1

for Stabilit¥ n
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An Example of Distributed Kalman Filtering
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H Example 2

(&)

We assume that N, = 2.
V(1) = 31(0), 7, = 1)
V() = (3t = D, 3,(0), 7,(t = 1)
V() = (7, = 1), 7,(0)

Ki() Kp@ 0 Ky Ky() Kj0) o o 0
K=Ky Ky 0| KX =|Ki@) Ki() Ki(| K'©=[0 KL K@)

0 0 o0 KX KA KA 0 Ki(0 K30
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Centralized V. S. Decentralized
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B Performance V.S. Fault

min J,(NJ) + J,(N.)

_ J dJ,
subject to —2 <0 —~>0
dN. dN.

communication delay o< N, I, Jy
N, : number of computers

J,: evaluation function of performance

!
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J . : evaluation function of fault

——rrl)

Decentralized V. S. Distributed

B Performance V.S. Memory
Hz}/ihn "]p(Nh) +J,(N,)

daJ
subject to —2 <0 W, >0
dN, ~ dN,
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memory capacity o< N, Iy I
J, - evaluation function of performance

J,, - evaluation function of memory
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Distributed Generators(Micro Grid)
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Bl Distributed Generators(Micro Grid)
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D]] : Fuel Cell
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a ‘ E. : Photovoltaic Generation

% : Wind Farm
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| : Grid

Computer

: PEV/PHEV

@ : Customer

H Photovoltaic Generation and Micro Gas Turbines
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B Example 3
Problem Statement
Photovoltaic Generation

We predict the Power by Weather Forecast.

Micro Gas Turbine

¢ g

We control the Total Power by
Micro Gas Turbine.
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System Model of Example 3
B System Model
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R : power of 1 th micro gas turbine
P’ power of photovoltaic generation
AP': input of photovoltaic generation
u,: input of 1 th micro gas turbine

Pl,lll Pz,uz P3, Uy Wl.,W,, V; : white noise
Pt+D] [a b 0 dJB®] [1 0 0 100 0w 0
Ra+)| [b a b o|R@| [0 1 0 WO o100 wy(0) 0
Pe+D| |0 b a d|B®| |0 0 1 R R PR wy(0) 0
Pi+)| |d 0 d c¢|P®] |0 0 0 w01 1o 0 0 1 W@y | | AP
n@ L O OfAO| [1 0 0fw@
P%{lﬂP+F1%4
y5() 0 0 1] A® 0 0 1w
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Optimization Problem of Example 3
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B Kalman Filtering
min S E a5 6 - H0f + 0B - £ +p 0 - Hbf

subject to
Tr O, (P(k) - P'(k)) < 7,
E P(k)- P'(k)e Dc R"™™
B Predictive Control
min Y E (B (6) - B0 + .m0 - B®f +a(r ) - B +
wok=0

() + " (k) + (k)
subject to

Tr OV (P'(k),u' (k) < 7,

E {ISL (k)} eDcR"™
' (k)
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Conclusions and Future Works
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B Conclusions
We have proposed Distributed Predictive Control
Laws.
We have considered Optimal Decomposition.
We have introduced Distributed Generators(Micro
Grid).

B Future Works
Simulation of Distributed Generators(Micro Grid)
Precise evaluation of Time Complexity and Fault
Tolerance
Considering Spatially Inhomogeneous Disturbance
and Optimal Decomposition

Considering Plug and Play Control ﬁ

Appendix
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1. State Feedback Control Law
2. Numerical Simulation

3. Decomposition and Coordination

State Feedback Control

B Problem1 N
n}igl Tr PV, (x(N))+ Y Tr OV (x(k),u(k))
utk k=0

Tokyo Institute of Technology

te Z,,x()e R™
u()e R™, wt)e R™
subject to x(k + 1) = Ax(k) + Bu(k) + Fw(k)

Tr O V(x(k),u(k)) < 7, Covariance Constraints

k
E [x( )}e DcR"™™ Mean Constraints
u(k)

Tr QV (x(N), tfy (X(N))) + Tr PV, (x(N +1)) < Tr PV, (x(N))

e

x(N)e O_ for Feasibility for Stability
vewruy =5 " OTOT ) = Extor @, 00
(x(k), u(k)) = ) | utiy | * W (x(K)) = E x(k)x" (k), O

state trajecto Q, : symmetricmatrix, » = 1,2,...,m
Predicted state trajectory O, : maximal output admissible set
(updated)

imput sequence

Example 1
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H Example 1

Z(t+1) By Ep 0z Y, 0 0 | u, () Q, 0 0 w(@)
L+ [ =8, Ep Exnlz@|+] 0 Y, 0 |u,®|+ 0 Q, 0 ||w(@)
{23(2 +1) { 0 E, 533:||:23(t):| |: 0 0 Y33:||:u3(t):| { 0 0 QJJ:||:W3(IJ
zZ(t+1) B z(t) Y u(t) Q w(t)

Il(t) = (Zl(t): Zz(t__l)y Z3(t ;2)) Zi: st ¢
L) = (=D, 20, z,(=1) fi: MELUL ISRz, Uy

] .Zﬁ 2 .
;¢ information that'l th member can obtain
I @)= (z1 (t=2), z, (t -1, z, (t)) W, : disturbance of I th member

< | Communication Delay is reduced to Delay of Disturbance. |
Li(#) = (z¢ = 2), (@ —1), w(t-2), w(t -2))
L) = (2(t = 2), w(@ = 2), w,(t = 1), wy(t = 2), wy(t = 2))

Ii(1) = (2(t = 2), wy(t = 2), wy(t = 1), wy(r = 2)) )




Mean and Covariance Constraints

B Communication Delay B Power Constraint
E u,@Ow,(t-1)=0 E 27 (00.2(0) + u” (0Qu(t) < ¥
E u,(Ow(t-1)=0

E u,()w(t—2) = 0 Note: An Extended State

E uz(t)Wl t-H=0 Realization
E u,(Owy(t —1) = 0 r 00 H m
A=[0 0 O, B=|0| F=|1
E u,(Hw(t—1) =0 | |
E u,()m(t-2)=0 0 I(t)() 0 0
E u,())w,(t =1) =0 X0 = | we—1)
B State and Input Constraints Wt —2)

E [z(t)} P
u(t)
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Stability and Optimal Solution
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B Lemma 1(Stability)
If the following conditions are satisfied,
Te OV (x(N), ty (x(N)) + Tr PV (x(N +1) < Tr PV, (x(N)
x(N)e O,

then
lim ¥ (x(0), u()) = 0.

B Lemma 2(Optimal Solution)

Problem 1 is reduced to a Convex Optimization Problem
involving an LMI.

Numerical Simulation

B Simulation Setting
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1
min Y E 150z, = 7,)" + 150z, = (2, = 7, )" +H150((z; = 1,) ~ 2)° +
k=0
Ful o+l
subject to

1
S E 150(z, — 1,,)’ +150(z, = (2, = 1,,))* H150((z, = 1,,) — z)" +u; +u; +u; <1
k=0

1.5

E uw, =0, 3i,j
Eu|<1,i=123
7, (8) = sin(27 /120)

gt N0

time

Example 2
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B Example 2

rTTT T T T T T T T T T T

1 1
1 I . ,
: ! 1 I

1 I
LIl Iy Z3 Uy

Subsystem 1 Subsystem 2
We assume that N = 2 and we decompose only Inputs for
simplicity.
Input Sequence:
U©0) = [1,(0) u,(0) us(0) (1) (D w, (O]

_- N
/ \ﬁsﬁ A
0,0 =@ 6O w0 O] V.0 =0 wo Ko wol
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Lagrange Multipliers
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We use Lagrange Multipliers.

VO =[O w0 O w60 w® wOf

P \\
4// \\
U0 =l© ©© wo 0] .o =k wo Lo wof

Note:
A, (5(0) =15(0) = 0, A, @i (1) — i (D) = 0
4,20, 4,20

Decomposition and Coordination
I
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B Lemma 3(Decomposition and Coordination)
Problem 1 is solved by computing Partial Optimization
Problems of each subsystem and updating Lagrange Mul-
tipliers(by Gradient Method) .

Note: Lemma 3 shows that Problem 1 is solved by Distribu-
ted Information and Distributed Computing.




