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Introduction

Power Network _
anetwork to send from various power "'“'"‘”.‘;—-'.’J —
supplies to each consumer

Optimal Power Flow(OPF) =
optimize a certain objective over power .
network variables o

Econstraints
(bounds on voltages, line loading, etc.)

——) we must optimize under certain constraints

Hrenewable energy
(solar, or wind power, etc.)

output fluctuates widely and randomly, but predictably

=) formulate an optimal power flow problem with battery
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Introduction

OPF has been studied static optimization, but...

Introduction of battery
Dynamics of battery in OPF

Desired Control
formulate a OPF of power network with
storage across multiple time periods

distributed predictive control
—predictive information in the future

: appllcable[_ constraints

« only by local information
[ objective of thiswork ]

Optimize power consumption by applying the distributed
predictive control control to power network
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Power Network - example
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Node

*Demand D1.D2.D3  «Generation G,
*Battery Bi, Bs, By +Calculator
*Renewableenergy Ri, R», R3
Link

pG = {(G1,D1),(G1, D2),(G1, D3)}

FDR = {(Ry, D1),(R2, D2),(Rs, D3)}

€ ={(B1, D1), (B2, D2), (B3, D3)}

Utility '
*move battery level closer to target level ‘
Ditrbuted

ecurb costs Staraged1 Soar]
sequate supply and demand

Constraints
*Cannot charge battery more than the supply by the others
*Supply is aways nonnegative (without battery)
«about battery level
«Upper bound M in the sum of the supply to some demands
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Power Network

Network structure
be composed of several different links and nodes

B Node V=DUGURUBUC

Demand D — customer ) i
Generation |G — nonrenewable generation 3 -
(Gas, Coal, Nuclear, Hydro, etc) Lo, [%1]  —<—

Renewableenergy R — renewable, variable
(Solar, Wind, tidal force, etc.)

Battery B — distributed storage
Calculator ¢ — scheduling flows of electricity

W Link £CVyxV

energy flow &5 { to demand Ep

to battery o
battery info Es —>
information flow &; 4 Predictiveinfo Ep --->

communication info €c
o ey ﬁ

Power Network

W Signd k=0,123 -
*Renewableenergy u,.;, D; € Npr.;
Wbr.i = {D; € D| (Ri, D;) € Epr} @ @

. D; set that can be supplied by Renewable energy Y
DR,

*Generator tgij, Dj € Npai
Wha.i = {D; € D| (G, D;) € Egr}
: D; set that can be supplied by Generator

CIORRC

Battery upij, Dj € Npp.i Npga
(Bi,D;) € Epp & (D;,B;) € €p ’
Demand that can be supplied by battery
can charge the battery oppositely @
Npp,i ={D; € D| (B;,D;) € Epp} @ @
2 D; set that can be supplied by battery Npp,i
Nppj ={B; € B| (D;.B;) € £p}

: B; set that can be supplied by Generator upi; < 0 means battery chargiE

Power Network

Problem of this system

«Instability of renewable energy
Mainly controlled by the weather
= Itispossibleto predict at somelevel
*Dynamics of battery
Fi hi(k+1)=bi(k) = > wi€B. (1)
Past information j€ND5.i
b; (k) : remaining battery level

We must use dynamic optimization across multiple time periods
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predictive control

Utility function  minJ = (O™ HUN + h (b)) UN
Congtraints st AUN < B(bo)

Predictive control
1) solveoptimal control of finite horizon by the state X, at the
timek
2) input the first step of the obtained input row
3) inthe next time step, return 1) and repeat

ew pred-|<-:l|ve value
Gate trajedory C FAECOY
input
u

New predictive value

in.state trajector X A
aecpry in state trajectory

State trajectory

input row

o B —

predictive control

Utility function
utility requested on power network

i J=qg..J ] J
u(k),I}Cl:u(},”wN qaJa + apdy + 444

ol

- -.-....ai'

o = Z Z wp.;
k=01ieB battery
B Curb power feeding from generation for the costs <
N
Va=D_2 > waiig(k) b (3)
k=0i€G j€ENDG,i
HWBring supply close to demand

N ¢
UEDIDY “’D.j{ Z“gi:‘(éﬁz?‘rm(q +Z“’>i1‘(k)JJLdJ(k)}>2 b4

k=0j€D i€ENGD.; i€ENRD.; i€ENBD.;

) Generator  Renewable ener Batter Demand
[ — w




predictive control predictive control
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Congtraints Predictive control problem

™ Supply by generator and renewable energy is always nonnegative All the utility functions and the constraints are defined
ugii (k) >0, up5(k) >0 t--(5) by convex function, so the combination isfree -

ECannot charge battery more than the supply by the others L( %, I,?:lf)l N J=qada+ ads + 497,

subject to (1), (5) — (9). e
(0) = boy ri(k) = ronsd; (k) = djpyi € R,j €D,k =0,--- | N

iENGD. i i€NRD.;

HmRenewable energy is distributed by demandsin Npz

ri(k) = Z iz (k) TR(D)

JENDR,i

Quadratic programming problem
Utilty function  minJ = (U)" HU™ + b (bo) U™
Z Ugij < M, M >0 < (8) Constraints AUN < B(by)
FE€Dum.t
mMaximum battery level optimal control of finite horizon
bi(k) € [0, Bimax = (9) method : Primal-Dual Algorithm

o - | e T —ll

predictive control Outline

Primal-Dual Algorithm
Primal :  minJ = (O HUN + h (b)) UN [AUY < B(bo)

@ Lagrange-Dual (U™, ) = ~NAUY = B(ho))

Dual : 1)1\1;1()](D(/\) = Iil';l())({l[l}i\glL(U““/\)} * Power Network

e |ntroduction

™) HUN + b () UN

Primal : convex function
Dual : concave function

<

Optimized solution is the saddle point
by both variables

TN = ( 9D ) Update ; oD .
prasdl I A=—[= T
OUN )y~ , dternately ON ) yn s
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Power network tends to become large-scale Simulation model — Predictive gntrol, Central control

=——> Theamount of calculation becomes huge U'
Distributed Control -
Each grid controls only by local information ”'" b N "" : o] l ""’T ol
+
Centralized control Distributed control s ix |—§|[‘" |—g|[ l_ﬂﬁil"[[! I—’Il ,—JID ‘l—t l
Q=0 Q=0 e )
link1 link2 link1 link2 i B ' i | L ;

>\1 >\2 )\3 <\u2 m/, .
calculate A2 A3 P
calculate falcul calculae Need information on all variables in power network

When the network becomes large-scale,
[t Y

communicate relevant information amount of calculation becomes huge.

to decide /\m b
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Distributed Control Distributed Control - Simulation block
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Block diagram — Distributed predictive control Block diagram — Predictive control
& solar panel Lu, (k
Building 1
M‘_’T M= Mapi |1 _ g1 (k) 1
- - | imal
"L " \ PR SN i< 'm!' w1 (k)
”il‘_lﬁh Hﬁmlm ”,‘,‘l[n |[. 7 | toss JDs 00} Do 1110 W D10 ﬁ ) |
el m mTim i i | bi(k) |
By e o I V7 SRR WV ey ! G '
A ] ] ] A ____ !
ey } } o IR DR
| e . . g - solar panel 221 (k)
Building 2
; ; o 9 v Upper bound in the sum of
= > Primal the supply to 2 demands
TFIerei 0 gcommon weight variable |EA‘°"_°I|‘ T >!.l_‘lt)ual'l —® @
each calculator needs only ocal Information \ ﬁ c ot variab!
ommon weignt vari e

\ even if the network becomes large-scale, ! dy(k)
amount of calculation of each calculator don’t becomes huge.
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Distributed Control - Simulation block Distributed Control
Block diagram — Distributed predictive control ,.;J In power network, for a certain demand j
solar panel 1u,, (k) 5 Utility function
N
Building 1 .j_ R IR )
kiU i€NBD,; [
Y g1t (k v B — Jgi = Z Z ""G,u"_iu .,.
- Pfl ma' BTy Hmt A;oze,'\fup,, - |
- [=—1 i
o H Dud BTy @ = Ja= 30 wn Y () + D (6) + Y s () = dy ()?
1 T k=0j€D i€NGn,; A i€NBD.;
1 dy (k ) )
. )| S . ! Constraints coupling
solar panel 2,12 (k) 6 — o communicate these information
Building 2 to decide common variable
‘.:j— 1| Allocate weight variable X, , 6) —s t,45(k)
communicate only information
Y U1 (F)—¥ on the variable used (N —
X Primal [11- Plant
Predict| = = ¥ H o1 (k
m b2 )bz(lf)| (8) —_
! %k | 0 — G () [0 Bimas), i € Nip,;

b - — 1
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Outline Simulation model

Constant 3 "'A
fr = G6[min] 5
. fzs = 0.0005, gqq =10, g, = 0.1
e |ntroduction Bimaz = 50kW], by res = Bi.maz/2
b1(0) = 10[kW’ ol A
* Power Network M, = 6.0(kW], Mz = 9.0[kW], M3 = 10.0[k W’
L simulink
e Predictive Control Utility function ”:>
o use(2),(3), (4)
» Distributed Control w1 T = aadat ads 457
. . Constraints
° S mulatl on u,,,,(k) >0, uri,j(k) >0 .XD: Ugij + T =M, 1 >0
o N J€Ds,
wpij (k) > ugij (k) — wpi(k)  milk)= D7 wnijy i€ Npy
JENDR,i

a bz(k)e O’Bi,maz j€Dk=0,---,N ﬂ




8 E

Simulation

r-F| FERR—

g - i hr e,
T . h P e ¥ oy
g T e e e
g ® : Whenitr T —— :renewableu,,
i X% | i1theupper bound, 1~ :demendd,
\ HEEN . | ——  :generation Uy,
G Ve o thebatteryisused 1 —— :pattery uyy,
fimgh ™7 P Lo m Ao :demand - supply

Time Responses of B,'s Battery State
& .

-~

] I i ]
time hf
Upper bound in the sum M of the supply
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. timefh] -
Time Responses of Di'seach Power Transmission e

Conclusion

eIntroduction of generalization power network

eIntroduction of distributed predictive control

*Application of distributed predictive control
for adynamic OPF

evalidation of the utility of distributed predictive
control by simulation
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