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Backgrounds
Smart Grid o 1
- Two-way energy management system - - =
Optimal Power Dispatch of Power

between supply and demand side } Eﬁ@ =2
- Use of renewable energy (ex. solar, wind)?i &

Environmental conservation

g

-
Alternative energy of conventional energy
Decentralization of energy
Outputs depend largely on weather
I::> It is more difficult to satisfy supply-demand
balance

Centralized and Distributed generations(renewable,
battery) need to allocate electricity to customers

in a coordinated way
No design policy of optimal power disp:

Technology
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I:> Non-cooperative game J\t/'

« The solution to the problem = the equilibrium of the game
Applications : resource alocation, sensor coverage
Advantages

« robustness to failures and environmental disturbances
« guarantee global convergence < improved scalability

. Design policies of objective function
=) Potential game has

Learning algorithms

’— Objective of thiswork

To apply potential game to optimal power dispatch problem
of power network
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Potential Game
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E Objective (Game-theoretic Control) E Definition of Game
Game-theoretic approach | il ® Playerset N = {1,---,n}
« Agents are self-interested ™1

@ Collection of action sets A = Ay @ ... X An
Agent i’saction set : A
Agenti’saction: & € Az
® Collection of objective function & = {Uy,--- U}
Agent i’sobjectivefunction I : A =R
Every agent chooses &&; to maximize I
= Gane G =< N, A, U > .
Nash equilibrium s
A pure Nash equilibrium is an action a* € A

N NEA_B

suchtha ¥i € ¥ ) ?.%' A22)(L0)
Ui(a},a”;) = max Ui{ay. o ;) LY
(¢—€=(ﬂ'1!92!"'la!'—lsai+1l"'!“’l]) NE

® Potential function (global objective function) ¢: A — R

¢ : max |:> Objective of agroup is achieved
Potential game

A game F =< N,.A, &/ > isapotential gameif thereisapotential
function ¢ suchthat i e N, Ya_; € A; and vaf,af € A;,

UI(“;: a—l') - UI(“?: a—") = ﬂﬂ:, G_.') - 4‘(“?: a_;)
Key property

(Ex) Payoff Potential

) A_B A_B

-the_gpar_anteed existence of aNash A(ZZ)(J,O) A(Z\ 0
equilibrium

« Local maximaof ¢ are Nash equlibra B|(0) (4,4) B|0|3

L . . X Global objective
|:> Application of appropriate learning algorithms

Technology

maximize é a
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* Optimal Power Dispatch Problem
* Optimal Power Dispatch Game

» Conclusions
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Power Networks

¢ Node V=BURUD Ry By B,
R A <--> s (--->

Battery: B={B;jli=1,--- ,ng} ,M 24 AN

Renewable energy: ',' l / l \ I ,." “.'

R={Ri|i=1‘-"7“k} ‘Dl-'u Dﬂ- ui - E

Demand: P = {D;l¢=1,--- ,mp} ° / \ /,D:'

e

eLink E=VxV u -e-->.‘},z,;,
Energy flow: £p — :> Graph: G = (V,€)
Information flow: & ---->
Battery dynamics:
ZB:M =bi(k—1) _Z upi; (k)i € B
battery level JENDB.:

Upij < 0 : charge
Npp,i: setof D;

can be supplied by B; ﬂ

Power Networks
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N A £
;‘34 N €
il <> ik <
Generator R

Itisdifficult to satisfy supply-demand balance by only renewable
energy and battery.

Generator adjust supply-demand balance:
DB =ung(d+ 3. wuB+ Y ualk)

EARD.; ENED,;
Supply of renewable energy and battery
Nip,;: setof D; can be supplied by R;

Npp,; : set of B; can be supplied by By
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1
Supply of generator

E Optimal Power Dispatch Problem
Assessment functions
» Maximize supply from renewable energy L %e‘\—i lA
Tn=3 was (r-(k)— p -w-(k)) ‘M‘ Bt N
ER "DRA

AN ;'& 4 '\u/ "f"
6

» Remaining battery level = desired level:
Tu =Y wies (Beeny — Bal))

(15 ]
» Minimize electricity prices (fuel cost):

Jp= E wp giaz (k)

Iz

=’);un,, (d,(b)—( Y wlk+ E "lu(l')))
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|| Optimal Power Dispatch Problem

Constraint conditions
» Supply of renewable energy:

Tokyo I nstitute of Technology,

k) 20 Y uyxn
FeNpws

» Supply of renewable energy: wei{&} >0 <— running cost
ditk) = wgi(k)+ 3, g+ Y walk)

TENED.4 EA Dy
D X wlkl+ 3. walk) <dylk)
A, PENRD, 5
> Battery capacity: bi(k) & [0, Br mue]
» Battery’s charging and discharge rate:

2

D4

< &y

Objective: minimize each assessment function under

constraint conditions m
Jechnology
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* Optimal Power Dispatch Game

» Conclusions
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Optimal Power Dispatch Game
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o Playerset N ={1,---,n}
Renewable energy, Battery
@ Collection of action sets A = Ay X ... X An
Supply of renewable energy and battery: ty , 23
® Collection of objective function & = {Ufy,--- ,Us}
® Feasible action sets f{u) = Hy{a) x --- x Rula), Ri(a) C A;
Constraint conditions
o State X = {Xq,---, Xp}
Battery level
® Transitionof states PP+ Ax X — X
Battery dynamics: b;(k) = bi(k — 1) = > (k)
JENDB,i
= StrategicgameI” = {N, A, U, R, X, P} F




Optimal Power Dispatch Game

Design of each agent’s objective function

- Potential game at state &
A gameisa potential game at state x if there is a potential function¢:
suchthat Wi € N, ¥a_i € A and Vaj € A;,

[Il(a:! “‘—I'r;) - Ul'(“! 3) = ¢(“:|a—‘ir 3) - QS(Q,I)
g (a5 ={on, 02, 104 1, 0441, 1 ag))
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|:> At each state @, optimal power dispatch game has
Nash equilibriums

Nash equilibrium at state =
A Nash equilibrium is an action &% € A such that 3z,
Us(o},a” ;, ) = max Uila;,a” ;,2) VieN
a;EA;

Loy _mnmﬂ

Optimal Power Dispatch Game

Agent : Renewable energy, Battery  Action: @y, 3 y N
Potential function (global objective)
&{er, ua, b) = —gnfn — anlr — antp
Each agent’ s objective function: g, 4R, 48 : weight
Renewableenergy R; € R .
Ups=— ). uwp;|dik)- ( > el 3 ﬂb'(k)))
JEND= JeNmny

L= R

—was (nm— p -w{lr])

FeNDa.
Battery 8; € B: 2
Vo= - Y wps (x,-(k)—( Y we®+ Y ﬂui(")))
FENDR. FEMen 4 fENao 5

—wg s ey — W{R))*
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|| Optimal Power Dispatch Game: Example
Assessment functions Payoff matrix Renewable energy
Ip=0B-u—w) (d=3) ¢ 0 1 2
Ja=(2—u) (r=2) 1

Ir=(1— (b))’ (brog =1) 0| (9199 |(41-41)] (1110
Potential function -1((160-164) | (:90.-91) | (-40-40)
é=—10dp — Jn— Jg :
Utility %
R:UR=—10JD—JR m

1 0 1 2

1| (-41-44) |(11-11)| (-1.0)
0| (-90,-94) |(-40-41) | (-10.-10)
-1/ (-161,-164) | (-91,-91) | (-41,-40)

B:Up=—10Jp—.Jg b=2 0 1 2

Actions /1 (40-44) |(10-11)| (00)
R:u-=1{0,1,2} Brana 0 (-91,-94) | (-41,-41) | (-11,-10)
B: “={_1!ﬂv1} -1
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iy Optimal Power Dispatch Game: Example
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Best response Renewable energy
ni=n!.l:gzvi(ﬂi:ﬂ—i:b) h=10 0 1 2

1
Equilibrium
01~ (-91,-94) 241,-41) 1311,-10

-1] (-160-164) [ (-90,-91) [ (-40,-40)
b=1 0 1 2

810,10)
-1| (-161,-164) | (-91,-91) | (-41,-40)
b=2 0 1 2
1| (-40,-44) - ©0.0)

Equilibrium
[u:l“:!b‘] |:> [u;,l),b"]? -ll
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Convergence Analysis: Renewable energy’s action
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z

Um=—ﬁ§: =0 (d,(k)—( > w(i)+,e§mm{i)))

‘om.a JeNwD 1
7] (ﬂ(*) - ¥ Iu-u(i))
FENDEY
« Renewable energy’ s action is not affected by battery state.

e O T T o (g

Hn >0 (" constraint conditions)

Betyiy

» Renewable energy takes action to increase his supply.

* Renewable energy’ s action has upper limit: m;: ety STy

I:> Renewable energy ' s action change is finite. EI

Convergence Analysis. Battery’s action

Tokyo I nsiitute of Technology,

Assumption
{Batery By saction set: Ap; = {—6;, 0, dib;}, L.); a.,,{ =& ]

Ua= - 3O ..,,_,(g,(;)_( Y w3 q.,(n)))l-m.-th._.f—km)’

i eNao. s teNany
« Battery’ saction is not affected by other battery’s state.
« Battery doesn't take action to restore battery’s state.
proof

Assumption:

Ugi{0, b:) < Ups(usiz, b — 6&)@

Ugi(0, bs — 885) < Ual—tsis, bs)




Convergence Analysis. Battery’s action
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A=dy— Y wy O=bg-b
EXap.y

oo
®: -3 "'ﬂ-f( - W)’—ﬂng(9+&£)’

FeNBRa ENun
a
) -5
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wps (ﬂ Y o +-m) — wp, &7
ENpo AR
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Convergence Analysis. Battery’s action
D@2 F enfa- T o)
HNDEs Mo, AT}
> 2 -w(ﬂ— P -u) ¥ -W(A— pN -.u+...,)
F oY ANy F o Lo i)
SRR SRR

¥ peNom: TOS (ﬂ- Focheos 'w)l+ilssnr... ©p.5 (ﬁ = XN o g1 T +-w)=
3

>

Contradiction! (-." property of convex function)
*. Battery doesn’t take action to restore battery’s state.
* Battery has constraint: Bk} € [0 Bs zrveee]
Ap; = {—58;,0,55)
I:> Battery B's action changeisfinite.
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E Convergence Analysis: Optimal Power Dispatch Game
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o b Upy. Uy oo
| — quiliprfium
* Best response; a; = mrg max Dy, oy, B) o
« Renewable energy R's action changeisfinite.
* Battery 8;'saction set: Agy = {—d;, 0, 58}
« Battery B’saction changeisfinite.

Optimal power dispatch game
I'={N,AU R X,P}
has a stationary state (equilibrium).

Stationary state (equilibrium)
s, b = [uf,0,5%]
B, . -
E{uﬂ o, b‘) =0
Tengoy _mmﬂ

T Conclusion
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Summary
> Definition of optimal power dispatch game
»Analysis of optimal power dispatch game
Convergence to equilibrium
Future Works
»Analysis of different configuration of power networks

»Simulations B i <& —

Check{ﬂ’sandk’sactions l / |:>l

equilibrium -

-s i
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Convergence Analysis. Battery’s action
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A=dy— Y wy O=bg-b
EXap.y
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Convergence Analysis. Battery’s action
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E Convergence Analysis: Battery’s action
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iy Convergence Analysis. Battery’saction
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Contradiction! (-. property of convex function)

.". Battery doesn’t take action to restore battery’ s state.
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Architecture for Potential Games and Utility Designs
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Utility Design Cost sharing methodol ogies
- Playerset SC N, ie8
Wonderful Life « Wonderful Life Utility (WLU)
Shapley Value i .
\Weighted Shapley Valu Foli, 5) = W (5) - WAS\ §ih
* The Shapley Vaue (SV)
[ Potential Games ] EHES) = Y wlW(8)— WS\ {}
Gradient pl e
racient piay I|s] - [7] - 1)1
Log-linear learning wy = %
Learning Design « The Weighted Shapley Value (WSV)
Distribution | Existence of | Potential | Budget Tractable Informational
Rule Equilibrium | Game | Balanced Requirement
WLU yes yes no yes Medium
SV, WSV yes yes

yes no High
Tetodons _mmﬂ

State-Based Non-Cooperative Design
State-based games

« Utility function Tj{e;, &, ) m

« State transition function P : A x X — Af{X): the set of probability
distribution over X
« Each player selects an action to maximize his expected utility

= aift) € arg max,, (e 4, E[UVila{f), 2(1))]
« x{f + 1) is chosen randomly according to P{a{t), x{#}} € A{X)
State-based Nash Equilibrium [, 2]
for every 2’ in the support of Pa*,=*),
Uilaf, a%;, :t') = Eg}‘ Uile;, a2, I’)

J3¢:.A— R suchthat af € .4;

[Stateb&d Potential games ]

U-'{G;sﬁ-i--") _Ui'(a! 3)}0#¢{°;!¢—i)_¢(¢) >0 ﬁ




Priority-Based Distribution Rule

state = priority =) | Priority-based
4§ - the priority of player i _| ¥§ < ¥j: i hashigher priority than |
at resourcer 7 =1 :top priority
State dynamics : first in first out (FIFO)
* Multiple players seek to join aresource simultaneously
=) Theorder of the entering players s randomly chosen

caffy=aft— 1) = x(f + 1) = o1
~ Priority-based utility Uz{a’, 2) = Bpgar ) Vila’, 2") ———
Expectation which &' ischosen : Bpar,s) #f:={jcN: o < x5}
Marginal contribution : Vifa, =) =} (W (]) - W&} \))
FiEH)

Tokyo I nstitute of Technology

-

: Distribution Rule | Budget Balanced | Tractable| PoS | PoA

Priority-Based yes yes 1 1/2 EI
JLechnology




