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Smart Grid ‘
- Two-way energy management system B s
between supply and demand side ‘ -
= Use of renewable energy (ex. solar, wind) ==
Objective: accomplishment of the following m
three points

 Environmental conservation
Reducing CO, emissions
* Energy security
Diversification of energy sources
Central power plants (ex. Thermal )
{Distri buted generations (ex. Renewable, battery)

I:> Risk management for energy

» Economic growth — Building new energy industry n
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Objective (Optimal Power Dispatch)
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Outputs of renewable energy depend largely on weather

I:> It is more difficult to satisfy supply-demand balance
|:> Optimal power dispatch for customers

Centralized and Distributed generations (renewable, battery)
need to allocate electricity to customersin a coordinated way

No design policy of optimal power dispatch

=) Game theoretic approach A

Objective (Game-theoretic Control)
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Game-theoretic approach ql o i
« Agents are self-interested e o Al
|:> Non-cooperative game /\"/ = t,
* The solution to the problem = the equilibrium of the game
Applications : resource allocation, sensor coverage
Advantages
« robustness to failures and environmental disturbances
« guarantee global convergence < improved scalability

) Design policies of objective function
=) Potential game has , _
Learning algorithms

To apply potential game to optimal power dispatch problem
of power network

T — _M

[ Objective of thiswork

Definition of Game

® Playerset N={1,--- ,n} y K
® Collection of actionsets A= A1 % ... x A,
Agent i’s action set : A;
Agenti'saction: a; €.4;
® Collection of objective function T = {U7y,--- , UL}
Agent i'sobjectivefunction I; : A = R
Every agent chooses @; to maximize Ij;
) Game G =< N, A.U >
Nash equilibrium

(Ex.) Payoff Matrix

Player 2

A pure Nash equilibrium is an action a* € A NEA B
suchthat ¥i € ¥ o

et o) — e Vsl 4 A22]a0

et arCA; P z B|(0D)(44

(tl_{=(ll1,ﬂ2,"' ,a;_l,a;+1,---,a,.]) NE
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Potential Game
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® Potential function (global objective function) ¢: .4 — R
¢ : max |:> Objective of agroup isachieved
Potential game

A game & =< N, A, U7 > isapotential gameif thereis apotentia
function ¢ suchthat ¥ € N, Ya—: € A_; and val,af € .4;,

Ui(a;ra—i) - U,(af',a_,) = ﬂa:r a—i) - ﬂﬂ?, n—l')

Key property (Ex.)  Payoff Potential

. A B A_B

. the_g_uaranteed existence of aNash A(ZZ) w0 A( 2\ 0
equilibrium N

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

Global objective
I:> Application of appropriate learning algorithms

maximize ¢
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e Optimal Power Dispatch Problem
e Simulation
 Applying to real-time

» Conclusions
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Power Networks
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0Node:V=gu'RUBUD R l
Generator: & = {Gili=1,--- ,ng} <> <> [ili

Battery: B = {B.l:—]---,ng} *“41/”‘1\1:' i

Renewable energy: ', Dy,
b Ll L 'I -

R I AN Y
Demand: D — [Dili—1..--.m SN N
{ i| 7 : D} A .(—-->‘. o

®Link E=V XV R,
Energy flow: &p —> =) Graph: @ = (V, &)

e

Information flow: £ ---->
Battery dynamics
Yp: bi(k) =bi(k—1) - Z“bw ),i€B
battery Ievel JE€ENDB, g <0 charge

Npg.i: st of D; can be supplied by B;
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Optimal Power Dispatch Problem
Assessment functions r w, 8 B
> Demand = Supply: T i1
Tp = |d — (g +ur +w)| iy, T
» Minimize electricity prices (fuel cost): ‘
NG %
D = |l
> Maximize supply from renewable energy: 4 : demand[kw]
Jr=|r —u,| R sobjective r : renewable's output[KW]

» Remaining battery level = desired level: b : battery level[kw]

JB =|bres —b|  B'sobjective by : desired battery level[kW]
Agent : Renewable energy, Battery ~ Action: iy,
Central power plants adjust supply-demand balance:

Jh —(] D’s objective
u, = d— (v, + us) I:>{ D '

— Jp = |d — (ur +us)| 0
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Optimal Power Dispatch Problem
Ip = |d — (ur +ws)] rou 4w b
JR=|"—“|-| ok — % — il

|:> Potentlal functlon (global objectlve)
&(u,, wy) = —wpJp —wpJp — wplp
won, wr.wH | Weight
Each agent’s objective function
Renewable: Up(u,,us) = —wpnJp —wrip -
Battery: Up(u,,us) = —wpJp — waJs otential game
Sketch of Proof (Renewable)

Unly,. ) — Un{wy, )
= —wpJp(u]) — walp(a)) + wpJplu.) + walplv,)

= gla] ws) — d{u,, wp) Same applies to battery
Learning algorithm

I:> Payoff-based Inhomogeneous Partia Irrational Play (PIPIP) [6]@

.r"-"

H Payoff-based |nhomogeneous Partia Irrational Play (PIPIP)[6]
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Each agent knows only the 2 last actions and utilities:
ai(t— 1), aift —2), Usla(t — 1)), Uilalt - 2))

» Case 1 Ul(a(t — 1} = Uslaft — 2)) Exploration rate : &{f)

probability Falurerate: &
1-ef) et =wlt—1)
&lf) - &i{t) is chosen randomly except @:{# — 1) and a{f — 2)

» Case 2: Wifa{t — 1)) < Ui(alt — 2))
Ay =U(alt — ) — Vifaft - 1)) < 1
ft) * a2} is chosen randomly except as{t — 1) and a;{t — 2)

(1 —s{Bke®  : as(f) = et — 1) <— Mistakel
(1 —(t)(1 — k)’ aslt) = ast — 2)
=) Determine @i(#) and calculate Us(a(#))
» All agents can take their action at the same time

» Convergence to optimal Nash equilibrium m
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» Simulation
* Applying to real-time

» Conclusions
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Simulation

Simulation setting
* Sampling time: + = 10[noin]
* Battery: b0} = 2[kW|
ans = 5[kW]
Bres = Bonae/2 = 25(kW]
* Weight: wp =wr = 0.6 , weg = 0.01
« Actions:
R uy = {0,0.1,02,--- 7} inincrement of 0.1
B: wp = {b — Bz b — Bryu +0.5,0— By + 1, -+ - , b}
e PIPIP: 2000step === distribution in increment of 0.5
 Constraints
No reverse power flow - =0, d — (ar +up} = 0
Battery capacity 0 < & < Bues
Amount of charge s = —uy
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r [’ Y fl
Ak — % — il
d— (uy + ) T
.r"-"

Simulation (& = 0.01, k = 0.5)
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Supply-demand Renewable

i s iz s 2 % G

1z 18 24
time[h] tima[h]
Battery.
— :demand d
Pl | .
— :generation & — {u, + ug)
H —
3l bres = 2.5]KW] :renewable ¥
5‘2' | —— :renewable s
£1 1
mnt‘:ﬁmﬁw: —— :battery level b
o 6 (7] 18 24  battery 2k

tirsa[h]
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Simulation(g-:(),Ol, k:D_5)
: 1000 am. yo Institute of Technology
" "Optimal Nash equilibrium
02

g g ]
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N /‘7 :“'l"\ " “ -1

9:00 am. 10:00 am. . ! i |
40 500 1000 1500 2000

s 9:00 am.
05

» can reduce fuel cost by

renewable energy and battery - -os ofjoptimal
E= ¥
> not always converge to optimal 5 o
Nash equilibrium o
=1.1

g 500 1000 1500 2000
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* Applying to real-time

» Conclusions
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Applying to Real-time
At firgt, Battery level
Oy, up) Actually, oy, ug, b)
Up(ue,up) T Ug(uy, vy, b)
UR(uﬂ ‘I.Cb) Up (u!'r ﬂh)
Ex.

Hlur, up, b} = —|3 —u, —up| — [2— ;| —|L—b|
Attimet- 1:
ue(f—1)=2 wp{t—1y=1 bit—1)=2

dlunlt — 1), us(t — 1),b{(f — 1)) = —1
Attimet:
ue(t) =2, us{t) =1, b({#) = b{t — 1) —un(t) = 1
olur(t), us(t), b(£)) = 0 # dlur(t — 1), up(t — 1), b(t — 1))

|:> This game is affected significantly by battery state ﬂ

Dynamic Game: Examplel
Assessment functions Payoff matrix Renewable energy
Jp=3—u—m| (d=3) j_g o 1 2
Jr =2 — (r=12) 1
Jop=1—(b—up)| (Byep=1) 0[(31-32)](21-21)|(-11-10)
Potential function -1 (:30-31) | (:20-20)
b=1 O 1 2
¢_‘ = —10Jp — Jp—Jp > 1((21-22) | (-11-11) | (-1,0)
Utility % 01 (-30,-32) | (-20,-21) | (-10,-10)
R:Up=-10Jp — Jr o g (-31,-31) | (-21,-20)
B:Ug=—10Jp — J& b=2 0 1 2
Actions 1|(-20,-22) | (-10,-11) | (0,0)
R: ur = {0,1,2} Baas 0| (-31,-32) | (-21,-21) | (-11,-10)
B:uy=9{-1,0,1} 1
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Dynamic Game: Examplel Dynamic Game: Examplel
Best response Renewable energy Equilibrium Renewable energy
Select a; such that b—0_ 0 1 2 b—0_ 0 1 2
Ui(ai,a_;) > Ui(a, a_) 1 L 1
0| (-31-32) (-21,-21)&911,-10) 0Y1-31,-32)Y4-21,-21) \{-11,-10
Ex. 1 (-30,-31) | (-20,-20) 1| (-30,-31) [ (-20,-20)
B | deed b=1_ 0 1 2 r,=1 0 1 2
> 1[¢2122) [ (11-10)2(-10) > 21 22))( 11, 11))\( 1,0)
Ry - © £ o]0 (2020% 1019 2 ¥, 32)&{ 20, zl)ﬁ{ 10-10)
Agent’sidea @ o 1 |
h=2_ 0 1 2 h=2_ 0 1 2
Battery is charged or discharged 1| (-20,-22) | (-10,-11) | (0,0 Equilibrium of dynamic game 1
I:> Gametransit to another state 0| (-31-32) | (-21-21) | (-11,-10) [}, ug, b*] = [uy,0,5°] 0
-1 -1
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Dynamic Game: Example2 Conclusion
Potential function Renewable energy Summary
¢=-01Jp—Jr—Ju b=0 O 1 2 » Formulate Optimal Power Dispatch Problem
pply PIPIP for Optimal Power Dispatch Problem
Un = —-0.1Jp — Jr 0¢(_1'3'_2'3)%)_1'2'_1'2)&\?_1'l’_o'l) » Consideration of Dynamic game
Up=—0.1Jp — Jn 1] |(-03-13)[(-02-0.2) y 9

5=1_0 1 2
1 1222))(11 11)L\(10)

Yoz, 23)&{02 12)\(1 0)/
_1|

2, 0,5°] 1&?@2 2240111 (00)

(1.3, 23)'(12 12)‘(11 -0.1)

-1
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Future Works

> Design of potential game .
— Change assessment function B
Ex. absolute value — square -

» Analysis of multi-agent case W = " BT

» Applying to real-time
— Check whether [u5,25,8%] exist or not by simulation

~ Analysisof [uf,up. b"] o) [u}, 0,5 E
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Optimal Power Dispatch Game
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In=31di—{ Y wij+ 3. wijl R <> ot <_>
FEP

1ENpD 3 ieNmD

~<a

Jx=2|r‘_ E et :,‘m}z‘/n”l\‘t? “.:
EI&. EJ};' <

Potential function
#ur, up) = —wpJp —wrJr —weJn
Each agent’ s objective function

Ups=— 3 wogldi—( 3. wag+ 3. wall—waslri— Z il
JcXNppa RENED, ¢ BENED. ; ¥Xnpa
r
Ups=— Y. woulh—{ 3 wai+ 3 wad—wadb—%. 3wyl

JENDRA EENED,; EENBDS =0 jENpr.a
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Simulation (£ = 0.1, k = 0.5)
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Supply-demand Renewable

. 0y [ 12 18 24
time[h] timalh]
Battery
s T T T — :demand d

— :generation & — {u, + ug)
:renewable ¥

-

.

—— :renewable s
——— :battery level b
—— battery

Battary State[HW]

=

0 3 iz iB 24
timefh]
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Simulation (£ = 0.1, k = 0.5)
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< Each agent explores too much
| I:> It isdifficult to converge to optimal
- ' Nash equilibrium
10:00 eﬁ’ o Potential function (10:00 am. {) _
: : L Optimal Nash equilibrium

-0.2}
> rate of converge to optimal_ od
Nash equilibrium ’

-0.6
e=001>e=0.1_

% 500 ] 500 2000

1000 1
Iteration Step
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Architecture for Potential Games and Utility Designs
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Utility Design

[—— > Cost sharing methodol ogies
Wordertal it Playerset SC N, i€ 8
onaertul Lite . -
Shapley Value . Won?lerful Life Utility (WLU)
£l5, 8y = W (3} — WS\ [i})

\Weighted Shapley Value
* The Shapley Value (SV)
Potential Games LS = Y ws(We(S) - WS\ {i])
. TCRiL
Sl e TS| — 71— 1
Log-linear learning wg = T
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, wWsv yes yes yes no High a
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State-Based Non-Cooperative Design
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e i it
« Utility function U;(a;, a_;, x)
« State transition function P : A x X — A{X): the set of probability
distribution over X
 Each player selects an action to maximize his expected utility
- a4(t) € arg max,, (.1, BIVi(alt), 2(1))
« z{¢ + 1) is chosen randomly according to P{a(t}, z{t)} € A{X)
State-based Nash Equilibrium [a*, z*]
for every 2’ in the support of P{a™,z*),
Ui(a;, a%;, ") = max Ui(a;, at;, 2’)
=T

3¢: A — R suchthat af € A;,

Ui{ﬂ;ra—iyz) —Uifa,z) > 0= ﬂa:'r 6_;} — ¢fa) >0 a

[Statebamd Potential games ]

Priority-Based Distribution Rule
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state = priority £=) | Priority-based

=  the priority of player i Z7 < & i hashigher priority than |
at resourcer zf =1 :toppriority
State dynamics : first in first out (FIFO)
« Multiple players seek to join a resource simultaneously
= The order of the entering players is randomly chosen
o aff) = aft — 1) = x(t + 1) = x(f)

Priority-based utility Us(a’, ) = Bpe 2y Vila', &)
Expectation which ¢’ ischosen ! Bp(ars) 2l :={i€N: af <zf}
Marginal contribution : ¥;(a,z} = 3 (W"(z} — W™(zF \ i})

rEm

: Distribution Rule | Budget Balanced | Tractable| PoS | PoA
Priority-Based yes

- yes 1 12
Tokyolnsitutet Techiogy _am




