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Introduction
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Smart Grid Conceptual Framework

Transmisgions Distribution

http://smartgrid.ieee.org/nist-smartgrid-framework

The Smart Grid : anext-generation electrical power system

— use of communication and information technology in
generation, delivery and consumption of electrical energy
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Introduction

»Generation
conventional  (ex. thermal)

¥

renewable (ex. solar, wind)
— available worldwide
— sustainability (fuel savings)
» Efficiency
—minimizing energy loss (optimal power flow)
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»Demand response
—Two-way communication between customers
and utilities
— help reduce peak-energy demand
—good for your wallet
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Review - Integration of Renewable Energy
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K. Mani Candy, Steven H. Low, Ufuk Topcu and Huan Xu IA) = YI§]- ¥I[V]
“A Simple Optimal Power Flow Model with Energy Storage” 1
In IEEE Conference on Decision and Control, 2010. z[ ﬂ] =Y
. . =Vr
Problem : Renewable energy is intermittent 7 [W]
=) with storage

Power flow

i) = Y, ViViYy (8 — 0,4)) W]
JEN

ViViY 000 - ) < gn ) FOW O]

Battery level
b{(1) = bt = 1) = r{)[W]
0 < b < B;[W] d{fiw

Optimal power flow problem mm) g*(8), »*(#)
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Review - Integration of Renewable Energy

Single generator and singleload ~ @—@
Assumption: Demand d{#) doesn’t decrease too rapidly
»{ £°(9) cross d{f) at once, from above
b*(1) : charge — discharge
cost
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Network case is under current study...
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Demand response
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Total generation capacity is sized to corresponding to pesk demand.

m) |owering peak demand reduces overall plant .
and capital cost requirement %]

Demand response smart meter
— manage customer consumption of electricity -
in response to supply condition E s
Emergency demand response (reliability-based) g I[" \
ex. demand > supply == |oad shedding ; E |
(avoid blackouts) B
Economic demand response (price-based) I

ex. Reduction of consumption during
high price events

DoE, Smart Grid Intro, 2008
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Market Models for Demand Response
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Lijun Chen, NaLi, Steven H. Low and John C. Doyle
“On Two Market Models for Demand Response in Power Networks’
In |[EEE SmartGridComm, 2010.

Lijun Chen Steven H. Low John C. Doyle

Auction market?
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Overview
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»>Market model utility company
Non-cooperative game

— customer, utility company : selfish f
— with unique equilibrium
— unique equilibrium satisfies social welfare

.". Each player maximize its payoff
=) maximize social welfare

»Unique equilibrium conditions
(1) optimality condition e, ‘sesmRELORER  HAEE, 2009
f:R*® — R, continuoudly differentiable X convex set
x* : optimal solution mm) VF(*Y¥(x—2)>0, V¥reX
f: convex =) x* : global optimal solution | ¥(a™) =0

customer
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Overview

(2) Karush-Kuhn-Tucker condition
m:m& stg{)=0  hix)=4
concave convex linear
=) Lagrangemultiplier' 20 a4

(x’) Zzl,a‘g‘(x') Zp,—{x') 0, vk

Aigdx*) =0, Yi
x" : global maximum
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(3) Nesh equilibrium [ w8}, b%,) = utb,b7) , ¥b; |

player’s payoff
socia welfare
m=) (Convex) optimization problem
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Unique equilibrium conditi ons{

Matching The Supply
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supply < demand

very costly to increase or decrease the supply power m) inelastic
load ¢ : customer i € N iswilling to shed

one utility company

System model

qu’=d/

load shedding allocation m) Supply function bidding
Customer’s ‘supply’ function: gl p)=8bp, & =0

quxb;,pl - Z}b;p —d = po)= ﬁ

supply function profile : & = (#, b2, ..., byay)

supply deficit & >0

price: P
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Matching the Supply - Competitive Market
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customers : given price p Cia) strictly convex
Each customer i: continuous
I:g- paib;, py— Clgib;, p) increasing
revenue cost @
Social welfare: € =0
max zt_lpqr(b:, P~ Ciailbr, p) ggﬂ+2—ca(qe)
Optimality condition Z"“’" p=d
VA (x-2)20 YreX gdbi, p) = bip

Competitive equilibrium (for customers and socia welfare) :
- (Cilaitbi, Y — p)bi—b) 20, Vb 20
1Bdien. pl st
i > atrp) =d

i
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Matching the Supply - Competitive Market
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Theorem 1
There exists a unique competitive equilibrium for the demand

response system. Moreover, the equilibrium is efficient, i.e, it
maximizes the social welfare:

.;;;_;Z_c,(q,) 5.1, qu=

Iterative bidding(At k-th iteration):

1. Utility company announces p(K) 4]
y-1 + Bk @ﬁ
2. Each customer updates &;(k) = w ° %
b = PR // H
3. Utility company gathers b,(k) ®
4. Utility company updates -

+
_ ~ _ ‘+" : the projection
plk+ 1) = [P(t) ‘J'{Z'_: bAk)p(R) d)] onto ®*

L constant stepsize ¥ > 0 @
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Matching the Supply - Oligopoly Market
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Customers know that price p{#) = ﬁ m) anticipate price

’ . strategic!
Supply function for all customers except i : ™

= (b, bz, By, byt L) m) B = (B, b))
Each customer i € ¥ maximizes:

ﬂ;f(b;. b-5) = plb)g{p(b), b;) — Cqi(p(b). b))

=By e b = bt
payoff (X, ;7 i ¥, b - g i ‘d »
m) Demand response game among customers LY

Game-theoretic equilibrium

Nash equilibrium
= | wl®].b°) 2 wib, b)) VB 20, i€ N

Matching the Supply - Oligopoly Market
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Calculate equilibrium:

o ) _ &b dby
B;= }wa,b, =D kb b-g) = g — O B_'_ 5
=) duilb,by)  F(B-b) __dBy i )
ob;  (By+B)Y  (Bi+bPR B-,+b,
L Bah Big dh
TBytbP B+l d CBi+b

decreasinginb, increasinginb,
B_'- ';b—i (3
It @ 1, then 262D <o oy 47 — 0

f B—"c';(n).:] , then %ﬂﬂ only at one point & > 0
¥ cnti ofi B:,—b: —I &‘
m) b} satlsflesgl’_'_b? C"( +b') =0
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Matching the Supply - Oligopoly Market
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Lemma
If b* isaNash equilibrium of the demand response game,
then b} < BL; = Ezub] forany i € N, i.e,, each customer
will shed aload of less than d/2 at the equilibrium.

=) No Nash equilibrium exists when |N] = 2

Social welfare
BE.-F K db;
b= = [ =
B: -
= ( +b'-B" b’ J'( b,))(b:-b;)<0 Yi: =0
at Nash ilibrium: —L = d = b p
equ u P _z‘ B:"l'b: , &=

Matching the Supply - Oligopoly Market
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Substitute (2) to (1)
=) Nash equilibrium condition 4i
(- t ICHaNbip" —g) <0, Vg 20

24*

gradient of Obj ective function

[optimality condition: ¥ f{x*Y(x—x*)=0 ]

sian =[ -1+ 5 zq)c'(q,ndq,
= pai- 0+ 72xCHar + | s Ciada

objective function:  max i =
j Mdmz.ﬂq-) me #d

Tokyoinsituteot Temology w

Matching the Supply - Oligopoly Market
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Theorem 2
Assume |N] » 2. The demand response game has a unique Nash

equilibrium. Moreover, the equilibrium solves the following convex
optimization problem:

ma - s.L =d
E; : :(q:) E i
with

Dig) =1+ = 2q’)C;(ti'.) f @ uyc(")d"

Iterative bidding(At k-th iteration): -

AR

0 .

Utility company updates =
pk+ 1) = lp(k) — 7, Bbp(i) - d}l
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Each customer updates pLk) = [W

Shaping The Demand
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incentivize customers to shift or reduce their loads B elastic

{ realtime spot prices
power load g;(t) at timet —x

System model
custome;: ; teT={12,---,|TI}

Dalnz20, Dadsd  poly: )
=1 =1

utility company :

solution
max Z ADp(n) - CQi(1), D —»[ C{OD.D=pr), teT
(2.0 = »‘

cost(strictly convex)
supply = demand: Zq.-(t) =N, teT
N
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Shaping The Demand - Competitive Market
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customers : given realtime spot price p{f) U B
. . strictl
Customer i allocates its energy usage: d,fr;greymcl;glc:v ¢

I . 8 — aADplf increasing
o EZTI ilgi(1), 1) — qi()plr) @
customer’s utility
T

T
st. ;qmr)zg,, gl:ql(r)sﬂi Ji€N
m) redtimepricing, demand shifting

Social welfare:
max, Zi Z(U;{qf(r), 0 - adpO)|

st. Zq.{:pg Zq:{!)ﬁ?.,
—— w

Shaping The Demand - Competitive Market
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Karush-Kuhn-Tucker condition
Lagrange muItipIier' A =20

(x') Z.l {x] OV Aigdx) =0, Vi

Competitive equilibrium(for customers and social welfare):
Lagrange multiplier: 4; >0, 4 =0Q
WadDienser (D rer» (PO et}
{ Uilqio), r) PO+A-2
st.

Q.- Zq,(rn 0 Mqu =0
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Shaping The Demand - Competitive Market
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Social welfare ) a0 = 0) supply
=N
D (Uiadn), 0 — gldpe) = Y’ Ugid). 1) — QOp()
N el

C(Q(N, 1) = plr) =) C(QN,H=AHp()+a
integral constant

Theorem 3
There exists a unique competitive equilibrium for the demand
response system. Moreover, the equilibrium is efficient, i.e.,
it maximizes the social welfare:

max, ;{ZN] Uk, 0 — c‘(g"] g0, )|

¥ T
st ) an20Q . ) a0, ieN
fu=] =i a

Shaping The Demand - Competitive Market
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decide on power loads and supply for each timet w
(
Distributed Algorithm(at k-th iteration): N
1. Utility company collects {gh{ider o
y pany e - P

2. Utility company calculates the total P qg(%

demand {@ (% and marginal cost
P =Con -uﬂm..,// \\

3. Utility company announces {pf (s

4. Each customer i updates : the proj ectl on
a4 = [qgm-xu.r(qu.»-p*o»]" °”‘r° the set
2e02g,

constant stepsize ¥ > {1 .
Yetn<d

=l
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Shaping The Demand - Oligopoly Market
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Customers know €€, 1) = pl1) strategic!
“ positive, increasing
Given Other customer power loads:
(g-ADher = lgi(Der, j € NftiH

®) Each customer i maximizes:
D #dak0.q-10) = ), UkadD.0) — g C' Y a4 1)
wer T N
Social welfare:
max 3D Udgit).0) - ¢C (Y a0 )l
' =T kN =N

Game-theoretic equilibrium:
((optimality condition W f(x*)(x—x*) >0 |
B g; 1), g" (D)
@7 (O)er st ; W(ﬁ(ﬁ - <0 (gdD)er € 8,

Tokyo Institute of Technology

Tokyo Institute of Technology

Shaping The Demand - Oligopoly Market

Theorem 4
The demand response game has a unique Nash equilibrium.

Moreover, it solves the convex problem:

. ;‘; Udgd, 5 - ‘1'{’)0'{; gi{n,0)

T T
st 2020  Yaw<@ ieN
=1 i=1

Distributed Algorithm(At k-th iteration):
1. customers exchange (gHYer -

2. each customer calculates (@{Eher . /
3. each customer i updates - '@i"
0 = I+ W0 - c@ i |\
- OC @i, m* o
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Simulation
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o— 05 . . v
5 customers e e e WP P
Cl(qf)=mf+hﬂlzgm / | g u';'
el ° |5 ==
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Oligopoly market
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Conclusion
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» Non-cooperative game

»2 market models for demand response
— to match electricity supply
— to shape electricity demand

» Characterizing the unique equilibrium
— competitive market
— oligopolistic market

» Distributed demand response schemes and algorithms
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Future Works

o Sl A Y

Non-cooperative game
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Cooperative game
» Non-cooperative game m) Cooperative game

coalition, bargaining, transfer
» Robust equilibrium
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Appendix
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How to decideb,
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Optimal condition
Vi)Y (x—x)20, ¥xe X
f: convex mmp x* : global optimal solution | Vf{x"} =0

(Ciqilbi, p)) — pbi — b)) = 0
=) Cl(gib,p))=p
gibi, p) = (CH ' (p)
bp=(C)'(p) - qbup)=bip
(€Y' (p)
P
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b; =

Matching the Supply - Oligopoly Market
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&b; db;
Ab:. b ) = -
ui(bi, b;) (Zjbj)z (z’ ij
Nash equilibrium
wib!, b)) > wib, b)) , ¥bh; 20, i€eN

Lemma
If b" isaNash equilibrium of the demand response game,
then ' #;>q forany i e N.
2

Proof: £ b< b}
¥ b;=0, & >0 wd],bl) = 5~ Gl <utbib")
Jod f |

mm) at the Nash equilibrium at least 2 customers have &7 > 0
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