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TRADITIONAL LOAD CONTROL

Energy Source (Utility Company)

Pr|ces ;Load Pnces Load Prlces Load Prlces ’ Load

@ Some variations:

» Direct load control
» Real-time Pricing
» Conservation Rates
» Etc.

o Key feature:

» The focus of load control is on the interactions between thiéand eachuser.
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WHAT DOES THEUTILITY CARE ABOUT?

@ The utility cares about theggregatetbehavior of all users:

» The totalload at each hour.

» The peak-to-average ratio (PAR).in tolahd demand.

@ Therefore, the current setting does not seem to be the beisech
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LoAD CONTROL IN SMART GRID

’ Energy Source (Utility Company) ‘

Prices/ Aggregated
Charges Load

@ In this setting, the users also interact watich othethroughmessage exchanges
@ Message exchanges can be:

» Manual = Phone, E-mail, etc.

» Automatic over gawo-way communication infrastructure= “Smart Grid”.
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OuR Focus

@ To design an autonomoasd incentive-basddad control system:

» We deployenergy consumption schedulifgCS) units in “Smart Meters”.

» Users should haviacentivesto use ECS unitss- “Smart Pricing”.

LAN--—————-
-——-r ———7 -~ Power Line

v
ECS

Subscriber’s
Needs

Smart Meter |

Appliances

@ ECS unit schedules energy consumption of all/most houdedppliances.
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SYSTEM MODEL: SINGLE SHARED ENERGY SOURCE

@ We consider a scenario where a source of energliasedoy several users, each
one equipped with an ECS-enabled smart meter.
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Power Line

@ Here, we have:

» Energy sourcegeneratorstep-dowrsubstatiortransformer, etc.

» 1": Power load of usen € N = {1,..., N} athourh € H = {1,...,24}.

> Ch(Xnen I"): Energy cost at houk € H as a function ofotal hourlyload.
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SYSTEM MODEL: HOUSEHOLDAPPLIANCES

o For each user € N, the set of appliances is shown ly,.

For eachu € A,,, we define

» E,.q: pre-determined total daily energy consumption required.

Example:E,, , = 9 kWh for a PHEV for a 40-mile daily driving range.

©

Clearly, we have

ZZZ: ZE”#“ VYneN.

heH a€A,

We want toshift consumption to reduce PARptto reduceconsumption!
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SYSTEM MODEL: SCHEDULING

o For each user € A/ and each appliancec A,,, we define

1 $24

A
Xn,a = [xn,a7 sy nialy

Wherex,’;,a denotes the schedulete-hourenergy consumption for applianae

o The ECS unit’s job is to choose the right valuesqr, for eacha € A,,.

» It should satisfy the users’ needs.
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SYSTEM MODEL: USER S NEEDS

o To address uset's needswe further define

> an,q: Beginningof the time interval that consumption can be scheduled.
> (n..: Endof the time interval that consumption can be scheduled.

> 7;';'3, Vo - Minimum and maximunscheduled power levels.

o For each usen € N, we can definéeasible scheduling ses follows:

h ana n,a
w=0, Vhe{l,...,ane—1}U{Bna+1,...,24}.
%T';‘ <al, <, Vhe{oma - Bnal }-

X, —{xn| ng w=Fna, Vac A,

wherex,, £ [x,.q, ¥ a € Ay,]. The ECS unit mapnly selectx,, € &,,.
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SYSTEM MODEL: ENERGY COST
Question Which is the best feasible choicexf for each usen € N'?

o Consider theotalload in the system aach houof the dayh € H:

LEY =Y Y

neN neN a€A,,

o We define arenergy cost functiod’, (L;,) indicating the cost of generating or
providing energy by the energy source at each toarH.

o In general, the energy cost function can be different aedsffit hours of the day.
o For example, the cost can be lessigiht compared to theaytime.

@ The cost can bactualor artificial, i.e., for load shaping.
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SYSTEM MODEL: ENERGY COST

@ We assume that the energy cost functionsraeeeasingandconvex
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Figure: Two sample convex and increasing cost functions: (a) Twp-sbnservation rate
model used by BC Hydro; (b) A quadratic cost function formingimilar shape.
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OPTIMIZATION PROBLEM

@ Givencomplete knowledgabout the users’ needs andentralized contrabf
the system, an efficient energy consumption scheduling tmpkemented by
the ECS units can be characterized as the solution of thewfwity problem:

m|n|m|ze Z C, <Z Z zh )
X neN a€A,
subject to xneXn, VneN.

@)

o Problem (1) has severabnstraintsvhich are encapsulated in séets.
o Problem (1) is a&onvexoptimization problem.

@ Problem (1) has aniqgueoptimal solution if the cost function itrictly convex.
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DESIGN OBJECTIVE

@ Solve Problem (1) in distributedfashion withcooperatiorfrom the users.

» A good pricing modetan encourage users to cooperate for their own benefits.

’ Energy Source (Utility Company) ‘

Prices/ Aggregated
Charges Load

Energy Consumption Game

@ The system can be modeled asamergy consumption game
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PRICING AND BILLING MODEL

o Letd, denote what appears on thitl for usern € N at theend of the day
@ In general, we would expect two properties to hold in theipgaenodel.

@ Property | - The total daily charge should be as high as the total dasy.co

> by > Zch<21h>

neN neN
Thatis

A Zne./\f bn
I214:1 Ch (Zne./\f lg)

R

o If k = 1, then the system isudget balancedut usually,x > 1.
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PRICING AND BILLING MODEL

@ Property Il - We have:

24 h
bn _ h=1 ln _ ZaEAn En,a % N
T Z ORI n,mecJ/N.
m h=1 lm ac€A,, Fm,a

o After reordering the terms, we have

24 h
! Y e Sone
_ h=1"m _ meN h=1 m
Z b = Z (bnilh> _b”—lh

meN meN h=1"'n h=1"'n
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PRICING AND BILLING MODEL

@ There is only asingle pricing modelvhich satisfies Properties | and II:

24 lh Z
bn _ h=1"n < bm)
ZmEN Zh 1 m meN

_ “Zh Ll Ch( "
ZmGNZh 1 m (Z Z

meN

. oY Za An Ena
— ZmEN f:aeAm Em,a (Z Ch, (Z Z Tm,a

meN a€A,,

@ The charge to one user also dependstirerusers schedules!

@ That explains why it is a game among users.
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ENERGY CONSUMPTION GAME

We can formally define the energy consumption game amongsirs as:

o Players: Registered users in saf.
o Strategies. Energy consumption scheduling vectarsfor all users.

o Payoffs: P,(x,;x_,) for each usen e\, where
Pn(xn;xfn) - *bn

Hzae nEn,a
- gDt Fre (zch(z S ))

meN a€A,,

Here,x_,, denotes the vector of scheduling variables for all usénsr tharusern.
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BESTRESPONSE

o Givenx_,, each usem € N tries to maximize its payoff:
maximize P, (Xn;X—_n). 2)

Xn€Xn

@ This is equivalent to the following:

24
LD DIETEND SD WEH

acA, meN\{n}a€An,

@ User/playem can only change the blue part.

@ Playing according to (2) is calldakst responsglay.

A.H Mohsenian-Rad (UBC) Optimal Energy Consumption Scheduling January 2010 19/ 25



NASH EQUILIBRIUM

@ Nash equilibrium is &olution concepin game theory.

@ The energy consumption scheduling vectots, Vn € ) form a Nash
equilibrium if and only if foreachuser/playern € N,

P, (x5 x*,) > Pu(xp;x",), Vx,>0.

@ No user/player would try to deviate from a Nash equilibrium.

@ Questions to be answered:

» Does Nash equilibrium always exist?>=  Yes!
» Isitunique? = Yes!
» Do we converge from any initial point to Nash equilibrium?-  Yes!

» What is the performance at Nash equilibrium?>  Optimal!
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NASH EQUILIBRIUM

@ Therefore, to solve problem (1) indastributedfashion:

» Itis enough to use thpricing model explained earlier.

» The users willutomaticallyfind the optimal solution in game setting

@ Another key difference with traditional load control:

» Here, the utility doesiotannounce the exact price.

» Instead, it announces the function that determines the pric

A.H Mohsenian-Rad (UBC) Optimal Energy Consumption Scheduling January 2010 21/25



SIMULATION RESULTS. SETTING
Consider the following simulation setting:
@ The number of users is 10.

@ Appliances withhard energy consumption scheduling constraints:

» Refrigerator-freezer (daily usage: 1.32 kWh), electravst(daily usage: 1.89 kWh
for self-cleaning and 2.01 kWh for regular), lighting (dailsage for 10 standard
bulbs: 1.00 kWh), heating (daily usage: 7.1 kWh), etc.

@ Appliances withsoft energy consumption scheduling constraints:

» Dishwasher (daily usage: 1.44 kWh), clothes washer (daigga: 1.49 kWh for
energy-star 1.94 kWh for regular), clothes dryer (dailyges&2.50 kwh), and
PHEV (daily usage: 9.9 kwh), etc.

@ The ECS units schedule consumptimly for appliances wittsoft constraints.

@ Cost function is quadratic withalf priceat night.
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SIMULATION RESULTS CoST AND PAR
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o Left: Results without using ECS units, PAR = 2.1, Cost = $86.47.

o Right: Results when we use ECS units, PAR = 1.3, Cost = $53.81.
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SIMULATION RESULTS. INDIVIDUAL CHARGES

12

I No ECS Deployment
[_1ECS Deployment

10
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Load Subscriber

o Every user will benefit from using ECS units.

@ Users will have the incentives to participate in ECS program
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CONCLUSIONS

©

In Smart Grid, load control is an energy consumption gamergnusers.

©

The utility may only announce price functions not exact @nelues.

o Distributed best response plays will automatically leadgtimal performance.

©

The right choice of the pricing model/function is the key.

Simulation results show reductions in energy cost and peakerage-ratio.

©
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