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Distributed Power Demand Response
3





Why is DR important?
Blackout Prevention
Pollution Reduction
Peak Power 
Costs
Renewables Integration



Inefficiency of Demand vs. Intention
Demand/supply mismatch is extremely costly 
$ billions to utilities, local governments
Consumers dramatically reduce demand when:
… aware of actual appliance energy use
… informed about neighbors' energy use
… aware of stress on power grid

Coordination opportunity: peak-shaving & demand management by automating volunteerism



4


Key Challenges
Scalability:
Safe, reliable coordinated response from millions of devices in <5 minutes
Consumer interface:
High benefit, low “annoyance factor”
Eliciting useful information
Privacy concerns
Deployability:
Technology alignment with market structure
Low cost devices
Market fragmentation across grid & in home
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Capturing User Requirements 

Anytime Flexible
Peak Power
Emergencies Only
Uncontrolled
Qualitative
 Energy Flexibility
Smart plugs, new appliances,
home automation, …
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Distributed Creation of Aggregate Model
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Model Coordinates Local Control Actions
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ColorPower Algorithm
Challenge: fast, private, robust, non-intrusive
Approach: randomized distributed control
Aggregate flexibilility information to shared model
Disseminate control signals via gossip
Local decision; coin-flip for fractional color
Weight for availability, overdamped control

Control problem: long timeouts on state changes
[Ranade & Beal, IEEE SASO 2010]
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ColorPower State Transitions
(E)nabled vs. (D)isabled
(R)efractory vs. (F)lexible



Formal Control Problem
For each ColorPower client, set pon, poff for each device group, such that the total enabled power in s(t) tracks g(t)



ColorPower 2.0 Algorithm: Intuition
Fairness assured by executing equivalent stochastic algorithm on all clients
Intuition: spend flexibility with three “allocations”
Goal tracking & hard priority constraints
Soft priority
Cycling (trading off fairness against future reserves)
Any “unspent” flexibility is allowed to accumulate, improving future controllability 



Constraints
Goal tracking: shape power demand

Color priority: respect user preferences



Fairness: no devices are favored

Cycling: don’t keep the same devices off








ColorPower 2.0 Algorithm: Equations
Allocation 1: Goal Tracking
Allocation 2: Color Priority
Allocation 3: Cycling
Computing pon and poff


Upward is converse
Downward shift:
Correction Goal:



Upward is converse
Downward shift:
Boundary color b:



and similar for other states


Reserve fraction f:



when enabled
domainates,
else converse 



Analysis
Convergence: 
Sufficient Flexibility:
Insufficient Flexibility:




Quiescence: (conservative)


Ramp Tolerance:



Quadratic:
Linear:



Total:
Priority constraint:



Examples of Control
Sufficient flexibility, same color
Sufficient flexibility, different color
Insufficient flexibility, linear regime
Insufficient flexibility, quadratic regime
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Simulation Base Configuration
10,000 clients, each controlling a 1KW device
Coloring: 20% green, 50% yellow, 30% red
Measurement error: 0.1%
10 second rounds
Refractory time: U[400,800] seconds
Flexible reserve ratio: 1:1
Attempted correction/round: 80%



Simulation Studies: Convergence
Predicted
Measured
Excellent agreement



Simulation Studies: Quiescence
Predicted
Measured
Much better than conservative estimate



Simulation Studies: Scaling
More devices = better accuracy



Simulation Studies: Ramp Response
Example
Results
Good behavior unless fairly steep or close to hard bounds



Simulation Studies: Peak Shaving
Example
Results
Small tracking errors only while crossing color boundaries



Simulation Studies: Heterogeny & Error
Heterogeneous Devices
Estimation Error
Robust to error and differences in devices



Contributions
ColorPower 2.0 algorithm allows fast, accurate control of thousands to millions of devices.
Performance can be accurately predicted from stochastic model analysis
Operates well in both emergencies (steps) and planned ramps
Performance is robust against fluctuations, errors, and variation between devices.



Extra Material




Summary of ColorPower 2.0 Properties
Scalable from hundreds to millions of devices
Extremely precise target following (to within measurement accuracy bounds)
Step response in O(lg n) time when sufficient flexibility, O(refractory) otherwise
High precision tracking of ramping targets.
Resilient to measurement error, differences in device sizes
Privacy preserved by aggregation
Local control; devices cannot be targetted prejudicially
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