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Personal reflections: old photos and first papers
First papers in grad school were on Energy Hubs

Dissertation defense (May 2013)

Mads in Denmark (1993-ish)



Mads R. Almassalkhi
(Founding Director)

Hamid Ossareh Luis D. Espinosa

Objective: sustain and strengthen UVM’s research impact in the area of understanding, 
controlling, and optimizing sustainable, resilient, and autonomous systems and networks by 
leveraging a group of diverse, interdisciplinary, and research-active faculty.

Jeff Frolik

Interdisciplinary group: energy & autonomous systems

Broad expertise
• Power/energy
• Grid modeling
• Optimization
• Control theory
• Network science
• IoT/Comms
• Data science
• Machine learning
• Energy equity/justice

4James Bagrow Sam Chevalier
(Starts Aug 2023) 

Amrit Pandey Bindu Panikkar

Jeff Marshall



Recent and ongoing industry-supported projects with

Recent and ongoing funding partners

Impactful R&D with industry & research partners
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Recent success with translational research
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Numerous academic papers+ research 
projects+ IP + industry partners

(2012-present)

Co-founded startup company
(2016)

+



Accessing scale with tech: 700 devices à 900,000
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1000X



Why does it matter? Green economies are rising….

Annual sales revenue

Jobs supported

$1.3T 

10M

Georgeson, L., Maslin, M. “Estimating the scale of the US green economy within the global context.” Palgrave Communications 5, 121 (2019)

Green economy := environmental, low carbon and renewable energy activities



9NOAA National Centers for Environmental Information (NCEI) U.S. Billion-Dollar Weather and Climate Disasters (2020)

…but so are climate challenges

Inaction is inexcusable!
Peak of almost 2,000,000 people 
without power in Michigan

About 
200,000 
people 
without 
power for 
~5 days.

“50 year storm”…

… 9 days later



Solutions? If they work, they will matter!

10UN Environmental Program, Emission Gap Report 2017 (Chapter 7)

Requires massive
TW-scale 

renewable 
integration

A massive 
power systems 

challenge!

Key: power systems is climate change mitigation engineering with a global impact!



Flexibility can help: intelligent electrification
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Combine renewable and efficiency with 
electrification of end use. [1]

[1] UN Environmental Program, Emission Gap Report 2019 (source for figure, too)
[2] Goldenberg, et al, “Demand Flexibility: The Key To Enabling A Low-cost, Low-carbon Grid,” Tech. Rep., Rocky Mountain Institute, 2018.
[3] Hledik et al, “The National Potential for Load Flexibility: Value And Market Potential Through 2030,” Tech. Rep., The Brattle Group, 2019.

Energy, transportation, and building sectors are key!

59GW of DR today will become 200GW 
of flexible demand by 2030 [3]

Flexible demand enables significantly 
more renewable generation and reduces 
duck-curve ramping effects [2]

Need to coordinate billions 
of energy resources!



Every device, home, neighborhood, 
town, and state can become a 
dispatchable resource

Simple idea: turn connected loads into flexible demand 

12

Demand-side DERs + communication + control



Value-stacking can be significant for flexibility
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GRID BALANCING,
ANCILLARY SERVICES

LMP ENERGY ARBITRAGE,
RENEWABLE SMOOTHING

AVOIDED T&D CAPEX, 
NON-WIRES ALTERNATIVES, 

DIST. GRID MANAGEMENT

AVOIDED GEN CAPACITY

$100 to $1000
per kWflex per year*

*Values from representative 2019 ISO New England market prices and services and from RMI/Brattle.

Virtual power plant™
Virtual battery™

Prosumer™



Technical challenges for intelligent electrification
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Comfort & convenience (human constraints) Grid conditions & reliability (network constraints)

Cyber-security & data privacy Business models & risk management

https://arpa-e.energy.gov/technologies/programs/perform



Coordination must respect the human in the loop
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50% of 27,000 Ecobee smart 
thermostat users override a 

setpoint change of 2°F within 
30 minutes [1]

• 10% of participants are 
overriding 3hr events.

• 25% are overriding 8hr 
events.

[1] Michael B Kane and Kunind Sharma, “Data-driven Identification of Occupant Thermostat-Behavior Dynamics,” arXiv preprint:1912.06705, 2019.

Almost all flexible demand today = static DR programs:
•  ComEd Smart HVAC program pays bill credit for $5-10/mo
• “Fenway frank problem” and “Two-pint problem”

It’s also about quality 
of service (QoS)!



Respecting humans too much: California in 1982
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Human becomes the 
actuator in-the-loop

Today, some utilities use SMS

Thanks to Shmuel Oren for sharing this story from SCE in 1982

Demand subscription service (DSS): radio-controlled fuse limits demand to subscribed level

Source: VectorStock.com/7537816



Quality of service (QoS): a device’s need for energy
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Turn OFF
Need for energy is low!

Turn ON
Need for energy is desperate!

Example: An electric water heater

Key: coordination schemes can embed NFE to dynamically prioritize responses

NFE increases with 
~1/Temperature

Example: An electric vehicle

Desperate

Low NFE

High 
NFE



Foundational work in demand-side flexibility

u 1979: Electric power load management (techno-eco-social-regulatory issues; Morgan/Talukdar)

u 1980: Frequency Adaptive Power and Energy Reschedulers (FAPER, Schweppe/Kirtley)

u Change temperature dead-band based on measured grid frequency è devices switch ON or OFF

u Meant to provide 5-minute demand services. But had challenges with synchronization and satisfying QoS

u They were well ahead of their time: sensors were not quite economical

u (Brokish 2009) revisited and added probabilistic FAPER to reduce synchronization effects

u Topic picked up in 2009-ish with Hiskens/Callaway work on load control, then field exploded…

18

1980 2009



Some recent work since 2009
Top-down control / broadcast
u Lu/Chassin (TCLs; bin-based)

u Hiskens/Callaway (TCLs; deadband control)

u Mathieu (TCLs; randomization)

u State bin transition models for control

u Assumes aggregate demand can be estimated

u Wei Zhang (higher order/lock-out)

u State bin transition models; control

u Majidian/Dahleh (energy/power bounds)

u Characterize deferrable demand limits

u Assumes perfect information/full control

u Busic/Meyn (randomization)

u Mean field; QoS guarantee; opt-out

u Assumes aggregate demand is known

u Bravlavsky/Perfumo (system ID for TCLs)

u ODEs; heterogeneity in some parameters

Bottom-up / device-driven
u Brokish (TCLs): probabilistic FAPER

u Zhang/Bailieul (TCLs)

u Binary information packet requests

u Analyze avg. performance under static limit

u Stores packet request in queue

u Turitsyn/Chertkov (Diverse loads)

u Modeling with MDPs, price-based mechanism

u Stüdli/Middleton (EVs)

u AIMD regulates EV charging; no QoS guarantee

u Almassalkhi et al
u Packetized energy management (PEM)

u Randomization, control, QoS guarantee

u State bin transition models for analysis

19
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Industry example of direct load control (or TOU)
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Actual daily peaks from ~2000 sub-metered HWHs in local DR program

Synchronized response
“cold-snap”

Desynchronization 
through 

heterogeneity3 hr DR 
event

We can do better than 
sprinkler control
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Broadcast control signal to all devices synchronously. 
Control signal is explicit incentive (transactive) or pdf.

Requires feedback from actual/estimated demand and/or 
having devices stream back data/status. Else is open-loop

But challenging to get feedback, hard to distinguish 
individual device constraints or grid locations (i.e., DER 
cycling and local grid conditions).

Time to turn ON 
may be random

Architecture #1: Broadcast-based/top-down coordination
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Local device 
logic can 

guarantee QoS

Need for energy (NFE)



Architecture #2: Device-driven/bottom-up coordination
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Leverage asynchronous device-to-cloud comms to have 
devices request temporary access to grid

Controller accepts or denies all packet request, so can 
estimate total demand of fleet (feedback)

Request logic can include device constraints to manage 
device health and Requests can embed network location 
to enable network-aware coordination
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Need for energy (NFE)

Local device 
logic can 

guarantee QoS



Device-driven coordination inspired by The Internet
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Packetization of data 
on Internet

Random access 
protocols

Method is called packetized energy management (PEM)



PEM example load: guaranteeing QoS

24

When temperature is low, heating elements turns ON 
and consumes energy à bulky demand

Heating

Packetizing bulky consumption à many smaller energy packets
PEM

Energy packet = constant power consumed over fixed epoch = 

Device’s need for energy (NFE) drives its mean time to request (MTTR) à stochastic requests

M. Almassalkhi, et al, “Packetized energy management: asynchronous and anonymous coordination of thermostatically controlled loads,” ACC, 2017
M. Almassalkhi, et al, "Asynchronous Coordination of Distributed Energy Resources with Packetized Energy Management," 20th In: Meyn S., Samad T., Hiskens I., Stoustrup J. (eds) 
Energy Markets and Responsive Grids. The IMA Volumes in Mathematics and its Applications,, pp 333-361, vol 162. Springer, 2018.

Te
m

pe
ra

tu
re

, 
T

TH

TL



PEM example load: guaranteeing QoS

25
M. Almassalkhi, et al, “Packetized energy management: asynchronous and anonymous coordination of thermostatically controlled loads,” ACC, 2017
M. Almassalkhi, et al, "Asynchronous Coordination of Distributed Energy Resources with Packetized Energy Management," 20th In: Meyn S., Samad T., Hiskens I., Stoustrup J. (eds) 
Energy Markets and Responsive Grids. The IMA Volumes in Mathematics and its Applications,, pp 333-361, vol 162. Springer, 2018.
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Opt out PEM
mode

Low NFE

High NFE

Stop 
requesting

High NFE

Low NFE

PEM

Stochastic request process is based on NFE and defines MTTR
NFE dynamically prioritizes devices while MTTR reduces synchronization



PEM for a fleet: coordination & flexibility
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TLDR: PEM effectively solves a hard scheduling problem in real-time

• Inspired by how the Internet works: PEM is a scalable concept
• Bottom-up approach: local intelligence enables devices to learn their need for energy (comfort)
• Randomization of requests: device stochastically request a packet based on need for energy
• Packetization of device demand: all devices interact with coordinator the same way (requests)



Closing the loop with PEM’s packet requests

• Coordinator accepts/denies request based on tracking error
• Simple: If error(t) < 0, then coordinator accepts incoming request; else deny request.

• Key: Modulating acceptance rate for packet requests regulates aggregate demand

Incoming request rates are based on devices’ NFE and leads to light event-based comm overhead!
27

PEM 
Coordinator
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5000 real-time, emulated PEM water heaters

M. Amini, et al. “A Model-Predictive Control Method for Coordinating Virtual Power Plants and Packetized Resources, with Hardware-in-the-Loop Validation”. 
In: IEEE PES General Meeting. Atlanta, Georgia, 2019 
A. Khurram, M. Amini, L. Duffaut Espinosa, P. H. Hines, and M. Almassalkhi, "Real-Time Grid and DER Co-Simulation Platform for Testing Large-Scale DER 
Coordination Schemes," IEEE Transactions on Smart Grid, 2022

Milestone 1: built real-time, scalable DER platform



Milestone 2: field trial with 150+ loads in 2019
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MAE:    2.61 kW
RMSE: 3.1 kW

PEM fleet providing grid service for >30 mins< 5 mins

The dynamics of the Aggregation is a function of PEM parameters
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Tests were conducted over 120 minutes (on 4 different days)

Better than PJM’s avg system 
performance (80-90%) and outperforms
all assets but MW-scale energy storage

Pay-for-performance: 
PJM Performance score

M. Almassalkhi, J. Frolik, and P. Hines, "How To Prevent Blackouts By Packetizing The Power Grid" IEEE Spectrum, February, 2022.

PEM demonstrates frequency regulation!

S. Brahma, A. Khurram, H. Ossareh, and M. Almassalkhi, "Optimal Frequency Regulation using Packetized Energy Management," IEEE Transactions on Smart Grid, 2023

Milestone 3: field trial with 200+ loads in 2021



Follow up collaboration with colleagues at UMICH

u Thanks to Leke, Johanna, Ian, et al

u Adapted PEM to AC loads.

u Augmented PEM with new request type to 
turn OFF when ON (similar to batteries)

u Accepting request to turn OFF active drives 
down demand (”discharges”)

u Increases ability to track down ramps

u Improves ability to track frequency 
regulation signal

31

Without new requests

With new requests



Research directions with PEM
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Estimate 
background

end-use

Optimal 
dispatch

Modeling and control

1
3

(1) A. Khurram, Luis Duffaut Espinosa, Roland Malhamé, Mads Almassalkhi, “Identification of Hot Water End-use Process of EWHs from Energy Measurements,” EPSR, 2020
(2a) L. Duffaut and M. Almassalkhi, “A packetized energy management macromodel with QoS guarantees for demand-side resources,” IEEE Trans. on Power Systems, 2021
(2b) L. Duffaut, A. Khurram, and M. Almassalkhi “Reference-Tracking Control Policies for Packetized Coordination of Diverse DER Populations,” IEEE Trans. on Control Systems Tech., 2021
(2c) L. Duffaut Espinosa, A. Khurram, and M. Almassalkhi, “A Virtual Battery Model for Packetized Energy Management,” in IEEE Conference on Decision and Control (CDC), 2020
(3a) M. Amini and M. Almassalkhi, “Corrective optimal dispatch of uncertain virtual energy resources,” IEEE Transactions on Smart Grid, 2020
(3b) N. Qi, P. Pinson, M. Almassalkhi, et al, "Chance Constrained Economic Dispatch of Generic Energy Storage under Decision-Dependent Uncertainty," IEEE TSE (under review)

Uncertain resourceStochastic end-use

2



Modeling PEM system to aid analysis and control

33

Transitions can 
occur from any 
Standby mode 

based on request 
probability

Timers capture how long 
energy packets take to 
complete (β-

c/d)
Opt-out control 
guarantees 
comfort/QoS

Charge & discharge requests 
(nr

c,nr
d) arrive stochastically 

from aggregated Standby bins

Coordinator controls rate of 
accepting charging and 
discharging requests (βd, βc)

2



A nonlinear macro-model for PEM for c/sb/d DERs:

34

Consider a state bin transition model with hybrid c/sb/d dynamics and N bins per mode

What happens in model, if all requests are rejected (i.e., betac = 0 = betad)?
è Devices accumulate in lowest sb-bin for EWHs/EVs è  QoS suffers è Fix: augment opt-out mechanism

Agg. power (c minus d)

Agg. requests ~ c/d

Output:

Dynamics:

Some packets completing Packets commencing each bin
Transitions from càsb Transitions from sbàc

Transitions from dàsbTransitions from sbàd

q[k + 1] = MM�q[k]
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(�c,�d) 2 [0, 1]2 States:

L. Duffaut and M. Almassalkhi, “A packetized energy management macromodel with QoS guarantees for demand-side resources,” IEEE Trans. on Power Systems, 2021



Validating the macro-model (for EWHs)

35

Incorporating opt-out dynamics and hot water usage pulse process statistics into dynamics

Snap-shot 
of distribution

Results from L. Duffaut and M. Almassalkhi, “A packetized energy management macromodel with QoS guarantees for demand-side resources,” IEEE Trans. on Power Systems, 2020.

(Charging) (Discharging)



System properties of PEM macromodel

Nominal response: minimum constant power that allows the fleet to satisfy pre-defined QoS target

�⇤
c ,�

⇤
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�c,�d
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Ciq
⇤
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s.t. q⇤i = M(�,��)q⇤i

(xi
v)

>q⇤i � ziset
�c,�d 2 [0, 1]
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Compute steady-state 
β that solves :

i = DER class i 
xi

v = parameter with bin values

Find nominal response: set β– to 1/np  

Result on packet completion rates, β–

• At steady state, we have an upper bound on β–

• Upper bound is tight without packet interruptions.
• Tracking around nominal keeps β– close to constant

Analytical estimate

Packet completion rate is almost constant

L. Duffaut and M. Almassalkhi, “A packetized energy management macromodel with QoS guarantees for demand-side resources,” IEEE Trans. on Power Systems, 2021



Low-order predictive VB model

37

DER 1

DER N

.

.

.
Yes / NoPEM

coordinator
e(t)

Stochastic access requests

∑

Opt-out rates

Pdem
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u Low-order virtual battery model is developed that captures aggregate power dynamics.

Virtual battery

Closed loop feedback system for PEM.

u Consists of four states (3+np) and one input
1. Average SoC (     ) 

2. ON (      )

3. Opt-out (      ) 

4. Timers (   )

5. Reference (    )

x1
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u Average SoC: 

u Number of ON devices

u Number of requests and accepted packets:

u Total number of consuming (charging) loads: 

u Timer states:

u Total number of opt-outs:

u Constraints still bound the input

Low-order predictive VB model
DER 1

DER N

.

.

.

Yes / No

PEM
coordinator

Stochastic requests

∑

Opt-out rates

Pref
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e(t)+

-

Standing losses
avg end-use 
consumption

energy gain due to 
ON and Opt-out

L. Duffaut Espinosa, A. Khurram, and M. Almassalkhi, “A Virtual Battery Model for Packetized Energy Management,” in IEEE Conference on Decision and Control (CDC), 2020

Accepted requests from 
OFF populations

Down ramp-limited input:

Total number of denied requests

NONLINEAR

S. Brahma, A. Khurram, H. Ossareh, and M. Almassalkhi, "Optimal Frequency Regulation using Packetized Energy Management," IEEE Transactions on Smart Grid, 2023

Internal PEM control 
policy

ON devices   Opt-outs Packet completion rate



u Case #1: Optimize fleet’s economic dispatch 

u Enforce energy limits from s-s operation pt

u Energy limits eliminate opt-out state

u NLP, so Julia + IPOPT + 7secs solves :

u  Case #2: MPC-based pre-compensator for freq regulation

u Energy-neutral regulation 

u SoC is approximately constant è linearization works!

u Freg regulation signal is fairly predictable 20-30 seconds out

Low-order predictive VB model: results
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Distribution of timer states at time k
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In PEM, TCLs consuming a packet 
are defined by their temperature 
states (not directly observable) and 
timer state (known)
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Adapt PEM to leverage frequency 
measurements with a local control 
policy to inform a TCL when to 
interrupt its packet       
   FAPER (1980)

H. Mavalizadeh, L. Duffaut Espinosa, and M. Almassalkhi, “Decentralized Frequency Control using Packet-based Energy Coordination,” IEEE SmartGridComm, 2020
-, “Improving frequency response with synthetic damping available from fleets of distributed energy resources,” IEEE TPWRS (under review)

Timer state

Leveraging timer states to estimate synthetic damping



Frequency-responsive PEM (fully decentralized)

41

u We adapt PEM scheme for fast frequency response.

u Design local control law around packet interruption 
threshold mechanism that begets responsiveness to 
frequency.

u Importantly, we show how DER coordinator can 
estimate the equivalent damping online from 
previously accepted packets

u Characterize tradeoff between available synthetic 
damping vs. frequency regulation capacity

H. Mavalizadeh, L. Duffaut Espinosa, and M. Almassalkhi, “Decentralized Frequency Control using Packet-based Energy Coordination,” IEEE SmartGridComm, 2020
-, “Improving frequency response with synthetic damping available from fleets of distributed energy resources,” IEEE TPWRS (under review)



What active role should the grid operator play?

42

“… create open networks that increase value through the interaction of 
intelligent devices on the grid and prosumerization of customers 
Moreover, even greater value can be realized through the synergistic 
effects of convergence of multiple networks” [1]. 

“Distribution will also need to become 
more like transmission by evolving 

from passive/reactive management to 
active management” [2].

Source [2]: De Martini/EEI, Future of Distribution, 2012 Source [1]: Taft/DOE, Grid Architecture 2, 2016



Past experience with ”utility-centric” approaches
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Lumped Feeder System Model

Lumped 
feeder
model

Transmission

Substation

...

EVs BESS PV TCLs
Commercial DER hub

EV BESS PV TCLs
Residential DER hub

Aggregate battery model

At service transformer, aggregate uncertain 
DER hubs into equivalent stochastic battery 

models with power/energy bounds

Solar PV (utility)

Residential

Unbalanced feeder model

Commercial

Feeder Operational Layer
(100-200 STLs per FOL)

Service Transformer Layer
(5-15 DERs per STL) 

Grid Market Layer
(1000 feeders & 1,000,000 DERs)

3-phase feeder model

[W] Almassalkhi, et al, “Hierarchical, Grid-Aware, and Economically Optimal Coordination of Distributed Energy Resources in Realistic Distribution Systems,” Energies, 2020.
[X] Nawaf Nazir, Pavan Racherla, and Mads Almassalkhi, “Optimal multi-period dispatch of distributed energy resources in unbalanced distribution feeders”, IEEE Trans. on Power Systems, 2020
[Y] Nawaf Nazir and M. Almassalkhi, “Voltage positioning using co-optimization of controllable grid assets,” IEEE Trans. on Power Systems, 2020.
[Z] S. Brahma, Nawaf Nazir, et al, “Optimal and resilient coordination of virtual batteries in distribution feeders,” IEEE Trans. on Power Systems, 2020

Utility-centric = utility does it all: network ops, DER coordination/dispatch, markets

Local 
flexibility

Local 
flexibility



Open questions: measurement types, locations, update rates, data integrity, etc…

Past experience with network-aware PEM
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Grid-aware PEM augments packet request mechanism with live grid conditions + traffic-light device logic

A. Khan, S. Paudyal, and M. Almassalkhi, "Performance Evaluation of Network-Admissible Demand Dispatch in Multi-Phase Distribution Grids,". IREP 2022



Performance of network-aware PEM (NA-PEM)

Network-Aware PEM

NA-PEM significantly reduces the number of grid violations w/o performance loss

Network-Aware PEMVanilla PEM



Fundamental asymmetries in information & control
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Aggregators

Electric Utilities

Utility (grid information+data)
- Need to ensure grid reliability
- Need to protect grid data
- Lack access to devices
- Knows grid capacity

DER group

Low cap

High capacity

46

Aggregators (device access, markets)
- Need to ensure device QoS
- Need to provide market services
- Lacks access to grid data
- Knows device flexibility

“Flexibility Bandwidth”

High BW

Low BW

Prices to devices?

Let’s try something different!



Idea: think like an ISP

Aggregators: 
flexibility from 

coordinated devices

Utility: Find hosting capacity (HC) for each node

Flexible 
resources MarketsGrid constraints

Aggregator is 

allocated portion of 

available HC at node i

Aggregator bids for 

priority access to HC 



Finding set of admissible (active) injections

u Simple 3-node balanced distribution feeder with 2 controllable 
nodes modeled with DistFlow:

The only nonlinear relation



Finding set of admissible (active) injections

u Goal: find largest hyperrectangle to determine pg limts (decoupled)

Admissible 
injection
Inadmissible 
injectionHow to find 

this 
hyper-cube?

Idea: replace non-convex 
constraint with a 
convex inner 
approximation



Convex inner approximation unlocks hosting capacity
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Original Image source: D. Lee, H. D. Nguyen, K. Dvijotham and K. Turitsyn, 
"Convex Restriction of Power Flow Feasibility Sets," in IEEE Transactions on 
Control of Network Systems, vol. 6, no. 3, pp. 1235-1245, Sept. 2019.

Feasible set contains all dispatch solutions that are 
admissible (i.e., satisfy all constraints)

Convex relaxation contains feasible set + some solutions 
that are not admissible (infeasible).

Convex inner approximation (CIA) contains a convex 
subset of admissible solutions (suboptimal).

Convex Inner 
Approximation

Hypercube
CIA

+

-

Goal: find largest hypercube to determine HC

Approach: eliminate non-convexity via convex bounds

Shown to be affine Shown to be convex

For mathematical details, please see:
Nawaf Nazir and Mads Almassalkhi. "Grid-aware aggregation and realtime disaggregation of distributed energy resources in radial networks,” IEEE TPWRS, 2021.



Convex inner approximation via proxy variables
If we can find envelope

Then, we can create proxy variables that upper (+) and lower (-) bound the actual (P, Q, V) 

N. Nazir and M. Almassalkhi, "Voltage Positioning Using Co-Optimization of Controllable Grid Assets in Radial Networks," in IEEE Transactions on Power Systems, vol. 36, no. 4, pp. 2761-2770, July 
2021, doi: 10.1109/TPWRS.2020.3044206.

Given a nominal operating point,

and from this model, we can explicitly define upper and 
lower bounds on lij that yield a convex inner approximation.

*



Convex inner approximation via proxy variables

For mathematical details, please see:
Nawaf Nazir and Mads Almassalkhi. "Grid-aware aggregation and realtime disaggregation of distributed energy resources in radial networks,” IEEE TPWRS, 2021.

Full-load conditions No-load conditions



What about existence of solution?

Leverage sufficient conditions from [*] in two ways:

u At each iteration, verify existence of (new) operating point x0 with explicit test condition

u Augment CIA formulation with N linear inequalities and N SOC constraints (still convex)

[*] C.Wang, A.Bernstein, J.LeBoudec, and M.Paolone,“Explicit conditions on existence and uniqueness of load-flow solutions in distribution 
networks,” IEEE Transactions on Smart Grid, vol. 9, no. 2, pp. 953–962, 2018. 

Added conservativeness from existence guarantees: small impact



CIA enables real-time, grid-aware disaggregation
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Nodal hosting capacities [pi-,pi+] enable an open-loop, distributed, and grid-aware DER control policy

N. Nazir and M. Almassalkhi, “Grid-aware aggregation and realtime disaggregation of distributed energy resources in radial networks”, IEEE Transactions on Power Systems, 2021

IEEE 37-node network
(from Baker/Dall’Anese)



What about conservativeness of CIA?

Original Image source: D. Lee, H. D. Nguyen, K. Dvijotham and K. Turitsyn, 
"Convex Restriction of Power Flow Feasibility Sets," in IEEE Transactions on 
Control of Network Systems, vol. 6, no. 3, pp. 1235-1245, Sept. 2019.

Convex inner 
approximation

 (CIA)
Convex relaxation (CR) over-estimates maximum reactive 
power capability

Nonlinear (NLP) has no optimality guarantees AND does not 
guarantee that entire range is admissible (i.e., no holes)

Conclusion: proposed (CIA) method is not overly 
conservative and entire range is admissible

Comparing hosting capacity results*

*Nawaf Nazir and Mads Almassalkhi. "Grid-aware aggregation and realtime disaggregation of distributed energy resources in radial networks." (IEEE TPWRS, 2021)



DHC overcomes data/control asymmetry
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Utility (grid information+data)
- Dynamic hosting capacities 

capture grid conditions and 
limits

DER group

Low cap

High capacity

56

Aggregators (device access, markets)
- Flexibility captures device 

availability and comfort limits

“Flexibility Bandwidth”

High BW

Low BW

Available hosting capacity

Available flexibility

Future work: find optimal 
control/price signals



Hybrid Energy Systems
From virtual batteries to physical batteries

57



What is a hybrid energy system?
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Hybrid energy systems = Coupling Heat + PV + Storage + Hydrogen + Power = Lots of Data = Learning

HSTC = Hybrid Solar Test Center (1 mile from campus)

Field deployment and 
validation of R&D
• integrating heat and 

electricity subsystems
• thermal-electric 

modeling, control, 
optimization, 
operations, planning

• grid services
• reliability
• lifetime analysis

Energy Systems 
Simulation Lab
“Digital Twin of 
Vermont’s Grid”

Accelerated 
Testing Lab (ATL)
Hardware-enabled 
Energy Test Bed



Accelerated Test Laboratory (ATL) @ UVM
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R&D&D
State of the art facility
Hardware-enabled 
analysis



DOE is looking for answers, too. We can help!
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DOE reports from 2022



Main objectives of project
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Hybrid energy system 
degradation and lifetime 
economics and 
performance.

1

Optimize and control the 
hybrid energy system’s 
performance and 
demonstrate advanced 
grid services that 
support reliability and 
resilience

2

Develop nationally 
competitive energy 
research infrastructure 
in Vermont that supports 
national priorities 
around combating climate 
change & clean energy 
workforce development. 

3

Long-term planning Short-term operations National impact



Topics I didn’t talk about today
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Multi-energy systems / sector coupling

Optimal (physics-informed) network reduction

Collision-free trajectory optimization of swarms  
Methodologies for characterizing energy transitions



Traditional demand response Today’s flexibility: not your parent’s DR
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Thank you! Questions? Comments?

@theEnergyMads https://madsalma.github.iomalmassa@uvm.edu

The grid

The grid

https://madsalma.github.io/

