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Extended Duration Power Outages — An Increasing Likelihood Event

Frequency and likelihood of extended duration outages is increasing due to climate change and cyber-security
threats.
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Goal

Absorb

Recover

Our focus With minimum network reinforcements, improve the
' network ability to absorb and recover from impacts

caused by extreme events.
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Challenges Faced while Operating During Extreme Events

= QOperating the electric grid under extreme weather events or cyber-attacks comes with numerous challenges.

Long outage

durations. Increased cold load
Loss of upstream
demand
network support.

Rolling outages

Impact on
Network faults communication
Limited generation channels Other infrastructure

resources at hand.

Limited disruptions

computation
Increased resources
Increased
renewable energy

uncertainty.
dependence. y

Heightened forecast
error impact.

High impact low

Biased forecasts.
frequency events
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Motivation

* Microgrid is a group of interconnected distributed
generation resources and loads that operate
within defined electrical boundaries.

e —e R e B . Advantages:
sm;géﬁﬁ él;;_?le 1. Enhance local reliability and power quality.
i u omer
Micro ncl H ey
ot renil / 9 2. Engrgy surety durlr\g en.wergenc-y-condltlons.
NMicomly 3. Grid support functionality provision.
4. Smoothing of intermittent and volatile
resources.
Partial :1.
Feeder
Microgrid
g . Objective
e ™ ' «  Secure operation for extended duration using
microgrid.
(Source: US DOE) * Maximize load served (priority to critical load).

 Minimize renewable generation curtailment.
* Robust against uncertainties.
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Resilient Operation of Power Distribution Systems
System Level Uniqueness

Algorithm Level Uniqueness

Community . o |

A 4

4 - Microgrid I i Stage 1:
Private entity  ©O—e ° | Extended duration scheduling

Stage 2:
Near real-time schedule update

- —_ -

~
-~

Utility owned —» | Distribution |

s ¢ Node Group 2|
Stage 3:
 Substation | Real-time dispatch
Community Coverage maximization Secure and adaptive hierarchical multi-
microgrid setting I using dynamic boundary timescale framework (SA-HMTS)

Kang, Ning, Wang, Jianhui, Singh, Ravindra, and Lu, Xiaonan. Interconnection, Integration, and Interactive Impact Analysis of Microgrids and Distribution Systems. United States: N. p., 2017
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Resilient Operation of Power Distribution Systems

«  Concept of dynamically changing CMG boundary:

B Closed Switch E# Open Switch @ DER \ Fault @ Deenergized Node @ Energized Node
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Resilient Operation of Power Distribution Systems

«  Concept of dynamically changing CMG boundary:

B Closed Switch E# Open Switch @ DER \ Fault @ Deenergized Node @ Energized Node
Community

Microgrid I
G—e ®

Grid Forming

Benefits

* Requires minimum network reinforcements.

* Reconfiguration based on existing switch = o
placement. I |
|
 Limited number of configurations possible. Node Group 1 | |
| ?
e Less stress on network protection systems. b —I . ‘|
|

. ) . . L |
Rough protection schemes can be designed in Dustnputuon & Node Group 2 |
advance. Grid B — — — — —

| Substation |

Microgrid-as-a-Service (Maa$)
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Proposed Energy Management System Design

| S f J =y Extended duration scheduling (EDS)

Long-term hourly generation

— Load aIIocati.on. . Objective: Maximize

. Dynamic boundary decision. weighted load supplied.

Forecast
error

5 minute-ahead Hour-ahead Day-aheaa *  Receding horizon stochastic
A optimization.
100
s » EDS specified range Near real-time schedule update (NRT)
X / *  Fine tune generation allocation =
— /5
S » NRT updated reference for one hour. . . o
=y / *  Fix slow responding generator Objective: Minimize
= : - deviation from EDS
@) 50 | RT dispatch setpoints.
O e «  Demand response decisions. reference.
% Q . Deterministic optimization.
(a
= . EEE
g 25 \\\ ; Real-time dispatch (RT)
o
: *  Fine tune fast-responding

Objective: Minimize PV

0 - eneration output for 5 mins.
0 4 8 12 16 20 24 8 ‘ curtailment.

) . Deterministic optimization.
Time (hour) P
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Multi-Feeder Resilient Load Restoration and Energy Management

* Until now, the emphasis was on the operation of a single
community microgrid (CMG).

e Real world systems consist of multiple CMGs scattered
over multiple feeders.

 Each CMG can have a different approach for energy
management and load restoration.

Substation * How to scale the proposed EMS system to perform
restoration over large scale heterogenous networks?

Scalability and Modularity
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Hierarchical Multi-Agent Approach
Hierarchical Multi-Agent Framework

: :
B R e I _ First Hierarchy
N e Central supervisory controller =

cognitive agent coordinating load
First HierarcV sharing between CMGs.
* CMG = reactive agent responding to
== - | - . a8 pONTINg
s 0 o load sharing and implementing
CMG Field ield ield . .
el - B e/ BB ] / B EX locally computed decisions.
| | L 1! o] ' | | | [ | || |Q 1 Second HIerarChy
‘ CMG 2/ oy .
_ ws | .11 | ¢ CMG-EMS =>» cognitive agent that
i 7] E
— tee DO computes the energy management
—l = decisions.
CMG-EMS NG 1 NG 2 oA / L\\‘ NG 9 T
cusred] /I Devices . H ﬂ | * Field devices =» reactive agents
evices 1. Local Switches 1. External Switches . . .
;:tggggéz:::ﬂors ; E::::::: (L;:i;rators respondlng to the InStrUCtlonS Of the
Second Hierarchy CMG-EMS.
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Simulation Setup

500-

1

Generator | Generator node | Rating (kW/kWh) | Initial Fuel/SOC
13 900 kW 12000 Liter
DG* 48 450 kW 6000 Liter
160 900 kW 6000 Liter
PV* 7, 250 750 kW, 750 kW -
65 500 kW /1000 kWh 75%
ES* 108 500 kW /1000 kWh 75%
250 2750 kW /5500 kWh 75%
BTM PV# See Figure 3 to 15 kW -
Forecast Timescale — EDS = NRT = RT
3000-
5 :
E«zooo- e
5 1908
— ¢ 2000-
PV(1¢.c)| @ PZJSC? :': cme | v _1NG 2 :gwoo .
F’Va_jg]‘?' ¢ | Faur |i NG BREE S 1000- &

3 5 7 9 111315 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47

Time (hour)
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OpenDSS Simulation Results — Base Case

/—"“—“‘\.\ Implemented Planned | Implemented B 4

N schedule schedule | dispatch ‘ Calafew
Forecastdata: -~ ymmmmmmmmmmmmmmmmcememmmmmemmmm——a- .
Approach @ SA-HMTS A Traditional ® HMTS e D At I
——— :—> =2 t=|T]| :
i -~ O | _ - :
100 Wt e {1,...,|T|} !
P — ] -t > t=1 t=2 v | t=1T7] ;
.- Real-time data: . ! '
ST ! 1. Load 1 1 :
. | Deterministic Two-Staget——> A : w ton ) et e .
' - 1 o v e [Reartime] 00 TTTTeeeell !
|l SN L 5 < <Ak . <Ak Ak >
A A . : k=1 | ... k=Kl k=11 ... Jk=IKial k=1 | k= |y |~
o | |Robust Two-Stage t—> Moo R O R RS QR (R OO 0
z 50
o A ke {l...,[Kul}
A
Key takeaways
25-
* Deterministic optimization =2 unable to perform well
due to forecast errors + computationally light.
0- . :
. . . | . . 4 -> 3
5 o5 50 = e Robust optimization conservative

pCL computationally heavy.
» Stochastic optimization = balanced performance but
affected by forecast error.
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Hardware-In-Loop Simulation Results — Base Case

Node voltage variation vs. time
Phase = A = B C

1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
Time (hour)

* PCCvoltage reference = 1.04 p.u.
* Line plot shows phase wise average voltage and

voltage range across all nodes for different time
intervals.

* Heatmap shows actual node voltage w.r.t. time.

Resilient Energy Management System Design

Node voltage vs. time

A
75- e "
50- EI ‘ 1 ! "
25 3 “
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
5 B (0.98,0.99
80 . W (0.99,1.00
 60- i ¥ B (1.00,1.01
2 40- " ‘ { (1.01, 1.02
o (1.02,1.03
2 20- ] (1.03,1.04
T e e T e — S e e S e (1.04,1.05
1 3 5 7 9 11 1315 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 (105, 1,08
c B (1.06,1.07
W (1.07,1.08
75-
50- i
25-
1 3 65 7 0 11 13156 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
Time (hour)
Key takeaways

* Voltage =» mainly stays within the specified ANSI
limits.

 Momentary voltage variations =2 cause no severe
operating limit violations.
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NGS-
NG7-
NGE-

O NG5-

% NG4-
NG3-
NG2-

NG1

NGS-
NG7-
NGE-

O NG5-

% NG4-
NG3-
NG2-

NG1

Multi-Agent Multi-Microgrid Approach for Resilient Energy Management

With NG Reallocation

NG Supplied By: . CMG A . CMG B l Disconnected

123456 7 8 91011121314151617 1819 20 21 22 23 24 75 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Time (hour)

Without NG Reallocation

NG Supplied By: ] cMmcA l cMGB [ Disconnected

123456 7 8 91011121314151617 1819 20 21 22 23 24 75 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Time (hour)

Key Takeaways

Feeder A

NG 3*‘7 NG4

N6

NG 5¥

* Presence of CL

Feeder B

Exchange of NGs from energy deficient
CMG to energy rich CMG.

17.19% increase in average NG
connectivity duration.

Having avenue for reallocating NGs =»
increase served load.
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Minimum network
Central Supervisory Multi-Agent Controller reinforcements
Utility DMS
, , Dynamic MG Coverage . - .
NG Feasible Candidate CMG Y L. g ‘ T|me|y decision d|spatch
e Route '«— Information = Maximization
Reallocation - -
Identification Aggregation
O
—_— < Uncertainty-awareness > - Equitable access to electricity

Extended duration resource

Proactive load curtailment ‘ )
allocation

< Computationally efficient > ‘ Resilient operation

<Spatio-te mporal generalizable> ‘ Secure operation
< Scalable design > < Privacy preservation >
< Simplistic adaptable design >

Ashwin Shirsat North Carolina State University

Capacity
Assessment

‘ < Bidirectional Communication Link ‘
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Thank You!
Any questions?
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