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History of Resilience

* The word resilience is found from the year 1430 in late medieval
and early modern French as a juridical term for contract termination
and for the restoration of the original legal situation.

 In 1818, Tredgold used resilience to explain why some types of
wood were able to accommodate sudden and severe loads without
breaking.

 In 1856, Robert Mallet further developed this concept of resilience
as a means of measuring and comparing the strength of materials
used 1n construction.

* In 1973, Crawford Holling introduced the concept of resilience to
ecology and the environment. He defined it as a measure of the
persistence of systems and their ability to absorb change and
disturbance.
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History of Resilience (cont.)

 In 1977, Amory Lovins adapted Holling’s resilience concept to
energy systems 1n his article “Resilience In Energy Strategy.”

* In 2000, Neil Adger introduced resilience to social science and
defined it as the ability of communities to withstand external
shocks to their social infrastructure.

* In 2009, the National Infrastructure Advisory Council defined
critical infrastructure resilience as:

“...the ability to reduce the magnitude and/or duration of
disruptive events. The effectiveness of a resilient infrastructure
or enterprise depends upon its ability to anticipate, absorb,
adapt to, and/or rapidly recover from a potentially disruptive
event.”
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Definitions

p
o The ability to prepare for and adapt to changing conditions
Resilience and withstand and recover rapidly from disruptions.
\.
p
S The ability of the system to satisfy the customer demand
Reliability within accepted standards and in the amount desired.
\.

Resilience

Reliability

Events Considered

Low Probability, High
Consequence Hazards

High Probability, Low
Consequence Hazards

Risk-based? Yes No
Binarv or Resilience is considered a Operationally, the system is
contin?ous” continuum, confidence 1s reliable or not. Confidence is

specified

unspecified

Measurement focus

Focus is on measuring impact
to humans

Focus is on measuring the
impact to the system

IOWA STATE UNIVERSITY

ECpE Department




Extreme Weather and Power Grid

* Extreme weather events constantly threaten and damage electric power
systems.

* Overhead distribution systems are vulnerable to severe weather events
such as hurricanes, wind storms, heavy rain, lightning, ice, freezing rain,
and snow.

* Recent years have seen an increase of weather events and outages.

_ _ Estimated electricity outages caused by Hurricane Matthew (Oct 7 - Oct 13, 2016) ==
Hurricane Maria (2017) millions of customers . €1a
3 peak outages in
Hurricane Georges (1998) [lusltullilsh South Carolina,
peak outages , and Virginia
Superstorm Sandy (2012) in Georgia

. Virginia

Hurricane Irma (2017) [EEERulllTel]

peak

outages -

in Florida

, South Carolina
Hurricane Hugo (1989)
*‘ Georgia

Hurricane ke (2008) a
Hurricane Katrina (2005) (RNl Florida

Northeast Blackout (2003)

Hurricane Wilma (2005) |515 million

Hurricane Irene (2011) [ExxRulililely} 1]
200| 400| 600 800! 1000! 1200 1400 Oct 7 Oct 8 Oct 9 Oct10  Cct11  Oct12  Oct13

Million customer-hours of lost electricity service

0

v

IOWA STATE UNIVERSITY ECpE Department




Reliability Metrics

*  SAIFI - System Average Interruption Frequency Index
Average frequency of sustained interruptions per customer:

Number of interrupted customers
Total number of customers

* SAIDI - System Average Interruption Duration Index

Customer minutes of interruption or customer hours :
Sum of all customer interruption durations

Total number of customers

* CAIDI - Customer Average Interruption Duration Index

Average time needed to restore service to the average customer: —SQ%I?II

» These metrics reflect the system reliability, not resilience

» A system can be reliable but not resilient
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Reliability Metrics (Cont.)

*  Why reliability metrics cannot be directly applied to resilience?

1) Undervalue the impact of large-scale events and focus on normal operating
conditions;

2) High standard deviation.
*  Many utilities exclude major events from SAIFI and SAIDI.
*  There is a need to design new metrics for resilience.
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Resilience Curve
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Actions Coordination
(Panteli 2017)
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Resilience Curves-Real Data

* The figures show the number of interrupted customers and
outages for three different events
* Storm Alfred (October 2011)
* Hurricane Sandy (October 2012)
*  Winter storm (November 2014)
e Storm Alfred occurred two months after Hurricane Irene
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Resilience Metrics (1/3)

Metric Equation Description
Storm Average STAIFI and STAIDI exhibit
Interruption Total Number of Customers Interrupted too much uncertainty
Frequency Index Total Number of Customers Served because of their high
(STAIFT) standard deviation.
The metrics are static and do
Storm Average not represent the dynamic
Interruption Total Customer Storm Interruption Minutes evolution of damage and
Duration Index Total Number of Customers Served Tecovery processes.
(STAIDI) Insufficient representation of

the physical aspect of grids.

Estimated Time of
Restoration (ETR)

Time of Outage + Estimated Recovery Time

Difficult to estimate due to
the uncertainties in the
recovery process.

Fails to provide a clear
indication of the network’s
ability to withstand weather
events.
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Resilience Metrics (2/3)

Metric Equation Description
. Rpa — Ry * This metric indicates how fast the resilience drops after an extreme event.
P
Speed of degradation D . gers :
tee — toe * It can be used to measure the network’s ability to withstand the event, but not for recovery.

Amount of degradation Ry — Rpq * The metric measures the initial impact of the extreme event.

* Indicates the quality of the initial immediate response after the event.
tr — tee * This metric highly depends on the fault location, isolation and service restoration (FLISR)
technologies being used.

Duration of the post-
disturbance degraded state

* The metric measures the quality of the response from the utility.
It includes the speed of damage assessment, repair process and crew management, and
power restoration operation.

Speed of network Ry — Rpq
recovery T —t,

Area of the resilience

T
. J R(t)dt * This metric gives an overall indicator of the system performance.
trapezoid "

Disturbance Restorative
Progress state

~
o

Resilience Level

Loe tee t, T Time
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Resilience Metrics (3/3)

Measure resilience at the network-level involving both infrastructure and
services (Wei 2013)

* Combine the infrastructure and service resilience metrics (Ji1 2017)

R ( t) —1— i E { C (t,‘ d)} d: a threshold on tolerable delays for recovery

Co Cy: is a normalization factor

» Where:
E{C(t;d)} = [, " Esw) {/1{ w|S(v)) E{G; (v, t)|5(v)}} dv

Expected state of the system S(v) \ Expected disruption cost
Failure rate of the infrastructure

¢ This metric does not include weather variables. An open issue is how to
derive resilience metrics combining weather with the infrastructure and
services.
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Resilience Enhancement

Phases Actions

e Infrastructure hardening

* Vegetation management

* Adding distributed energy resources (DER)

* Implementing smart grid technologies
e Automated switching devices and sensors
* Smart meters for situational awareness

Long-term planning

* Weather forecast and damage prediction
Short-term pre-event * Pre-position crews

preparation * Pre-allocate equipment and fuels

* Pre-position mobile energy sources

* Automatic fault isolation and service restoration
e Improved damaged assessment
* Damage location prediction
e Smart meters
* Drones
* Optimizing repair scheduling and crew routing
* Dynamic network reconfiguration
e Use of DERs, demand response, and microgrids for restoration

Post-event restoration
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Our Research on Resilience

Co-optimize distribution grid operation and crew repair

° Resilience: The ablhty tO prepare fOI' and adapt * A. Arif, Z. Wang, J. Wang, C. Chen, “Repair and resource

scheduling in unbalanced distribution systems using neighborhood

and recover rapldly from dlsruptlons search,” IEEE Trans. Smart Grid, accepted, 2019.
- A tri-stage robust optimization model * A. Arif, S. Ma, Z. Wang, J. Wang, S. M. Ryan, C. Chen, “Optimizing
- A two-stage stochastic optimization model service restoration in distribution systems with uncertain repair time

* S. Ma, S. Li, Z. Wang, F. Qiu, Resilience-Oriented Distribution System gggsde'\r:;?’ngg,llgEE Trans. Power Syst., vol. 33, no. 6, pp. 6828-
2Dgflsgn with Decision-Dependent Uncertainty, /IEEE Trans. Power Syst., - A Arif, Z. Wang, J. Wang, C. Chen, “Power distribution system
+ S. Ma'\ L. Su, Z. Wang, F. Qiu, Resilience Enhancement of Distribution UG s e el L el el G refeiells, ieserigieler,

Grids Against Extreme Weather Events," IEEE Trans. Power Syst., 2018. ZﬁsD(s;edpifp;éﬁ%” IEEE Trans. Smart Grid, vol. 9, no. 5, pp. 4109-

+ S. Ma, B. Chen, Z. Wang, Resilience enhancement strategy for distribution
systems under extreme weather events, IEEE Trans. Smart Grid, 2016.

Planning Preparation Damage Assessment Repair & Restoration
* Tree trimming * Weather forecastings Fault location * Fault isolation and
* DERs * Outage modelling ¢ UAVs service restoration
* Automatic Switches and prediction * Repair time * Dispatch repair
* Hardening e Crew and prediction crews and repair
* Microgrids equipment scheduling
- A. Arif,Z. Wang, C. Chen, B. Chen, A allocation * Microgrid formation

stochastic multi-commodity logistic model
for disaster preparation in distribution
systems, IEEE Trans. Smart Grid,
accepted, 2019.

* A. Arif, Z. Wang, “Distribution network
outage data analysis and repair time
prediction using deep learning,” IEEE Int
Conf. Probabilistic Methods Appl. Power
Syst., Boise, ID, 2018.
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Motivation

* Severe power outages caused by
extreme weather events

— Hurricane Irene (2011): 6.69
million customers

— Hurricane Sandy (2012): : 8.66
million customers

— Hurricane Irma (2017): 15 million
customers

— Cost of weather-related outages:
$25 to $70 billion annually in
U.S.

* The energy infrastructure is aging,
inefficient, and highly vulnerable to
extreme weather

* We need a resilient system that can
withstand the extreme events and
recover quickly after the event
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Part | Pre-event Preparation
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Review — Disaster Preparation

Depot A

* Few studies focused on disaster
preparation in the context of power
system and its infrastructure

* The previous work approached the
preparation stage by dividing the electric
network into different areas, with each
area having a specific demand

(Wang 2004)
Ref. Application Method
Wang 2004 Find optimal number of depots and their locations around MILP
the power network
Coffrin 2011 Determine the number of resources to stockpile before a SMIP
disaster in order to repair the power network
Khomami 2018 Preposition repair crews before a disaster near expected Heuristic

damaged components
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Review — Distribution System Restoration

» Reconfiguration: optimal reconfiguration of the distribution network with the objective of
maximizing the served loads

» Reconfiguration and DG dispatch: optimal reconfiguration of the distribution network
and DG operation

» Microgrids: optimal operation of microgrids for service restoration

» Repair Scheduling: repair scheduling of distribution systems’ assets without considering
network operations

Model/Algorithm
Method
MILP Stochastic/Robust | Agent-based Heuristic
Reconfiguration Butler 2018 Lee 2015 Solanki 2007 | Kumar 2008
Reconfiguration+DGs Lopez 2018 Chen 2016 Zidan 2012 Drayer 2018
Microgrids Wang 2016 Wang 2015 Zhao 2018 Hu 2017
Repair Scheduling Golla 2017 Xu 2007 Johns 1994

MILP: Mixed integer linear Program
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Review: Repair and Restoration

*+ How do utilities schedule the repairs?
¢ Define priorities for the damaged components — dispatch the crews according to the
priorities
¢ 2-Step approach for transmission systems (Pascal Van Hentenryck and Carlton Coffrin 2015):

1. Restoration Ordering Problem: assume only one component can be repaired at each time
step

% Solved using MILP
Time

Routlng solve a routing problem with precedence constraints
» Solved using Constraint Programming
*10 Precedence constraint

D09 O
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Problem Statement

What is missing?

* An optimization strategy for disaster preparation that selects staging areas
and allocates crews and equipment while considering the system’s
components

* A co-optimization method that jointly optimizes crew routing and
distribution system operation

* Solution algorithms for solving these difficult problems

Pre-event preparation
* Choose staging locations
* Mobilize available crews and * Manage equipment
request assistance if necessary ! i * Isolate damaged components
e Obtain and allocate equipment ; i * Operate the distribution
|
|

E Post-event repair and restoration

: e (Coordinate tree and line crews
|

|
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Summary

* Develop a two-stage stochastic program
* Use fragility models to generate scenarios

* Uncertainties: damaged components, equipment, and repair times

%@@@%@@

* Objective:
e . Equipment
e Minimize preparation costs

and penalty over unmet Equipment

allocated to depots

demand and late repairs ' J— : J—
* First-stage: pepots L L
. Equipment assigned to crews { l ]]— Crew allocated to depots

* Depot selection H __________________ S |

C d ) ineCrews 1A A A A AN A A A A
. T Ul S S\ L S

rew a_n equlpment Tree Crews :A A A‘: ‘ ‘. :A AE AA A
allocation TR R DY YA NN crew

(Y
N,
N,
\,
3,
\,

, -
*,, assignment

! “‘\\ ‘\l" ! ‘\‘ ," \l"l ‘\\ | “\ \\:‘\ “\
:' \‘:‘ .:: ", Y \‘\ ’/,'u“ "‘k‘ ‘\“:r \“‘ \‘::\‘\. \\ N
« Second-stage: Damaged () ‘ IR X X X NoX XoX0

. Components
* Assign crews to damaged
components

\

) Damaged Line 4 Damaged by atree | 1 Depot not selected
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Scenario Generation (1/2)

* Assuming a hurricane 1s forecasted

*  We generate wind speeds using lognormal distribution and hurricane model
(Javanbakht 2018, Kaplan 1995) Bernoulli(p) = 1 with probability p

. Fragili . .
Scenarlo S WS e W lty B> Bemoulh —» Fallure
models status

Probability of failure

* Fragility models to (Ouyang 2014):
* Calculate the probability of failure of each pole
* Calculate probability of failure of each conductor
* Probability of wind induced damage
* Probability of damage due to fallen trees

I Load

Conductor

pr— Distribution bus (pole)
| 3 § le =P
Sy
-
3 C | pole

Distribution line

= 3-phase line e 1-phaseline > Damaged pole £z Damaged conductor
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Scenario Generation (2/2)

* C(Calculate required equipment (poles, transformers, conductors)

* Estimate the repair times using normal distributions (Ouyang
2014)

* Identify critical components
* Solve a MILP to identify minimum number of lines to

repair
* Minimize number of lines to be repaired while serving all
critical loads min Y u
 Status of the line: u;, keQp ()
 Status of the load: y; subject to y; = 1,Vi € Qop

subject to power operation constraints
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Objective

* First-stage objective: minimize the costs of equipment transportation,
ordering equipment and external crews, and staging depots

min Y PierLer +Z79EIEL;;T+Z PP+ T1a) + Pi va)

Vd.e,T Yd, T

* Second-stage objective:

 Minimize the costs associated with the crews. The costs of crews
include labor, food, and accommodation

* Minimize penalty costs of unmet equipment demand and time it
takes to repair all components

min ZPr(s) ZPHHL s + Z 'PLng s+ P (ﬂT + ﬁL))

Vs Vd, T
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Constraints

First-stage constraints

Select depots

* Transfer existing equipment/crews between depots

* Acquire new equipment/crews

* Depot capacity constraint

Second-stage constraints

Crews are assigned to repair damaged the components
The assignment 1s constrained by the distance

Calculate working hours

Assign equipment to the crews

We must have enough equipment for critical components
Calculate unmet equipment demand
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Solution Methods

* The Extensive Form (EF)

 Write down the full variable and constraint set for all
scenarios

* Attempt to solve with a commercial MIP solver

* Best solution, but often does not work due to memory or
time limits

* Progressive hedging
* Scenario-based decomposition
* Pros: parallelizable

 (Cons: heuristic
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Solution Algorithm - Progressive Hedging

* Algorithm:

1. Solve each scenario independently Solve Individual Scenarios
2. Find the average first-stage solution x —
= Yvs Pr(s) xg Initialize ng

3. Calculate penalty factor n, = p(xg — x)

Solve Weighted Scenario MIPs

4. Augment the penalty factor to the stochastic
model and solve

5. If Yy Pr(s) |lxs — x|| > € goto2

* The algorithm terminates once all first-stage Compare Scenario Solutions
decisions x¢ converge to a common X

* The PH algorithm may experience slow

?
convergence Converged:

*  We fix some of the first-stage variables (depot
selection and crew allocation) if they converge to
the same values after some number of iterations
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Results (1/2)

12+ o
* IEEE 123-bus system b | [ _ .
. — 3 _. De;oM
e Proposed method (SCRAP) is g 1 Depol 3=
. 4 PR
compared with: S, HT
* Deterministic allocation (DA) ’ { s |
2 !
- ST 4L L Ll |
* Robust stochastic optlmlzathq : — | [ |
method (RSO) (Bozorgi-Amir1t - |
0 5 10 15 20 25
20 1 3) x (km)
PRE-EVENT PREPARATION RESULTS
 Main difference i1s in the number of SCRAP DA RSO
L ) ) Line Crews 6 4 6 4 6 4
* The deterministic solution did not Tree Crews 2 | 2 1 2 1
consider some of the extreme cases L} 10 | 6 10 U N
| > 16 | 13 13 6 26 | 15
« RSO favors a solution that would Equipmant| 3 [ 3 0 3 0 3] 0
. A1 6 2 7 1 6 | 3
perfortp better Wlth worst-case S5I38km|{2km| 25km |1.5km|5km|3 km
scenarios Costs $146.766 $117.443 $183.371
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Results (2/2)

* The wait-and-see (WS) solution 1s calculated to provide a
lower bound

* We calculate the objective value of the stochastic model for
cach method by using the first-stage decisions of the different
methods

Method  Objective Value Computation Time

WS $513,170 N/A
SCRAP-EF $549,554 300 min
SCRAP-PH $551,585 106 min

RSO $608,683 335 min

ED $714,602 2 min
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Restoration Phase

* To assess the devised preparation plan, we solve the repair and
restoration problem with and without preparation

* A new random damage scenario is generated on the IEEE 123-bus

system

* The stochastic and robust models have enough equipment, however,

RSO has a large surplus

REPAIR AND RESTORATION PERFORMANCE AFTER THE EVENT

Preparation Equipment Load served (kWh)
SCRAP {+3,4+11,43,46,40.32 km} 80,136 kWh
RSO {+10,4+23,+3,+7.+3.7 km} 80,136 kWh
DA {-3,+1,43,46,-0.34 km} 77,448 kWh

W/O Preparation  {-3,-3,+3,+6,-0.34 km} 46,667 kWh

“-": shortage; “+": surplus; the load served is for the first 48 hours
Equipment: {Poles for 3-phase lines, Poles for single-phase lines,
3-phase transformers, single-phase transformers, conductor}

IOWA STATE UNIVERSITY
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Part Il Post-event Outage Management and
Service Restoration

IOWA STATE UNIVERSITY ECpE Department



Distribution System Outage Management

Distribution system outage
management involves utility
procedures and computer-based
tools to efficiently and effectively:

 Predict and prepare for
outages

» Detect and locate outages

 Dispatch crews and manage
equipment

» Restore the distribution
system

* isolate faults and restore
the healthy sections by
reconfiguring the network

* Provide feedback to affected
customers

IOWA STATE UNIVERSITY

o Check generation
facilities

e Repair

substations

5 9 Repair

transmission
lines l

e Repair main
distribution
_I_ lines
Repalr neighborhood tap lines

and transformers Cnnnect individual service lines

mibhe el le

Source: https://www.nppd.com/outages/restoring-power/
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Utility Practices (1/3)

Preparation
* Crews and staff on alert
* Request assistance

e Pre-storm allocation of crews and resources

Outage Management System

* Data from customer calls, SCADA, AMI,
etc are collected

* Determines the likely location of the trouble

Damage assessment process

* Damage assessors navigate to the outage
locations

* Record damage data

Prioritizing restoration activities

* Hazards — critical customers (e.g.,
hospitals) — prioritize by number of
customers

Crew Scheduling

» Crews are assigned to different areas for
large systems

* Schedule in sequence of priority

IOWA STATE UNIVERSITY
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Utility Practices (2/3)

Legend
Ul Custom Tools

= Ul Custom Interfaces
Packaged Applications
=P QOTB Interfaces

Sent shifted Estimated
Times of Restoration

oMS
Outage management
system

Outage Info,
ERT &
Confidence Level

|

ENHANCED OUTAGE
CUSTOMER REPORTING
Integrated Outage
Status & Reporting

Get Latest Data
from OMS

SCHEDULE TRANSLATION TOOL

Send Estimated Time of Completion

Outages are released

in MWMS and Updates back to OMS

in OMS to generate Work Orders ==

—P> STORM PLANNING

& Work Order Data
MWMS
-==--=---=--- i Mobile Work
Management Scheduling
A
Work Order
Updates
Send Work Order i

Updates to MWMS

Outage Info & Damage Data

=

Mobile Application

Damage Data

<u__()ula,ge Info & ___

_..Outage Info & __
Damage Data

Classifier

UI: United Hluminating Web App

ETC: Estimated Time of Completion
ERT: Estimated Restoration Times

MWMS: Mobile Work Management System

IOWA STATE UNIVERSITY

System Architecture Diagram

Damage
Assessment Tool

€
"’T he United Illuminating Company
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Utility Practices (3/3)

Challenges

- Distribution systems are becoming more complex with new devices and systems. DGs
and automatic switches can greatly decrease the restoration time if operated
effectively.

- Managing crews, equipment, and the operation of the network is a demanding task.
After an extreme event, a sudden influx of crews can overwhelm operators and storm
planners.

- The recovery operation problem and repair scheduling are interdependent.

- Currently, crews are scheduled based on a priority list. If the priorities are not well
defined, the schedule will not be efficient.

Improvements

- Development of advanced optimization methods to jointly optimize the recovery
operation and logistic problems. An optimization process can help the operator in
making critical and more informed decisions after outages.

- Design solution algorithms for the co-optimization problem to obtain a quick, and
efficient solution
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Distribution System Restoration

» Reconfiguration: optimal reconfiguration of the distribution network with the objective of

maximizing the served loads.

» Reconfiguration and DG dispatch: optimal reconfiguration of the distribution network and DG

operation.

» Networked Microgrids: optimal operation of interconnected individual microgrids with defined

boundaries.

» Microgrid formation: optimal operation of microgrids with dynamic boundaries.

» Repair Scheduling: repair scheduling of distribution systems’ assets without considering network

operations.
Method Model/Algorithm
MILP Stochastic/Robust Agent-based Heuristic Other

Reconfiguration [3]-[5] [6]-[7] [8]-[10] [12]-[14] [15]-[17]
Reconfiguration+DGs [18]-[20] [21]-[24] [25]-[27] [28]-[30] [31]-[32]

Networked Microgrids [33]-[36] [37]-[40] [41]-[42] [43]-[44] [45]

Microgrid Formation [46]-[50] [51]-[54] [52]-[55] [56] [57]
Repair Scheduling [58] [59] [58]-[61] [62]-[65]

MILP: Mixed integer linear Program

IOWA STATE UNIVERSITY
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Review: Repair and Restoration (1/3)

& MILP for transmission Limited by number of crews

‘ Repair time
system repair and P . /
restoration (Arab 2015) { A Repair statu/
el 1 1 1 [ 1 T ol
Assumptions Line 1 1 PR R, 1 ........ - /1 O : 0 0 0
- Neglect travel time Line2 4 1 | 1 /1 [+1i00 0 0 0
. . o
- Crews are immediately | Line3 | 0O 0 O | wd | 1., O 0
present at the damaged | |inea | o 0 ( 0 ol [T 1 1 0
components \ —
« No SpGCiﬁC crew \Qf—‘ration status
assignments lnel [ 0 | o | 0 ™1 1 1 1
Model e [0 [ o ] o o5 1| 1|1
. Transrmssmn system line 3 0 0 0 {O 5 1 1
operation N e S
. Line 4 0 0 0 0 . 0 0 | 1
- Repair schedule ne A N !
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Review: Repair and Restoration (2/3)

% A project by Los Alamos National Lab and National ICT Australia (NICTA), Australian
National University.

¢ 2-Step approach for transmission systems (Pascal Van Hentenryck and Carlton Coffrin 2015):
1. Restoration Ordering Problem: assume only one component can be repaired at each time
step

% Solved using MILP

Time

Routing: solve a routing problem with precedence constraints
¢ Solved using Constraint Programming

’0

s Precedence constraint

D09 O
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Review: Repair and Restoration (3/3)

¢ Yushi Tan and Daniel S. Kirschen , University s
of Washington, 2017 (preprint).

* Assumptions 820 s
* Network is radial without switches.

802 806 808 812 814 850 824 826 834 860 836

* Power only from substation.

800 b% E_SS'?:‘;)

* Travel time 1s neglected. 810

@852

* Power operation constraints are
neglected. 828 830 854 856

* Method

* Solve scheduling problem (LP) to
minimize the total weighted completion
time under with “outtree” precedence
constraint

— obtain priority list

* Whenever a crew is free, select among
the remaining candidate lines the one
with the highest priority.
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Research Objectives

What is missing?
* A co-optimization method that jointly optimizes crew routing and distribution
system operation.

* Modeling fault isolation and tree/obstacle removal before repairing the lines.

* A preparation strategy before repair and restoration to ensure a fast response.

Objectives:

1.  Proactive response: develop a stochastic program to pre-stage and prepare human
resources and equipment before extreme weather events.

2.  Develop MILP and stochastic mixed integer linear program (SMIP) models to co-
optimize repair scheduling and the recovery operation of distribution systems.

3. Design solution algorithms for solving the above problems.

i Pre-storm planning

| Outage scenario . 1+ Choose staging locations

| generation : * Mobilize available crews and
*  Weather forecast I request assistance if necessary :
* Fragility model i * Obtain and allocate resources and |
_____________ | equipment !

1 Post-storm repair and restoration

i *  Coordinate tree and line crews

i * Manage Equipment

* Isolate damaged components

* Operate generators and
switches

IOWA STATE UNIVERSITY ECpE Department




Contributions

A novel mathematical model for jointly optimizing the repair crew routing and
distribution network operation problems is developed. The model can improve
utilities’ response to extreme events. Our research group is the first to develop a

single mathematical model for co-optimizing crew routing and power restoration.

* A mathematical formulation is developed for fault isolation and service restoration.
Isolation has been neglected in distribution system restoration studies that use
mathematical programming.

* Development of efficient algorithms for solving the co-optimization problem.

* Cluster-based decomposition
* Priority-based decomposition
* Hybrid mathematical programming and search algorithm

* 4 journal and 6 conference papers have been published, and 1 journal paper is

under review.
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Mathematical Modeling
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Problem Overview

N
O &
C
7

B Closed switch O Open switch

IOWA STATE UNIVERSITY
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Mathematical Model

Distribution system repair and restoration problem (DSRRP)

Assumption:
Damage assessment has been conducted: the locations are known and the repair
time 1s estimated.
Objective
-  Minimize cost of shedding loads and switching operation

min Y ()Y (U —widol PR+ 0" Y )

YVt Ve Vi kEQsw
Constraints
* Distribution system * Crew routing
operations » Path-flow constraints

» Power flow » Start/end location

» Cold-load pickup » A damaged line is repaired by one crew

» Voltage constraints » Arrival (repair start) time

» Reconfiguration and » Tree removal before line repair

fault 1solation constraints » Equipment constraints

IOWA STATE UNIVERSITY ECpE Department



Distribution System

1. Generator limits
Line limits

Node balance

el

Kirchhoff voltage law
(Chen 2018)

. Losses are
neglected

5.  Voltage regulators

— 0< PS, < POmes | Vi ot

L 0<Qf,, Q™ Vi, p,t

0.t

K K K
— U PP ™ < Prpy < UkaPko P ™ Yk, @)t

K K Koma.
e — U Pr Q" S Qe < Uk iPr Q) ™ Vhy @)t

_ ZPkﬁot+ EWf_ZPkgot+ zgotu\dl @, t

VEEK(.,1) VkeK((i,.)
T Zkai+szt ZkatJrQﬁ@t,Vi,ap,t
VkeK (i) VkeK (i,.)

— U, — Ua’,t + stz + Z;Sk < (2 — Ukt — Pk)M1 Vk € QL\QVJL

4

u: status of the line — Ut — Ui,t + stz + Zzsk > —(2 — Ukt — Pk)Ma Vk € QL\QVat
Py for line k with phases a, c,

Pi = [10.1] 2 M < a?U;, — Uiy, Yk € Q

U=Vy>2 _( —’Uk,t—Pk) = apUje —Uig, c y,t

ay: the ratio between the 5 I:

rimary and secondary windin
?01. eagl phase ry 8 G.E,Uj,t —U;; < (2 — Uk ¢ — pr) M, VEk € Qy,t

IOWA STATE UNIVERSITY
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Cold-Load Pickup

* Cold load pickup (CLPU) is the well-known problem defined as excessive
inrush current drawn by loads when the distribution circuits are re-energized
after extended outages.

 The typical behaviour of CLPU can be represented using a delayed
exponentially decaying function.

* We use two blocks to provide a conservative approach and guarantee the
supply-load balance (Liu, PSERC 2009).

A
Pngot i, tP ««t+(yzt i ;max(t— J\O))Puptﬂ V?)a‘i-’ t Yy - |
Q:B\pt—yath\pt"f_(yat_yzmax(t AO))Q;»!& Vi, p,t :
5 Undiversified load P
. : A= | |
* A: number of time steps required for the 5 |
load to return to normal condition. z . [
) ~ Interruption] . . 1 pP
* If a load goes from a de-energized state y time | Diversified load
= 0, to an energized state y =1, it will go ' J
back to normal condition after A. t, Z, 7, Z, Time
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Voltage Regulator

* Voltage regulator with variable tap setting

* Voltage on the secondary side = a X voltage on the primary

* The standard voltage regulator provides = 10 % adjustment in thirty-two 0.625 % steps
* a=[1+0.00625 X Tap] - U; =[1+ 0.00625 X Tap]? U;

« Tap=-16,-15,....,16

 Define variable T € {0,1}33, where 7, = 1 > Tap = —16

« r=a?=7[0.8100,0.8213,...,1.2100]

* Exact linear constraints

—M(1 - Tp) +rU; < U; < n,U; + M(1- Tp),‘v’voltage regulators,p € {1..33}
« Example: if a® is desired to be 0.81, then 7, =1lifp=1

081U; =U; =0.81U;
* Simplified constraint

0.81U; < U; <1210,

IOWA STATE UNIVERSITY ECpE Department




Reconfiguration

1.  Radiality constraints (for radial networks)

Z Uy < Qg — 1,1t

2. Count switching operations
Vit = Ukt — Uk t—1, VK € Qgw, T
Vit = Uk,t—1 — Uk,t, Yk € Qsw, t

3.  Fault Isolation:

. Force the voltage to be zero on damaged
lines

. The voltage propagates through KVL until a
CB/switch stops the propagation

x: outage status of bus 2uks 2 Xig + Xy, Vk € Qpic, t *

QK(D: set of lines in 100p l Xi,tUmin < Uz':t < Xi:tUma:r ) Vi,t H E.
Qpg: set of damaged lines

‘)(i,t Z Yit, VZ, t

y: B}nary parameter equ.als open 8 Cosed Ca
one ifa switch Changes its —O— Open sectionalizing switch —— Closed sectionalizing switch
status ups = 1,Vk & {Qsw UQpk },t
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Crew Routing (1/2)

Vehicle routing problem (VRP)
1. Starting and ending locations
2. Path-flow constraint

3. A damaged component is visited only once by a line crew and a tree crew (if
required)

Valid route

Z Ty m,e = 1, Ve

YmeN
x: binary var equals 1 if
crew travels the path Z Tgte = 1,Vc
¢°/1: start/return location vmeN
time

1

N: set of nodes me,n,c - Z Tpm,e = 0,Ye,m € N\ {(;58, gbc}
Qpr: set of lines damaged | YneN\{m}  VneN\{m}
by trees
CL/T: set of line/tree Z Z Tmn,e = 1,V € Qpk

IOWA STATE UNIVERSITY

@ Damaged component

2.2

YeeCT YmeN\{n}

Tmn,ec = 1,VYn € Qpr Depot
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Crew Routing (2/2)

1. Calculate arrival time
Arrival,, = Arrival,,+Travel,,,*Repair,, T e+ Tettrmn — (1= T o) M < ae
2.  Tree crews must finish before the line crews 1 vm € N\{¢l},n € N\ {¢?,m},c
start repairin
3. Set arri};\)/al tirie = 0 (empty) if a crew does not 2 Z Ume 2 Y OmetTme ) Tmne;¥m € Q1
visit a component __CGCL et ey
4. Crews must have enough equipment to repair the 3 0<ame< M Z Tnmes Y € N\ {¢¢, ¢z} ¢
components neN
5. Each crew has a capacity [ S ZomeRony < By, ¥,y € C-
6. Equipment are used/picked up as the crews travel VneN '
between components I: Z CapBE,pm, < Capl,¥m,c e CF
Equipment on hand = equipment at previous
location — equipment used
7. The equipment is taken from the _ ~ M= 2mne) < Bemr = Ry = Eepr < M(1=Zmne),
depot/warchouse ¥m € N\{¢L},n € N\ {42, m},ceCl r
a: arrival time
T: repair time —M(1 - zwne) < Ecwr + Resgw,r —Eeny S M1 = Twne),

tr: travel time

Res®: number of resources a crew takes from a depot
ResP: number of resources in the depot

Cap’: capacity required to carry an equipment

Cap®: capacity of the crew

E: number of resources a crew has at location

R: required resources to repair a damaged component

IOWA STATE UNIVERSITY

— M(1—z49) < ResC o, —

7

V?_U,TIEN\ {d’gaqﬁi:w}ace CLur

Eepy < M(1—240,,.).¥n € N\ {42}, ce Ctr

es,ﬁr > Z Resg¢2=r+ Z Resgwir,‘v’w 7

VeeCL ¢0=w YeeCT
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Connecting Operation and Routing

J 9
When can we operate the component S fo = 1., ¥m € 2
1. Define binary variable f which vt

equals 1 once the line is repaired S tfine =Y (Qme+ Tone D Tmmie), ¥Ym € Qp
2. Calculate the restoration time v v nen
(Arrival time + Repair time)

3. Set the status of the line (uy ;) to
1 once the line 1s repaired

t
Um t = Z fm,’r ) VYm € QDLgt

=1

Arrival Time

T i
< 7 .
L oy 2 4 03 o4 gs oy 6y 7 3 8
Traveling Time Repair Time
Restoration Time Q. tf = 8)

t t
Starting Point Component Repaired
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Challenges

. . . . 250
- VRP is NP-hard, obtaining the optimal .
30 Oy 48 47 50 151
. . . 32 “?.- ”-—— T—.—.—.—. ........... .
solution for large cases is very challenging. G L I PR . :
- - C AL G - | 4546 113112 | 109 >0
- VRP is commonly solved using heuristic % s 25 4 e
e — 423 4| 43 | 106 |0
methods. S 2 |y 114 107
o 10 13540' 41 101 102 103 104
- Combining VRP with distribution system — - »—Fg 197
. . . . ' I :
operation highly increases the complexity. 10 ey B P 07" 98 99 100 450,
11 66 65 64 63 62 .
- Large number of damages: 1 | (
59 58 57 60! 160 67 68 69 70 71

— o — — — = ——

> Routing becomes extremely |

|
|
|
} |
|
|
2 |
9 | 73 74 75
difficult e ! | 152 5253 ! 5556 o1 PR
ifficu ¥ 7 g o3 1 . o fo_ T8 T
12

149 | | 3:4 | e
E.g. 30 damaged components and 10 crews: 3,5 6 2l % | o o
80 gg
4 6 |17 . I '
Xmne = 30 X30X 10 = ——=*— 9% : 92 9 88 | - I
n, 15 94¢ _I_ | 82 g1 84
. . . e I_I_ -4
- 9000 integer variables for routing 5 93 91 89 87 86
only DG — — - Damaged @} Depot ~ rere- Tie Line
. Computation time is critical!

IOWA STATE UNIVERSITY ECpE Department




Proposed Solution Algorithms

Direct method

* Use commercial solvers (e.g., CPLEX, GUROBI)
to solve the mathematical model

Priority-based

Cluster-based (C-DSRRP)
Assignment-based (A-DSRRP)
A-DSRRP — Neighborhood Search

IOWA STATE UNIVERSITY ECpE Department




Priority-based

The goal of this method is to mimic the approach used in practice
Define the priority of the lines
1. Repair lines connected to high-priority customers.
Weight factor W; = 10
2. Repair 3-phase lines.
Weight factor W, = 5
3. Repair single phase lines and individual customers.
Weight factor W5 =1
Identify the lines that must be repaired to restore high-priority customers.
min {(number of lines to repair)| s.t. operation constraints}

Solve the crew routing problem

min{(Lyp ZRELP Ycect Wy ac i)l s.t. routing constraints}

L :set of lines to repair with priority p

IOWA STATE UNIVERSITY ECpE Department




Cluster-based

* Cluster the damaged components to depots.

* min {(distance between depots and components)| s.t. resource
constraint}

« C-DSRRP
 Solve DSRRP with the crews routed based on the clusters.
» VRP problem — Multi-VRP subproblems

IOWA STATE UNIVERSITY ECpE Department




Assignment-based

Assign the damaged components to crews.
min {(distances between components that are assigned to the crews)|
s.t. resource constraint and assignment constraints}
A-DSRRP
Solve DSRRP with the crews routed based on the assignments.
> VRP problem — Multi-TSP subproblems

IOWA STATE UNIVERSITY ECpE Department




Reoptimization (A-DSRRP - Large
Neighborhood Search)

| Solve Crew Assignment Problem I

Select ss nodes (damaged components) 2
| Solve Assignment-DSRRP |
2. Remove part of the route connected to the selected —
» Initialize count and ss |
components
| Set Part of the Route as Constant |
Set rest of the route to be constant | ¥ |

Solve DSRRP

4. Solve the optimization problem DSRRP (with warm
start and limit 120 s)

Store Solution |

5. Repeat until we reach the stopping criteria (increase v
. . . | Updatess | | Updatecount | | Update count |
ss after count iterations without change) ¥

6. Update the route once new information is obtained o
Reached Stopping Criteria?

(] O \ Update System Status and Parameters
* % N N
o New All Components
® Information? are Repaired?
Assignment —_— Tnitial route ——  Setpart of the route as constant =~ — Reoptimize
. Damaged component O Selected node b Depot »*Removed path
@ Assigned to crew 1 © Assignedtocrew2 @  Assigned to crew 3
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Algorithm

» Use assignment-based approach

* Subproblem I:
* Assign the damaged components to the crews
* Consider uncertainty of the repair times
* Solve using the extensive-form

* Subproblem II
* Solve stochastic DSRRP with the crews dispatched to the
assigned damaged components
» Use Progressive Hedging to solve the stochastic DSRRP
model
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Test Case

Modified IEEE 123-bus distribution o O Depot 3 I
feeder. S 8 47 | 50 151 300
. . 3 1654
7 dispatchable DGs and 18 new switches - 29 izg
. 31 440 o o
are installed. s o 168§
—33— e ,d ? 25
Loads at buses 30, 48, 49, 53, 65, and 76 L L
o, . 22
are critical loads. % —t2
~ 20 19 135
3 depots, 6 line crews, and 4 tree crews. Depot1 7 7
10 37 3
14 damaged lines. 4l 66 65 64 63
Repair times . o sz o7
2 -3
 Intensity of the damage is l 16 . 73 74 75 ﬁ%
represented by the repair time. 3 gEB Wi 7. (s 13 132 5293 ] 5556 Depot 2
. . . . 149 I o4 79
- Repair time is generated using a 161 121 164 b O o
. . . 5 6
truncated lognormal distribution (Z. 3 349 o o a0 a8 O
4 16 17
Zhu 2012). ey A
T. 1 .t 3600 d (V 95 93 91167 89 87 86 82 g1 84
ime limi1 seconds (Van
Hen tenryck 201 1) O DG ﬁ Voltage Regulator —&— Open Switch —<o— Closed Switch % Depot
. Single Phase Two Phase =~ —— Three Phase
Solved using AMPL-CPLEX. —s3— Damaged Component #  Fallen Tree
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Simulation Results-Reoptimization

6 5

+ Objective: $148,185 . / ;

250
48 47 T 50 1
* Energy served = 62,436 kWh O T ™
32 i 28 aq 45 4611311
 All loads are served after 9 hours B0 | g M
2
. 23 4l B3

o [terations: 27 %i 7

* Computation time: 3120 seconds H e

180 X10"3

175

170
@165
% 160
S 155

150 - e S S S o (B3401 167 89 87 86 82 g1 84

133 O DG d Voltage Regulator —&— Open Switch —o— Closed Switch % Depot

0 3 6 9 12 15 18 21 24 27 Single Phase Two Phase —— Three Phase
Tteration —sz3— Damaged Component #8  Fallen Tree
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Simulation Results-Reoptimization (Cont.)

50

51
111

After 2 hours

45 46113112 109 1030
125 .
p 8110 176
g (175

» 2
” B @ 106@
—=s 23 43 o——e—i3p105
I 2] 107 Ao ®
114 102 103 104
— 21 0l 4 101 g—o—o—s
—e
D@!Ll 20 19 135 35 pr 197
epot 18 36 38 39
10 37 —t——e—i3—0s g7 98 99 100 450
L 7 66 65 64 63 62 O O
,(/j 174
170
9 59 58 57 60 67 68 69 70 71
2 [ ] ————o——
r 163
1 9162 73 74 75
CB ﬁﬂ 152 5253 | 5556 = ”
ED 1 7 8 13 132 528 | %0 o6 Depot 2
i 54
149 O 172 77 78 79
» 161 12 161 76 4 E
BN S 9 O
—o—a 34 @ @
16 b, 963 9 90 88
4
—i—0 @
15# 3 §—s !
9 93 91167 89 87 864 8 g 84

IOWA STATE UNIVERSITY

48 47 T 50 300
1650 ¥ 51 v
523 s 111
32
3 4] 45 46113112 '[ 109 O_‘}gso
168 110 176
33 27 @' 17
*—3 33— 25
7 26 106
L 24 105
@ —1 23 4| 43 &
22 [ 11a 102 103 104
1 a1 1014+
@2 40 —
20 19 135
— 3 35 197
Depot 1 18 36 38 39
10 37 o—
" g7] 98 99 100 450 O
14
5 9
163
162
B 4 7 8 13]
149 f
101 12 164 ]
' 94¢ :
5 6
3 o9 34 3 O
4} 16 g % @92 90 88
—a-ii-e
el S B8 0N IB I

9 93 91167 89 87 86

After 4 hours
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Solution Comparison

100% | N S
90% L 4 L 4
?g 80%
2 10% -+-A-DSRRP
;= 60% -+(C-DSRRP
S 50% -+-Priority-based
\© gng -+ Reoptimization
0
20%
1 3 5 7 9 11 13 15 17
Time (hrs)
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Optimality Gap

Using the Reoptimization solution
as an 1nitial solution (warm start),
the complete DSRRP problem is

solved using CPLEX.

Out of memory after approximately
4 hours.

Solution did not change, optimality
gap 1s 4.28%

| Close programs to prevent information

loss

Your computer is low on memary, Save your files and

close these programs:

cplexamp.exe

Close program

Cancel

Windows will enly close encugh programs to restore needed

MEmory.

IOWA STATE UNIVERSITY

Modefile size = 66617.18 MB (46874.73 MB after compression)

148185.1368
148185 .1360
148185.1368
148185.1368
148185 .1360
148185 .1368
148185.1368
148185.1368
148185 .1360
148185.1368

(2903518 .84 ticks.
Modefile Slzg = 68446.91 MB (481?1 65 MB after cumpr3331un)

148185.1368
148185.1368
148185 .1360
148185 .1368
148185.1368
148185.1368
148185 .1360
148185.1368
148185.1368
148185 .1360

(2943675.72 ticks,
Modefile size = 78567.62 MB (4963?.44 MB after compression)

148185 .1360
148185 .1368
148185.1368
148185.1368
148185 .1360
148185.1368
148185.1368
148185 .1360
148185.1368
148185.1368

(2988915 68 ticks.
Modefile size = 72812.13 MB (51212.47 MB after compressionl

148185.1368
148185.1368
148185 .1360
148185.1368
148185.1368
148185 .1360
148185.1368
148185.1368
148185 .1360
148185.1368

(3P29516.48 ticks,
Nodefile size = 747868.28 MB (52523.82 MB after compression?

244138 153869 infeasihble

244607 153442 infeasible

244963 153719 146770.12808 39
245344 1540813 144319 8784 52
245688 154250 146310.8160 15
246529 154888 144698 .58%6 158
247242 155524 cutoff

247788 155985 141836 .36680 45
24832% 156415 145778 .31208 46
2484208 156456 145827 .7848 42
Elapsed tlme = 11676.98 sec.

249169 157187 141836 .36680

258138 158885 144808 .11208 185
258283 158131 148196 .5841 52
251257 159807 infeasible

251795 159381 143775 .98808 41
252218 159781 147645 .9195 43
252432 159915 147781 .9443 65
252847 168274 142378 .5863 48
253748 1611@7 141836 .36680 75
254357 16162? cutoff

Elapsed time 12841 .41 sec.

254817 161992 144786 .08480 4
255650 162669 144792 _8860 28
256812 162903 146721 .6712 56
256627 163438 142808 . 88680 39
256745 163527 142162 .6720 86
257371 164828 141897.6768 84
258857 164622 142808 . 80680 65
258396 164881 1440805 .7854 65
259217 165522 144089 8787 55
2598081 165784 141893 .1548

Elapzed time = 12273.94 sec.

259913 165748 147669 .8816 68
260158 166121 142888 .29173 28
260911 166724 141893 .1548 69
261455 167185 142162 .6720 38
262871 167669 146307 .5818 89
262911 168418 142485 .6800 23
263452 168856 141836 .36680 43
263988 169269 1480887 .6480 64
264770 169872 cutoff

265863 170841 cutoff

Elapsed time = 12694.31 sec.

265279 170216 145802 6160 79
265987 1708629 143527 .5680 38

148185 .1360
148185 .1368

tree

tree

tree

141836 .36808
141836 .3680
141836 .3688
141836 .36808
141836 .3680
141836 .36688
141836 .36808
141836 .3688
141836 .3680
141836.3633

141836 .3688
141836 .36808
141836 .3680
141836 .36688
141836 .36808
141836 .3688
141836 .3680
141836 .36808
141836 .360808
141836.3680

141836 .3680
141836 .36688
141836 .36808
141836 .3688
141836 .3680
141836 .36808
141836 .360808
141836 .3680
141836 .3688
141836 .36808

141836 .36808
141836 .3688
141836 .3680
141836 .36808
141836 .360808
141836 .3680
141836 .3688
141836 .36808
141836 .3680
141836 .3668

141836 .3680
141836 .3680

There may be further error information in the clone logs.
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22545539
22588874
22612269
22642376
22687694
22765380
22802382
22838488
22881632
22896153

78598.88 MB>

2294R872
22975578
22989448
23851126
23886397
23135882
23166657
23194429
23239965
23274856

= 72743.32 MB>

233807683
23358873
23405846
23448388
23451582
235048892
23554837
23598143
23671598
23734151

tree = 74955.27 MBD

237588978
23775439
23834279
238735189
23925856
23971518
24814871
24862484
24126951
24153287

= 76841.88 MB>

24174588
24237512

4.28x%
4.28%
4.28%
4.28%
4.28%
4.28%
4.28x%
4.28%
4.28%
4.28%

4.28%
4.28%
4.28%
4.28%
4.28x%
4.28%
4.28%
4.28x%
4.28x%
4.28%

4.28%
4.28%
4.28x%
4.28%
4.28%
4.28x%
4.28x%
4.28%
4.28%
4.28%

4.28x%
4.28%
4.28%
4.28x%
4.28x%
4.28%
4.28%
4.28%
4.28%
4.28%

4.28%
4.28%



Test Case

48 47 50 151
. . . . 30 . . 300
* Modified IEEE 123-bus distribution . O &l
28
feeder. |
2.7 | g P,
* 9 DGs and 23 switches 2
. 2.2_' 21
* 3 depots, 6 line crews, and 4 tree S, 135
CIEWS Depor 1 B = '
. ?10 37 e 98 99 100 450
. l.l_. 14 66 65 O
* 14 damaged lines ol 172
. =8 19 D5 69 70 71
* The model and algorithm are ’ |51
implemented in AMPL, with | 7 E%B 1 7 s 13 152 5253 | 5556 Depot 2
[ o ” T ] 166
CPLEX solver Shwe o, 2 lup s
3] 5 6 lij 4 a O
4 16 17 96 92 90 88 w
= 20 —=—5 I—8
5 70 8 95 93 o1 167 85 87 8sl 8 g1 84
£ 60
§ 50
%D :g O DG d Voltage Regulator —&— Open Switch —<o— Closed Switch % Depot
ﬁu 20 Single Phase Two Phase Three Phase —s:— Damaged Component
§ 13 #® FallenTree § On-gridPv B & Hybrid system | #@ Grid-forming PV+BESS
T RSl AN R TR RE R e Rs5cEEE
Load Bus -
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Results: Solution Comparison
* Optimal solution 1s obtained by using the Reoptimization
solution to warm-start CPLEX and solve the complete method

100%
90%

e

Reoptimization Priority-based
% Gap | Comp. Time| Obj. |% Gap |Comp. Time
1 |15 Lines|$158,023 | 0.00% 660 s $162,734 | 2.98% 464 s
2 |20 Lines | $248,986 | 2.53% 762 s $279,197 | 14.97% 392 s
3 |25 Lines | $388,760 | 2.27% 782 s $467,278 | 22.93% 520 s
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Results: Route Comparison

Priority-based route

Reoptimization (optimal) route
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Simulation Results-Reoptimization
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Results: Reoptimization
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Results: DGs and Switches

To show the importance of DGs and automatic switches, we
vary the number of DGs and switches for the 14 damage case

The best performance 1s obtained with the highest number of
DGs and switches, as expected

Switches are needed so that the DGs reach their full potential

Number of Switches

Number of DGs 23 14 v
11 $ 199,210 $ 231.803 $ 363,989
4 $ 223,291 $ 289.435 §$ 388,111
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Test Case: IEEE 8500-bus

¥ Damaged Line ® DG PV ¢ Depot

* Reoptimization: $763,184
* Priority-based: $849,842
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Method 2: Two-Stage Stochastic MILP

Uncertainty
* Repair time (Zhu 2012)

e Demand (Lu 2013)
 Solar irradiance (Torquato 2014)

Objective

Minimize cost of shedding loads and switching operation

First-stage constraints
 Dispatch repair crews

* Equipment constraints

Second-stage constraints
* Distribution system operation
 Arrival time constraints

* Connect crews routing and power operation
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Uncertainty

* Repair time: lognormal distribution
(Zhu 2012)

 Demand: truncated normal forecast
error distribution (Lu 2013)
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and normal distribution (Torquato
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Stochastic vs Deterministic

-  Solve the 14 damaged lines test case using:
. Stochastic method (DS-DSRRP) — consider different scenarios & — obtaine route x°
. Static-Reoptimizaton — consider average scenario — obtain route x?

. Dynamic-Reoptimizaton — consider average scenario — obtain route x” — update if the
repair time changes

- Set the routes as constant (not for the dynamic method)

- Generate a new scenario ., for the repair times to be the actual realization and calculate the
objective value

The objective value for the IEEE 123-bus system (14 damaged lines) with con-
stant routing solutions and different scenario realizations

DS-DSRRP (PH) |Static-Reoptimization | Dynamic-Reoptimization

F(l‘S; é'case) % G&P F(xR; ‘fcase) % Gap F(mD: gcase) % Gap
$256,104.7 | 10.84% | $241,661.9 | | 4.59% | $232,728.8 0.72% $231,065.4
$248,671.7 | 6.98% | $299,586.4 | |28.88% | $245,558.6 5.64% $232,447.7
$269,505.5 | 6.85% | $291,036.7 | J15.38% | $259,189.3 2.76% $252,235.3
$251,256.7 | 13.27% | $268,590.5 | |21.08% | $236,415.2 6.58% $221,828.2
$240,549.3 | 15.22% | $246,431.5 | |18.04% | $221,790.7 6.24% $208,772.2

Case Optimal

T = | Q| DD =
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Conclusions

 Effective preparation procedures can ensure that enough equipment
1s present for repairing the damaged components in the network and
facilitate a faster restoration process

* Co-optimizing repair and recovery operation leads to better results
compared to solving the two problems separately

* Efficient repair schedule along with DGs and controllable switches
limit the outage size and can decrease the restoration time

* Advanced solution algorithms are required for solving the co-
optimization problem due to its complexity

* A dynamic approach where the deterministic solution is periodically
updated can achieve better solutions than stochastic programming
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Part Ill Resilience-oriented Long-term
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Motivation: Impacts of Extreme Weather

Events Extreme weather event Distribution Grids
The probability of 4 The failure frequency 4
* Climate Change ‘ -|: occurrence )
The intensity 1 The power outages f

(Hurricane, ice-storm, flood, etc)

* Example: Hurricane Irma in September 2017
* Left 6.7 million Floridians without power-65% of all customers in Florida [1]
» Its overall damage cost reached to approximately 50 billion [2]

lln
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Motivation: Current Situation of Distribution
Systems

* Most existing distribution systems are designed and maintained
for normal weather conditions

* The classic reliability principles cannot guarantee the lights on
under extreme weather events

 U.S. power grids are now old and outdated

« Utilities upgrade grids based on experiences, patrols, and
observations

As power engineers, how can we improve grid
resilience to survive from extreme weather events?
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Introduction: The Resilience of Distribution
System

* A distribution system 1s considered to be resilient 1f it 1s able to
anticipate, absorb, adapt to, and/or rapidly recover from a disruptive

event [6].
A

100%

* Event prevention
stage: Resistant

———» !

2 Event i
S -
E reven IOII: Capablllty
=) ! .
g | | * Damage propagation
£ : | -
S oo X stage: Absorptive
& ' Damage | Restoration | . .
| Jamage | and adaptive capacity
I?ropagatloql ! .
0 - - P * Restoration stage:
Time Recovery capability

Fig.1. A general system performance curve of a
distribution system following an extreme weather event
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Introduction: The Resilience Enhancement
Measures

* Two resilience goals of distribution systems [7]:
» System adaptation (to reduce the impact of future events)

* System survivability (to maintain an adequate functionality during and
after the event)
* Resilience enhancement measures:

Resilience-Oriented Design (ROD) Resilience-Oriented Operational (ROO)

Measures Measures
* Topological and structural upgrades * “Smart” control-based actions
of the utility’s infrastructures * Network reconfiguration
» Upgrading distribution poles to * DG rescheduling
stronger class * Conservation voltage regulation
* Installing automatic switches * Defensive islanding
* Installing back-up distributed * Microgrid-assisted control actions
generators (DQG)  Priority-based load shedding
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Introduction: The Big Picture

* A resilient distribution system
e Planning: pole hardening, and DG and switch installation
e Operation: co-optimization of repair scheduling and restoration operation

A
100% ] — I
|
! l
e :
g Event ! |
% [Prevention! |
) ! :
Q : I
: = |
| |
| |
] — e
(ol 1.7' > - o
' Damage i Restoration i
Ii’ropagatiom !
. | |
0 7. 7 | te ;
Time

* We focus on exploring effects of ROD measures on system resilience with the
consideration of operation response
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Problem Statement

How to optimally apply ROD measures to prevent distribution system from
extensive damages caused by extreme weather events

 Some spatial-temporal correlations exist among ROD decisions,
extreme weather events, and system operations

* Occurrence, intensity and traveling path of events are uncertain

* Physical infrastructure damage status are affected by both extreme weather
event and ROD decisions

* ROD decisions affect system recovery and the associated outage/repair

COStS

* A time-varying interaction exists between structural damages and electric
outage propagation

mmdp - Difficult to capture the entire failure-recovery-cost process of
distribution systems during and after an extreme weather event.
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Literature Review

Ref Uncertainty Consideration Measures Model/Algorithm
8] ° Use a polyhedral set to represent damage * line hardening Robust optimization/column-and-
uncertainty constraint generation algorithm
»  Use failure probabilities of distribution lines ¢  Pole hardening Tri-level robust
1] to represent damage uncertainty set *  Vegetation management optimization/greedy algorithm
*  Combination of both
*  Use failure probabilities of overhead lines * Line hardening Tri-level robust
[10] and underground gas pipelines to generate optimization/column-and-
line damage uncertainty set constraint generation algorithm
»  Use fragility model to generate line damage ¢ Line hardening Two-stage stochastic program/a
[11] uncertainty * DG placement scenario-based variable
*  Switch Installation neighborhood decomposition
search algorithm
*  Use fragility model to generate line damage ¢ Line hardening (replace Two-stage stochastic program/a
[12] uncertainty overhead line with decomposition-based heuristic
underground line) algorithm
* MGs
*  Networked MGs
*  Use fragility model to generate line damage * Line hardening Two-stage stochastic
[13] uncertainty * DG placement program/Progressive hedging

Model repair time uncertainty
Consider load demand uncertainty

Switch Installation

algorithm
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Research Objective

* Develop a new modeling and solution methodology for the ROD
of distribution systems against wind-induced extreme weather
events

* Develop a hybrid stochastic process with a deterministic
casual structure to describe the spatio-temporal correlations
of ROD decisions and uncertainties

* Formulate a two-stage stochastic mixed-integer linear
program (SMILP) to capture the impacts of ROD
decisions and uncertainties on system’s responses to
extreme weather events

* Design solution algorithm for solving the above problems.

IOWA STATE UNIVERSITY ECpE Department



Research Contributions

*  Model a hybrid independent stochastic process with a deterministic causal
structure to capture the spatiotemporal correlation among the various

uncertainties and ROD decisions
* avoid establishing the high-dimension joint distribution of uncertain variables
*  model the evolving impacts of extreme weather events on physical infrastructures

*  Propose a two-stage SMILP to optimally implement multiple ROD measures
considering various uncertainties, thus increasing the infrastructure strength

and enabling self-healing operations

e captures the entire failure-recovery process

* the self-healing operation in the second stage can mimic the outage propagation
with minimum service interruption

* Develop a customized DD algorithm to balance optimality and solution
efficiency

IOWA STATE UNIVERSITY ECpE Department



Stochastic Decision Process of ROD Problem

* Overview
* First-stage decisions
* Uncertainty Modeling
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Overview

_ o DG Load
Hardening DG Sectionalizer output  shedding Switching
ach' :139 axc? PY QQ yC

() T
P Q
e &
T .- Repair  Damage m m _é
. cost status ~ Demand
Planning c" u pLQ* Operation response
v % T [e |
*
IS0 S ' > I
N ~ I
< Y
Stage 1 * Stage 2
(% Fy T%

Wind Wood Repair Uncertainty resolution
speed fiber stress  time

- ROD problem is modeled as a two-stage stochastic decision process:
- Planner makes ROD decisions
- The operation uncertainties are resolved during the extreme weather event

- Operator makes the recourse decisions
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First-Stage Decisions

Hardening poles:
- Strengthening vulnerable
components =~ &Rl

40/2 40/2 40/3 40/3 40/4 40/4
Consider 6 pole types 1 3
Pole stress (1>2>3>4>5>6) Fig.1. Pole types

Installing Backup DGs * Adding sectionalizers
Increasing adequacy of - Increasing topological flexibility
power supply - Can be added at both ends of a line
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Uncertainty Modeling

Controlled
switch

£

* Consider three groups [
of random variables

!'l Gig1 (0)Cig2(£)Cij 3 (8) Cija (B Cij 5 (£) a6 (1)

Xij,1Xi7,2Xi5,3Xi5,4Xij,5Xij,6

/ﬁb Multiplier

that have direct impacts
on the evolution of the
system operation state

* Line damage status

* Repair costs

* Load demands

(a) Line damage status

oo gttt
| i" Nz’;ﬁfﬂ Xii3 e Adder
e (t)!TZ-];pOI"l Damaged pole counter | Unit
? /I e L ) step function
'/ Hz‘j,l(L)"' f{;;n(t) Hz'j,mij (t) Block for
S (b) Repair cost Fomctions

+ Omit similar
% % ?; g% i graph section
— — —-=-| _._. Indirectly
i t
AP (14 th [9(¢ 1 ¢k impac
‘ (t+tg) |MIt+ty)| + Copy to
(c) Demand

Fig.1. The structure of uncertainty space: independent observable random
variables/processes (highlighted in red) + deterministic casual
connections (parameterized by the first-stage decision).
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(a) Line Damage Status Uncertainty
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(b) Repair Cost Uncertainty
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(c) Load Demand Uncertainty

P (1), Q1 (1) Py (1), Q7 (¢)

3
3>
3

P ~ N(P;, (0.02P;)%),Vi € Q, Fig.1. load demand uncertainty
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Fig.2. load profile shape at the substation (root node)
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Mathematic Formulation of ROD Problem

* Overview
* First-stage Problem
e Second-stage Problem
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Overview

™ * Investment Stage: 1dentify

Minimize: Investment Cost the optimal ROD decisions
Determine:
Hardening pole DG Sectionalizer . . .
x’j e A |« Operation Stage: achieve self-healing
\ T B 7 ) | operation | |
|  need a mathematic formulation to
’ fully model power outage
&inimize: The costs of the loss of\ prOpagatiOIl
load, DG operation and damage repair * need an analytic optimization to
Determine: I sectionalize a distribution network
DG output Load shedding  Switching . . .
P9 Q¢ y" y° into multiple self-supplied MGs

K D -] % / while maintaining their radial
= network typologies
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First-Stage Formulation Objective:

Minimize the ROD investment cost
and the expected cost of the loss of
min C{(xh)+0{($g) +C{($Cl )+1UHE£G5(:L‘* 5) loadT DG operation, and damage

T repair in realized extreme weather
st events

First stage ROD variables:
h o
Zij whether hardening line (¢, 7) (1) or not (0) :1:% . whether adding a sectionalizer at the

gjf whether installing DG at node 5 (1) or not (0) end i of line (7, 7) (1) or not (0)

First stage constraints:

Z a:f}k = 1.V(z,j) € Qp Hardening strategy limit Z 3929 < N DG number limit

keQp i€Qy
() 1 L C . - - . . . .
3;‘” n T :L'zfj?n = T n V(7, j) clp,n € {?,? j} Switch installation constraint
Egcﬁ Z pr(s)o(x,s)  The expected cost of the second stage
SES
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Second-Stage Problem: Technique Outline (1)

- Model the power outage propagation (expressed by a set of
constraints)

 Add a virtual node in the middle of
each branch

* Apply a symmetric fault to the
virtual node if the line is damaged

* Set the voltage feasible region:
{0} U [Vmin’ Vmax]

Fig.1. The illustrative example for isolating a fault * Fully curtail a load when its
voltage magnitude is zero

* Set loading limits to all branches and
penalize load shedding amount in
the objective
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Second-Stage Problem: Technique Outline (2)

- Radiality Constraints for each energized networks

* Graph Theorem [14]: A forest of [V nodes has exactly N — N, edges, where N, is
the number of connected network components.

* How to obtain N, in the distribution system
* (alculate NN, by counting the degree of freedom of voltage angles

* Formulate a virtual DC optimal power flow (VDCOPF) sub-problem
to obtain this degree of freedom

* the optimal solution of this sub-problem satisfies that the virtual

loads in the same energized island are nearly equally distributed at
active nodes

* each energized island has and only has an active node with zero angle

* The radiality constraint is satisfied iff the number of active branches equals the
total number of active nodes minus the number of active nodes with zero angles
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Second-Stage Formulation

Objective

* Minimize the cost of the loss of load, DG operation, and damage repair in a realized
extreme weather event given ROD decisions

¢(x,s) = min Z

ZTEQN tETH

Constraints
* Distribution system operation

1) Line damage status constraint

2) Line repair cost constraint

3) Line’s on-off status
constraints (controlled by
switch’s on-off status)

4) Line flow limits (controlled
by line’s on-off status)

5) Linearized DistFlow
equations (calculate power
flow and voltage profile)

6) DG capacity limits

IOWA STATE UNIVERSITY

Lrs
= szzt

At Y Y IPI AL+ Y e

ey teTy (2.7 E(?B

Fictitious faulting logic constraints
(model outage propagation)
1) Virtual node power injection
constraints
2) Voltage magnitude limits
3) Load shedding ratio limit

The minimality condition of VDCOPF
sub-problem (obtain the degree of
freedom of voltage angle)

Zero Angle indicator constraint
(indicating a node with zero angle)
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* Key Points

»  Information passing:
Line’s on-off status and DG on-off status

Second-stage problem > VDCOPF sub-problem
Optimal virtual voltage angle

»  Fictitious faulting logic constraints +Distribution system operation
constraints in 1)-3) + Penalty cost of load shedding in objective:

»  isolate damaged lines while minimizing the de-energized network parts

»  make network constraints such as power flow automatically adapt to the
topology after reconfiguration

»  Radiality Constraints + Zero angle indicator constraint + VDCOPF sub-
problem

»  can keep each energized network radial
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. Distribution System Operation Constraints

1 Uf E :xukCka? (3 .?)EQB?tETH
— kel
B 8 h 5 ..
: : c; = E X,V g) € Q)
1) Line damage status constraint & _ i Xk V(i J) €
REQR
. . . p— C,8 IS
2) Line repair cost constraint Yije S 5 VU0, 7) € Oyt € Ty
+ y?;i + 2?_1) Sf > Q?V(Z?j) € (pr?t = 7-H
3) Line’s on-off status constraints wity + Yy < LV, j) € Qp, t € T
. .. — yfj_shwi},st = {O: 1}9V(3? j) € QBppt S 7-H
4) Line flow limits oy —— o e TS
: : ] : 4 Wijtl =l wha  win |2 Yha win STH
5) Linearized DistFlow equations w0 0o 1 1 0 1 €Ty
6) DG capacity limits 0 1t mNA I : 0
{i|.)e2m,}
. . S - Q,S_ ]__ if"_,s ,V EQ ,tETS
Binary variables: 5 2 Q= Q- (- wIQ i e Oy
{fl T.?)EQBF}
&
- . 1 e REPP 4+ XE.0Q7F. . e e
zlj,_if‘. Llne damage Status LI;} TRy, rl{] ij Q;J_r _ (1 _ IUI{J.:sj 1_{]_ 'L; ..‘, ;::\ 'L,I_.} _
5 -
! ionli - L ROPSAXEQ3
Y;;+ Sectionlizer on-off status j _,rh] Bt 4 (1 — wl3)VR, Vi € Qu, ot € T

w;‘; Line on-off status

0< Pf;"" < )PPV e Qn t € Th
U g g .erqurL\ V'E E Ins tE T‘,
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1)  Virtual node power injection | —ugs Mo <Y ey Piip o T 61 Vil < ufy (M2, V(i, §) €, f €Qnp t€ T
constraints .
- tM2 ZkE{z,j} Qkf”,t = uzg tM23\V/(Z J) € (g, f"ﬁ] = QNF’t = T
— w:n; s‘/zmm g ist < w"_’nastax V’L c QNF;t c Tﬁr
2)  Voltage magnitude limits 2 gy + ,wf t < 1,V(i,j) € Qp.fi; € W, t € T
B e 0,1},Vi € Qne ot € TH
. C e B m,s r,s . s
3)  Load shedding ratio limit 3| 1—w, "<y, <LVieQn,teTsh
. Radiality constraints _
b s m.,s a,s
1) Radiality constraint 1 Z(Z’J)EQBF ij.t ZieQNF Wiy — ZZ-EQNF w;
2) Active branch 2 B wi],}t—'— ?:5’5_1 Sw Z] t <0. 5wzoji+0 5sz'nt’s>Vi < QNF’ (4,7) € QBF’ te TI:SI
identification constraint — w?f, %Jt € {0,1},Vi € Qn,, (i,)) € Qp,., t € T
. Zero angle indicator constraint Binary variables:
a,s 1 . as . wm’s active node w?’f active branch
wiy = 1< gy —T+es) Swip Vie Qnt € Ty | 4l | v
w; node with zero voltage angle

IOWA STATE UNIVERSITY

Fictitious Faulting Logic Constraints
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* The Minimality Condition of VDCOPF Sub-

problem
* To realize that a connected * KKT optimality condition:
network component (healthy MQG) Primal feasibility
has one and only one degree of —(1—wl) My <Py —SoBl, (057 —057) < (1 — wiy) Ms,
(3 _?)EQBF,t € TH
freedom of voltage angle under the My < P <M i j)€Sa, L € T
condition of full DC power flow ‘ S P -PIRPL, =0V Qy, b€ T
. {i|(i.7)€0p, }
equations .
Stationarity
OLJOPY% ,  arPyi4As,  —ps, ,=0,¥i € Qn, t € T
5 5 s, s Qay, s Lt L, c,i,t e,i,t F H
(PL:ePE 0.0, *) = asrgnslms Z (07 + 7(731,,3',1;)2) BE/GP;’;' A it 1jt+)‘czt X =0,
PLePre0: i€EQN L V(i j) €Qpr,t € Ty
) s s s ) 85/692’* : E Aa 1.4 Bij So+1- “S,z‘, =0,
a: _(1 U t)ﬁfd i7,t 0'20 (93 t_ﬂj,t) t {j|(z',j}eQBF} e it
Q(l )MJ, V(i,7) €QpB, Vi€ Qn,,t €T}
b: Wi, t—Mf& = ‘!._j‘ t “\b ?U tjwda V{Z 3) g, Complementary slackness and dual feasibility
s.t. C: o ZQ Ipz_;f t P +IPL .2 t_o VEEQNF s 0< ,U'Z,z-ﬂt L 3;,: > O, Vi c ‘QNF,t c TI:}
bltneony 0< sy LPIE, 20, W(i,j) € Qyyot €T
d: —0;,<0, VieQy, "
e: —P;., <0, Viely, ) On-off line status
Vi e T3 (1 Wi ) Ma<AS 5, < (1—wysy) Ma,Vi € Q. te T
U tﬂfﬂ; < Ag gt S < W?Jiﬂ’f‘;, Vi € QNF?t € TS
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Dual Decomposition Algorithm

* A Compact Notation Form of ROD Model

Initialization:
: T T RS . R, =
Z = min {c T + Zpy(s)q Yyt (a:,y S) € K°, Vs € S} A list G of problems

seS

where K* = {(ac,yR’S) Az = b, T(s)x + W (s)y™ = h(s),

Termination:
sTOoP

List Empty? R .
x e {0,1},y™ = (y3,9¢), y5€{0, 1}, y& > O}NS €S | meumbent = optimal
. . Node Selection:
« To induce a scenario-based decomposable structure, Seloot 2 croblem G from G
Solve its Lagrangian dual

the copies of the first-stage variables x are introduced
to create the following reformulation

I

If z1.p(Gi) = oo, prune by infeasibility)

N
: T T, 1 l
2 = Inin ZpT(S)(C :BS + q yR’S) L == :1:|S|7 (mS’yR,S) € KS,\V/S € S Y Bounding:
sES If z1p(Gi) = 2] p, prune by bound
. . . N
* The Lagrangian relaxation with respect to the y
.. .. . If first-stage solutions are non-anticipative,
nonanticipativity constraint Y [ .+ min{z", ¢ 2" + Q(a)}and delete
. all problems g; with z1p(G;) = zip from G
L(N) :ZLS(MS):meﬁs{pr(s)(c—l—ws_I_quR,S)_I_“SmS:(wS’yR,S) GKS} L; D
seS €S ’ ' v

Branching:
Select a component &(;) of @ and add two
new problems to G by adding constraints

z(;)< &) and x> (8] +1
ZLD_m‘E}X{ZLS(NS)ZuS_O} 0s [Z6) 0= [26)

seES seS

* The lower bound of the Lagrangian relaxation:

T

IOWA STATE UNIVERSITY ECpE Department




Case Study

TABLE 1I
THE INVESTMENT COST OF DIFFERENT ROD METHODS

#No. Methods Cost($)

1 Upgrading pole class 6, 000/pole
2 Adding transverse guys to pole 4,000/pole
3 The combination of upgrading and guying pole 10, 000/pole
3 Installing a natural gas-fired CHPs as DG 1,000/EW

with 400kW capacity
4 Adding an automatic sectionlizer 15,000

*Assume the span of two consecutive poles is 150 ft.

The IEEE 123-bus system is mapped into
a coastal city in Texas.

The repair cost of a single pole for 6 pole types
is assumed to be the samex};;, = -+ = xj;6 = 54000

Consider the budget limitation, the total number
of backup DGs is limited to be 5

The total investment cost is $5, 048,000

IOWA STATE UNIVERSITY

1
A Line Hardening < Sectionalizer Installment DG Installment — —Existing Switch

Fig.1. The optimal ROD methods
implementation
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Simulating A Pole Damage Status in A
Hurricane

n
=
T

(m/s)

Wind Speed

1
2:00 6:00 10:00 14:00 18:00 22:00
Time (hh:mm)

x10° (a)

[
<
&

8

Wind Load on
Pole (Ibs-ft)

5 - H -
0 1 1 i 1
. . .00td . . .
2:00 6:00 10:00 14:00 18:00 22:00
Time (hh:mm)
(b)
gﬁ l 1 | 1 1 1
&
£ o
-l |
e 305 T:Rpole
v ) iJ — >
E 0 1 1 1 1 |
2:00 6:00 10:00 14:00 18:00 22:00
Time (hh:mm)
(c)
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Casel: Comparison with and without ROD

* Compare the second stage cost from the hurricane hits the system to the

point when all damaged lines are repaired

= Load shedding cost without ROD =3 Repair cost without ROD
M Load shedding cost with ROD 1 Repair cost with ROD oo DG operation with ROD
%10°

B4 — K
]

b 3

L - . v

»d

N W R &
|
N

The Second Stage Cost

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
Scenarios

Fig.1. The second stage cost comparison with and without ROD under different scenarios

* The expected second-stage cost with optimal ROD is 8.93% of that without ROD
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Casel: Comparison with and without ROD

* Compare the system resilience by the resilience curve, which can be expressed by the percentage of
power-served (POPS(7)): .
ZieQN (1- y::t )Pz',t’b

POPS(t) = > pr(s) -Vt e Ty

SES ZiEQ N Pi,t
? 100 B "\ + T A I I I ' [
é s \ Impact J
= 1 r
2 80F 1\ ] ]
5 S
% : !
g 60| 1 I Impact -
E Impact ]

’
e: 40F ‘l 'I = After Optimal ROD with Multiple Strategies N
S ‘l / = After Optimal ROD with Line Hardening Only
gn '| ,./' Original System
= 20f N\ Recoverin i
¥ << period ¥
5 LA Recovering period >
= 0 1 | | 1 1 1
0 20 40 60 80 100 120
Time Duration (h)

Fig.1. The system resilience curve comparison

*  The system with optimal ROD has stronger surviving ability to withstand hurricane and faster
recovery

* DGs and automatic sectionalizers can contribute to mitigating the hurricane’s impact on the
system
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Case2: The Self-healing Operation Case

* To validate the novelty of our MILP formulation strategy to solve the challenges

of self-healing operation

— 111 110 112 113 114
107
109
108
Z_106 104
103

105 o 450 @
101@" 102 100

No-operating DG — De-energized Line A Zero Angle Node —'— Opened Tie Switch ~<-Opened Sectionalizer

. Operating DG '\'Faulted Line

~—Energized Line  —<— (loged Tie Switch

Fig.1. System’s self-healing operation at t = 10

IOWA STATE UNIVERSITY
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No-operating DG ——De-energized Line A Zero Angle Node -—'— Opened Tie Switch ~<Opened Sectionalizer

. Operating DG Y Faulted Line

—Energized Line  —<— (Joged Tie Switch

Fig.2. System’s self-healing operation at 1 =21
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Conclusions

* A new modeling and solution methodology for resilience-oriented design (ROD)
of power distribution systems against wind-induced climatic hazards is proposed

* The spatial-temporal correlations among ROD decisions, uncertainty space,
and system operations during and after extreme weather events are well
explored and established

* A two-stage stochastic mixed-integer model is proposed with the objective to
minimize the investment cost in the first-stage and the expected costs of the
loss of loads, repairs and DG operations in the second stage.

* A scenario-based dual composition algorithm 1s developed to solve the
proposed model

* Numerical studies on the 123-bus distribution system demonstrate the
effectiveness of optimal ROD on enhancing the system resilience
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Future Work

: Weather forecasting and monitoring | 4 Damage
Optimal ROD < »| " assessment
measures placement . Post-event repair
: Pre-event resource allocation .
and restoration
o ¢ >
Week/days Days/hours Extreme weather Hours/days
ahead ahead event strikes afterwards

* We focus on the resource allocation problem ahead of an upcoming extreme
weather event

 consider the uncertainty of the damaged line status, solar irradiance, load
demand, and crew repair time

* explore a tractable measure to model the risk associated with grid
components’ damages caused by extreme weather events
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