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Goal: Develop new tools to design
resilient distribution systems
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e Threats & scenarios

Capabilities
» Assess current resilience posture
*  Optimize over user-suggested upgrades to improve resilience considering budget
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Resilience Design Process Flow—End Goal
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Resilience Design Process Flow—Today
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Resilience Design Process—System Model

Flexibility for the user

User’s base network model

User-defined metrics, e.g. critical load service
User suggests upgrades

User-defined costs

User-defined threat and scenarios

Updated System | _ Network Design
Model h Optimization SRl S % /7
S Dt 5 e . ol . Transformer
.. = ® Bus
> : . iy - B source
et i @ critical Load
X \ - Line
System - Fraglllty Y Damaged » . £ Vi SN Potential Microgrid
Operations NG v o
Model ”|  Model "|system Model| | “P : S : O st
A-N
S Potential Line

3-phase
3-phase/A-N

Base Event Data-Driven e
Model Distribution/  { pamage Model @

4/14/2016 | 5



Los Alamos National Laboratory

UNCLASSIFIED

Resilience Design Process—Direct Impacts

é
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Wind drag on cable and ice
create bending torques

oy

Flexibility for the user

User’s base network model
User-defined metrics, e.qg. critical load service l

User suggests upgrades
User-defined costs
User-defined threat and scenarios
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Resilience Design Process—Design Network

Hardening/Resilience options
Asset hardening
System design
System operations
Repair scheduling
Emergency operations

Capabilities

— Assess current resilience posture

— Optimize over user-suggested
upgrade to improve resilience
considering budget
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Implementation of “Withstand”—Scenario
Based Decomposition
Solve over all

ResilientDesign(S)<— | damage scenarios

s « chooseScenario(S)<— select 1 scenario

o= SOlUBMIP(s) S——— | Design network_for
- while (~Feasible(a,S\s)) damage scenario 1

Is solution feasible for s = s U chooseScenario(S\s)
remaining scenarios
J / o — solveMIP(s)
scenario to the set under
consideration

Iterate until solution is
feasible for all scenarios
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Adaptation to Practical Distribution Systems

* Objective is to run on a 1,000+ bus practical
distribution systems consisting of multiple feeders

« Key insights to enable this are:
« Multi-commodity or linearized unbalanced powerflow (Low et al)

« Sparsity in the number of Boolean & integer variables. This
requires engineering judgement to select good candidates for new
lines, hardening paths and distributed generation placement

* Pre-compute switching states
» Hardened paths have zero probability of damage
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Candidate Feeder Upgrades
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Case Study 1: Small 12.47 kV Feeder

__________ i A
5MW/25Mvar T i
total load e i
T i
i |
| -
| NS
i i ©
: i O
t | Sub L=
: L€
| X
| i —
i 1
i |
L :
________________ 1 km2/ 0.4 mi2 i
300 buses/  TTTe ;
300 lines / 100 loads e +
< 1.6 km /1 mi >

4/14/2016 | 11



Los Alamos National Laboratory

Case Study 1 Results

Damage & Resilience
Requirements
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UNCLASSIFIED

Results (Exact)

40 Lines
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Case Study 1 Results
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Damage & Resilience Results (Exact)
Requirements 40 -
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Case Study 2: Larger 12.47 kV Feeder
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Case Study 2 Results

Damage & Resilience Results (Exact)
Requirements Computat|on 35 e

20% Damage prob. Exact hardened
50%/  Normal/ Critical P 0 E——— mp) O Lines built
98% load served scenarios AN Total gen

500 Generator power / # gen_
kW increments $500K Capex

Damage & Resilience Results (Exact)
Requirements Computation 40 Lines

20% Damage prob. 10 min. VN search hardened
50%/ Normal/ Critical » 20 Disaster » 0 Lines built
98% load served scenarios OMW/0 Total gen.
500 Generator power / # gen_
kW increments

$600k Capex
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Development Roadmap S

Implementation
within Amazon
Web Services

User interface via
Extension to distribution web-based GIS

Commodity flow systems with 1000+ frontend
constraints: neglect buses and multiple ‘ Access via
voltage & reactive power substations RESTful API for
flow » Java HPC implementation research use

C++ HPC implementation Pulls system data from

Test on feeder made of DEW commercial ’ NCRECA OMF

software
IEE_E 37-pus test case Implementation as
copied 3-times study module
within OMF web-

based analysis
Open-source framework

code release
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Thanks & Questions
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Problem Formulation &
Solution Methods



Implementation of “Withstand”—Algorithm

* Baseline Standard
— CPLEX 12.6—commercial mixed integer program solver

 Decomposition Algorithms (cutting planes)
— Danzig-Wolfe
— Benders
— Disjunctive
— Logic

—|Scenario - Biggest computational gains
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Implementation of “Withstand”—

Decomposition Algorithm

First Stage
Variables . : "
glrst . Scenario-based decomposition
cenario H :
Variables strategies exploit the separable

structure of the problem over
scenarios when the first stage

Second variables are fixed

%) Scenario

c Variables

IS

17

c

(@)

© Third

Scenario

Variables
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Design Network—OQOptimization

minimize Y;cg ¢ijXij + X jer KijTij + Xienkep; Si Zi + Dien lithi + Xijeg Qijtij

s.t. —XUQU = ZkEpU = uQu
~(1 = 78) Q@ < Bkepy S5 = (1-75) Q) Key Features
Zkep; | i K's  Tkepy; i Zkep; | 1
A 7 I [ A v B « Least cost design for a set of scenarios
xjy < Xy Ty S Tyt Stz Sz S « Three-phase real power flows
z{ < M, xj; = tfj, ij = i), T < Xjj » Enforces radial operations
3 —xi—Ty =Tz +T -1 + Enforces phase balance
1k = ySqk » Discrete variables for load shedding

(per scenario), line switching (per

< sk< ks lc+ . . . :
0sgi" =z~ +4 scenario), capital construction (first

g — U —Yenfif’ =0 stage)

0<zF <ufzk

Tijes (E-Sj +(1 _;ij)) < Is| -1 « Understand the boundaries of
tractability

: >y d¥ . :
LiecLkep, ZiecLkep, «  Optimality vs. computation tradeoff

k
ZLEN\L kepl = VZLEN\L kep; d;

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

inimi K,k
minimize Yijer ¢yjXij + i je KiTi + Lienje p; S 2 + Liew Hithi + Lijer Xijtyj

5 s s ks k s
St X Sxy, Ty STty Stz S 75U Sy

S k sk s k
—XijoQij = Z fi < x{j1Q5
kEpl-j
S S S
Xijo T Xij1 = Xij
s k ks s K
_(1 _Tij) Qij Szkep” o= (1—11-]-) Qij

ks
ZkEpiJ- fij

_ﬁl]

x{; = t{; when x is damaged

ks ks
Zkel’i,j fij Zkepi’j fij

byl U bijl = FY |pyl

k's

I =yl df

OSgiSkSZiks+glI‘+
gﬁ(s_lllcs_ZjENfilfszo

0<zM <uizk

Yijes (ELSJ +(1 —?ij)) < Is| -1
Tz x5+ T - 1L X <X

ks k
ZiECkaEpi [ AZiECL,kEpi d;

ks k
ZiEN\L,kEpi > = yziEN\L,kEpi d;

x,y,Tut € {01}
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Optimization Model: Multi-Commodity Flow

N k. k
minimize [ZijeE CijXij + Xi jep KijTij + Dienkep; i Zi + Zien Kitki + Lijeg Xijtij

S S S ks k S
s.t. Xij S Xij,Ti; STty Stz SZ, U S U

Minimize expansion cost

s k sk S k
—XjjoQij < Z fii" = xij104;

kEpij
S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

I =yl df

OSgiSkSZiks+glI‘+
gﬁ(s_lllcs_ZjENfilfszo

0<zM <uizk

Yijes (ELSJ +(1 —?ij)) < Is| -1
Tz x5+ T - 1L X <X

ks k
YiccLkep; i = A iecrkep; di

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

I Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

ks

3 S S e .8
S.t. [ Xij S Xij,Ti; S Ty by S tijp Z” S Z, U S U

~x500k < ) fs x50k
KED;; - . . .
" Auxiliary variables for linking

first and second stage.

Useful for decomposition.

s s s
xijo + xijl < xl']'

s k ks s k

_(1 - Tij) Qjj = Zkem]- S (1 - Tij) Qjj

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

I = yidf

0< gk <z +gk"

g — 1 ~SienflF =0
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Sijes (T + (1 —T)) < Isl -1
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YiecLkep; I = A Xiectkep; df
ZiEN\L,kEpi llks 2 yziEN\L,kEpi dlk

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

L Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s s s ks k s
S.t. Xij S Xij,Ti; STty Stz SZ, U S U

s k sk s k
—XijoQij < Z fij” = %104

kEpij

S S S
Xijo T Xij1 = Xjj

_(1 _Tl'sj) Ql’j SZkEpij iI;S = (1_Tisi) Ql’j

s s ks Line capacity constraints.
Zkep; ; Tij K's  Zkepy;fij Zkep; ; Tij . . .
B ST T T S P TT Capacity is 0 when line is
x§; = tf; when x is damaged unavailable or open.

I =yl df

OSgiSkSZiks+glI‘+
gﬁ(s_lllcs_ZjENfilfszo

0<zM <uizk

Yijes (ELSJ +(1 —?ij)) < Is| -1
Tz x5+ T - 1L X <X

ks k
Dieckep; iw = AiecLkep; 4

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

I Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s S s ks k s
s.t. Xij S Xi5,Tj; STt Sty zi S Z0,Uu; Sy

ij = ij =
s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij

s s s
xijo + xijl < xl']'

s k ks s k

_(1 - Tij) Qjj = Zkem]- S (1 - Tij) Qjj

ks ks ks
Zkepy ; Tij K's  Zkepi;fi Zkepy ; fij

Bij il U lpijl  — Y byl

Phase imbalance tolerance

xjj = ti; when x is damaged

I = ypdf

0< g <zl +gf"

B~ U~ e fi = 0

0<zF <ufzk

Sijes (T + (1 —T)) < Isl -1
T} insj+?isj—1,xisj Sfisj

ks k
Dieckep; iw = AiecLkep; 4

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

I Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij

S S S
Xijo T Xij1 = Xjj

_(1 _Tl'sj) Ql’j Szkel”ij iI;S = (1_Tisj) Ql’j

_ﬁ..ZkEpi'j filjc's k's _ Zkepi'j filjc's “Zkepi’j filjc's
ooyl Y sl — " vl
[xfj = t; when x is damaged
ks = ysqk Links damaged lines with
0< gt <z 4 gkt hardening variables

ks ks ks _
g — _ZjeNfij =0
0<zF <ufzk

—S -
Lijes (xij +(1 - Tij)) < Is|-1
s s =S s =S
Tij = xij + Tij -1, xij < xl-j

ks k
Dieckep; iw = AiecLkep; 4

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

~x500k < ) fs x50k
kep;ij
Xijo t i1 < xjj
_(1 - TlSJ) Ql’j = Zkel”ij iI;S = (1 - TLS]) Ql’j
k's _ Zkepi'j filjc's Zkepi’j filjc's

Zkepi’jfiljc's
oyl — Y byl — 7Y byl

_ﬁl]

xjj = ti; when x is damaged

0< gk <z + gl
gﬁ(s—lgcs_ZjENﬁIJ?s:O

0<zM <uizk

ZUES(EL-S]-+(1 —?ij)) < Is| -1
Tz x5+ T - 1L X <X

ks k
YiccLkep; i = A iecrkep; di

Load switching

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij
S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

I = ypd

[0<gi <z +g
gﬁ(s—lgcs_ZjENﬁIJ?s:O
0<zM <uizk
ZUES(EL-S]-+(1 —?ij)) < Is| -1
Tz x5+ T - 1L X <X

ks k
YiccLkep; i = A iecrkep; di

Power produced

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij
S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

k
liSZYL:gdlk

R
0<gi"<z"+gf

ks _gks _ g cks — 0]q_
(8~ 1~ Sjen i = 0) Nodal flow balance

0<zF <ufzk
—S _
Lijes (xij +(1 - Tij)) < Is|-1
N S =S s —S
Tij = xij + Tij -1, xij < xl-j

ks k
YiccLkep; i = A iecrkep; di

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij
S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

k k k
—ﬁ- . Zke?’i,j fijs .]?/S _ Zkepi']- fijs 3 Zkepi’j fijs
Uoofpyl 7Y Ipijl Y fpil

xjj = ti; when x is damaged

I = ypdf

0< g <zl + gl
Bl — ¥ - Sen i = 0
[o <z <ujzf ]‘f

s s =S s =S
ij > x-j + Tij — 1, xij < xl-j

Links generation construction
and capacity

ks k
YiccLkep; i = A iecrkep; di

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s S s ks k s
s.t. Xij S Xi5,Tj; STt Sty zi S Z0,Uu; Sy

ij = ij =
s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij

S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

ks _ . s gk
i =yid;
sk ks kTt
0=<gi" =z +y
ks ks ks _
g — _ZjeNfij =0
0<zF <ufzk

Yijes (ELSJ +(1 —?ij)) < Is|—1

S S =S § —S
Tij = xij AF Tij -1, xl-j < xl-j

ks k
YiccLkep; i = A iecrkep; di

Enforces radial operation

ks k
Yiemukep; i 2V ZienLkep; 4i

x,y,t,ut € {01}
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Optimization Model: Multi-Commodity Flow

— Kk
minimize Y;jep ¢ijXij + X jer KijTij + Zienkep; Si Zi + Zien Hilki + Xijer Xijtij

s N s ks k .S
St X S x35,T STty Stz SZ0,U Sy

s k sk S k
—XjjoQij < Z fii" = xij104;
kEpij
S S S
Xijo T Xij1 = Xjj
s k ks s k
—(1 —73) Qf <Zkep, fif < (1-75) Qf

ks
Zkep; ; Tij

_ﬁl]

xjj = ti; when x is damaged

ks ks
Zkep; ; Tij Zkep; ; Tij

byl U gl =Y pyl

k's

I = ypdf

0<gi* <z +gf"
g£{5 - lllcs - Zjezvfilfs =0
0 < 25 < uszk Resilience criteria—minimum
amount of load served

Is generalized to a chance
constraint

Yijes (ELSJ +(1 —?ij)) < Is| -1

N S =S s —S
Tij = xij + Tij -1, xij < xl-j

ks k
YiecLkep; lis = A iecrkep; di

ks k
YiemLkep; i 2V Ziemikep; 4i

x,y,t,ut € {01}
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Optimization Model: LinDist Flow

e Baran and Wu 89, Gan and Low 14

« Assumption
» Derivation of a linearized model of the power flow physics
« Adds voltage to the models

« Justification
« Situations where multi-commodity flow assumptions do not hold

* Loopy operations
« Capacitor placement
* Non-firm generation

« Contrived cases
* Long lines are cheaper than short lines
 Initial network does not satisfy voltage constraints
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Optimization Model: LinDist Flow

—ab
vit = v = 2(r°Pf + x[1Qf + rl] Xij QU ri°Pf + x“CQU)
b _ b b bbpb  ,.bb
vy = —Z(r aPa+x aQU+r P + x;) Ql]+rl] U QU)
v = vf — 2075 P + i) QF + PPl + beQU + rCCPC + x“QU)

g(q)%‘s — U - Sjenf@F =

vk < vk < vk
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Optimization Model: LinDist Flow

a aapa aana = —ab ~p ac pc acnc
vt — 2(n Py + xi5°Q; + Ty Pij + x5 Qg + 1 Py + x5 Qi)
b bapa bana bb pb bbb , =bcpc
vy — 2(y P+ x5 Qg + 1y Py + x5 Qyy + 1 Py +

a cb pb cb nb ccpc
Ql]+rl] PU—I_EU Ql]+rUPU+xl

_ZjeNf(q ij

g(@F - U()f*

vk < vk < vk

Ohm’s Law approximation

UNCLASSIFIED
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UNCLASSIFIED

Optimization Model: LinDist Flow

—ab
v] =vf - Z(raaPa + xaaQU + rl] Xij QU aCPC + x“CQU)
b b b bb pb bb
v; = v} —Z(r AP+ Q0 i Pt X Ql]+rl] U QU)
vf = vf — 207 PE + %0, Qf + 1Pl + beQU + rCCPC + x“QU)

[ g(@);” — l(Q)’i‘s

Yjenf(@ij =0

vk < vk < vk

Reactive power conservation
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Optimization Model: LinDist Flow

—ab
U] — U _ Z(raapa +xaaQ” +T1] U Q” acPc _I_xaCQU)
b _ b b bb pb bb
v} = —2(r AP+ x[1QE + P Ph + x)P Qb + 7 PG+ X1) ‘05
17]~C — 2(Flcja _I_Elc‘]aQU chb +XCbQU +T'CCPC +xCCQU)

g(@) - l(q){-“ Yienf(@F =

[vi‘Sv"Sv’i

Voltage limits
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Algorithm Overview

« Exact Algorithms
« CPLEX 12.6
« Scenario-based Decomposition

* Heuristics
« Greedy
» Union of single scenario solutions
« Based on industry algorithms
« Variable Neighborhood Search
* Ruin and Recreate—hybrid of exact methods and local search
* [teratively relax variable assignments (ruin)

» Use exact method to find optimal variable assignments for relaxed variables,
given the fixed partial solution (recreate)

4/14/2016 | 39



Scenario Based Decomposition (Review)

Solve over all

ResilientDesign(S)<— | damage scenarios

s « chooseScenario(S)<— select 1 scenario

o= SOIUEMIP(S) S——— | Design network_for
- while (~Feasible(a,S\s)) damage scenario 1

Is solution feasible for s = s U chooseScenario(S\s)
remaining scenarios
J / o — solveMIP(s)
scenario to the set under
consideration _ ——
lterate until solution is

feasible for all scenarios
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)

[ olP « Solve(P'P),c* « o', restart « false ]1\
Solve the LP relaxation

while (t < maxTime and i < maxRestarts)

j<0
ne|x€X:|o*(x) —alP(x)| # 0]
J < (my, 1o, myy) € X 2 |o™ () — 0P ()| < |0 (migq) — 0P (g g
if (restart = true)
l<i+1
4n
step « F'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

while (t < maxTime and j < maxIterations)
o'« Solve(P(c*,]J(1,...k))

if (f(0") < f(o™)

0%« o¢',i « 0,restart « false,j « maxIterations
else

. . Step
JejtLlLke<k -

return o*
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations) Count differences between
o'? « Solve(P'F),0* « o', restart « false current best solution and
while (t < maxTime and i < maxRestarts) relaxation

j<0

ne|x€X:|o*(x) —alP(x)| # 0]

]« (my, 1y, my) €X t o7 () — o™F (m)| < |o*(mi41) — 0P (mi49)]
if (restart = true)

i—i+1

4n
step « F'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

while (t < maxTime and j < maxIterations)
o'« Solve(P(c*,]J(1,...k))

if (f(0") < f(o™)

0%« o¢',i « 0,restart « false,j « maxIterations

else

. . Step
JejtLlLke<k -

return o*
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)

olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)
j<0
ne|x€X:|o*(x) —alP(x)| # 0]

(J e (mymy,my) €X : 0" (m) — o (@) < |0 (migg) — P (i)

if (restart = true)
l—i+1
4n
step « F'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

while (t < maxTime and j < maxIterations)
o'« Solve(P(c*,]J(1,...k))

UNCLASSIFIED

Order variables by difference
from LP relaxation

if (f(c") < f(c9)

0%« o¢',i « 0,restart « false,j « maxIterations
else

. . Step

jejt1lk<k — -

return o*
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)
olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)
j<o0
ne|x€X:|o*(x) —alP(x)| # 0]
J e Amy, ) € X o7 (my) — oM ()| < o (m41) — 0P (40
if (restart = true)
i—i+1

4n
step « F'k « |X| — step

shuffle(J)
else
step « g"‘ — |X| = step Compute best solution in
whi ; : < maxlterdfions) N€ighborhood J(1...k)
o'« Solve(P(c*,]J(1,...k))
if (f(e") < f(c")
0%« o¢',i « 0,restart « false,j « maxIterations
else
. . Step
jejt1lk<k — -

return o*
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)
olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)

je o
ne|x€X:|o*(x) —alP(x)| # 0]

J (w1, ) € X+ o™ () — P ()] < 07" (mi41) — 027 (i41)

if (restart = true)
l—i+1
4n
step « F'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

while (t < maxTime and j < maxIterations)
o'« Solve(P(a*,](1,...k))

if (f(a") < f(c9)

0%« o¢',i « 0,restart « false,j « maxIterations
else

. . Step

jejt1lk<k — -

return o*

Update best solution

UNCLASSIFIED
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)
olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)

je o

ne|x€X:|o*(x) —alP(x)| # 0]

J < {my,p, ) € X 2 |o* () — 0P ()| < 0¥ (mi41) — 0P (40|

if (restart = true)

i<i+1
in

step « F'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

while (t < maxTime and j < maxIterations)
o'« Solve(P(c*,]J(1,...k))

if (f(0") < f(o™)

0%« o¢',i « 0,restart « false,j « maxIterations

else

. step
jejt1lLke<k — - : :
Increase neighborhood size
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)
olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)

je o
ne|x€X:|o*(x) —alP(x)| # 0]

J (w1, ) € X+ o™ () — P ()] < 07" (mi41) — 027 (i41)

if (restart = true)
l<i+1

4n
step « 7'k « |X| — step

shuffle(J)

else

n
step (_E'k « |X| — step

Shuffle ordering after restart

while (t < maxTime and j < maxIterations)

o'« Solve(P(c*,]J(1,...k))

if (f(c") < f(c9)

0%« o¢',i « 0,restart « false,j « maxIterations
else

. . Step

jejt1lk<k — -

return o*

UNCLASSIFIED
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Variable Neighborhood Search

ResilientDesign(S, maxTime, maxRestarts, maxIterations)

olP « Solve(P'P),c* « o', restart « false
while (t < maxTime and i < maxRestarts)
j<0
ne|x€X:|o*(x) —alP(x)| # 0]
J ey, 1y, ) € X 2 |o* () — oM ()| < o™ (mi41) — 0™ (mi44)]
if (restart = true)

i—i+1
, 47 Adjust neighborhood
«— k<« |X| -
_Step < gk < K]~ step ]"_’ parameters
shuffle(J)

else

-

n
step « E'k « |X| — step

V\;hile (t < maxTime and j < maxIterations)
o'« Solve(P(c*,]J(1,...k))

if (f(0") < f(o™)

0%« o¢',i « 0,restart « false,j « maxIterations

else

. . Step
JejtLlLke<k -

return o*
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Case Study 1 Results

Damage & Resilience
Requirements

20%

50% /
98%

500
kKW

Damage prob.

Normal / Critical »

load served

Generator
increments

Damage & Resilience
Requirements

20%

60% /
98%

500
kW

Damage prob.

Normal / Critical »

load served

Generator
increments

Computation

3-5 min.

30 min.

20

Computation

3-5 min.

3h

20

Greedy search
Exact search

Disaster
scenarios

Greedy search
Exact search

Disaster
scenarios

=

=

UNCLASSIFIED

Results (Exact)

40 Lines
hardened

0 Lines built

1MW /1  Total gen.
power / # gen.

$17M Capex

Results (Exact)

40 Lines
hardened

0 Lines built

4 MW /7  Total gen.
power / # gen.

$26M Capex
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