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Abstract—Optimal dispatch and network reconfiguration have
so far been used effectively to improve power grid reliabil-
ity and economic operation. This paper presents a linearized
optimization formulation of best load shedding and topology
control strategies under extreme events such as hurricanes. In
addition, the algorithm analyzes voltage stability after each
optimization cycle and iteratively tightens the constraints until
a stable solution is found. The proposed method relies on the
hurricane’s trajectory forecast and available fragility curves for
civil engineering structures to predict those power grid facilities
most likely to be damaged or taken out in the next monitoring
period. The developed algorithm also considers the requirements
of other interdependent networks such as mobile communication
and emergency services to prioritize load shedding for associated
load centers.

Index Terms—Extreme events, load shedding, mixed integer
linear programming (MILP), resilient power grids, voltage sta-
bility.

1. INTRODUCTION

Extreme weather events such as tornadoes, hurricanes and
cyclones have serious impacts on health and economy of
populations. The planet is expected to experience such extreme
weather more frequently in the future [1]. The impact of such
events can however be minimized with appropriate control
strategies. In this paper, power grids will be considered and
strategic actions will be developed to handle extreme events
that may cause damage to the system elements such as gen-
erators, lines, transformers, etc. Load shedding and topology
control are two strategic actions to improve resiliency of power
grids. Considering the required power for maintaining com-
munication facilities, cell towers, ambulance, rescue services
and other emergency medical services, elderly homes and
airports, these actions will also improve resiliency of other
infrastructures and emergency services.

There are numerous studies reported in the literature for
improving resiliency of power grids [2]-[12]. A number of
studies are based on resilient load restoration and forming
microgrids [2]-[6]. Others investigate line switching methods
to address the same issues [7]-[11]. It is shown that sig-
nificant improvements can be achieved when line switching
is combined with optimal dispatch. These studies have been
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primarily focused on power market applications. Majority
of these methods rely on the loose coupling between real
and reactive power and solve the real power dispatch with
topology control. However, voltage and reactive power that
are necessary for stability analysis are commonly left out
of the problem formulation. There are also studies where a
solution that combines topology switching and load shedding
considering worst case scenario is proposed to find the best
preventive actions [12]. However, this approach may become
highly conservative under changing operating conditions dur-
ing an extreme event. Alternative strategy which tracks the
weather conditions as well as requirements of various stake
holders such as networks and services dependent on electric
power and repeatedly optimizes the power grid operation has
been investigated with promising preliminary results [13]. In
this paper, this study is further extended by incorporating
voltage and reactive power into the formulation and making it
robust against voltage instability.

In many cases, an extreme event can last from hours to
several days thus a better approach may be to continue adjust-
ing control actions according to forecasted conditions during
the extreme event. Moreover, impact of evacuations on needed
emergency services may change, thus also changing the associ-
ated load shedding priorities. Certain locations associated with
emergency services and mobile telecommunication towers
typically appear as the so-called “must-serve” loads whose
required demands may change at various substations during
the event. Hence, the proposed approach should periodically
generate a solution which will combine generation dispatch,
adaptable load shedding strategy and pro-active line switching
in order to maximize the resiliency of the overall power grid.

The steps of the proposed solution can be summarized as
follows: first, the outage probabilities of each line and gen-
erator are acquired from an independent forecasting function
during the course of the extreme event. Second, the system
topology is updated if there exists a forecast on the most-
likely line/generator outage. Third, the prioritized list of bus
loads, load amounts, must-serve loads are received from health
care, emergency and mobile communication service providers.
Fourth, appropriate production costs are assigned to the so
called “virtual generators”. Virtual generators are defined as
proxies for the amount of loads to be shed. Their costs are set
very high to ensure that they are used as a last resort. Their
upper limits are specified according to the difference between
total load amount and must-serve load amount connected to
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the same bus. Fifth, lower voltage limits are relaxed and the
optimization problem is solved using Mixed Integer Linear
Programming (MILP) and optimal topology changes are de-
termined. This step provides a new topology for the power
grid indicating the breakers to be switched on or off. Such
intentional line switchings can be considered as preemptive
actions to further improve power grid resiliency during an
active extreme event. However, those intentional line switching
and load shedding actions may provoke voltage instabilities.
Therefore, network’s voltage stability is checked following the
MILP solution. If the system is found stable, the algorithm
will terminate. Otherwise, MILP solution is repeated using
tightened lower bounds on corresponding bus voltages.

II. PROBLEM FORMULATION

Certain generators and/or lines may be disconnected or
damaged during an extreme event causing violations of current
or voltage limits of remaining lines, transformers and bus
voltages. The objective of this optimization problem is to
determine the best generation dispatch, load shedding strat-
egy as well as line switching without causing any voltage
instabilities and yielding the minimum disruption of service
to customers avoiding loss of critical loads without violating
any operational limits during an extreme event. Details of the
problem formulation is presented in this section.

A. Objective Function

It may not be feasible to supply power for all customers dur-
ing an extreme event because of lost generators, disconnected
or damaged lines and other equipment. Therefore, the objective
function also considers load shedding which is modeled by
using “virtual generators”. Virtual generators are placed at
the same bus where the load is considered to be shed. Their
generation costs are set higher than those of actual generators
to guarantee that load shedding will be used as a last resort.

Let Ps represent the vector of both actual and virtual
generators:

PGT:[PCI;A PCI;V} (6]

and the corresponding generation cost vector be given by:

Ccz; - [CgA Cgv} @
The objective function will thus take the form:
min CL Pg (3)
where the costs are assigned such that:
min(Cay) > maz(Cga) 4)

Note that load shedding priorities which are dictated by
the information provided by the emergency services and
communication networks, are indirectly incorporated into the
optimization formulation by assigning the costs of virtual
generators in descending order of the given priority list. The
priorities can be readjusted at each monitoring period based on
updates received from interdependent networks and services.

B. Constraints

The optimization problem will have to take into account
various constraints, details of which will be described next.

1) Power Balance Equations: The nodal power balance
equations can be written as:

Pg(i) = Pp(i) =Y P+ Y _ GyVy (5)
j=1 j=1

Qa(i) — Qp(i) = Z Qij + Z -Bi; Vi (6)
j=1 j=1

where:

P and Qg: active and reactive power generation,

Pp and @Qp: active and reactive power demand,

P;; and @Q;;: active and reactive power flows on branch (3, j),
npg: total number of buses,

Gij, Bjj;: real and imaginary parts of ijt" element of the bus
admittance matrix,

V2: square of voltage magnitude at Bus-i.

P;; and Q;; can be approximated as follows [14]:

VE-V2

Py = gij——5—" 5 = — bij0; (N
V2 _vy?2

Qij = ~bij——5—" 5 = — gij0i ®)

where:
gij» bi; are conductance and susceptance of branch (3, j),
0;; voltage angle difference between buses ¢ and j.
Note that the equations are linear in V2. Substituting (7)
and (8) into (5) and (6), yields the following equations:

np V_2 o V_2 np
Pa(i) = Pp(i) = Y _gij——5— = bijbi; + ) _ GV 9)
j=1 j=1
nB V_2 o V2 nB
Qc(i) — Qp(i) = Z *bij% — gibi; + Z —Bi; V7
=1 =1
J J (10)
2) Generator Limits:
0<Pg<P (1D
Q<Qe<Q (12)

P, Q and Q includes upper and lower limits for both actual
and virtual generators.

FT = {ﬁgA ﬁgv} (13)

Q" =[at. Qb @ =|eh, <] s
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Since power must be supplied to must-serve loads, Pgy is
limited by the difference between total load amount and must-
serve load amount connected to the same bus. If no must-serve
load exists, then Py of the chosen bus will be equal to the
total load amount. P4 is the vector of capacities for the
actual generators.

3) Voltage and Angle Constraints:

VE<SV2<V? (15)

0<0; <0 (16)

Since V;? will be a variable for the optimization problem,
the voltage constraint is written in terms of V;Q In this work,
angle separation between neighboring buses is limited to about
15° in order to avoid unrealistic flows.

4) Line Switching Constraint: Apart from generation dis-
patch and load shedding, line switching is taken into account in
the problem formulation for further minimizing the objective
function. However, the number of allowed line switchings is
restricted in the problem formulation by Switch,,q.. A binary
variable vector z represents the status of lines and defined as:

Zij = {

Z (1 — zi5) < Switchpmag

(ij)er

0, if line (ij) is open,
1, otherwise.

a7

A subset of lines in the system can be specified as
switchable lines, x. Only those lines can be switched during
optimization.

5) Line Flow Limits:

Pl +Q; < S (18)

ij — ~ij,max

Note that (18) is a circle inequality with the center at the
origin and its radius being the line flow limit, Sj;.;mas. A
polygon made up of a finite set of straight line segments,
can be defined to approximate (18). In [14] a group of linear
constraints are defined to limit line flows. Since line switching
is considered in the optimization problem, the set of linear
constraints should be written according to line status, i.e. the
line flow limit should be zero if the line is open.

T1P; +YoQi + Y32 <0 (19)

Note that P;; and @;; can be written in terms of the
squared voltage and angle as in (7) and (8). The matrices
T;, Yo and Y3 will have rows and columns equal to the total
number of straight line segments and total number of branches
respectively.

6) Constant Power Factor:

Pov(i) _ Qav(i)
Pp(i) Qp(i)

Power factor is kept constant while shedding load.

(20)

C. Load Shedding by MILP

The objective function as well as the constraints related
to generator limits, line flow capacity, power balance, line
switching, voltage and angle limits are all described in detail
in above subsections. Hence, the optimization problem (21)
can now be defined in compact form as below:

min CLPg

Pg,Qa,2,V2,0 @D

subject to:

. Nodal Power Balance Equations: (9), (10)
. Generator Limits: (11), (12)

. Voltage Limits: (15)

. Angle Limits: (16)

. Line Switching Constraint: (17)

. Line Flow Limit: (19)

. Constant Power Factor Constraint: (20)

~N O\ B W N =

D. Voltage Stability

One concern in applying strategic line switching as an
optimization tool is that some switching actions may lead
to voltage instability. Similar concerns exist for cases when
some of the re-dispatched generators hit their reactive power
limits and disrupt voltage stability. Therefore, voltage stability
should be checked after the MILP solution. In [15], a method
for evaluating the voltage stability strictly based on an easily
calculated index, is presented. The method computes voltage
stability indicators, L for all load buses using system topology,
voltage magnitudes and angles. Initially, the following equa-
tion is written relating load voltages and generator currents to
load currents and generator voltages:

V| _ [H] In| _ | ZiL Fre| |1L

e Ve Kar Yec] Vo
V1., Ir: Voltage and injected current vectors at load buses
Va, Ig: Voltage and injected current vectors at generator buses
Zin, Fra, Kar, Yoq: Partitions of H-matrix

Then, the voltage stability index L; for a load bus j will
be given by [15]:

(22)

%.
L:=|14+-2 23
j ’ + v, (23)
where:
Voj = — Y FjiVi (24)
ieG

It is shown in [15] that the system will lose voltage stability
if L; becomes larger than 1.

III. IMPLEMENTATION AND TESTING

The proposed optimization approach is implemented and
tested using an assumed hurricane scenario on the IEEE 118-
bus test system.
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A. Implementation

Consider a scenario where several lines and generators will
be taken out of service because of an extreme event like a
flood or a hurricane. In such a scenario, forecasting tools
can estimate outage probabilities of lines and generators for
the next monitoring period [16], [17]. Another recent work
presented in [18] derives the failure probabilities of power
system components temporally and spatially under extreme
weather conditions. It then evaluates power system reliability
and associated reliability indices over the duration of the hur-
ricane. Such failure probabilities of power system components
can be used as inputs to the optimization problem formulated
in this paper. Note that forecasting tools include both weather
forecasting and prediction of failures for civil engineering
structures such as transmission towers, substations, overhead
lines etc. Admittedly, any errors in weather and component
outage forecasts will have an impact on the final load shedding.
If forecasted outage probability exceeds certain predetermined
threshold, then related line and/or generator is taken out of
service before solving the MILP problem. Updated probabili-
ties are assumed to be received every 15 minutes. In addition
to forecasted outage probabilities, must-serve load amounts,
forecasted load amounts, switchable line data, topology data
and load shedding priority list are also used in MILP problem
as inputs. All inputs used by the MILP problem are illustrated
in Fig. 1.

Optimization problem in MILP uses power balance equa-
tions, generator limits, voltage and angle limits, intentional line
switching constraints, line flow limit and constant power fac-
tor constraints. Note that, virtual generator capacities, which
indicate the maximum allowed load shedding amounts, are
assigned after substracting must-serve load data from load

Requirements of
Emergency Services and
other Infrastructres

—— .

Load Shedding
Priority List

N —

Optimize Dispatch j¢=——=- Topology Data

TN

Forle_S:Stin Swtichable
J Line Data

Data

Weather
Forecasting

Must-serve Load
Data

Prediction of Failures for
Civil Engineering Structures

Fig. 1. Inputs of MILP

data. In addition, load amounts are changed and updated with
respect to [19] in each optimization cycle.

The solution of MILP will yield the optimal dispatch for
both actual and virtual generators, Pg and Q¢; line status of
each switchable line, z; squared voltage magnitudes, V2 and
angles, #. Note that the optimization problem is linear with
respect to both decision variables namely the squared voltage
magnitudes and angles, hence the solution is computationally
fast. Moreover, voltage stability of the result can be quickly
verified using the L index, and if found unstable, optimiza-
tion will be repeated with tightened voltage constraints. The
flowchart of the overall implementation is shown in Fig. 2.

B. Test Results

A hurricane scenario is simulated using outage probabilities
of lines and generators with respect to assumed trajectory
for the eye of the storm. If the probabilities are greater than
predetermined thresholds, then the lines and/or generators are
taken out. The bus loads are assumed to change every 15
minutes which is typical frequency of smart meters.

The formulation is not strictly based on technical priorities
dictated by the system topology and loading but it also
accounts for society’s health care and emergency service
requirements. Therefore, the cost of virtual generators are
ordered according to a load shedding priority list.

Lastly, in order to keep the scenario simple, it is assumed
that only a single line can be switched in each cycle. Note
that line switchings last only one cycle while outages caused
by the hurricane last during the entire scenario. Fig. 3 [20]
shows the hurricane path and impacted areas. Area-1, Area-
2 and Area-3 have 3, 4 and 9 lines with high probability of
outage respectively.

The voltage stability is checked using the L index of (23)
after the first MILP solution. Since the computed indices
L; are not all less than 1 the algorithm is not terminated.

Relax Voltage
Limits

!

Solve MILP |«

Tighten it
voltage limit by
3%

| o

Check Stability

End

Fig. 2. Flowchart of the Algorithm
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System Description:

118 buses

186 branches

91 load sides

54 thermal units

One-line Diagram of IEEE 118-bus Test System

LIT Power Group, 2003

v o v
G 1

Fig. 3. Hurricane path and impacted areas in 118-Bus System

Instead the MILP solution is repeated with tightened voltage

constraints. Note that H-matrix is re-calculated in each cycle 100
because the topology may have changed by the line switching 80 :
strategy. ol |
QV Sensitivity Analysis of Power System Analysis Toolbox 401 1
(PSAT) [21] is used to validate the proposed algorithm. The 200 1
eigenvalues of the unstable buses after the first MILP solution g ok BV - e
are shown in Fig. 4 in red. Fig. 5 shows the eigenvalues after £
the final MILP solution yielding the best dispatch without 201 1
instability. -40 :
Table I shows the results of simulations which represent 6 sor 1
discrete 15 minute intervals designated by t1,t2,...,ts. Two 801 1
sets of results are shown, with and without considering voltage 100 s w

-1000 -500 0 500 1000 1500 2000 2500 3000 3500

stability. The bottom row presents the number of assumed Real

line outages caused by the hurricane at different discrete time
intervals. As evident from the results in rows 1-2 versus 3-4, Fig. 4. Eigenvalue Analysis of First Unstable MILP Solution
accounting for voltage stability requires slightly higher levels
of load shedding at each time interval, which is intuitively
expected and a small price to pay for a robust grid operation.
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TABLE 1
LOAD SHEDDING (MW) RESULTS
Time
ti [ t2 [ ts [ ta [ t5 [ te
Shed Load (Ignore L) 632 | 498 | N/A | N/A | N/A | 528
Ignored index Ly,qq 126 | 1.08 | N/A | N/A | N/A | 1.15
Shed Load (Using L) 638 | 501 321 | 256 | 221 | 531
Used index Lyax 096 | 099 | 0.96 | 0.95 | 0.94 | 0.99
[ No of Line Outages [ T [T 2] 2T 2712 7137]

IV. CONCLUSIONS

This paper presents an optimization approach for improved
resiliency of power grids during extreme events such as hurri-
canes or cyclones. The proposed method uses the information
from weather forecasts, updated failure probabilities provided
by fragility curves of civil engineering structures, updates
on critical loads associated with emergency services, health
care and mobile communication networks in formulating
constraints for constructing an optimal load shedding and
line switching problem. This problem is solved repeatedly at
discrete time intervals during the active period of the hurricane.
A previously developed and documented voltage stability
index is used to avoid solutions that will lead to voltage
instabilities. Taking into account voltage stability, the best line
switching and load shedding strategies are determined during
the hurricane. Effectiveness of the proposed formulation could
have been better evaluated if data recorded during an actual
hurricane were available instead of the simulated scenario.
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