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Abstract

Flexible Energy Resources for Enhancing Power Distribution System Resilience

In the past decades, high-impact low-probability (HILP) events are observed more and
more frequent. While such severe HILP events cause prolonged and extensive electric
outages, the conventional reliability view is insufficient to coping with the challenges on
the modern power system. Improving the resilience of the power system, hence, becomes
increasingly important and urgent. The use of advanced technologies including the remote-
controlled switches and distributed energy sources bring additional flexibility to the power
system operation when the emergency conditions or the outages caused by HILP events un-
fold. Mobile power sources (MPSs) including truck-mounted mobile emergency generators,
truck-mounted mobile energy storage systems, and electric vehicles have a great potential in
harnessing their mobility for enhancing the power system resilience.

This thesis mainly focuses on investigating the potential roles of the MPS in improving
the power system resilience, specifically, facilitating the distribution system restoration fol-
lowing natural hazards. The distribution system reconfiguration (real-time topology change)
is also taken into account to best utilize the network built-in flexibility and help power
delivery during emergencies. A mixed-integer nonlinear programming model is proposed
for deriving a strategy for MPS dispatch and distribution system reconfiguration under a
given repair strategy. The model is further linearized into a mix-integer linear programming
formulation. The coordination of the proposed MPS and photovoltaic (PV) generation is
also investigated. Eventually, the impact of the repair strategy on the contribution of MPS

dispatch and PV generation on promoting distribution system restoration is studied.
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Nomenclature

A. Sets and Indices

i,jeB Indices/set of nodes.

meM Indices/set of mobile power sources (MPSs).

t,7€T Indices/set of time periods.

(i,j) e L Indices/set of branches.

Ng,Nt, Ny, Number of all nodes, time periods, branches.

Bsub Set of substation nodes.

B,, Set of candidate nodes that can be connected to MPS m.

B3ouree Set of nodes that are selected to be the sources of the fictitious flows at
time 7.

Lswitch Set of branches equipped with remotely-controlled switches (RCSs).

pJamaged Set of branches that are damaged and have not been repaired at time .

GeM Set of all mobile emergency generators (MEGs).

SeM Set of all mobile energy storage systems (MESSs).

veM Set of all mobile electric vehicle (EV) fleets.

M; Set of MPSs that can be connected to node i.

B. Parameters and Constants
Xi Priority of the load demanded at node i.
Bij: Binary damage status of the branch (i, j) at time ¢.

(1 if the branch is undamaged or has been repaired, 0 otherwise).

Pidf‘mand Real power demand of node i at time ¢ (KW).
gfmand Reactive power demand of node i at time ¢ (kVar).
OCiQ Binary parameter representing the initial status of branch (i, )
(1 if the branch is connected, O otherwise).
Njsland Number of islands due to the damaged and unrepaired branches at time ¢.

Nl-m ps Number of MPSs that are allowed to be connected to node i.

Xiil



Ttravel Travel time of MPS m from node i to node ;.

m,ij
At Duration of one time period.
M A large enough positive number.
SOC,, Minimum state of charge (SOC) of MESS or EV fleet m (kWh).
SOC,, Maximum SOC of the MESS or EV fleet m (kWh).
F;tl, F;lf h Maximum charging and discharging power of MESS or EV fleet m
(kW, kVar).
P, 0, Maximum real and reactive power output of MPS m (kW, kVar).
P; j,Q- i Real and reactive power capacity of branch (i, j) (kW, kVar).
Fij,Xij Resistance and reactance of branch (i, j) (Q).
Vsqr; Minimum squared voltage magnitude at node i (kV?).
Vsqr; Maximum squared voltage magnitude at node i (kV?).
cy Transportation cost coefficient of MPS m.
ct Power rating price of MESS or EV fleet m ($/kWh).
km Degradation slope of MESS or EV feelt m.
Om Generation cost of MEG m ($/kWh).
neh, ndeh Charging and discharging efficiency of MESS or EV fleet m.
puravel Energy consumption rate of EV fleet m when traveling (kW).
dlﬁf Fictitious load of node i at time ¢.
PVC Value of loss of solar energy ($/kWh)
Fi, Maximum available real power from solar farm connected to node i at

time ¢ (kW)

C. Functions and Variables

pdis,qd;; Real and reactive power demand supplied at node i at time ¢ (kW, kVar).
D8irq8iz Real and reactive power at substation node i at time ¢ (kW, k'Var).
plijnafij Real and reactive power flow on branch (i, j) at time ¢ (kW, kVar).
SOC,, SOC of MESS or EV fleet m at time ¢ (kWh).
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fgi.,t

Pir

S
Di;

Charging and discharging power of MESS or EV fleet m at time ¢ (kW).
Real and reactive power output of MPS m at time ¢ (kW, kVar).

Real and reactive power output of MPSs at node i at time # (kW, kVar).
Squared voltage magnitude at node i at time ¢ (kV?).

Fictitious flow on branch (i, j) at time ¢.
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D. Binary Variables
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Chapter 1:  Introduction

1.1 Problem Statement

In the recent years, more frequent realization of the high-impact low-probability (HILP)
hazards and catastrophe have resulted in prolonged electricity outages, excessive equipment
damages, and even more severe economic loss and disruptions in our modern society [1}2].
The HILP events include two categories: (i) natural hazards, such as hurricanes, earthquakes
tornadoes, windstorms, wildfires, ice storms, etc; (ii) man-made disasters, such as cyber

attacks or physical attack on power system infrastructure.

Table 1.1: Statistics of Outage Events in the U.S. Between 1984-2006 [3]]

Statistics for Outage Cause Categories

% of Mean size Mean size in

events in MW customers
Earthquake 0.8 1,408 375,900
Tornado 2.8 367 115,439
Hurricane/Tropical Storm 4.2 1,309 782,695
Ice Storm 5 1,152 343,448
Lightning 11.3 270 70,944
Wind/Rain 14.8 793 185,199
Other cold weather 5.5 542 150,255
Fire 5.2 431 111,244
Intentional attack 1.6 340 24,572
Supply shortage 5.3 341 138,957
Other external cause 4.8 710 246,071
Equipment Failure 29.7 379 57,140
Operator Error 10.1 489 105,322
Voltage reduction 7.7 153 212,900
Volunteer reduction 5.9 190 134,543

Table shows the statistics of 933 outage events, reported by the North American
Electric Reliability Corporation (NERC), between 1984 to 2006 [3]. Extreme weathers
and natural disasters have relatively low frequencies, but a greater impact on electric
power supply and a larger size of affected electricity customers, among these outage cause

categories.



Earthquake

Earthquakes are one of the most unpredictable hazards which can cause striking dam-
ages in the radial power distribution system (DS). Among the past records on disastrous
earthquakes, one can highlight the 6.9 magnitude earthquake in Armenia on December
7, 1988 engendering thousands of people died and injured and two substations seriously
damaged or almost entirely wrecked and transformers, circuit breakers, and capacitor banks
critically damaged [4], the Loma Prieta earthquake in the greater San Francisco Bay Area
in California in 1989 which affecting 12,000 of the one million customers out of electric
service after 48 hours, destroyed the Moss Landing power plant and caused $6 billion
in property damage [4,5]], the Northridge earthquake that struck Los Angeles on January
17, 1994, affecting 2.5 million local customers [|6], the Hyogo-ken Nanbu earthquake that
attacked Hanshin-Awaji region on January 17, 1995, resulting approximately in 2.6 million
households out of power services [7], the severe Bam earthquake in 2003 causing $90
million costs in the reconstruction of electricity in Iran [8]], the Wenchuan earthquake in
2008 which caused extreme damages in 966 substations, 274 transmission lines at multiple
voltage levels and 1700 circuits [9], the Tohoku earthquake in 2011 impacting about 8.9
million households in 18 prefectures among 4 electric power companies [10], a magnitude
5.8 earthquake in Virginia in 2011 that knocked down the North Anna Nuclear Power
Station and led to thorough damage evaluations that last more than 10 weeks before the
power station restarted, and recently in 2017 in Iran, the Sarpol-e Zahab earthquake with
7.3 moment magnitude resulting in a prolonged city-wide blackout for weeks [|11]. Most
significantly, earthquakes can ruin all kinds of power system facilities and infrastructure,
both above and under ground, and the swift reconstruction of the underground facilities is
impractical [4].

Tornado, Windstorm and Hurricane

Hurricanes principally affect the transmission and distribution lines. Hurricane Hugo

hits the Carolinas rendering $6.5 billion property damaged alone. 70% of the 430,000



customers of the largest supplier of electricity in South Carolina suffered a blackout during
the storm and 140,000 customers were out of electricity even after five days [4]. Southeastern
US was swept by hurricane Gloria, hurricane Isabel and hurricane Wilma respectively in
September 1985, September 2003 and October 2005; each of these hurricanes led to
approximately 10,000 MW power loss. To be specific, hurricane Isabel about 2.5 million
outages, hurricane Gloria almost three million outages and hurricane Wilma 3.2 million
outages [|12]. Additionally, hurricane Katrina smashed Southeastern US in August 2005
affecting 2.7 million customers in eight states, resulting in approximately $84.8 billion to
$157.5 billion damage cost [13]]; the electricity service remained unavailable for around
250,000 customers even almost one month after the storm. The damaged electric assets
included 72,47 utility poles, 8,281 transformer, and 1,515 transmission structures. Beside,
300 substations were shut down and multiple power plants, of which three nuclear plants
could not work well [14]]. Specifically, hurricane Katrina destroyed almost two-thirds of
the transmission and distribution system, leading to all 195,000 customers of Southern
Company’s Mississippi Power subsidiary were without electricity. In transmission level,
only three of 122 transmission lines survived while more than 300 transmission towers were
damaged, including 47 metal towers in the 230 kV bulk power system. In the distribution
level, 9,000 poles and 2,300 transformers were missing and around 65% of equipment were
destroyed, incorporating 23,500 spans of conductor [[15]]. Tropical storm Irene hit the State
of Connecticut on August 28, 2011, affecting more than 800,000 power customers suffering
prolonged electricity outage up to 9 days and resulting in approximately $200 million in
damage [16]]. Hurricane Sandy struck the Northeast U.S. on October 22, 2012, followed
by around 10% customers in New York and New Jersey stayed out of electricity for 10
days, causing over 100,000 primary electrical lines damaged, affecting approximately 8
million customers for electricity interruption and total damage of nearly $ 50 billion in the
area [|13,[17-19]. Two 500-kV transmission lines, four 220-kV transmission lines, eight

110-kV transmission lines were damaged due to a tornado that slapped Jiangsu Province,



China in 2016 and affected the electricity service of 135,000 households [20]].

Snowstorm and Ice Storm

Southern China was struck by a snow storm in 2008 resulting in 129 lines faults and
the failure of 2,000 substations as well as 14.66 million households out of electricity
supply [18,20]. In 1998, the New England/Eastern Canada Ice Storm knocked down 770
electric transmission towers, more than 26,000 distribution poles, 4,000 transformers and
up to 1,800 miles of transmission and distribution lines needed to be rebuild or replaced.
Following the ice storm, more than 5.2 million customers were out of electricity and
numerous customers remained without electricity up to three weeks while the full restoration
of the power took more than one month [21]]. The estimated damaged was estimated up to
$4 billion [22].

Physical Attack

Between 1980 to 1989, a total of 386 strikes on the U.S. energy assets were recorded
by the U.S. Department of Energy [4]. An uncertain number of gunmen struck the Metcalf
Transmission Substation owned by the Pacific Gas and Electric (PG&E) outside San Jose,
California in April 2013. The well-planned attack severely destroyed 17 transformers and
engender damage of more than $15 million, though no large electricity outages happened,
since the power flows were rerouted by the operators from neighboring generators [/13].

Cyber Attack

On December 23, 2015, about 225,000 customers were out of power for around 6 hours
in Ukraine due to a cyber attack. The well-known Microsoft Office macro vulnerabilities,
along with spear-phishing schemes and malware was utilized by the attackers to break
into the internal networks of three utilities. Further, the Supervisory Control and Data
Acquisition (SCADA) system was modified by the attackers and became uncontrollable
by the operators while the control centers were out of power and disable cyber monitoring
and the control systems, until the SCADA system was shut down. After the attack, even

though the service was restored via employing manual operation in a short time relatively,



the control centers were not entirely ready for use in several months [23].
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Figure 1.1: Observed outages to the bulk electric system between 1992-2012 [24]]

Figure [[.T| reveals that the frequency of bulk electric system outages due to extreme
weather has grown significantly in recent years [24]. Meanwhile, human-made physical
attack or cyber attack still need to be concerned. The occurrence of such catastrophic
HILP-caused electricity outages has been observed to be on the rise over the past decade
and the U.S. infrastructure is more and more dependent on electricity. This calls for further
effective strategies beyond the traditional reliability view for improving the grid resilience
to ensure a continuous and resilient supply of electricity to the end customers and maintain
the basic services such as the economic system and emergency services when dealing with

the aftermath of seismic hazards [20,25,26].

1.2 The Concept of Resilience

Unlike the widely adopted terminology "reliability" in many traditional principles, Power
system resilience is an emerging concept and its definition is unclear and unfocused thus far;
nonetheless, the definition has a common comprehension. "Resilience" and "Reliability"
seem to have a similar but essentially distinct meaning. The key characteristic difference

between resilience and reliability is presented in Table[T.2][18§].



Table 1.2: The Concept Contrast Between Reliability and Resilience

Reliability Resilience

High-probability, low-impact Low-probability, high-impact

Static Adaptive, ongoing, short- and long-term

Evaluates the power system states Evaluates the power system states and transition
times between states

Concerned with customer interruption time Concerned with customer interruption time and the
infrastructure recovery time

The existing reliability metrics do not concentrate on the consequence of individual HILP
events. Beyond minimizing the probability of extensive and prolonged outages, resilience
also takes the following into account: acknowledgment of the occurrence of such outages,
preparation to cope with them, minimization of the outage effect, rapid restoration of the
service and learning from the experience to enhance the future performance [13].

National Academies of Sciences, Engineering, and Medicine [13]] provides a definition
in 2017 for resilience as follows: "Resilience is not just about lessening the likelihood that
these outages will occur. It is also about limiting the scope and impact of outages when they
do occur, restoring power rapidly afterwards, and learning from these experiences to better
deal with events in the future."

PJM Interconnection provides a definition in March 2017 as follows [27]]: "Resilience,
in the context of the bulk electric system, relates to preparing for, operating through and
recovering from a high-impact, low-frequency event. Resilience is remaining reliable even
during these events". This definition is more specific to the HILP events.

In President Barack Obama’s Presidential Policy Directive , the term "resilience"
refer to "the ability to prepare for and adapt to changing conditions and withstand and
recover rapidly from disruptions. Resilience includes the ability to withstand and recover
from deliberate attacks, accidents, or naturally occurring threats or incidents".

A definition of resilience for energy system is provided by UK Energy Research Center
[29]] as follows:"Resilience is the capacity of an energy system to tolerate disturbance and

to continue to deliver affordable energy services to consumers. A resilient energy system



can speedily recover from shocks and can provide alternative means of satisfying energy
service needs in the event of changed external circumstances."
Among the existing definitions of resilience, four aspects of the system resilience are

summarized in [30] as follows:

e The state of electricity services of a power system can be described by resilience when
confronting an interruption or outage. The description of resilience contains the extent
of the service degradation, the rapidity of service recovery, and the recovery extent of
the service. As can be seen, resilience does not only reveal a discrete state of whether

a disturbance has happened or not, but also demonstrates the level of disturbance.

e The system resilience is determined by its design and its operation. These affect
the degradation degree during a disturbance, the swiftness of the recovery and the
completion of the recovery. For instance, a more redundant system that considers
recovery strategies and additional contingency operation modes might undergo fewer
and shorter interruptions. On the other hand, such a redundant system is more

strenuous to reconstruct.

e Different resilience levels of the system can be resulted from different response at
different costs. For instance, the system rebuilt with additional resources and a more
efficient set of equipment can provide higher quality of service than the original level

after the disaster recovery.

e The system resilience changes over time. The service of a system could be enhanced
with regular maintenance and upgrade but at a cost. On the other hand, the service of
a system without regular maintenance and upgrade has a lower operating cost but it

can be anticipated that the quality of service and will lessen in the future.

The National Infrastructure Advisory Council (NIAC), USA provided comes up with

four main features of resilience in [31]]:



¢ Robustness: The capability to maintain operation or withstand when disaster occurs,
especially HILP events. Besides the system structure or design, it also relates to the
system redundancy in case of some important components damages, along with the

investment and maintenance of the critical infrastructure.

e Resourcefulness: The capability to expertly handle the occurred disaster. It incorpo-
rates determining the strategies and priority of the action that should be taken to both
control and diminish the hazard, convey the decision to the people to execute. This

feature mainly relates to the human, and not the adopted technology.

e Rapid Recovery: The capability to restore the system to its normal operating con-
dition as soon as possible following the hazards. It relates to elaborately prepared
contingency plans, capable emergency operations and strategic resources distribution

and crews dispatch.

e Adaptability: The manner to learn from a hazard. It relates to the enhancement of the
robustness, resourcefulness and recovery abilities of the system for the future hazards

via new tools and technologies.

The Cabinet Office, U.K. also provides four main characteristics of infrastructure resilience

in [32] as follows:

e Resistance: provides the strength or protection to withstand the disaster and its main

effect to further mitigate the damage or disturbance.

e Reliability: the infrastructure components make sure to be inherently designed to

maintain operation under certain conditions.

e Redundancy: the availability of backup equipment or spare capacity to allow the

operation to be switched or redirected to alternative routes.

e Response and Recovery: rapid and effective response to and recovery from the

hazards.



Additionally, Electric Power Research Institute (EPRI) in the U.S. also determines the three
elements of resilience which are prevention, survivability, recovery for distribution system

in [33]] as demonstrated in Figure [[.2}

Prevention Survivability
hardening the the ability to assist the
distribution system to electricity customers in
restrain damage continue maintaining the
by applying normal function at some
engineering designs level when main grid is
and advanced not accessible or

technologies Resilience available

Recovery
the capability of rapid
responding and recovering the
service to as many affected
customers as possible

Figure 1.2: Elements of resilience by Electric Power Research Institute (EPRI) [33]]

Notice that these elements and aspects of the system resilience can also lead to its
measurement (or metrics). Most of the existing definitions of resilience refer to the capability
of the system to withstand and rapidly recover from HILP events.

A conceptual resilience curve is proposed in [[18] to describe the variations in the system
resilience level over time in regard to a HILP event, as illustrated in Figure[I.3] where R
represents the resilience level of the system. With respect to a HILP event, the power system

experiences the following states [[18},34]:

o Resilient State 7y ~ 7.: before the HILP event happens at 7., the power system should
be robust and resistant to withstand the first strike of the HILP event by sufficiently
predict the time and location of the external disturbance and preventive actions (e.g.
preventive generation rescheduling) taken by the system operator, aiming to enhance

the disturbance resilience of the infrastructure.

e Event Progress 7, ~ t),.: during the HILP event progress, the system is degraded to
post-event degradation state, where the system resilience decrease to Rj,.. Emergency

or corrective actions (e.g. generation re-dispatch alone or generation re-dispatch

9



Infrastructure

Operational Resilience 1
Resilience

Robustness/  Resourcefulness/Redundancy/ Response/ Robustness/ Infrastructure
Resistance Adaptive Self-organization Recovery  Resistance Recovery

Ro M Resient e |
R State : :
i : | Post- | :
| | ) I !
! Event Restorative  restoration |
l | state I |
| progress state 1 | !
I |
| . | :
| | I !
R | | | ;
pe : | Post-event degraded state: : : :
. | | ! . l
>
o e e t; tor tir toir Time

Figure 1.3: The conceptual resilience curve related to a HILP event [18]]

coordinating with dynamic-boundary microgrid operation) can be taken to reduce the

effect of the external disturbance.

Post-Event Degraded State 7, ~ 7,: after the event strike, the system enters the post-
event degraded state. At this stage, the key resilience features are the resourcefulness,
redundancy, adaptive self-organization, they offer the necessary corrective opera-
tional flexibility to accommodate and cope with the changing situation. This assists in
minimizing the consequence of the event and the degradation in the system resilience
level (e.g. Ry — Rp.) while appropriate and effective coordination and preparation

enable rapid beginning of the restoration state.

Restorative State ¢, ~ 7,,,: the system should manifest fast response and recovery
ability to recover the system resilience level from R, to R),;. R, may be the pre-event

resilience level R or a desired resilience level that is not as high as Ry.

Post-Restoration State 7, ~ 7; and Infrastructure Recovery #;. ~ 1,;.: Following
the restorative state, the consequence of the event on the system resilience and its

performance during the event need to be evaluated and analyzed to enhance the
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infrastructure resilience for future similar or unpredictable events. Depending on the

severity of the event, the system may need longer time to recover the infrastructure in

lir ~ tpir-

1.3 Quantitative Metrics for Resilience

Even though the traditional reliability metrics have been widely used and are comparatively
mature, a survey of publicly owned utilities in 2013 reveals that the outages caused by major
events may be overlooked when measuring the performance of the utilities only using the
existing reliability metrics. The contribution of planning, operational strategies and used
technologies on facilitating the recovery and reducing the impact of extensive and prolonged
outages may not be reflected by the traditional reliability criteria. Similar to the definition
of resilience, there is no widely recognized resilience metrics up to the present while some
efforts have been in progress in the literature [13,35-38]]. Establishing widely-accepted
metrics of the system resilience is progressively significant and urgent, as it is impossible
to address the priority of system enhancements and reinforcements needed to (i) monitor
or reveal the changes as they unfold; (ii) define the enhancement strategies for system
resilience; or (iii) to balance the resilience improvements with the related costs [39]]. This
is particularly needed as the enhanced system resilience to significant shocks will affect
different interdependent ecosystems alike which indirectly affect the social welfare and
every aspect of our economy [40-44].

According to [45], several requirements are crucial for establishing a resilience metric

as follows:

e Be Useful: the developed metrics used by humans or computational analysis (or
both) should contribute to decision making, incorporating system planning decisions,

real-time operational decisions, and policy decisions.

e Provide a Mechanism for Comparison: the same metric can distinguish the re-
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silience of different systems where one has improvement in infrastructure or operation

while the other has not.

Be Usable in Operations and Planning Contexts: the same metric should be benefi-
cial to both operating decision (e.g. system pre-configuration followed by a hurricane)

and planning decisions (e.g. burial of electrical conductor).

Exhibit Extendability: the metrics should be applicable in different timescales and
different geographical extents and situations while it can adapt to the progressing

technology and growingly complicated analytics of the future.

Be Quantitative: the metrics should be both qualitative and quantitative.

Reflect Uncertainty: the metrics should be able to evaluate the uncertainties quanti-
tatively while the certainty of this value can be considered in the made decision based

on the resilience metrics [46].

Support a risk based approach: Besides the instant system impacts, one particular
hazard or a series of the hazards, the vulnerability of the system and the potential

impact on people should be indicated by the metrics.

Capture Recovery Time: the outage duration should be revealed by the metrics in

either direct or indirect way.

Resilience metrics can be divided into two categories: qualitative metrics and quantitative

metrics. Comparing with the qualitative metrics, quantitative metrics are helpful for the

efficacy assessment of some resilience measures or comparison between the resilience level

of different systems. Only quantitative metrics are discussed in this section.

The quantitative resilience metrics basically are divided into three categories: the analytic

method, the simulation-based method and the statistical analysis, where the analytical

method utilizes the system failure probability in a particular situation while the simulation-
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based method is most popular and can effortlessly be bond with specific hazard scenarios
and compute the impact of the hazards [20].

One example of the analytical method is presented in [47]], where resilience is defined as
a "probability that the network performs its intended function" at a given duration when the
component fails due to external causes, as a means to "describe the distribution of network
reliability".

One example of the simulation-based method is demonstrated in [45]]. The resilience
metrics are used for cost analysis of resilience improvement. Based on the resilience metrics,
the widely used IEEE 118 bus test case is utilized to analyze the resilience of an existing
system as a resilience baseline and compare with possible investment portfolios to optimize
the investments for resilience enhancement at a given fixed budget. Another example is
in [48]], where the power flow analysis and resilience metrics are exploited to compare
the ratio and area between the desired performance and real performance of the power
system. In addition, [49] uses the failure probability (vulnerability) of transmission lines as
the metric of the real-time operational resilience under both extreme weather and loading
conditions.

The statistical analysis is applied to the system that has collected historical natural hazard
data. In [50]], the duration of the unexpected interruption caused by the distribution system
failure is employed as a metric of the resilience and the analysis is based on the historical
data of the outage duration in the City of Phoenix, Arizona between 2002 and 2005. Another
example is exemplified in [51]], where the rapidity of restoration is a metric of the system
resilience and the historical data of power delivery and telecommunications is utilized which
was gathered after the landfall of Hurricane Katrina.

A basic representation of the resilience metric is proposed in [52], as presented in the
following equation:

F. Fy;

Ri(Sp;FhdeFO) - SPFF
oto

where §), is the speed recovery factor, Fj, is the original stable level of system performance,

13



F; is the performance level forthwith the disturbance, F, is the performance at a new stable
level after the recovery efforts have been depleted. This metric contains the resilience
capabilities and the recovery time.

While the definitions and metrics of resilience are not in consensus and widely used, the
traditional reliability indices, the loss of load frequency (LOLF) and loss of load expectation
(LOLE) is used as resilience metric to assess and compare different strategies for system
resilience improvement in [53]].

Four metrics of resilience, similar to but somewhat different from the main features
addressed by NIAC in [31]], are proposed by Kwasinski in 2016 in [54] as demonstrated in
Figure[1.4}

The ability to maintain the operation

WAL g e iy during some hazards, e.g. a natural catastrophe.

The recovery time it needs to restore

IEEOVE R given a particular level of power outages.

Preparation/Planning The capability of to mitigate the impact of the potential
capacity hazards on the performance power system in the future.

The capability to deal with the situation that may risk

antabofianability the power system during operation and management

Figure 1.4: Resilience metrics by Kwasinski [54]]

The Grid Modernization Laboratory Consortium (GMLC) supported by the Department
of Energy (DOE) proposed example resilience metrics in [55]], as presented in Table[I.3]

The GMLC metrics analysis highlighted the incorporation of statistical measures of
uncertainty (e.g. the affected customers’ types and the path of a hurricane) and the reporting
of resilience metrics while all impacts are estimated as probability distributions [13]].

Another quantitative metric system called the ®AEII resilience metric system is pro-
posed in [34] to evaluate the resilience level of a system, as presented in Table|I.4]

To be specific, the metrics refer to how fast and how low resilience drops in the event
progress state, how extensive the post-event degraded state is, and how promptly does the

network recover in the restorative state.
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Table 1.3: Resilience Metrics Proposed by the Grid Modernization Laboratory Consortium
of the U.S. Department of Energy (DOE) [55]]

Consequence Category

Resilience Metric

Direct
Electrical Service

Critical Electrical Service

Restoration

Monetary

Indirect
Community Function

Monetary

Other critical assets

Cumulative customer-hours of outages

Cumulative customer energy demand not served

Average number (or percentage) of customers experiencing an outage during a
specified time period

Cumulative critical customer-hours of outages

Critical customer energy demand not served

Average number (or percentage) of critical loads that experience an outage
Time to recovery

Cost of recovery

Loss of utility revenue

Cost of grid damages (e.g., repair or replace lines, transformers)

Cost of recovery

Avoided outage cost

Critical services without power (e.g., hospitals, fire stations, police stations)
Critical services without power for more than N hours (where backup power
exists by outage exceeds fuel supply, i.e., N> hours of backup fuel requirement)
Loss of assets and perishables

Business interruption costs

Impact on Gross Municipal Product (GMP) or Gross Regional Product (GRP)
Key production facilities without power

Key military facilities without power

Table 1.4: the ®AEII Resilience Metric System [34]]

Phase State Resilience metric Symbol
Disturbance How fast resilience drops? (0]
I o
progress How Jow resilience drops? A
I Post-disturbance How extensive is the post- E
degraded disturbance degraded state?
1 Restorative How promptly does?the network 7
recover?

1.4 Thesis Outline

The remainder of the thesis is organized as follows. Chapter 2 reviews several applications

in the past work and literature to enhance the power system resilience in two aspects: long-

term structural resilience and short-term operational resilience. The related applications for

long-term structural resilience include the deployment of battery storage and photovoltaic

(PV) generation. The related application for short-term operational resilience contains

mobile power sources, microgrid operation and control, and the use of remote-controlled
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switches.

Chapter 3 explores the potential of mobile power sources in promoting the post-disaster
restoration of the distribution system (DS) and consequently improving the system resilience.
The DS reconfiguration is also taken into account to help deliver the power via changing
the connection status of the distribution branches equipped with remote-controlled switches
(RCSs). A mixed-integer nonlinear programming (MINLP) optimization model is proposed
for deriving the MPS routing and scheduling strategy under a certain repair plan. The
formulation is further linearized, hence the complexity of computation decreases. Three
case studies are applied to verify the efficacy of the proposed MPS dispatch method.

Chapter 4 investigates the impact of the PV generation existing in the DS on the
proposed MPS dispatch method and the potential of coordinating the proposed method with
the existing PV generation to boost the DS post-disaster restoration. The same damage
scenarios and repair strategies as in Chapter 3 are employed to compare the effectiveness of
the proposed method in the cases with and without the PV generation.

In Chapter 5, the same test system and damage scenarios are applied in the case studies
with different repair plans to explore the effect of the repair strategies on the contribution of
the proposed MPS dispatch method and the PV generation to facilitating the DS restoration
following natural hazards and emergency events.

Chapter 6 presents the research conclusions and summarizes the main findings of this

thesis. Future work is also provided in this chapter.
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Chapter 2:  Literature Review

2.1 Introduction

Resilience is characterized as a function of time, thus power system resilience can be divided
into two categories: long-term resilience and short-term resilience. This chapter investigates
the previous research that focused on the system resilience, both long-term and short-term.

Long-term resilience is generally focusing on the grid structural resilience, which refers
to the adaptability of the system infrastructure in the face of new hazards and changing
situations [53]. It, hence, relates to planning and design of the power system and a long-term
decision paradigm. Although the power system has a long history of planning, the planning
and design efforts in the past decades have mainly focused on the improvements in the
power system reliability, to be specific, aiming at optimizing the operations (e.g. saving
the operating cost) during normal operating conditions and at the same time withstanding
the credible events that have been repeatedly confronted by the operators. However, the
planning and design for resilience are distinct, which virtually involve all aspects of the
power system. The design of the system needs a holistic view, both considering the resilience
of the individual components in the grid and the resilience of the entire power system grid-
scale. Typically, the enhancement of the component reliability can lead to improvements in
the system resilience [13]], while the improvements in the component and infrastructure may
be a medium-term and long-term effort (e.g., preventive maintenance plans) which may not
be accomplished in a short time frame [56-77].

On the contrary, short-term resilience, essentially the operational resilience, typically
refers to the ability of the system to control the damage, mitigate the impacts, maintain the
electricity service and restore the service to the affect customers via taking the full advantage
of the existing and available electric assets when the hazards or catastrophe occur. It involves

some characteristics that a resilient power system has before (e.g. robustness/resistance),
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during (e.g. resourcefulness/redundancy), and after (e.g. recovery) a hazard or interruption
event, as illustrated in Figure[I.3]in Section[I.2] The efficacy of the preventive and corrective
measures for system restoration, such as the correct discernment and understanding of
the collected information and data, the problem addressing, recognition of the available
flexible resources, the priority of measures, determination of the most suitable measures,
essentially rely on the capability of the system operators who develop the restoration

strategies [35-38,,53,/78-83].

2.2 Research and Applications in Enhancing Long-Term Power System Resilience

Power system resilience can be enhanced by exploiting several advanced technologies and
flexible energy resources. One example of advanced technology in the modern power grid
is battery storage. Compared with the conventional generator, battery storage devices can
store the energy when the system load is low and supply power when the system load is high
or emergencies occur, rendering several advantage of rapid response, high efficiency, and
low maintenance costs. Deploying battery storage devices enables the power grid to have
more operational flexibility. In [84]], a resilience-oriented framework for deploying battery
energy storage systems (BESSs) in the power distribution system (DS) to enhance the system
resilience against high-impact low-probability (HILP) events is proposed. In this work,
the earthquake disasters are characterized; afterward, a mechanism for DS vulnerability
evaluation and a methodology for finding the optimal location and capacity of BESS units are
presented to assist the system planners and decision makers to allocate BESSs in DS, aiming
at hardening the system robustness. Besides the battery energy storage system, photovoltaic
(PV) generation is another promising solution as a distributed energy resource (DER) in the
grid and can be utilized during hazards, though attributed with the disadvantage of variable
power output due to its uncertainty [1]]. A scheme for system resilience improvement via a
multi-objective optimization model is proposed in [85] for finding the optimal capacity and

allocated location of PV generation and battery storage so that PV generation and battery
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storage can be more accessible for both the load and non-black-start (NB-S) generating units
during extreme HILP events.

Deploying dedicated fiber-optic communication networks and sectionalizing switches
used for isolation of damaged components is beneficial to DS resilience while the DS
network can be reconfigured automatically to mitigate the impact of the faults. One example
of such advanced DS mechanisms is established by Chattanooga Electric Power Board
(EPB), which is one of the largest publicly owned electric power providers in the U.S,
with $111 million funding from the Department of Energy (DOE) via the Smart Grid
Investment Grant program. Smart grid technology was applied to the DS to improve
its robustness via deploying a dedicated fiber-optics communication system, advanced
metering infrastructure, smart distribution switches, and other facilities to realize an effective
restoration automatically. The worth and the effectiveness of deploying the distribution
automation technology were verified when thousands of hours of outage time were avoided
thanks to smart switches while 250 times inefficient repair crew dispatches were avoid due to
the outage information provided by smart switches and advanced analytics for post-disaster
analysis [86-92]. Meanwhile, the fiber-optic system provides a basis for the technologies
that required significant high data exchange rates, e.g. phasor measurement units (PMUs),
a device used to estimate the magnitude and phase angle of the voltage or current in the

grid [93H101].

2.3 Research and Applications in Enhancing Short-Term Power System Resilience

Mobile power sources (MPSs), including truck-mounted mobile emergency generators
(MEGsS), truck-mounted mobile energy storage systems (MESSs) and electric vehicles
(EVs) have great potentials to be employed as grid-support resources during power grid
emergency operating conditions to supply the critical loads and enhance the resilience of
distribution system (DS) via a swift disaster restoration. Additionally, power distribution

system resilience to HILP events can be elevated by holistic planning, operation, and control
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of microgrids in which critical loads can be supplied during emergencies [[102,|]103]]. Due
to the evolving battery technology and the increasing demand for a more resilient power

system, the application of MPS and microgrid recently has been more and more focused.

2.3.1 Application of Microgrid in Enhancing Power System Resilience

A microgrid is defined as "an energy system consisting of distributed generation, demand
management, and other DERs that can connect and disconnect from the bulk power system
based on operating conditions" [13]]. Microgrids, as the physical islands (PI) in a local area,
can be formed by exploiting DERSs to provide continuous power supply to electric utilities
and customers after a fault. In [104]], a real-time operational approach is proposed to form
multiple microgrids energized by distributed generation (DG) in the radial DS, aiming at
restoring critical loads from the power outages via a mixed-integer linear programming
(MILP) optimization model. In [105]], microgrids are formed by DG and mobile generator to
serve the local demand in a given portion of the grid during the restoration after a fault occurs
and the improvement of reliability is verified by a reduced energy not supplied (ENS). A
methodology for minimizing the operation costs in normal operating condition and provide
power supply to the affected customers in outage areas are studied in [[106] by scheduling
the output of the controllable DGs and energy storage systems and optimally-sectionalized
DS into self-supplied microgrid via stochastic formulations. A hierarchical control strategy
is proposed in [107] to apply to an existing direct current (DC) microgrid in the Illinois
Institute of Technology (IIT) to improve the economics and resilience of the DC microgrid.
A resilience-oriented microgrid optimal scheduling model is presented in [[108]] aiming at
minimizing the microgrid load curtailment by scheduling available resources when the main
grid is inaccessible in a prolonged outage duration, considering the uncertainties of load
demand, generation and the time and duration of the main grid supply interruption. In this
work, the problem is decomposed to normal operation (when the main grid could supply the

microgrid) and resilience operation (when the main grid power is not available) and efforts
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were proposed to improve the operational resilience by regulating the unit commitments,
energy storage schedules, and loads schedules. Microgrid as an efficient mechanism to
supply the critical loads during emergencies is studied in [109]. In this work, the restoration
problem is transformed to a maximum coverage problem in a form of linear integer program
by introducing the concepts of restoration tree and load group, considering DERs’ dynamic
performance. The DERs, however, are typically deployed at fixed locations across the
grid and thus are only able to support the local load points within a PI and maybe some in

neighboring PIs, but certainly not the demanded loads in further-away PIs [46L/110].

2.3.2 Application of Mobile Power Sources in Enhancing Power System Resilience

Comparing with stationary microgrids with fixed-location DERs and stationary battery
storage systems, mobile power sources (MPSs) which include mobile emergency generators
(MEGs), electric vehicles (EVs), and truck-mounted mobile energy storage systems (MESSs)
offer greater advantages to boost the DS resilience primarily driven by their mobility
[1TT1H115]]. The application of MPSs for enhanced resilience of DS has been studied in
several research efforts [[116-118].

The investment in MESSs in radial DS to reduce the cost in normal operations and
relocation of MESSs under HILP events (e.g., natural disasters) to improve the power grid
resilience are studied in [119]], where the proposed optimization is a two-stage stochastic
mixed-integer second order conic program (MISOCP) with binary decision variables repre-
senting the relocation of MESSs. This work also compares the results of the cases with and
without stationary energy storage units. In [[120]], aiming at minimizing the post-disaster
restoration cost, the coordination of MESS and DS network reconfiguration for forming
microgrids is formulated as a MILP model to facilitate critical loads service restoration.
MESSs can transfer the energy among multiple microgrids in the DS by traveling to and
locating at different locations in proper time. The utilization of plug-in EVs in a microgrid

is investigated in [[111H115,/121] to improve the voltage profile and reduce the power loss
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of the microgrid that incorporates plug-in EVs, renewable energy sources, energy storage
system and DG. In the model presented in [121]], the uncertainty of the renewable energy
sources is formulated by a stochastic optimization approach while the power loss can be
significantly reduced with plug-in EVs that can charge (or discharge) active power and/or
absorb (or inject) reactive power. Proactive preparedness prior to an imminent hurricane
is investigated in [[122]], including the allocation of generation resources (i.e. diesel oil,
electric batteries, and electric buses) in the system that incorporates distributed generators,
microgrids, charging stations and critical loads, considering resource transportation cost,
initial distribution of electric buses and severity of the expected hurricane. Due to the
uncertainty of the damage caused by the hurricane, the allocation problem is formulated
as a mixed-integer stochastic nonlinear program, which is further simplified into a MILP
problem by a proposed heuristic method. EVs can be charged to store energy not only
to meet its own transportation requirements, but also as an emergency power source to
supply electricity to critical loads during emergencies. The impact of the vehicle to grid
(V2G) service both on the individual EV and the power system operation is studied in [[123]]
where EVs can act as generation sources and/or as responsive loads according to the power
system operating states. Additionally, the result shows the cost of the vehicle owners can be
reduced and the impact of EVs on the grid is insignificant regarding power loss and voltage
regulation. An algorithm for Vehicle-to-Home (V2H) technology, as a simplified variation
of the vehicle-to-Grid (V2G) mechanism, is proposed in [124], using electric vehicles as
backup power sources to support the end customers during grid interruptions, with the
objective of maximizing the backup energy duration. Multiple homes, electric vehicles
and photovoltaic generation are considered in this work, though the electric network con-
straints are not considered. The pre-positioning and real-time allocation of MEG are studied
in [125] by two-stage dispatch framework, aiming at minimizing the outage duration of
loads considering loads’ priorities, demand sizes, and MEG routing problem. The problem

is formulated as a scenario-based two-stage stochastic optimization problem, where the first
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stage is to find the optimal pre-positioning location of the MEGs ahead of a natural disaster
while the second stage real-time dispatches MEGs from the pre-positioning location to some
portion of the network to restore critical loads by forming microgrids.

Furthermore, following a HILP hazard, the configuration of the DS may change due
to the unavailability of some distribution branches and other elements. DS network re-
configuration plays a significant role in rerouting and delivering the power from MPSs
to critical loads by switching some branches on and off and maintain the radial network
topology. The distribution branches can be equipped with remote-controlled switches (RCS)
that facilitate a network reconfiguration for the dynamic formation of the microgrid as
emergency operating conditions unfold. Several models of DS network reconfiguration have
been studied. The distribution system reconfiguration is formulated in [126]] by three new
convex models, which are mixed-integer quadratic programming, mixed-integer quadrati-
cally constrained programming model and mixed-integer second-order cone programming.
In [[127], a heuristic nonlinear constructive algorithm for DS reconfiguration is presented
with more computation time but higher accuracy. In [[128]], a DS reconfiguration methodol-
ogy based on the Ant Colony Algorithm (ACA) is proposed with an objective of reaching
the minimum power loss and better load balancing in a radial DS considering the existence
of DGs. The meta heuristic Harmony Search Algorithm (HSA) is used in [129] for DS
network reconfiguration and finding the optimal location of DG units to minimizing the real
power loss and boost voltage profile in DS. In [2,/78-83]], the network reconfiguration at
transmission level is employed as temporarily corrective tool for load restoration in coping
with the predicted hazards as well as in normal operating conditions for economic gains and

financial benefits.
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Chapter 3:  Mobile Power Sources Dispatch Coordinating With Distribution

System Reconfiguration for Post-Disaster Restoration

3.1 Introduction

In this chapter, in order to improve the power system operational resilience, the potential
of mobile power sources (MPSs) for the distribution system (DS) restoration after natural
disaster strikes is investigated. Meanwhile, due to the unavailability of some distribution
branches and in order to reroute and deliver the power from MPSs to critical loads, the
DS network reconfiguration is also taken into account to enable the formation of dynamic
microgrids by switching some branches on and off during the restoration process.

The rest of this chapter is organized as follows. First, a simple illustrative diagram is
presented which demonstrates the process of post-disaster restoration assisted by the MPS
dispatch. Afterward, a mixed-integer nonlinear programming (MINLP) model is proposed
for routing and scheduling of MPSs coordinated with the DS network reconfiguration to
improve the DS resilience against the natural hazards. The MINLP model is further lin-
earized into a mixed-integer linear programming (MILP) model to decrease the computation
complexity. Multiple types of MPSs, e.g., truck-mounted mobile emergency generators
(MEGs), truck-mounted mobile energy storage systems (MESSs) and electric vehicle (EV)
fleets, are dispatched considering the repair schedules of the damaged branches to facilitate
the DS restoration process. Eventually, case studies of three different damage scenario and
their numerical results are presented to describe how the DS restoration is facilitated with

the routing and scheduling of MPSs coordinated with DS reconfiguration.
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3.2 Proposed Framework for Power Grid Restoration via Routing and Scheduling

of MPSs Coordinated With DS Reconfiguration

Based on Figure [3.1] the unavailability of some distribution branches following a HILP
event results in a number of physical islands (PIs) in which some or all load points are
disconnected from the main grid. The optimal scheduling and routing of MPS can be
achieved via the proposed optimization formulation with the aim of enhancing the DS
resilience. Having identified the damaged branches in Stage I, the MPS can be moved to
other PIs in which some portions of critical loads can be recovered by the excessive power
provided by MPS, while the branches equipped with remote-controlled switches (RCS)
can open or close for optimal power delivery. Meanwhile, the other damaged branches are
repaired by repair crews and this loop is repeated until all damaged branches are repaired
and all load points are supplied by the main grid. The system is then fully restored and the

DS resilience function reaches its maximum.

Following a HILP Hazard After Reparing the Damaged Branch

Damaged . Electric Vehicle Charging 5.
Branch ® Load Points (EV) Stations  ¢<h-e

Repair Crew

Figure 3.1: Simple illustrative diagram of MPSs’ assistance on enhancing resilience
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3.3 Formulation

This section presents a model for routing and scheduling of mobile power sources (MPSs)
coordinated with the distribution system (DS) reconfiguration. In this model, three types
of MPS are considered, including truck-mounted mobile emergency generators (MEGs),
truck-mounted mobile energy storage systems (MESSs) and electric vehicle (EV) fleets.
Meantime, the DS reconfiguration is also considered (i.e. switching the distribution lines
on and off) to help deliver the power from MPSs and substation (if available). Thus, the
objective function is aimed at maximizing the total loads supplied considering their priorities
and minimizing the total cost produced by the MPSs including the transportation cost of
the MPSs, battery degradation cost, and the cost of power generation of MEGs. Motivated

by [118]], the extended objective function (@ includes four terms, as follows:

max(z Z%i‘pdi,t— Z Z C;tﬁ“Pm,t_

tcTicB teTmeM G.1)
Y Y o 4+re-Y Y S pme)
teTme{S,V} tcTmeG

The first term is the total loads supplied weighted by the priority of the load points y;,
1.e. the weighted sum of supplied loads, over the entire restoration time period T; the second
term is the transportation cost of MPSs, due to the trips they make during the restoration
phase; the third term reflects the cost of battery degradation of EV fleets and MESSs when
charging and discharging during the restoration process; and the last term is the relative
cost of the MEG outputs. The second term is added to minimize the traveling time of
MPSs to avoid unnecessary transportation since the MPSs should not travel around once all
loads are restored. Meanwhile, if there may exist various MPS dispatch strategies that can
achieve the same restoration result, the strategy achieving the optimal result with the MPSs

with the minimum transportation costs will be selected. The transportation cost coefficient
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CY of MPS m is a constant representing the relative transportation cost of each MPS. The
third term is aimed to reduce the battery degradation cost so that the redundant charging
and discharging are avoided during the restoration phase. The MEGs consume the fuel to
generate power and provide the energy for transporting themselves. The last term is added
to minimize the cost associated with the power output of MEGs so that the unnecessary
real power output from MEGs is reduced. Additionally, if there are multiple MEGs with
different generation cost (represented by J,,) available for dispatch, the strategy using the
MEGs with lower generation cost to generate power is selected. Note that in general the
objective of maximizing the loads supplied is dominant.

Along with the objective function, a number of constraints need to be taken into account

for the DS restoration problem as follows.

o MPS Connection Constraints: Following a HILP disaster, the MPSs rapidly travel
and get connected in the PIs to supply electricity where needed. Since the MPSs need
associated facilities to connect to the grid, the load points equipped with correspond-
ing connecting facilities can be set as the candidate nodes of MPSs. At each time
period, each MPS can be connected to at most one pre-determined candidate node, as
enforced in (3.2). MPSs cannot connect to the load points that are not equipped with
associated facilities, as stated in constraint (3.3)). Constraint (3.4)) indicates that the
allowed number of MPSs connected to a node is limited to stations’ capacity at each
candidate node. Constraint (3.5) states that the MPSs cannot travel to other nodes

when connected to a candidate node.

Y bmis <1, VmeMNVteT (3.2)
i€B,,
Y Umis=0,VmeMVteT (3.3)
i€B\B,,
Y, Hnig SN Vi€ ) Bu, Vi€ T (3.4
meM; meM
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Py =1—Y Wiz, VmeMNVI €T (3.5)

i€B,
e MPS Routing Constraints: Constraint (3.6) ensures that the MPSs transportation
among different DS nodes satisfies the required travel time, where Tn‘{?}fd denotes the

required traveling time of MPS m between node i and node j

Um,issc+ Mmjs < 1,Ym € M, Vi, j € By, VT < T4 Vi + 1 < Ny (3.6)
For better understanding, constraint (3.6) is explained with a simple example presented
as follows. Assume that the MPS m needs 2 time periods to travel between node i and

node j, i.e. T,}ﬁl‘-}el = 2; then the following constraints are restricted:

Mmit+1 4+ M jr <1, Vt+1 < Ny (3.7)

Mmit+2 4+ M jr < 1, Vt+2 < Ny (3.8)

Then, as Equations (3.7 and (]3;8[) show, if L, ;, = 1 (MPS m is connecting to node j
at time ¢), then Uy, ;1 = 0= W42 = 0 (MPS m cannot be connected to node i at

time 7 + 1 and 7 + 2 since it takes 2 time periods to travel from node j to node 7).

o MPS Power Scheduling Constraints: It is assumed that the truck-mounted MESSs
and MEGs consume the fuel for their transportation and the MEGs can be refueled
with tanker truck during the restoration process [130] while EV fleets consume electric
energy when they are in transport. The change in the state of charge (SOC) of MESSs
over time is determined by their charging and discharging behaviors, as represented
in (3.9) while the SOC of EV fleets is determined by their charging and discharging
as well as travel behaviors as stated in (3.10). Constraint (3.11) restricts the ranges

of SOC of MESSs and EV fleets over all time periods. Constraint (3.12)) and (3.13)

respectively restrict the ranges of charging and discharging power for MESSs and EV
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fleets according to the corresponding rated power. Charging and discharging of MESS
and EV are mutually exclusive over all time periods, as represented in (3.14)) which
also indicates that the MPS disconnected from DS can neither charge nor discharge.

Constraint (3.13]) and (3.16)) set the range of real and reactive power output of MEG

according to its rated power, respectively, and enforce MEG to have zero real and

reactive output when it is disconnected from the DS.
SOCys = SOCpy—1 + (N5 Pt —Poct /™) - At,Ym € 8, ¥t > 1 (3.9)

SOCys = SOCys—1 + (N5 Py — Pt /N0 — Q- PA) - A, Ym € V, Vit > 1

(3.10)
S0OC,, < SOC,,; <SOC,,,Vm € {S,V},vt € T (3.1
0< py <y Py Yme {S,V}, Vi €T (3.12)
0< pdh <d,, Py Vme {S,V},Vi T (3.13)
Cmt +dms < iezB: Wmis,Vm € {S,V},Vt € T (3.14)
0<pms < iezB: Uit Pm,Ym € GVt €T (3.15)

0 < gy < iEZB‘, Umis- O, Vm € GVt €T (3.16)

o DS Radiality Constraints: For the radiality of a system consists of n nodes (buses),
there are two conditions which need to be satisfied [131]: (i) in the system, the number
of connected branches (lines) is equal to n — 1; (ii) all load nodes are connected to
the source node (equivalent to all are connected).When some branches in the system

are damaged, several physical islands (PIs) are formed. The radiality requirements
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remain to be satisfied for each PI resulted from the damaged branches, since each PI
can be regarded as a subsystem consisted of some numbers of nodes. Therefore, in
such scenarios, the two conditions which need to be satisfied for the radiality of the
entire system become: (1) at each PI, the number of connected branches is equal to the
total number of nodes in the PI - 1; (2) all load points are connected to a determined

source node in each PI.

Assume that the total number of nodes in the system is Ng, and the number of PI
resulted from the damaged branches is N, the number of nodes in the k-th PI is n.

Then the condition (1) is represented as follows:

the number of closed branches in the k-th PI = nj, — 1 (3.17)

If the sum over equation (3.17) up for all PI, equation (3.18)) is derived.

N
the number of closed branches in the whole system = Z n,—N (3.18)
k=1

Since Y, nx = Np, constraint (3.19) is derived and satisfies the first condition.

Y o =Ng—N", VieT (3.19)
(i,j)eL

As for the second condition, for better illustration, the IEEE 33-node test system is
used as presented in Figure [3.2] The original 33-node DS is radial and all load points
are connected to the substation node as the source node. When a HILP natural disaster
strikes and some branches in the DS are damaged, six PIs are formed. Some PIs that
are isolated from the main grid only contain load nodes and no energy source. In each
PI, one node is considered as a fictitious source node (notice that this node does not

need to actually supply power to other nodes) and the remaining nodes are fictitious
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load points. The fictitious source node and fictitious load nodes are the source and the
destination of fictitious power flow, respectively. The amount of the fictitious flow
into a load node dlﬁtC is set as 1 at all nodes. Since the fictitious flows can only be
provided by the fictitious source node, the second condition is satisfied in constraint
(3.20)-(3.22)) that enforce each load node to receive one unit of the fictitious flow from

the fictitious source node at each PI.

L 2 l

T PI2 26 27 28 PI 6

PI1 PI3

6 7
®

Substation

lected fictitious " Damaged Tie line
node

N Sel
@ Loadnode —» Fictitious flow 7,6\7 source node branch (opened)

Figure 3.2: Illustrative example for distribution system (DS) radility requirements

Constraints (3.20)-(3.21)) ensure the fictitious flow balance for the fictitious load and
source nodes, respectively. Constraint (3.22) enforces the fictitious flow to be zero
in open branches. The large enough positive number M relaxes this constraint when
some branches are open (See [I31] for additional details on the fictitious network and
radiality conditions). Finally, constraints (3.19)-(3.22)) ensure that the DS remains

radial over all time periods.

Y flis— Y flije=df, VieB\B™\VieT (3.20)
(J,)eL (i.j)eL
Y fliji— Y, flig=fgis, VieBPUEVreT (3.21)
(ij)€L (jd)eL
— Oj ¢ -M < flij,l < Oijt -M, V(l,]) c L, vVieT (3.22)
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e Branch Status Constraints: According to (3.23)), the damaged branch must be open
if it has not yet been repaired at time ¢. Constraint (3.24) states that the undamaged
branches that are not equipped with remote-controlled switches (RCS) remain in their

initial status over all time periods.
®ijs < Bije, V(i j) €L, VreT (3.23)

o= ol Wi, j) € LA{LEmEd viehy vy e p (324)

e MPS Power Output Constraints: Constraints (3.25))-(3.26) indicate that the real or
reactive power injection or extraction at a candidate node for MPS siting is equal to
the sum of the real or reactive power output of the MPSs. The non-MPS nodes are
attributed zero real and reactive power from MPSs as expressed in (3.27)).

mps __ dch ch
Diy = Z Um,it* Py — Z Um,it* Py
meM;N{S,V} meM;N{S,V}

(3.25)
+ Z Hm,it* Pmt, Vie U B, VteT
meM;NG meM
q?;ps = Z Mmis Gme, Vi€ U B, VteT (3.26)
meM; meM
pir =q;° =0, VieB\ |JBy,VreT (3.27)
meM

e Power Balance Constraints: Constraints (3.28))-(3.29) describe the real and reactive
power balance conditions at all nodes, respectively. The range of the demanded
load to be supplied is bounded in constraint (3.30). Constraint enforces the
recovery rate of the supplied loads not to decrease. The power factor of the demand
is assumed to be fixed in (3.32). The real and reactive power flows in the online

branches are respectively limited by their real and reactive power capacities in (3.33))-
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(3.34). Constraints (3.33)-(3.34)) also enforce the real and reactive power flow in open

branches to be zero.

Y, plic— Y, pliji=pdis—pgic—piy, VieB¥VieT (3.28)
(J,i)eL (i.j)eL

Y. dafiie— ), 4fije=adii—qgic—q; . VieBVreT (3.29)
(J,i)eL (i.j)eL

0<pdi, <PX™M viecB, V€T (3.30)

pdis—1 /P < pd; /P Vi€ B, Vi > 1 (3.31)

. — ((demand ; pdemandy ;. ; (3.32)

qdi; = (Qj; P )-pdi NieB,vteT
— 0j Pij < pfijs < ij,-Pij,V(i,j) ELVr €T (3.33)
— 0j- 01 < qfiju < jy- 0, V(i j) €LV €T (3.34)

Power Flow Constraints: Based on the DistFlow branch equations in [132], constraint
(3.35) and (3.36) represent the power flow equation. The large enough positive number
M value is a relaxation parameter to relax these two constraints for open branches.

Constraint (3.37)) states the boundary for the voltage magnitudes across the network.

Vsqrijt —Vsqer S(l — OtijJ) -M+2- (rij~pf,~j7t +x,'j-qf,~j7,), V(i,j) eL,VteT

(3.35)

Vsqri; —Vsqrj; >(Qij; —1)-M+2-(rij-pfijs +xij-qfij:), V(i,j) €L VteT

(3.36)

Vsqr, < Vsqriy < Vsqr;,Vie B,Vt € T (3.37)
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In summary, the formulation for routing and scheduling of MPSs coordinated with

the DS reconfiguration is as follows:

1. Objective Function: Equation (3.1))

2. Constraints: Equation (3.2)) - (3.6), equation (3.9) - (3.16), equation (3.19) -
(5.37)

Note that constraints (3.25)) and (3.26)) include non-linear terms in the form that a

binary variable (e.g. U ;;) is multiplied by a continuous variable (e.g. pgfftl). This
makes the optimization problem a mixed-integer non-linear programming (MINLP)

model with very high computation complexity.

A linearization technique is exploited as illustrated below [[133]]. For instance, the
nonlinear term [l ; ; - pdCh can be substituted by P,?f-h and the following constraints

myt ot

are employed:

0 < P, < s, P (3.38)
—dch
Pixt (bt = 1) P < Pochy < pih -39
where, if W, ;; = 1, then we have Prflf}jt = p,‘}ﬁ?; if Uy ;; =0, then P,ﬂf}jt = 0. The same

approach can also applied to the term (,,, ; ; - pf,?’,, M it Pmg and Wy is - G-

Afterward, the MINLP formulation is linearized into a mixed-integer linear program-
ming (MILP) problem and, therefore, the computation complexity is significantly

reduced.
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3.4 Case Study: Modified IEEE 33-Node Test System

3.4.1 System Characteristics, Assumptions, and Data

In this section, the proposed method is applied on the modified IEEE 33-node test system
which contains one substation node, 37 distribution lines (including 5 tie lines) to verify
the method effectiveness. In this thesis, the stations that have grid connection facilities for
electric vehicle (EV) fleets are charging stations [[134./135]], and the stations that have the
grid connection facilities for mobile energy storage systems (MESSs) and mobile emergency
generators (MEGs) are designated as the MESS stations [136]. Assume that there are
3 charging stations and 3 MESS stations available in the distribution system (DS), as
shown in Figure [3.3] Additionally, 8 remote-controlled switches (RCSs) are allocated [[137]
as depicted in Figure [3.3] It is assumed that 3 MPSs are available: MESS 1 with 500
kW/776 kWh capacity [138], MEG 1 with 800 kW/600 kVar capacity [[139], EV fleet 1
incorporating 2 electric buses with 150 kW/150 kWh capacity [[135] and 0.25 kW energy
consumption rate for transportation [[140]. The tie lines in the DS are normally open. Only
the branches equipped with RCS can be switched during the restoration process. The priority
of load nodes are randomly generated between 1 and 10, which are lower than the typical
interruption cost of various types of customers [141]]. The connection status of tie lines are
open while the rest branches are closed during normal operation.

All MPSs are located at the substation node and fully charged to prepare for potential
emergency events. When the natural hazards or emergency events occur, once the damaged
branches are identified as well as the repair plan is proposed, the MPSs will depart from the
substation node to supply the critical loads. Three different damage scenarios are considered

in this section.
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Figure 3.3: The modified IEEE 33-node test system

3.4.2 Case Study 1: Damage Scenario 1

Assume that 9 branches are damaged after the hazard strikes as depicted in Figure[3.4] and
the repair plan is adopted as shown in Table [3.1] According to the repair plan, the whole

restoration process is set as T = 24 time periods while each time period is At = 0.5Ar.

Table 3.1: Repair Order of Damaged Branches in Case Study 1

Time period (7) 3 6 7 9 13 16 20 22 24

Repaired branch || 19-20 | 8-9 | 9-10 | 12-13 | 16-17 | 30-31 | 27-28 | 24-25 | 23-24

The strategy of MPSs dynamic dispatch is obtained as presented in Table The
symbol "—" denotes that the MPS is during transportation. The activity of the branches

equipped with RCS is demonstrated in Table[3.3]

Table 3.2: Location of MPSs in Each Time Period in Case Study 1

Time Period

1 23] 47 | 8 [o~12] 13«14 | 15 | 16~17 | 1824
EV1 nodel | — node 33 — node 5 — node 33
MPS | MESS1 [node1| — [ node15| — | node 29
MEG 1 nodel | — node 29

The recovery rate in each time period is depicted in Figure [3.5] Curves for the case
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Figure 3.4: Damage scenario in case study 1

Table 3.3: Distribution System (DS) Reconfiguration Actions in Case Study 1

Time period Remote-controlled switch (RCS) actions
t=1 close branch 9-15, 12-22, 18-33, 25-29
t=7 open branch 12-22, close branch 9-10 (reparied)
t=9 open branch 9-15

t=16 close branch 30-31 (repaired)

t=17 close branch 9-15, open branch 14-15

t =20 open branch 9-15,18-33, close branch 14-15
t =24 open branch 25-29

only using DS reconfiguration method and the benchmark case without any MPS supply
and DS reconfiguration are included for comparison. As can be seen in Figure [3.5] without
MPS and DS reconfiguration, the benchmark case has the lowest recovery rate over the
restoration process. With MPS and DS reconfiguration employed, the proposed method
restore the system to 89% at r = 16 and to 100% at r = 22. To be specific, with MPS and
DS reconfiguration, the proposed method achieves a load outage recovery of around 30%
higher than the benchmark case at time period t = 4 ~ 8 and at least 20% higher than the
case with DS reconfiguration alone att =4 ~ 19.

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, real power

output of MEG 1 are demonstrated in Figure [3.6]
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Figure 3.5: Load restoration in each time period using different strategies: Case Study 1

Based on Tables [3.1] to [3.3] and Figures [3.4] and [3.6] the strategy of MPSs dispatch
coordinated with the DS reconfiguration attains a better system restoration. Specifically,
following a HILP event, all three MPSs should be departed from the substation node at r = 1
to supply the critical loads while tie lines 9-15, 12-22, 18-33, and 25-29 which are normally
open (i.e., offline) should be closed (i.e., online) in order to change the DS topology such that
several PIs can be linked to facilitate the MPSs contribution in recovery of load outages in
the subsequent time periods. Note that branch 14-15 and 28-29 are already online during the
normal operating conditions, while branches 9-10 and 30-31 are offline due to the post-event
damages. Some time periods in the restoration process are illustrated in Figures[3.7]to[3.T1]
At time ¢ = 3, branch 19-20 is repaired by repair crews. At time t =4, EV fleet 1, MESS 1,
and MEG 1 are respectively connected to node 33, node 15, and node 29 to supply critical
loads. EV fleet 1 supplies node 18 rather than node 33 since node 18 has higher priority. At
t =9, branch 8-9, branch 9-10 and branch 12-13 have been repaired at earlier time periods;
MESS 1 moves to node 29 and ready to supply the critical loads in the subsequent time
periods. MESS 1 recharge itself at # = 5 ~ 6 since branch 8-9 is repaired and node 15 is
reconnected to the main grid. Atz = 15, EV fleet 1 travel to node 5 to get charged to supply

loads in the following time periods. At = 18, EV fleet 1 transport to node 33 and continue
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to supply the critical loads. At = 22, branch 24-25 is repaired, and the DS is fully restored.
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Figure 3.6: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1 and system
load demand in each time period: Case Study 1
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Figure 3.7: DS restoration process co-optimized with MPS dispatch and DS reconfiguration
(Case Study 1,1 =3)
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Figure 3.8: DS restoration process co-optimized with MPS dispatch and DS reconfiguration
(Case Study 1,1t =4)
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Figure 3.9: DS restoration process co-optimized with MPS dispatch and DS reconfiguration
(Case Study 1,7 =19)
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Figure 3.10: DS restoration process co-optimized with MPS dispatch and DS reconfiguration
(Case Study 1, t = 15)
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Figure 3.11: DS restoration process co-optimized with MPS dispatch and DS reconfiguration
(Case Study 1, = 18)

3.4.3 Case Study 2: Damage Scenario 2

Assume that 9 branches are damaged after the HILP hazard strikes as depicted in Figure[3.12]
and the repair plan is adopted as shown in Table[3.4] According to the repair plan, the whole

restoration process is set as Ny = 24 time periods while each time period lasts Ar = 0.5hr.

Table 3.4: Repair Order of Damaged Branches in Case Study 2

Time period (¢) 3 5 8 | 10 13 16 19 23 24
Repaired branch | 1-2 | 19-20 | 5-6 | 7-8 | 26-27 | 25-29 | 32-33 | 12-13 | 11-12

The strategy of MPSs dynamic dispatch is obtained as presented in Table [3.5] The
symbol "—" denotes that the MPS is during transportation. The activity of the branches
equipped with RCS is demonstrated in Table [3.6]

The recovery rate in each time period is depicted in Figure Curves for the case
only using DS reconfiguration method and the benchmark case without any MPS supply

and DS reconfiguration are included for comparison. As can be seen in Figure [3.13] without
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Figure 3.12: Damage scenario in Case Study 2

Table 3.5: Location of MPSs in Each Time Period in Case Study 2

Time Period

1 2 3 | 4 5 6~7 8 9 | 10 11~12 | 13~24
EV1 nodel | — node 8 — | node5 — node 8 — node 33
MPS | MESS1 | node 1 — node 15 - ] node 29
MEG 1 node 1 — node 29

Table 3.6: Distribution System (DS) Reconfiguration Actions in Case Study 2

Time period|  Remote-controlled switch (RCS) actions

t=1 close branch 9-15, 12-22, 18-33
t =19 open branch 18-33
t =23 open branch 12-22
t =24 open branch 9-15
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MPS and DS reconfiguration, the benchmark case has the lowest recovery rate over the
restoration process. With MPS and DS reconfiguration employed, the proposed method
restore the system to 98% at t = 10 and to 100% at t = 24. To be specific, with MPS and
DS reconfiguration, the proposed method achieves a higher load outage recovery around
30% higher than the benchmark case at time period t =4 ~ 12 and at least 20% higher than

the case with DS reconfiguration alone at t = 4 ~ 15.
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Figure 3.13: Load restoration in each time period using different strategies: Case Study 2

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, real power
output of MEG 1 are demonstrated in Figure [3.14] Based on Tables [3.4] to [3.6] and Fig-
ures [3.12] and [3.14] the strategy of MPSs dispatch coordinated with the DS reconfiguration
attains a better system restoration. Following a HILP event, tie lines 9-15, 12-22, and 18-33
which are normally open (i.e., offline) should be closed (i.e., online) in order to change
the DS topology such that several PIs can be linked to facilitate the MPSs contribution in
recovery of load outages in the subsequent time periods. Note that branch 9-10, 14-15,
28-29, and 30-31 are already online during the normal operating conditions, while branches

25-29 1s offline due to post-event damages.
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Figure 3.14: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1 and system
load demand in each time period: Case Study 2
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3.4.4 Case Study 3: Damage Scenario 3

Assume that 8 branches are damaged after the hazard strikes as depicted in Figure[3.15] and
the repair plan is adopted as shown in Table According to the repair plan, the whole

restoration process is set as Nt = 24 time periods while each time period lasts At = 0.5hr.

Table 3.7: Repair Order of Damaged Branches in Case Study 3

Time period (7) 3 5 7 10 13 17 20 24
Repaired branch || 4-5 | 6-7 | 6-26 | 27-28 | 29-30 | 16-17 | 11-12 | 21-22

[ ® ¢ —— < o——— -0 -o0—e o
23 24 25 29 30 31 32 33 |
26 27 28{ |
o—% s
—————— o ——— ——— \?
12 3 4 5 Te 7 s | | |
‘o X ® |

[ 9 10 11 14 15 18

— |
[
19 20 21 l 22 12 13 16 17
® &N O —— o ———
Substation Charging MESS
node ® Loadnode station station

. Remote-controlled Damaged
=== Tielie @ o il RCS) % branch

Figure 3.15: Damage scenario in Case Study 3

The strategy of MPSs dynamic dispatch is obtained as presented in Table [3.8] The
symbol "—" denotes that the MPS is during transportation. The activity of the branches
equipped with RCS is demonstrated in Table 3.9

The recovery rate in each time period is depicted in Figure[3.16] Curves for the case only
using DS reconfiguration method and the benchmark case without any MPS supply and DS
reconfiguration are included for comparison. As can be seen in Figure [3.16] without MPS
and DS reconfiguration, the benchmark case has the lowest recovery rate over the restoration

process. With MPS and DS reconfiguration, the proposed method restore the system to 99%
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Table 3.8: Location of MPSs in Each Time Period in Case Study 3

Time Period
1 2 3 | 45 67| 824
EV1 nodel | — node 8 — | node 33
MPS MESS 1 node 1
MEG 1 | node 1| — | node 15

Table 3.9: Distribution System (DS) Reconfiguration Actions in Case Study 3

Time period Remote-controlled switch (RCS) actions
t=1 close branch 9-15, 12-22, 18-33, 25-29
t=10 open branch 25-29
t=17 open branch 18-33
t =20 open branch 9-15
t= 24 open branch 12-22

at? =17 and to 100% at t = 20. To be specific, with MPS and DS reconfiguration employed,
the proposed method achieves a higher recovery rate around 10% higher than the benchmark

case at time period f = 1 ~ 19 and 10% higher than the case with DS reconfiguration alone

atr =3 ~4.
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Figure 3.16: Load restoration in each time period using different strategies: Case Study 3
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The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, real power
output of MEG 1 are demonstrated in Figure Based on Tables to [3.9] and Fig-
ures [3.15]and the strategy of MPSs dispatch coordinated with the DS reconfiguration
attains a better system restoration. Specifically, following a HILP event, tie lines 9-15,
12-22, 18-33, and 25-29 which are normally open (i.e., offline) should be closed (i.e., online)
in order to change the DS topology such several PIs can be linked to facilitate the MPSs
contribution in recovery of load outages in the subsequent time periods. Note that branch

9-10, 14-15, 28-29, and 30-31 are already online during the normal operating conditions.

3.5 Conclusion

In this chapter, the promising potential of mobile power sources (MPSs) on improving power
system operational resilience is investigated. In the three case studies presented, it was
demonstrated that the proposed MPS dispatch method improves the load outage recovery
rate to a higher level at earlier time periods, compared with the benchmark system and the
cases where only the DS reconfiguration method is employed. Cooperating with distribution
system reconfiguration, the effectiveness of MPS dispatch to facilitate the restoration process

and to enhance the system resilience is demonstrated and fully explained.
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Figure 3.17: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1 and system
load demand in each time period: Case Study 3
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Chapter 4:  Mobile Power Sources Dispatch Coordinating With Distribution
System Reconfiguration for Post-Disaster Restoration Considering

the Presence of Photovoltaic Generation

4.1 Introduction

With the increasing interest in the renewable energy resources, this chapter investigates the
coordination of photovoltaic (PV) generation with mobile power sources (MPSs) to improve
the resilience of power systems, by assuming a PV farm located in the distribution system
(DS). By introducing PV generation, the mathematical model presented in Section [3.3]in
Chapter (3| is further extended. This chapter is organized as follows. Firstly, the model
in Chapter [3]is extended. Afterward, three different damage scenarios are considered in
the case studies to explore the impact of PV generation on the proposed method for DS

restoration.

4.2 Extended Formulation

The objective function (3.1]) is extended to include the terms associated with PV generation,

as follows:

max(}, Y 2ipdis—Y, Y Co@ui— Y, Y. Co (Pons+pomi)—

teTieB teTmeM teTme{S,V} 4.1)
Y Y Supmi— Y Y. PVC - piD)
teTmeG teTieB

In (4.1)), an additional fifth term is represented by the value of loss of solar energy multiplied
by the curtailed power of solar farm during the restoration process. This term is added to
minimizing the cost produced by the curtailed power of solar farm so that the use of solar
energy is maximized.

Additionally, some constraints need to be modified and several additional constraints
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need to be included. The real power balance constraints (3.28]) are modified as follows:

Y pfii— Y, pliji=pdii—pgii—pi5 —pl, VieBVieT (4.2)

(Ji)eL (i.j)€L
where p;j, denotes the real power generated by the solar farm on node i at time ¢. Note that
it is assumed here that the power factor of the PV generation is 1, and thus the PV farm only
inject real power into the distribution grid. The following constraints associated with the PV

generation need to be added:
PC—Pl,—pl,. VieBWeT @)
0<pj, <P, VieBWeT (4.4)

The solar power curtailment is formulated in constraint (4.3). At any node hosting the
solar farm, the amount of solar power generation depends on solar power availability and

solar power capacity as demonstrated in constraint (4.4)).

4.3 Case Study: Modified IEEE 33-Node Test System Considering PV Generation

4.3.1 System Characteristics, Assumption, and Data

In this chapter, the modified IEEE 33-node test system is adopted for case studies. The
system characteristics, assumption and data in Section [3.4]are continued to be used in this
section. Furthermore, it is assumed that a PV farm of 500 kW capacity is located at node 10
in the DS as Figure d.1]demonstrates. The maximum available real power from the PV farm,
Fit, depends on the weather conditions and it is typically predicted based on the historical
data. In the case studies, it 1s assumed that the predicted data of I_’f,, is available. The three
damage scenarios and the corresponding repair plans used in Section [3.4]are employed in

this section for case studies to compare the effectiveness of the proposed method in the case
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with PV generation against that in the case without PV generation.
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Figure 4.1: The modified IEEE 33-node test system with solar farm

4.3.2 Case Study 1b: Damage Scenario 1 with PV Generation

The same damage scenario (Figure [3.4) and the same repair plan (Table[3.1)) in Section [3.4.2]
are adopted here. The strategy of MPSs dynamic dispatch is obtained the same as the
strategy in the case without the solar farm, as shown in Table 3.2l The activity of the
branches equipped with the RCS is the same as those taken in the case without the solar
farm, as demonstrated in Table [3.3] The recovery rate in each time period is depicted in Fig-
ure 4.2 Curves for the case only using DS reconfiguration method and the benchmark case
without any MPS supply and DS reconfiguration are included for comparison. Figure 4.2]
demonstrates that the proposed method remains effective to facilitate the restoration speed.

With the proposed method, the recovery rate in the case 1 with and without PV generation
is shown in Figure 4.3] Specifically, compared with the case without PV generation, the
proposed method in the case with PV generation has 2% higher recovery rate att =3 ~ 5
while the other time periods have the same recovery rate.

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, the real

power output of MEG 1 as well as the utilized real power output from the solar farm are
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demonstrated in Figure 4.4, The PV real power output is utilized since r = 3. The PV
real power output is not utilized at the beginning which is because of the non-decreasing
recovery constraint (Equation (3.31))). The system load increases significantly at = 3 and
att =1 ~ 2 PV real power output just slightly increase. Since the PV generation cannot
maintain the recovery rate of the surrounding load node at the subsequent time period if
its real power output is utilized since ¢t = 1, thus the PV real power outputatr =1~ 2 is
curtailed (wasted). Compared with the case without PV generation, the SOC of EV fleet
1 and MESS 1 and the real power output of MEG 1 remain the same in the case with PV
generation. Therefore, in case 1, the PV generation further improves the recovery rate at

some time periods, though the increase is not significant.
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Figure 4.2: Load restoration in each time period using different strategies: Case Study 1
with PV
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Figure 4.3: Load recovery rate: Case Study 1 with and without PV
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Figure 4.4: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1, system load
demand and PV real power output in each time period: Case Study 1 with PV
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4.3.3 Case Study 2b: Damage Scenario 2 with PV Generation

The same damage scenario (Figure [3.12)) and the same repair plan (Table [3.4) in Sec-
tion[3.4.3] are adopted here. The strategy of MPSs dynamic dispatch is obtained the same as
the strategy in the case without the solar farm, as shown in Table [3.5] The activity of the
branches equipped with RCS is the same as the action taken in the case without the solar
farm, as demonstrated in Table[3.6] The recovery rate in each time period is depicted in Fig-
ure[d.5] Curves for the case only using DS reconfiguration method and the benchmark case
without any MPS supply and DS reconfiguration are included for comparison. Figure 4.5]

demonstrates that the proposed method remains effective to facilitate the restoration speed.
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Figure 4.5: Load restoration in each time period using different strategies: Case Study 2
with PV

With the proposed method, the recovery rate in the Case Study 2 with and without
PV generation is shown in Figure 4.6l Specifically, compared with the case without PV
generation, the proposed method in the case with PV generation has 3% higher recovery
rate at = 5 ~ 9 while the other time periods have the same recovery rate.

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, the real
power output of MEG 1 as well as the utilized real power output from the solar farm are

demonstrated in Figure .7} The PV real power output is utilized since t = 3. Similar to
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Figure 4.6: Load recovery rate: Case Study 2 with and without PV

case 1, the PV real power output is not utilized at the beginning which is because of the
non-decreasing recovery constraint (Equation (3.31))). Compared with the case without PV
generation, the SOC of EV fleet 1 and the real power output of MEG 1 remain the same in
the case with PV generation. When MESS 1 connects to node 15, PV generation also supply
some surrounding loads, thus the SOC of MESS 1 is higher than that in the case without PV
generation att =4 ~ 7.

Therefore, in Case Study 2, the PV generation further improves the recovery rate at

some time periods, though the increase is not significant.
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4.3.4 Case Study 3b: Damage Scenario 3 with PV Generation

The same damage scenario (Figure [3.15) and the same repair plan (Table 3.7)) in Sec-
tion [3.4.4] are adopted here. The strategy of MPSs dynamic dispatch is obtained the same as
the strategy in the case without the solar farm, as shown in Table [3.8] The activity of the
branches equipped with RCS is the same as the action taken in the case without the solar
farm, as demonstrated in Table[3.9] The recovery rate in each time period is depicted in Fig-
ure[4.8] Curves for the case only using DS reconfiguration method and the benchmark case
without any MPS supply and DS reconfiguration are included for comparison. Figure [4.§]

demonstrates that the proposed method remains effective to facilitate the restoration speed.
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Figure 4.8: Load restoration in each time period using different strategies: Case Study 3
with PV

With the proposed method, the recovery rate in the Case Study 3 with and without
PV generation is shown in Figure 4.9 Specifically, compared with the case without PV
generation, the proposed method in the case with PV generation has the same recovery rate
during the restoration.

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, the real
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Figure 4.9: Load recovery rate: Case Study 3 with and without PV

power output of MEG 1 as well as the utilized real power output from the solar farm are
demonstrated in Figure .10} The PV real power output is utilized since = 3. Similar to
Case Study 1, the PV real power output is not utilized at the beginning which is because of
the non-decreasing recovery constraint (Equation (3.31)). Compared with the case without
PV generation, the SOC of EV fleet 1 and MESS 1 and the real power output of MEG 1
remain the same in the case with PV generation.

Therefore, in Case Study 3, the PV generation does not help to facilitate the restoration.

59



4000
3000
Z 2000 |
«=@==System load demand
1000
0 L L L L L L L L L L L L L L . ) L . L L . . L
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time Period
500
400 || =@ Available PV real power output
300 —=@®-- Utilized PV real power output
2
~ 200
100
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time Period
400
SOC of EV fleet 1 (Case 3 w/ PV)
300 | =t o =—-—0_
\\ ,I = @ = SOC of EV fleet 1 (Case 3 w/o PV)
= -
200 \ / o,
E \ * \\.
o ~
100 v S
R o R e S T S R . ot e )
1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time Period
800
Attt — A
£ —s— SOC of MESS 1 (Case 3 w/ PV)
< = @ = SOC of MESS 1 (Case 3 w/o PV)

Time Period

=== Real power output of MEG 1 (Case 3 w/ PV)

= @ = Real power output of MEG 1 (Case 3 w/o PV)

Time Period
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4.4 Conclusion

This chapter investigates the impact of PV generation in the DS on the effectiveness of
the proposed MPS dispatch method in facilitating the restoration process. According
to Figures 4.2 4.5] and 4.8 the proposed MPS dispatch method remains effective when
considering a PV farm in the DS. However, compared with the cases without PV generation,
the cases with PV generation have no significant change in the load recovery rates in the
three case studies, as Figures 4.3 [4.6|and 4.9 showed. Similarly, PV generation does not
affect the strategies of MPS dispatch and DS reconfiguration actions in these three case
studies. In order to investigate how much contribution PV generation makes to the DS
restoration agility and effectiveness, with only the DS reconfiguration method, the recovery
rates of the cases with PV generation are compared with those without PV generation as
demonstrated in Figure[d.T1] As can be seen, even in the cases that the DS has PV generation
as the only emergency energy source, the contribution of PV generation to the DS restoration
is insignificant.

By analyzing the recovery rate of each individual load node and the damaged branch
repair plan, it is found that the PV farm and its surrounding load nodes are reconnected to
the main grid at relatively early time periods (i.e., =7, 10 and 5, respectively). Additionally,
due to the relatively small available PV real power output at the early time periods (i.e.
t =1 ~ 10), even though the PV real power output is 100% utilized since ¢t = 3, it does not
make significant contribution to the DS restoration. As a result, under the given damaged
branch repair plan, PV generation make no significant contribution in facilitating the DS
restoration. We concluded that the PV effectiveness in the restoration process highly depends
on the location of such resources and the repair plan strategy taken during the restoration
process. In the next chapter, the impact of different damaged branch repair plan on the

contribution of MPS dispatch and PV generation to the DS restoration is investigated.
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Figure 4.11: Load recovery rate: Case Study 1 ~ 3 with and without PV
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Chapter 5S:  The Contribution of MPS Dispatch, PV Generation and Repair Plan

on Post-Disaster Restoration

5.1 Introduction

In this chapter, according to the results achieved in case studies in Section the impact of
the damaged branch repair plan on the contribution of MPS dispatch and PV generation to
the distribution system (DS) restoration needs to be investigated. In order to study the impact
of the repair plan, the case study continue to use the system characteristics, assumption and

data in Section[3.4]and Section 4.3] but only the repair plans are changed.

5.2 Case Study: Modified IEEE 33-Node Test System with Different Repair Plans

5.2.1 System Characteristics, Assumptions, and Data

In this section, the three damage scenarios in Section @ and Section E] continue to be
used here. In order to investigate the impact of the repair plan, it is assumed that due to
several reasons (e.g., traffic issues, insufficient repair crews, etc.), the repair plans used in
Section 3.4 and Section [4.3]are changed. The system with and without PV farm are both
studied in this section, and the system characteristics, the other assumptions, and data in
Section 3.4/ and Section 4.3|continue to be used here. Thus, the result of the proposed MPS
dispatch method and the PV generation in the same systems with the same damage scenarios

but different repair plans can be compared.

5.2.2 Case Study 4: Damage Scenario 1 with Different Repair Plans

The damage scenario is the same as that in Case Study 1 (Figure[3.4)) is adopted here, but the
repair strategy is changed as presented in Table[5.1] According to the repair plan, the whole

restoration process is set as T = 24 time periods while each time period lasts At = 0.5hr.
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Table 5.1: Repair Order of Damaged Branches in Case Study 4

Time period (¢) 3 4 7 9 13 16 19 | 20 24

Repaired branch || 23-24 | 24-25 | 27-28 | 30-31 | 16-17 | 12-13 | 9-10 | 8-9 | 19-20

The proposed MPS dispatch method is exploited to both systems with and without PV
farm. The MPS dispatch strategy for the DS without PV farm is obtained as demonstrated
in Table[5.2] The MPS dispatch strategy for the DS with PV farm is obtained as presented
in Table The obtained remote-controlled switch (RCS) actions for both systems with
and without PV generation are the same, as shown in Table[5.4]

The recovery rate achieved in Case Study 4 in both systems (with and without PV
generation) in each time period is depicted in Figure As can be seen, with different
repair plans adopted, the proposed MPS dispatch method remains effective in facilitating the
DS restoration. In the case without PV generation, the proposed MPS method improves the
recovery rate 10 ~ 20% higher than the DS reconfiguration method alone and reach 100%
recovery att = 19. Compared with the case without PV generation, coordinated with the PV
generation, the proposed MPS method further enhances the recovery rate 7% att = 13 ~ 18

and reach the 100% recovery rate at t = 16.

Table 5.2: Location of MPSs in Each Time Period in Case Study 4 without PV Generation

Time Period
1 2| 3 4~15 | 16 | 17 | 18 [ 19~24
EV1 node 1 — node 33
MPS [ MESS1 |node1| — | node 21 | — [ node29| — | node21
MEG1 | node1 — | node 15

Table 5.3: Location of MPSs in Each Time Period in Case Study 4 with PV Generation

Time Period
1 [2]3] 4~19 |20~21] 22~24
EV1 |node1l| — | node 33
MPS | MESS 1] node 1 | > | node 21
MEG1 | nodel| — | node 15 — node 21
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The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, the real
power output of MEG 1 as well as the utilized real power output from the solar farm are
demonstrated in Figure [S5.2l The PV real power output is utilized since t = 3. The PV
real power output is not utilized at the beginning which is because of the non-decreasing

recovery constraint (Equation (3.31)).

Table 5.4: Distribution System (DS) Reconfiguration Actions in Case Study 4

Time period Remote-controlled switch (RCS) actions
t=1 close branch 9-15, 12-22, 18-33, 25-29
t=7 open branch 25-29
t=9 close branch 30-31 (repaired)
t=19 close branch 9-10 (repaired), open branch 14-15
t =20 close branch 14-15, open branch 9-15, 18-33
t= 24 open branch 12-22
100
90 |
80 | —a—
g .l L 0= 0 B0 =% 00 == 0
é 60 - n—u—o-of
5 5 - u Proposed method (Case 4 w/ PV)
g ~—e— Proposed method (Case 4 w/o PV)
E 40 —& -w/ DS reconfiguration (Case 4 w/ PV)
— 30 == -w/ DS reconfiguration (Case 4 w/o PV)
20 < dll-+ Benchmark (Case 4 w/ PV)
10 F Benchmark (Case 4 w/o PV)
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time Period

Figure 5.1: Load restoration in each time period using different strategies: Case Study 4

Case Study 4 reveals that the proposed MPS dispatch method remains valid in different
repair strategies. Additionally, the coordination of PV generation in the DS with the proposed
MPS dispatch method can make a significant contribution to DS restoration when particular

repair plans are implemented.
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Figure 5.2: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1, system load
demand and PV real power output in each time period: Case Study 4 with PV
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5.2.3 Case Study 5: Damage Scenario 2 with Different Repair Plans

The damage scenario, the same as that in Case Study 2 (Figure[3.12)), is adopted here, but the
repair strategy is changed as presented in Table[5.5] According to the repair plan, the whole
restoration process is set as T = 24 time periods while each time period lasts At = 0.5hr.

The proposed MPS dispatch method is exploited to both systems with and without PV farm.

Table 5.5: Repair Order of Damaged Branches in Case Study 5

Time period (#) 3 6 8 10 14 18 19 21 24
Repaired branch || 1-2 | 5-6 | 26-27 | 25-29 | 32-33 | 12-13 | 11-12 | 7-8 | 19-20

The MPS dispatch strategy for the DS without PV farm is obtained as demonstrated in
Table[5.6] The MPS dispatch strategy for the DS with PV farm is obtained as presented in

Table The obtained remote-controlled switch (RCS) actions for both systems with and

Table 5.6: Location of MPSs in Each Time Period in Case Study 5 without PV Generation

Time Period
1 2 3 | 4 56 | 7~10 | 11 [ 12~13 | 14~15 16 17 18~24
EV1 nodel | — node 8 — node 33 — node 5 — node 8
MPS | MESS1 |[nodel - node 29 [ - ] node 21
MEG 1 node 1 — node 15

Table 5.7: Location of MPSs in Each Time Period in Case Study 5 with PV Generation

Time Period
1 |2[3] 4 56 | 7~10 [ 11 | 12~24
EV1 |nodel|—| node8 — node 33
MPS [MESS1|nodel| — node 29 | — | node21
MEG1 | nodel| — node 15

without PV generation are the same, as shown in Table[5.8]

The recovery rate achieved in Case Study 5 in both systems (with and without PV
generation) in each time period is depicted in Figure [5.3] The curves for the system load
demand, SOC of EV fleet 1, SOC of MESS 1, the real power output of MEG 1 as well as

the utilized real power output from the solar farm are demonstrated in Figure 5.4 The PV
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Table 5.8: Distribution System (DS) Reconfiguration Actions in Case Study 5

Time period|  Remote-controlled switch (RCS) actions

t=1 close branch 9-15, 12-22, 18-33
t =19 open branch 14-15
t =21 close branch 14-15, open branch 9-15, 18-33
t= 24 open branch 12-22
100
90 |
80
e - -
\; 70 F r},,:}‘c e = ol aa Mo o o0 Ao
1S
g 0T /
5 50 J Proposed method (Case 5 w/ PV)
oﬂ? p =1 ==@==Proposed method (Case 5 w/o PV)
§ 40 1 == w/ DS reconfiguration (Case 5 w/ PV)
= 30 ==@ «w/ DS reconfiguration (Case 5 w/o PV)
20 o« dll-+ Benchmark (Case 5 w/ PV)
10 F Benchmark (Case 5 w/o PV)
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time Period

Figure 5.3: Load restoration in each time period using different strategies: Case Study 5

real power output is utilized since t = 3. The PV real power output is not utilized at the
beginning which is because of the non-decreasing recovery constraint (Equation (3.31))). In
this case, the proposed method remains effective. The contribution from PV generation on
improving the recovery rate is not significant even though the available PV real power output
is fully utilized, as shown in Figures[5.3|and [5.4] In contrast, Figure [5.4| demonstrates that
the real power output of MEG 1 has significantly decreased, which means that the restored
loads more rely on the supply from PV generation and thus the energy from MEG 1 is saved.

Case Study 5 demonstrates that the PV generation in the DS can help save the energy

from MPSs during the DS restoration process.
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Figure 5.4: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1, system load
demand and PV real power output in each time period: Case Study 5 with PV
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5.2.4 Case Study 6: Damage Scenario 3 with Different Repair Plans

The damage scenario, the same as that in case study 3 (Figure [3.15)), is adopted here, but the
repair strategy is changed as presented in Table According to the repair plan, the whole

restoration process is set as T = 24 time periods while each time period lasts At = 0.5hr.

Table 5.9: Repair Order of Damaged Branches in Case Study 6

Time period (7) 3 7 12 14 16 | 18 | 20 24
Repaired branch || 16-17 | 11-12 | 29-30 | 27-28 | 6-26 | 6-7 | 4-5 | 21-22

The proposed MPS dispatch method is exploited to both systems with and without PV
farm. The MPS dispatch strategy for the DS without PV farm is obtained as demonstrated
in Table The MPS dispatch strategy for the DS with PV farm is obtained as presented
in Table[5.11] The obtained remote-controlled switch (RCS) actions for both systems with

and without PV generation are the same, as shown in Table[5.12]

Table 5.10: Location of MPSs in Each Time Period in Case Study 6 without PV Generation

Time Period
1 2 3 | 4 Ts57] & 7 [ 8 o~13 | 14 | 15 | 16 [ 1724
EV 1 nodel | — node 8 — node 33
MPS | MESS1 | nodel — node 15 - ] node 29 | - Jnode21] — [ node29
MEG 1 node 1 — node 15

Table 5.11: Location of MPSs in Each Time Period in Case Study 6 with PV Generation

Time Period
1 [2[3] 45 6 | 7 8~12 | 13~14 | 15~24
EV1 |nodel|—| node8 — node 33 — node 8
MPS MESS1|nodel| — node 15 | — node 29
MEG1 | nodel| — node 15

The recovery rate achieved in the Case Study 6 in both systems (with and without PV
generation) in each time period is depicted in Figure [5.5] The proposed MPS dispatch
method coordinated with PV generation improve the recovery rate around 7% higher than

that in the case without PV generation at7 = 12 ~ 16.
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Table 5.12: Distribution System (DS) Reconfiguration Actions in Case Study 6

Time period Remote-controlled switch (RCS) actions
t=1 close branch 9-15, 12-22, 18-33, 25-29
t=7 open branch 14-15
t=18 open branch 18-33
t =20 close branch 14-15, open branch 9-15, 25-29
t=24 open branch 12-22
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80
& 70t
=
2 60 |
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10 o4l Benchmark (Case 6 w/ PV)
Benchmark (Case 6 w/o PV)
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Figure 5.5: Load restoration in each time period using different strategies: Case Study 6

The curves for the system load demand, SOC of EV fleet 1, SOC of MESS 1, the real
power output of MEG 1 as well as the utilized real power output from the solar farm are
demonstrated in Figure [5.60 The PV real power output is utilized since r = 3. The PV
real power output is not utilized at the beginning which is because of the non-decreasing
recovery constraint (Equation (3.31)).

Case Study 6 indicates that the proposed MPS dispatch method remains valid under
different repair strategies. Moreover, the coordination of PV generation in DS with the
proposed method can make a significant contribution to DS restoration in the case where

certain repair plans are applied.
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Figure 5.6: SOC of EV fleet 1, SOC of MESS 1, real power output of MEG 1, system load
demand and PV real power output in each time period: Case Study 6 with PV
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5.3 The Impact of Different Repair Plans on the Proposed MPS Dispatch Method in

Improving the DS Resilience

The load restoration in Case Study 2 and Case Study 5 is presented in Tables and[5.14]
Table [5.13|reveals that the repair plan in Case Study 5 is worse than that in Case Study 2
since the recovery rate is quite low in the majority of time intervals during the DS restoration
without the supply from MPSs. However, with the MPS dispatch method and the supply
of MPSs, the recovery rate in Case Study 5 significantly improves and it reaches to 100%
earlier than that in Case Study 2. Similarly, Table demonstrates that with PV generation
and MPS dispatch, the "worse" repair plan in Case Study 5 obtain a higher recovery rate
than that in Case Study 2 and fully restore the entire system earlier. This finding reveals that
the MPS dispatch and PV generation can make a significant contribution to DS restoration
when the repair plan is poor. Furthermore, different repair strategy coordinated with the
proposed MPS dispatch method and PV generation may further facilitate the DS restoration

and improve the DS resilience in the face of alarming HILP events.

5.4 Conclusion

In this chapter, the impact of the repair strategy on the effectiveness of the proposed MPS
dispatch method and PV generation in facilitating the DS restoration is investigated. The
three case studies reveal that the proposed MPS dispatch method remains effective when
different repair strategies are exploited. When different repair strategies are applied, the
routing and scheduling of MPSs change. In addition, Case Study 5 reveals that when
an appropriate repair strategy is employed, the proposed method can further facilitate
the recovery speed and PV generation can help save the energy of the MPSs during the

restoration process.
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Table 5.13: Load Restoration Comparison Between Case Study 2 and Case Study 5 without

PV Generation

No PV Generation
Time Period Case 2 Case 5
(t) W/ DS . Proposed method w/ DS : Proposed method
reconfiguration reconfiguration
1 0 0 0 0
2 0 0 0 0
3 36 46.52643876 36 48.60456537
4 36 68.02694643 36 70.62256052
5 42.96094513 74.98789156 36 71.1597458
6 42.96094513 74.98789156 45 80.1597458
7 42.96094513 74.98789156 45 80.1597458
8 51.96094513 83.98789156 67 91.09445041
9 51.96094513 84.21221432 67 91.09445041
10 75.7920419 98.4101963 67 91.09445041
11 75.7920419 98.4101963 67 91.09445041
12 75.7920419 98.4101963 67 95.09445041
13 97.7920419 98.96094513 67 95.09445041
14 97.7920419 98.96094513 69.6917683 95.09445041
15 97.7920419 98.96094513 69.6917683 96.62268222
16 97.7920419 98.96094513 69.6917683 96.62268222
17 97.7920419 98.96094513 69.6917683 96.62268222
18 97.7920419 98.96094513 69.6917683 96.62268222
19 98.96094513 98.96094513 69.6917683 97.09445041
20 98.96094513 98.96094513 69.6917683 97.09445041
21 99.28507263 99.28507263| 99.28507263 100
22 99.28507263 99.28507263| 99.28507263 100
23 100 100 100 100
24 100 100 100 100
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Table 5.14: Load Restoration Comparison Between Case Study 2 and Case Study 5 with PV

Generation
PV Generation
Time Period Case 2 Case 5
(t) w/ DS . Proposed method w/ DS . Proposed method
reconfiguration reconfiguration
1 0 0 0 0
2 0 0 0 0
3 36 46.44925117 36 49.44834439
4 36 67.94975884 36 72
5 42.96094513 77.50616255 36 72.06529539
6 42.96094513 77.50616255 45 81.06529539
7 42.96094513 77.50616255 45 81.06529539
8 51.96094513 86.50616255 67 92
9 51.96094513 87.49705575 67 92
10 75.7920419 98.4101963 67 92
11 75.7920419 98.4101963 67 92
12 75.7920419 98.4101963 67 96
13 97.7920419 98.96094513 67 96
14 97.7920419 98.96094513|  75.22651986 96
15 97.7920419 98.96094513|  75.22651986 97.01795366
16 97.7920419 98.96094513| 75.22651986 97.01795366
17 97.7920419 98.96094513|  75.22651986 98
18 97.7920419 98.96094513| 75.22651986 98
19 98.96094513 98.96094513|  75.22651986 100
20 98.96094513 98.96094513|  75.22651986 100
21 99.28507263 99.28507263| 99.28507263 100
22 99.28507263 99.28507263| 99.28507263 100
23 100 100 100 100
24 100 100 100 100
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Chapter 6:  Conclusion

6.1 Conclusion

As the increasing trend of the occurrence of natural hazards is realized, the high-impact
low-probability (HILP) events challenge the power system more frequently. When the
prolonged electric outages caused by HILP events severely influence society and economics,
the conventional reliability view is not sufficient. It is significant to efficiently and smartly
exploit the existing resources to maintain the continuous supply of electricity to the critical
loads. While the stationary storage systems and the distributed energy resources (DERs)
in the power system can be the emergency energy source during the long-duration outages,
only the surrounding loads can be supplied. In order to shorten the prolonged outages and
improve the grid resilience, this research investigated the potential of utilizing the flexibility
of mobile power sources (MPSs) to supply critical loads in multiple areas during the outages.
When MPSs are exhausted due to the disadvantage of the limited capacity, the DERs, e.g.
photovoltaic generation (PV), in the system can be the supplement of the energy. Hence, the
cooperation and coordination of the MPSs with PV generation is also studied in this research.
Besides, the repair plan considerably affects the recovery speed and the recovery level of
the system after HILP events. The impact of different repair strategies on the contribution of
the proposed MPS dispatch method and the PV generation to promoting the restoration is
investigated in this thesis.

In Chapter 3] the dispatch of MPSs coordinated with the distribution system (DS) recon-
figuration during the restoration process is formulated as a mixed-integer linear programming
(MILP) model to derive the optimal MPS dispatch strategy during the system restoration.
Three case studies with different damage scenarios verified the effectiveness of the proposed
MPS dispatch, using the modified IEEE 33-node test system, and considering the dynamic

load variations over time.
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In Chapter 4| in order to explore the effectiveness of the proposed method in a DS
that incorporates solar farms, the coordination of the MPS dispatch and PV generation is
also formulated as a MILP model to derive the optimal MPS dispatch strategy. Taking PV
generation into account, case studies with different damage scenarios demonstrated the
effectiveness of the proposed method. The numerical results in the case with and without
PV generation were compared. It demonstrated that when exploiting the proposed method,
the PV generation may not have a significant contribution to the DS restoration under some
given repair strategies.

In Chapter [5], the impact of the repair strategy on the proposed MPS dispatch method
was studied. The same test system and damage scenarios were applied in the case studies
with different repair strategies. The proposed method remains effective under different
repair strategies. The numerical results revealed the contribution of PV generation and MPS
dispatch to facilitating the system restoration which was concluded dependent on the choice

of the repair strategy.

6.2 Future Research

The future work may include investigating the co-optimization of the MPS dispatch, PV
generation, and the repair strategy in facilitating the power system restoration during the
post-disaster outage scenarios.

Future research may also include incorporating the formulation for predicting the un-
certainty of the PV generation based on historical data when applying the proposed MPS

dispatch method.
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Appendix A:  Case Study Data for Modified IEEE 33-Node Test System, Mobile

Power Sources and Photovoltaic Generation
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Figure A.1: The modified IEEE 33-node test system
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Table A.1: IEEE 33-Node Test System Node Data

Node No. Base Voltage | Voltage | Voltage | Nominal Load | Nominal Load Priority*
(kV) Max (kV) | Min (kV) P (kV) Q (kVar)
1 12.66 13.293 12.027 0 0 4
2 12.66 13.293 12.027 100 60 2
3 12.66 13.293 12.027 90 40 4
4 12.66 13.293 12.027 120 80 7
5 12.66 13.293 12.027 60 30 4
6 12.66 13.293 12.027 60 20 9
7 12.66 13.293 12.027 200 100 9
8 12.66 13.293 12.027 200 100 5
9 12.66 13.293 12.027 60 20 10
10 12.66 13.293 12.027 60 20 3
11 12.66 13.293 12.027 45 30 5
12 12.66 13.293 12.027 60 35 4
13 12.66 13.293 12.027 60 35 6
14 12.66 13.293 12.027 120 80 8
15 12.66 13.293 12.027 60 10 5
16 12.66 13.293 12.027 60 20 5
17 12.66 13.293 12.027 60 20 1
18 12.66 13.293 12.027 90 40 7
19 12.66 13.293 12.027 90 40 4
20 12.66 13.293 12.027 90 40 7
21 12.66 13.293 12.027 90 40 10
22 12.66 13.293 12.027 90 40 6
23 12.66 13.293 12.027 90 50 9
24 12.66 13.293 12.027 420 200 6
25 12.66 13.293 12.027 420 200 8
26 12.66 13.293 12.027 60 25 1
27 12.66 13.293 12.027 60 25 7
28 12.66 13.293 12.027 60 20 1
29 12.66 13.293 12.027 120 70 5
30 12.66 13.293 12.027 200 600 7
31 12.66 13.293 12.027 150 70 5
32 12.66 13.293 12.027 210 100 4
33 12.66 13.293 12.027 60 40 6

* The priority weights of loads are randomly generated ranging from 1 ~ 10.
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Table A.2: IEEE 33-Node Test System Distribution Line Data

Maximum | Maximum
Line No. [ From Node | To Node | R (ohms)| X (ohms)| Capacity | Capacity
P (kW) | Q (kVAR)
1 1 2 0.0922 0.0470 4600 4600
2 2 3 0.4930 0.2511 4100 4100
3 3 4 0.3660 0.1864 2900 2900
4 4 5 0.3811 0.1941 2900 2900
5 5 6 0.8190 0.7070 2900 2900
6 6 7 0.1872 0.6188 1500 1500
7 7 8 0.7114 0.2351 1050 1050
8 8 9 1.0300 0.7400 1050 1050
9 9 10 1.0440 0.7400 1050 1050
10 10 11 0.1966 0.0650 1050 1050
11 11 12 0.3744 0.1298 1050 1050
12 12 13 1.4680 1.1550 500 500
13 13 14 0.5416 0.7129 450 450
14 14 15 0.5910 0.5260 300 300
15 15 16 0.7463 0.5450 250 250
16 16 17 1.2890 1.7210 250 250
17 17 18 0.7320 0.5740 100 100
18 2 19 0.1640 0.1565 500 500
19 19 20 1.5042 1.3554 500 500
20 20 21 0.4095 0.4784 210 210
21 21 22 0.7089 0.9373 110 110
22 3 23 0.4512 0.3083 1050 1050
23 23 24 0.8980 0.7091 1050 1050
24 24 25 0.8960 0.7011 500 500
25 6 26 0.2030 0.1034 1500 1500
26 26 27 0.2842 0.1447 1500 1500
27 27 28 1.0590 0.9337 1500 1500
28 28 29 0.8042 0.7006 1500 1500
29 29 30 0.5075 0.2585 1500 1500
30 30 31 0.9744 0.9630 500 500
31 31 32 0.3105 0.3619 500 500
32 32 33 0.3410 0.5302 100 100
33 gH* 21 %* 2.0000 2.0000 1050* 1050*
34 9** 15%% 2.0000 2.0000 1050%* 1050*
35 12%% 22%* 2.0000 2.0000 500* 500*
36 18%* 33%* 0.5000 0.5000 500* 500*
37 25%%* 209%%* 0.5000 0.5000 1050* 1050*

* The source data does not include the maximum capacities of Line 33 ~ 37. The data listed here is
assumed by the author.
xx denotes a tie-line
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Table A.3: Mobile Power Sources Data

(a) Required Travel Time of MPSs Between Nodes

From Node

To Node

MPS

EV fleet 1

MESS 1

MEG 1
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(b) Configuration of Electric Vehicle and Mobile Energy Storage System

State of State of . . Maxnm.um
Charge Charge Maximum Maximum Reactive
Mobile Power Sources g g Charging | Discharging Power
(50C) (S0C) Power (kW) | Power (kW) | Output
Max (kWh) | Min (kWh) (kVar)
EV fleet 1 300 45 300 300 300
MESS 1 776 116.4 500 500 500

(c) Configuration of Mobile Emergency Generator

Mobile Power Source

Maximum Real
Power Output

Maximum

Reactive Power

Output
(kW) (kVar)
MEG 1 800 600

(d) Related Cost of Mobile Power Sources

Mobile Power Sources

Transportation Cost Coefficient

Power Rating Price ($/kWh)

EV fleet 1 1 0.1
MESS 1 1 0.1
MEG 1 1 0.1
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Table A.4: IEEE 33-Node Test System Hourly Load Data (Part 1)

Real Power

Demand (kW) Time Period (t)
Node No. 1 2 3 4 5 6 7 8

1 0 0 0 0 0 0 0 0

2 35.2422 | 35.2422 | 71.4027 | 71.4027 | 72.7467 | 72.7467 | 77.3493 | 77.3493

3 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
4 35.2422 | 35.2422 | 71.4027 | 71.4027 | 72.7467 | 72.7467 | 77.3493 | 77.3493

5 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
6 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
7 58.737 58.737 | 119.0045] 119.0045 | 121.2445 | 121.2445 | 128.9155| 128.9155
8 58.737 58.737 | 119.0045] 119.0045 | 121.2445 | 121.2445 | 128.9155| 128.9155
9 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
10 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
11 11.7474 | 11.7474 | 23.8009 | 23.8009 | 24.2489 | 24.2489 | 25.7831 | 25.7831

12 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
13 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
14 35.2422 | 35.2422 | 71.4027 | 71.4027 | 72.7467 | 72.7467 | 77.3493 | 77.3493

15 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
16 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
17 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
18 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
19 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
20 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
21 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
22 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
23 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
24 129.2214 1 129.2214 | 261.8099 | 261.8099 | 266.7379 | 266.7379 | 283.6141 | 283.6141
25 129.2214 ] 129.2214 | 261.8099 | 261.8099 | 266.7379 | 266.7379 | 283.6141 | 283.6141
26 23.4948 | 23.4948 | 47.6018 | 47.6018 [ 48.4978 | 48.4978 | 51.5662 | 51.5662
27 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
28 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
29 35.2422 | 35.2422 | 71.4027 | 71.4027 | 72.7467 | 72.7467 | 77.3493 | 77.3493

30 58.737 58.737 | 119.0045] 119.0045 | 121.2445 | 121.2445 | 128.9155| 128.9155
31 46.9896 | 46.9896 | 95.2036 | 95.2036 | 96.9956 | 96.9956 | 103.1324 [ 103.1324
32 70.4844 | 70.4844 | 142.8054 [ 142.8054 | 145.4934 | 145.4934 | 154.6986 | 154.6986
33 23.4948 | 23.4948 | 47.6018 | 47.6018 | 48.4978 | 48.4978 | 51.5662 | 51.5662
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Table A.5: IEEE 33-Node Test System Hourly Load Data (Part 2)

Dl:;a;ﬂl;oz;:;}) Time Period (t)
Node No. 9 10 11 12 13 14 15 16

1 0 0 0 0 0 0 0 0

2 83.715 83.715 | 86.9754 | 86.9754 | 94.5234 | 94.5234 | 97.9689 | 97.9689
3 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
4 83.715 83.715 | 86.9754 | 86.9754 | 94.5234 | 94.5234 | 97.9689 | 97.9689
5 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
6 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
7 139.525 | 139.525 | 144.959 | 144.959 | 157.539 | 157.539 | 163.2815| 163.2815
8 139.525 | 139.525 | 144.959 [ 144.959 | 157.539 | 157.539 [ 163.2815| 163.2815
9 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
10 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
11 27.905 27.905 [ 28.9918 | 28.9918 | 31.5078 | 31.5078 | 32.6563 | 32.6563
12 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
13 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
14 83.715 83.715 | 86.9754 | 86.9754 | 94.5234 | 94.5234 | 97.9689 | 97.9689
15 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
16 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
17 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
18 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
19 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
20 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
21 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
22 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
23 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
24 306.955 | 306.955 [ 318.9098 | 318.9098 | 346.5858 | 346.5858 | 359.2193 | 359.2193
25 306.955 | 306.955 [ 318.9098 | 318.9098 | 346.5858 | 346.5858 [ 359.2193 | 359.2193
26 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
27 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
28 55.81 55.81 57.9836 | 57.9836 [ 63.0156 | 63.0156 | 65.3126 | 65.3126
29 83.715 83.715 | 86.9754 | 86.9754 | 94.5234 | 94.5234 | 97.9689 | 97.9689
30 139.525 | 139.525 | 144.959 | 144.959 | 157.539 | 157.539 | 163.2815| 163.2815
31 111.62 111.62 | 115.9672 | 115.9672 | 126.0312 | 126.0312 | 130.6252 | 130.6252
32 167.43 167.43 | 173.9508 | 173.9508 | 189.0468 [ 189.0468 | 195.9378 | 195.9378
33 55.81 55.81 57.9836 | 57.9836 | 63.0156 | 63.0156 | 65.3126 | 65.3126
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Table A.6: IEEE 33-Node Test System Hourly Load Data (Part 3)

Dl:;a;nl;oz;;e‘;) Time Period (1)
Node No. 17 18 19 20 21 22 23 24

1 0 0 0 0 0 0 0 0

2 105.966 | 105.966 | 111.4509 [ 111.4509 | 100.4544 | 100.4544 [ 76.3959 | 76.3959
3 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
4 105.966 | 105.966 | 111.4509 | 111.4509 | 100.4544 [ 100.4544 | 76.3959 | 76.3959
5 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
6 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
7 176.61 176.61 [ 185.7515] 185.7515| 167.424 | 167.424 | 127.3265 | 127.3265
8 176.61 176.61 | 185.7515| 185.7515 [ 167.424 | 167.424 | 127.3265 | 127.3265
9 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
10 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
11 35.322 35.322 | 37.1503 | 37.1503 | 33.4848 | 33.4848 | 25.4653 | 25.4653
12 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
13 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
14 105.966 | 105.966 | 111.4509 [ 111.4509 | 100.4544 | 100.4544 | 76.3959 [ 76.3959
15 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
16 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
17 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
18 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
19 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
20 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
21 70.644 70.644 | 74.3006 | 74.3006 | 66.9696 | 66.9696 | 50.9306 [ 50.9306
22 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
23 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
24 388.542 | 388.542 | 408.6533 | 408.6533 | 368.3328 | 368.3328 | 280.1183 | 280.1183
25 388.542 | 388.542 | 408.6533 | 408.6533 | 368.3328 | 368.3328 | 280.1183 | 280.1183
26 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
27 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
28 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 [ 50.9306
29 105.966 | 105.966 | 111.4509 [ 111.4509 | 100.4544 | 100.4544 | 76.3959 [ 76.3959
30 176.61 176.61 | 185.7515] 185.7515| 167.424 | 167.424 | 127.3265| 127.3265
31 141.288 | 141.288 [ 148.6012 | 148.6012 | 133.9392 [ 133.9392 | 101.8612 | 101.8612
32 211.932 | 211.932 |222.9018 [ 222.9018 | 200.9088 | 200.9088 [ 152.7918 | 152.7918
33 70.644 70.644 | 74.3006 | 74.3006 [ 66.9696 | 66.9696 | 50.9306 | 50.9306
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Table A.7: IEEE 33-Node Test System Hourly Load Data (Part 4)

Reactive
Dl;(:r:;elfd Time Period (1)
(kVar)

Node No. 1 2 3 4 5 6 7 8
1 0 0 0 0 0 0 0 0
2 21.14532 | 21.14532 | 42.84162 | 42.84162 | 43.64802 | 43.64802 | 46.40958 | 46.40958
3 10.33771 ] 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
4 23.61227 | 23.61227 | 47.83981 | 47.83981 | 48.74029 | 48.74029 | 51.82403 | 51.82403
5 11.7474 | 11.7474 | 23.8009 | 23.8009 | 24.2489 | 24.2489 | 25.7831 | 25.7831
6 7.753284 | 7.753284 | 15.70859 | 15.70859 [ 16.00427 | 16.00427 [ 17.01685 | 17.01685
7 29.3685 | 29.3685 | 59.50225 | 59.50225 | 60.62225 | 60.62225 | 64.45775 | 64.45775
8 29.3685 | 29.3685 | 59.50225 | 59.50225 | 60.62225 | 60.62225 | 64.45775 | 64.45775
9 7.753284 | 7.753284 | 15.70859 | 15.70859 | 16.00427 | 16.00427 | 17.01685 | 17.01685
10 7.753284 | 7.753284 | 15.70859 | 15.70859 [ 16.00427 | 16.00427 [ 17.01685 | 17.01685
11 7.870758 | 7.870758 | 15.9466 | 15.9466 | 16.24676 | 16.24676 | 17.27468 | 17.27468
12 13.62698 | 13.62698 | 27.60904 | 27.60904 | 28.12872 | 28.12872 | 29.9084 | 29.9084
13 13.62698 | 13.62698 | 27.60904 | 27.60904 | 28.12872 | 28.12872 | 29.9084 | 29.9084
14 23.61227 | 23.61227 | 47.83981 | 47.83981 | 48.74029 | 48.74029 | 51.82403 | 51.82403
15 3.994116 | 3.994116 | 8.092306 | 8.092306 | 8.244626 | 8.244626 | 8.766254 | 8.766254
16 7.753284 | 7.753284 | 15.70859 | 15.70859 [ 16.00427 | 16.00427 [ 17.01685 | 17.01685
17 7.753284 | 7.753284 | 15.70859 | 15.70859 | 16.00427 | 16.00427 | 17.01685 | 17.01685
18 10.33771 | 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
19 10.33771 ] 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
20 10.33771 | 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
21 10.33771 ] 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
22 10.33771 | 10.33771 | 20.94479 | 20.94479 | 21.33903 | 21.33903 | 22.68913 | 22.68913
23 13.15709 | 13.15709 | 26.65701 | 26.65701 | 27.15877 | 27.15877 | 28.87707 | 28.87707
24 62.02627 | 62.02627 | 125.6688 | 125.6688 | 128.0342 | 128.0342 | 136.1348 | 136.1348
25 62.02627 | 62.02627 | 125.6688 | 125.6688 | 128.0342 | 128.0342 | 136.1348 | 136.1348
26 9.867816 | 9.867816 | 19.99276 | 19.99276 | 20.36908 | 20.36908 | 21.6578 | 21.6578
27 9.867816 | 9.867816 | 19.99276 | 19.99276 | 20.36908 | 20.36908 | 21.6578 | 21.6578
28 7.753284 | 7.753284 | 15.70859 | 15.70859 | 16.00427 | 16.00427 [ 17.01685 | 17.01685
29 20.44048 | 20.44048 | 41.41357 | 41.41357 | 42.19309 | 42.19309 | 44.86259 | 44.86259
30 176.211 | 176.211 | 357.0135 | 357.0135 | 363.7335 | 363.7335 | 386.7465 | 386.7465
31 22.08511 | 22.08511 | 44.74569 | 44.74569 | 45.58793 | 45.58793 | 48.47223 | 48.47223
32 33.83251 | 33.83251 | 68.54659 | 68.54659 | 69.83683 | 69.83683 | 74.25533 | 74.25533
33 15.74152 | 15.74152 | 31.89321 | 31.89321 | 32.49353 | 32.49353 | 34.54935 | 34.54935
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Table A.8: IEEE 33-Node Test System Hourly Load Data (Part 5)

Reactive
Dl:::::rf d Time Period (1)
(kVar)

Node No. 9 10 11 12 13 14 15 16
1 0 0 0 0 0 0 0 0
2 50.229 50.229 | 52.18524 | 52.18524 | 56.71404 | 56.71404 | 58.78134 | 58.78134
3 24,5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
4 56.08905 | 56.08905 | 58.27352 | 58.27352 | 63.33068 | 63.33068 | 65.63916 | 65.63916
5 27.905 27.905 28.9918 | 28.9918 | 31.5078 | 31.5078 | 32.6563 | 32.6563
6 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
7 69.7625 | 69.7625 | 72.4795 | 72.4795 | 78.7695 | 78.7695 | 81.64075 | 81.64075
8 69.7625 | 69.7625 | 72.4795 | 72.4795 | 78.7695 | 78.7695 | 81.64075 | 81.64075
9 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
10 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
11 18.69635 | 18.69635 | 19.42451 | 19.42451 | 21.11023 | 21.11023 | 21.87972 | 21.87972
12 32.3698 | 32.3698 | 33.63049 | 33.63049 | 36.54905 | 36.54905 | 37.88131 | 37.88131
13 32.3698 | 32.3698 | 33.63049 | 33.63049 | 36.54905 | 36.54905 | 37.88131 | 37.88131
14 56.08905 | 56.08905 | 58.27352 | 58.27352 | 63.33068 | 63.33068 | 65.63916 | 65.63916
15 9.4877 9.4877 |9.857212 | 9.857212| 10.71265 | 10.71265 | 11.10314 | 11.10314
16 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
17 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
18 24.5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
19 24.5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
20 24.5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
21 24,5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
22 24.5564 | 24.5564 | 25.51278 | 25.51278 | 27.72686 | 27.72686 | 28.73754 | 28.73754
23 31.2536 | 31.2536 | 32.47082 | 32.47082 | 35.28874 | 35.28874 | 36.57506 | 36.57506
24 147.3384 | 147.3384 | 153.0767 | 153.0767 | 166.3612 | 166.3612 | 172.4253 | 172.4253
25 147.3384 | 147.3384 | 153.0767 | 153.0767 | 166.3612 | 166.3612 | 172.4253 | 172.4253
26 23.4402 | 23.4402 | 24.35311 | 24.35311 | 26.46655 | 26.46655 | 27.43129 | 27.43129
27 23.4402 | 23.4402 | 24.35311 | 24.35311 | 26.46655 | 26.46655 | 27.43129 | 27.43129
28 18.4173 | 18.4173 | 19.13459 | 19.13459 | 20.79515 | 20.79515 | 21.55316 | 21.55316
29 48.5547 | 48.5547 | 50.44573 | 50.44573 | 54.82357 | 54.82357 | 56.82196 | 56.82196
30 418.575 | 418.575 | 434.877 | 434.877 | 472.617 | 472.617 | 489.8445 | 489.8445
31 52.4614 | 52.4614 | 54.50458 | 54.50458 | 59.23466 | 59.23466 | 61.39384 | 61.39384
32 80.3664 | 80.3664 | 83.49638 | 83.49638 | 90.74246 | 90.74246 | 94.05014 | 94.05014
33 37.3927 | 37.3927 | 38.84901 | 38.84901 | 42.22045 | 42.22045 | 43.75944 | 43.75944
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Table A.9: IEEE 33-Node Test System Hourly Load Data (Part 6)

Reactive

Dll ‘I’;;elf 4 Time Period (t)

(kVar)

Node No.| 17 18 19 20 21 22 23 24
1 0 0 0 0 0 0 0 0
2 63.5796 | 63.5796 | 66.87054 | 66.87054 | 60.27264 | 60.27264 | 45.83754 | 45.83754
3 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
4 70.99722 | 70.99722 | 74.6721 | 74.6721 | 67.30445 | 67.30445 | 51.18525 | 51.18525
5 35322 | 35.322 | 37.1503 | 37.1503 | 33.4848 | 33.4848 | 25.4653 | 25.4653
6 2331252 | 2331252 | 24.5192 | 24.5192 [ 22.09997 | 22.09997 | 16.8071 | 16.8071
7 88.305 | 88.305 | 92.87575|92.87575| 83.712 | 83.712 | 63.66325 | 63.66325
8 88.305 | 88.305 |92.8757592.87575| 83.712 | 83.712 | 63.66325 | 63.66325
9 2331252 | 2331252 | 24.5192 | 24.5192 [ 22.09997 | 22.09997 | 16.8071 | 16.8071
10 | 2331252 23.31252 | 24.5192 | 24.5192 | 22.09997 [ 22.09997 | 16.8071 | 16.8071
11 | 23.66574 | 23.66574 | 24.8907 | 24.8907 | 22.43482 | 22.43482 | 17.06175 | 17.06175
12 | 40.97352 | 40.97352 | 43.09435 | 43.09435 | 38.84237 | 38.84237 | 29.53975 [ 29.53975
13 | 40.97352 | 40.97352 | 43.09435 | 43.09435 | 38.84237 | 38.84237 | 29.53975 | 29.53975
14 | 70.99722 [ 70.99722 | 74.6721 | 74.6721 | 67.30445 | 67.30445 | 51.18525 | 51.18525
15 | 12.00948 | 12.00948 | 12.6311 | 12.6311 | 11.38483 | 11.38483 | 8.658202 | 8.658202
16 | 23.31252[23.31252 | 24.5192 | 24.5192 | 22.09997 | 22.09997 | 16.8071 | 16.8071
17 [ 2331252 2331252 24.5192 | 24.5192 | 22.09997 [ 22.09997 | 16.8071 | 16.8071
18 | 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
19 | 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
20 | 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
21 | 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
22 [ 31.08336 | 31.08336 | 32.69226 | 32.69226 | 29.46662 | 29.46662 | 22.40946 | 22.40946
23 | 39.56064 | 39.56064 | 41.60834 | 41.60834 | 37.50298 | 37.50298 | 28.52114 | 28.52114
24 | 186.5002 | 186.5002 | 196.1536 | 196.1536 | 176.7997 | 176.7997 | 134.4568 | 134.4568
25 | 186.5002 | 186.5002 | 196.1536 | 196.1536 | 176.7997 | 176.7997 | 134.4568 | 134.4568
26 | 29.67048 | 29.67048 | 31.20625 | 31.20625 | 28.12723 | 28.12723 | 21.39085 | 21.39085
27 [29.67048 | 29.67048 | 31.20625 | 31.20625 | 28.12723 | 28.12723 | 21.39085 | 21.39085
28 | 2331252 (2331252 | 24.5192 | 24.5192 | 22.09997 | 22.09997 | 16.8071 | 16.8071
29 | 61.46028 | 61.46028 | 64.64152 | 64.64152 | 58.26355 | 58.26355 | 44.30962 | 44.30962
30 529.83 | 529.83 | 557.2545 | 557.2545 | 502.272 | 502.272 | 381.9795 | 381.9795
31 | 66.40536 | 66.40536 | 69.84256 | 69.84256 | 62.95142 | 62.95142 | 47.87476 | 47.87476
32 101.7274 | 101.7274 | 106.9929 | 106.9929 | 96.43622 | 96.43622 | 73.34006 | 73.34006
33 [ 47.33148 | 4733148 | 49.7814 | 49.7814 | 44.86963 | 44.86963 | 34.1235 | 34.1235
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Table A.10: Photovoltaic Generation Data

(a) Maximum Available Real Power Output Hourly Data (500 kV Solar Farm)

Time Period (1) 1 2 3 4 5 6 7 8

Maximum Available

31372 6.31372 1 20.0827 | 20.0827 | 73. . . .
Solar Real Power (kW) 6.31372 | 6.3137 0.0827| 20.0827 | 73.7709 | 73.7709 | 30.3034 | 30.3034

Time Period (1) 9 10 11 12 13 14 15 16
Maximum Available
1. 1. 156. . . . . .
Solar Real Power (kW) 91.6635 | 91.6635| 156.757 | 156.757 | 371.807 | 371.807 | 363.241 | 363.241
Time Period (1) 17 18 19 20 21 22 23 24
Maximum Available
Solar Real Power (kW) 328.24 | 328.24 | 275.461 | 275.461 | 200.954 | 200.954 | 41.2834 | 41.2834

(b) Related Cost of Solar Energy Curtailment

Value of Loss of Solar Energy

PVC ($/kWh) 0.05
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