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ABSTRACT
ALEXANDER LEE MCGIRT. Enhancing the resilience of distribution power grids with
photovoltaics (PVs) and energy storage. (Under the direction of Dr. LINQUAN BAI)

Extreme events such as natural disasters can cause power grid failures, leading to
catastrophic consequences and losses. With increasing integrations of photovoltaics (PVs)
and energy storage in the distribution power grid, this work explores how to optimally
utilize these distributed energy resources (DERS) to improve the operation efficiency and
enhance power grid resilience. Improvement in resilience is obtained by incorporating both
mobile and/or stationary battery storage systems along with solar power. The
implementation of these two factors allow a system to become more responsive during
disaster or unforeseen scenarios. Firstly, an optimization model was proposed for optimal
scheduling and control of PVs and energy storage in distribution power grids to improve
the operational efficiency. Secondly, this work exploited electric vehicles (EVs) as a type
of mobile energy storage to enhance the power grid resilience when unforeseen events or

disasters occur. Optimal allocation of these resources are implemented and utilized to

improve system resilience.
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CHAPTER 1: INTRODUCTION

The current state of the U.S. power grid may be quite advanced compared to
many others around the world, but it is still not perfect. Many steps towards improving
the resilience and ruggedness of the U.S. energy system are needed to decrease its
vulnerability in challenging scenarios like natural disasters [3]. Numerous papers propose
solutions to help make the power distribution system more resilient through the
utilization of different types of power generation sources [1]. Such can be done by
optimally utilizing distributed energy resources (DERs) such as photovoltaics (PVs) and
energy storage (ES) including both stationary and mobile units. A more efficient layout
will allow for increased power generation by PV’s along with more in-need locations
being supplied energy during disaster scenarios. With the proper positioning of ES units,
the potential for load shedding can be reduced during natural disasters. Grid operating
costs are reduced in relation to cases where stationary ES units and/or mobile ES (MES)
units are not utilized [2]. Stationary ES units allow additional power capacity to be
available for utilization in specific locations when made available. Implementing MES
units would provide the same benefit, but with the gained improvement of flexibility so
that varying locations in need of backup power can be reached. One potential area of
MES units is electric vehicles (EVs). With the growing prevalence of these types of
vehicles and their potential to both house and supply energy to the grid, their utilization is
taken into consideration. This work focuses on utilizing PVs and ESs to improve the

system operation and enhance the power grid resilience.



1.1. Photovoltaic Systems

Power grids commonly consist of a multitude of different types of generation and
load sources. A high degree of complexity can be reached at times due to this. With that
being the case, many efforts are put towards improving the efficiency and resilience of
the power grid. To achieve this, various forms of renewable energy sources and backup
power options are utilized when possible depending on the location and demand
potential. One of the most popular renewable energy systems in use today are PV
systems. The lower cost and increasing efficiency of PV systems make it more popular
and affordable to adopt. Modern industrial PV systems can vary in output depending on
solar cell material type and overall build quality. Solar PVs typically have efficiency
levels around the 20% to 30% range with standard deviations caused by variables such as
time of day, cloud cover and temperature among others [18]. However, PV power
generation relies on the availability of sunlight so the occurrence of storms that limit light
and nighttime periods with no light may limit the utilization of PV systems. In this case,
energy storage is usually considered to be integrated into the power grid to coordinate the

operation of PV systems.

1.2. Energy Storage Systems

As an emerging asset and technology, energy storage allows backup power supply
to be located strategically throughout the PV systems and power grid in order to assist
with any unmet power demand in the system. Available options like these prove to be
very beneficial to have in critical and disaster-based situations. ES units can be either

stationary or mobile, so versatility is an option [2]. One drawback to these systems is that



they can be expensive. Since that is the case, a knowledgeable approach needs to be taken

when determining the investment on ES units along with their locations of utilization.

There is increased interest in incorporating PV systems along with both stationary
and MES systems into the power grid. These systems provide additional flexibility and
grid services to support the power grid during times of contingencies. General PV system
efficiencies have been increasing steadily over time, but variable power outputs
throughout the day can act as a hindrance. Battery storage systems, or ES systems are
becoming more efficient, but the limited battery capacity must be wisely utilized. As
noted in [11], an ES system’s ability to help in restoration efforts during situations such
as black-start scenarios and other emergency situations is very advantageous. To help
with extreme events of this nature, MES systems can be utilized in both pre and post
stage processes to help alleviate issues. While stationary ES systems are somewhat
limited in their utilization potential due to transportability, MES systems are more
dynamic and flexible. They can supply power in almost any location as long as it is
accessible. During normal operations both stationary and mobile ES systems can be used
to help with fluctuating loads and also to relieve transmission congestion [12]. This
makes MES systems ideal in disaster scenarios. Various optimization studies have been
done on the use of ES systems regarding their siting, scheduling, as well as their sizing in
both distribution and transmission systems [13]-[16]. As found in [17], a study was done
that optimizes the utilization of mobile energy resources in preparing for a hurricane.

Much research has been done in the ES area, but there is much more to be done.



1.3. Electric Vehicle Potential

Electric vehicles (EV) have increased in popularity over the years. The eco-
friendly approach to transportation is in direct relation to the adoption of EVs regarding
emissions and utilization of combustible fossil fuels. Due to these factors, EVs are
projected to penetrate the automotive market considerably and have been rapidly in the
past 10 years. It is forecasted that by the year 2030, as planned in the electric vehicle
initiative campaign, there will be more than 43 million electric car sales made per year if
a 30% market share of EVs is reached [3]. The demand for EV charging is set to increase
exponentially soon. Total load on the system due to EV’s alone will rise, as it is projected
that more than 250 million EVs will be deployed globally by the year 2030 [3]. Thus, it is
important to incorporate EVs into power grid operation. Various propositions have been
made towards optimal charging management for EVs, so that will be considered as well
to try to reduce the load on the power grid and costs to users. As a type of mobile energy
storage, if appropriately utilized, EVs can contribute to the power grid operation and

enhance power grid resilience.

1.4. Resilience

Improving the resiliency of power grid systems is no new topic in the energy
industry. Many avenues and new approaches have been taken over the years by various
entities. The power grid has become much more complex with various vulnerabilities to
disaster scenarios. Introducing new approaches like ES unit utilization enhances the
power grid resilience. With distributed energy resources (DERs) such as PV systems and
ES units, the resilience of the power grid can be further enhanced by utilizing these

flexible generation resources. However, incorporating these DERs make the system



operation much more complex, thus, the challenges remain in how to optimally integrate

and utilize PV and ES to enhance the power grid resilience.

Some previous research in the area of resilience within the power grid system
involved the incorporation of various other components in parallel with ES unit allocation
and utilization strategies to test unique scenarios. Recent research in the area of power
system resilience has taken a variety of paths. This is vital due to the risks associated with
catastrophic weather events and their negative impacts on both society as well as the
economy [4]. As assessed in [5], the power grid resiliency can be analyzed through
testing the vulnerability of transmission lines under varying load and weather conditions.
With extreme weather conditions being unpredictable at times, the consequences of these
events on the power grid can be significant [6]. Improved coordination, planning,
preparation, and response efforts can help counteract such events and reduce their
negative impact on the power grid and society. Improved response times to issues within
power grids will help contain the issues and prevent them from propagating over to other
systems and creating a cascading effect [7]. Actions like this will aid substantially in
improving the overall efficiency and resiliency of an energy grid system. Since the range
of catastrophic events can be very broad and complex in nature, it is hard for system
operators to account for and develop countermeasures for all of them. Uncertainty in this
regard is what makes power system resiliency such an important and applicable concept.
Continuous aging of the power grid infrastructure is one of the elements that negatively
impact the grid resilience [8]. The variability and uncertainty of renewable power
generation will also impact the grid stability and resilience [9]. Resource adequacy during

extreme events is another important concern in order to sustain resilient operations [10].



This thesis focuses on developing optimization models and algorithms to enable
PVs and energy storage to improve system operational efficiency and enhance the power
grid resilience. We also investigated the potential of EVs in enhancing power grid
resilience under natural disasters or other unforeseen events. The proposed models and

simulation results are presented in the following chapters.



CHAPTER 2: OPTIMAL OPERATION OF DISTRIBUTION POWER GREIDS WITH
PVs AND ENERGY STORAGE

2.1. Nomenclature

Below is a list of the symbols and variables used in this thesis. A description is

given for each in the nomenclature.

G Set of distributed generators
X Set of all the nodes in the network
X Substation nodes
b Node index
L Set of all the distribution lines
X(i)  Setof nodes connected to node i
Pf, mnax  Maximum available power output of PV generator i at t
ct Inverter capacity of PV generator i
Pf, Active power output of PV generator i at t
it Reactive power output of PV generator i at t
Fi.min  Power factor requirement of PV generator i
Wijt  Square of current in line i-j at time t
Uit Square of voltage of node i at time t
M Set of energy storage units
m Index of the energy storage unit
Emt Energy state of charge of the m™" energy storage [MWh]

€mt1  Previous energy state of charge of the m™ energy storage [MWHh]



ch/dis
mbt
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€k,to
€k t24

l
Ot

L
Pi,t

L
Qit
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Csub
Vit

Vi,min
Vi,max
lij

Fij

Charging/Discharging active power of storage m at bus b and time t
Charging/Discharging efficiency

Initial energy state of charge of battery k [MWh]

State of charge after 24 hours of battery k [MWh]

Switch state of line | at time t, 1 if connected, O otherwise (binary)

Active power load at node i at time t

Reactive power load at node i at time t

Active power at the substation
Reactive power at the substation
Power capacity of the substation
Voltage of node i at time t

Minimum voltage level of node i

Maximum voltage level of node i
Currenton line i-j at t

Resistance of distribution line i-j [2]
Reactance of distribution line i-j

Active power flow on line i-j at t

Reactive power flow on line i-j at t

The set of parent nodes of node i

The set of children nodes of node i
Energy rating of energy storage units [MWAh]

Power rating of energy storage units [MW]

Number of energy storage units
Load switch state, 1 if connected at bus b, 0 otherwise (binary)

The active power flow in line i-j at time t



Qifjt The reactive power flow in line i-j at time t

2.2. Mathematical Model

In this section, an optimization model was built for distribution power grid
operation with PVs and energy storage. The operations and optimal dispatch of PVs and
ES under normal scenarios are studied. Firstly, the PV system and energy storage models
are presented. Then the distribution power grid operation model is formulated.
Furthermore, the PV system and energy storage models are incorporated into the optimal

operation model of the distribution power grid.

2.2.1. PV System Model

The inverters of PV systems can provide both active and reactive power. The active
power output of a PV system is subject to the amount of solar irradiation. With this

consideration, we can formulate the PV operation model as follows.

0< Pi(,;t < Pi(,;t,max (23.)
(PS)" + (QF)" < (cf)’ (2b)

Pi?t 1_(Fi.min)2) G Pi?t 1_(Fi.min)2)
- < s ——— (2¢)

Fimin Fimin

Thus, we have Eq. (2a) showing that the active power output of generators falls
in between the maximum PV power output and a minimum of zero. The active power and
reactive power from the inverter cannot exceed its capacity (apparent power). The sum of

the square of active and reactive power output of a PV system is less than or equal to the

PV inverter capacity squared as shown in Eq. (2b). The interconnection standards [20] of
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power utilities usually require the PV systems to operate within a range of power factor.
Eq. (2c) shows that the reactive power output of PV inverter constraints is governed by
the power factor requirement of a PV system. In this work, the PVs are operated in the

range of 0.95 lagging to 0.95 leading power factor.

2.2.2. Energy Storage Model

A general energy storage model is presented as follows which describes the
charging/discharging and energy transition in energy storage. It is applicable to both

stationary and mobile energy storage.

eme = emi—1 + Lpex(Pimpe * ef " — Dinse/ef ) (2d)
0 < ey < EMax (2€)
0<ph, xef <PMa* vheXx (2f)
dis
0< —f;n;ig < P, Vb € X (29)

In the above model, Eq. (2d) considers the energy state of charge along with the
charging and discharging power relative to their efficiencies. Energy storage constraints
are set to a maximum limit of and a minimum of zero in Eq. (2e). Eq. (2f) and (29)
indicate that the charging and discharging power cannot exceed the maximum limit of the

energy storage.

2.2.3. Optimization Model for Optimal Operation of Distribution Power Grids with PV
and Energy Storage

An optimization model for optimal operation of distribution power grids with PV
and energy storage is proposed. The second-order-cone (SOC) based branch flow model

[1] is employed to model the power flow in the distribution power grid. The models of
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PVs and energy storage are incorporated into the optimization model. Under normal

conditions, the system operator aims at minimizing the total network loss.

min Y72 IZ(lj)EL iWijit (2h)
s.t.
(Pf . . )_ Pf — PL ( dis ) PG
kit rkLWkl,t ijt Pmpbt — pmbt it
kepr(i) jeer(@)

Vi € X\X;, Vt (21)
ZkEpr(i)(Ql{it — XpiWiie) — 2j€cr(i) Qifj_t = QiL,t - Qfm Vi e X\X;, Vt @)

wie — (e — Z(rUPJt + quu D+ @+ xP)wi) =0, Vjecr(), VieX, vt
(2k)
Vlmmsult—Vlmax' ViEX' vt (2|)
0< Wijt < Iij,maxv(i'j) EL Vt (Zm)
12P) it ZQifj,t Wije = Upe ll2 < wije +we, V(i,Jj) €L VE (2n)

The objective function is to minimize the total network loss shown in Eqg. (2h).
Eq. (2i) and (2j) depict the nodal balance equations for active power and reactive power,
respectively. Eg. (2k) shows that the squared voltages are balanced across lines, relative
to resistance, reactance and squared current and active and reactive power flow on the
line. Squared voltage across branches is constrained by maximum and minimum voltage
values as shown by Eq. (21). Squared current across branches is constrained by the
maximum current value and a minimum of 0 as shown in Eq. (2m). The summation of the
squares of active and reactive power as well as the difference in current and voltage is
constrained by the summation of current and voltage squared as shown in (2n), which is

the second-order-cone representation in mathematics. The proposed second-order-cone
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programming (SOCP)-based optimization model can optimally dispatch the PVs and ES

to minimize the total network loss and improve the system operation efficiency.

2.3. Case Study

In this section, simulations and case studies are conducted on different scenarios

to demonstrate the effectiveness of the proposed model and show how the PVs and

energy storage can be utilized to support power grid operations.

2.3.1. System Description

For any type of conclusions to be made a standardized test case needs to be

utilized. In this work, the standard IEEE 33-node distribution system [19], as shown in

Fig. 2.1, was used to test the proposed model.

23 24 25

26 27 28 29 30 31 32 33

;'|23456/7891011121

31

41

516 17 18
|1 |

%> | Rl
19 20 21 22

Figure 2.1: Diagram of IEEE 33-bus distribution system [19]



Table 2.1: Location and constraints of PV units

Apparent Max Power Min Power
Power
Bus # S (kVA) Pmax (kW) Pmin (kVar)
18 350 310 0
22 520 470 0
25 330 305 0
33 500 450 0

Table 2.2: Location and constraints of energy storage units

Power Capacity
Bus # Pmax (kWh) Pmin (kWh)
5 300 100
12 400 100
21 300 100
30 400 100

In Table 2.1, the location of PV units across the power grid can be found. Each

13

PV unit has its own constraints that must be adhered to. The first PV is located at bus 18

with an apparent power of 350 k\VA and a maximum active power output of 310 KW. The

second PV unit is located at bus 22 and has an apparent power of 520 KVA and a
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maximum active power output of 470 kW. A third PV system is located at bus 25 with an
apparent power rating of 330 kVA and a maximum active power output of 305 kW. The
fourth and final PV unit is located at bus 33 and it has an apparent power of 500 kVA
with a maximum active power output of 450 kW. Each PV unit has a minimum power of

0 kVar. The voltage range for all nodes in the system is set to 0.95-1.05 per unit (p.u.).

Additionally, Table 2.2 shows the location and constraints of ES units across the
power grid. The first ES unit is located at bus 5 and has a maximum power capacity of
300 kWh and a minimum power capacity of 100 kWh. The second ES unit is located at
bus 12 with a maximum power capacity of 400 kwWh and a minimum power capacity of
100 kWh. A third ES unit is located at bus 21 with a maximum power capacity of 300
kWh and a minimum power capacity of 100 kwWh. The fourth and final ES unit is located
at bus 30 with a maximum power capacity of 400 kwh and a minimum power capacity of
100 kWh. It is in this test case that the ES units are located at these bus locations. The
proposed model is applicable to both stationary and mobile energy storage. For mobile
energy storage, since they have the mobile capabilities they can be placed anywhere

along the grid as needed.



2.3.2. Simulation Results
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Figure 2.2: Active power load demand
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As shown in Figure 2.2, the active power load profile across all 33 nodes
throughout the 24-hour time period is consistent. Load patterns at some nodes are
identical. The same can be said for the reactive power as shown in Figure 2.3. Figure 2.4
illustrates the voltage profile results and it shows that the utilization of all 33 buses is
maintained and how operations look in relation to the allowable limits. Note the impact
incurred at nodes that have PVs and those with energy storage units. In Figure 2.5 current
profile readings are shown node by node throughout a 24-hour time period. Results show
that the operation at each node falls within the specified limits. Figure 2.6 shows the
battery charging rate over a 24-hour time period. It shows the utilization of all energy
storage units. Although that is the case, it appears that some are being used more than
others. In Figure 2.7 the battery discharging rate over a 24-hour time period is shown.
The utilization of all energy storage units is depicted. Figure 2.8 shows the battery state
of charge levels over a 24-hour time period. It shows that normal hours of high-power
demand lead to the utilization of the energy storage units. In Figure 2.9 the ES unit
capacities, or energy levels, over a 24-hour period is shown. Energy levels tend to have
slight utilization during early morning hours, then builds back up. Around the 8AM
period high discharge is incurred by the batteries until around the 5PM time frame. At
that point charging is experienced up until around the 10 PM time. This trend seems to be
the case for all the energy storage units. Figure 2.10 shows the active, or real power
profile of the 4 PVs, or solar panel systems in place on this power grid. Over a 24-hour
period these units produce power during daylight operations as expected on a clear day.
The hours of production start at around 8AM and end at around SPM for all PV’s. Some

PV’s have slightly different magnitudes of power, which could be to capacity as well as
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location-based factors such as weather and vegetation. In Figure 2.11 a reactive power
profile of the 4 PVs in place have small amounts of power over the 24-hour period. The
fluctuations in reactive power are noticeable during the hours of PV power generation, as
expected. In Figure 2.12 real power output of the generator from substation, or the active
power supplied by the main generator source at node 1 over a 24-hour time period is
displayed. During hours of no sunlight the main generator source shows high rates of
energy production. Contrary to that, during daytime periods (which has high grid
demand) the output of this generation source decreases. This is due to the incorporation
of PVs systems. To assist with meeting demand, ES units can assist throughout the entire
day to help satisfy total demand. In Figure 2.13, the generation reactive power over a 24-

hour time period is shown.
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CHAPTER 3: RESILIENCE ORIENTED OPTIMAL OPERATION OF
DISTRIBUTION POWER GRIDS WITH PVs AND EVs

In this chapter, we explore the values of electric vehicles (EVs) in enhancing the
power grid resilience. In times when a natural disaster such as heavy storms or hurricanes,
the distribution system operator (DSO) needs options on hand so that resilient actions can
be taken to help system to be best prepared to mitigate the damages and losses [1]. The
mobility of EVs can provide more flexibility and support to the power grid to sustain the
natural disasters. The EVs can be routed to different locations in order to support the
changing power grid operation during the disaster. In this work, we develop the optimal
response plan and determine the locations of EVs that will be utilized for power injection
to the power grid. We will explore and exploit the value of EVs as a type of mobile energy

storage in enhancing the power grid resilience.

3.1. Mathematical Model

In this section, we present an optimization model for distribution power grid
operation with PVs and EVs acting as mobile energy storage systems during emergency
operating conditions. In the emergency conditions, one or multiple distribution lines may
be tripped due to the disaster. The system operator will optimally allocate a fixed number
of EVs to different locations in the distribution network and optimally control the PVs and
EVs. If the contingency lines are changing dynamically due to the disaster, we can utilize
the mobility of EVs and reallocate EVs to different locations. Different from the normal
conditions in which the system operator aims at minimizing the total network loss, the DSO

will minimize the total load shedding in the emergency or contingency scenarios.
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3.1.1. EV Allocation Model

In a given distribution power grid, let N5 be the total number of EVs and vms be
the binary variable indicating the location of the EV. If EV m is located at node b, then vmp

= 1, otherwise vmp = 0. With this consideration, we can formulate the EV operation model

as follows.

emt = eme—1 T+ (prcr?bt * efCh - Pgligt/efdis) (3a)
0<em: <En (3b)
0 <ph xef™ < pmaxy, .., Vb € X,,Vt (3¢)

dis
0< i’}% < pmaxy, Vb € X, Vt (3d)
Yoex Vmpe < N° (3e)
Vmpe €10, 1} (3f)

Eqg. (3c) and Eq. (3d) indicates that if v,,,;, = 0, the EV m is not located at node n and the
charging and discharging power of the EV are limited to zero. In Eq. (3e), the number of

dispatched EVs should not exceed the total number of EVs that are available.

3.1.2. Optimization Model for Optimal Operation of Distribution Power Grids with PVs
and EVs in Contingency Scenarios

Under emergency operating conditions there are a few changes. One is that load
shedding is incorporated and is penalized at the value of loss of load (C}}). Load shed is
based on the real power demand (Pf,) along with the binary decision (o). The objective
function, as shown in Eq. (39), is utilized by the DSO to optimize the decision-making in
utilizing EVs in the emergency scenario.

min Y, X, Cpi (1 = af,)Py, (39)

The operational constraints in the contingency scenario are expressed as follows.



25

S.t.
ZkEpT(i)(Pk];,t_rkiWki,t)_ZjEcr(l)PUt P x of, — (p&se — Pimye) — PG, Vi€
X\Xs,  (3h)
Skepry@hie = XiWiie) = Zjeery Uye = Qb x o — QF, Vi€ X\X;  (3i)

—M (1 - Gll,t) S Uje — (uit Z(rUPU ¢ T XUQU t) + (r + xl])wl] t) =M=

(1 — oll’t), Vj €cr(i), Vt,VieX (€])]
Vimin * Ofes Ui < Vipay * 0y, VIiEX (3k)
0 <w, < 112] max * 0l V(i,j) €L €)
12P it ZQifj,t Wije = Ui Il < Wije + Uiy, v(i,j) € LVt (3m)
0 < Pf < Pfax (3n)
( t) + (Ql t) S (CG) (30)
P J1=(Fimn)?) o P 1=(Fimin)?)
B — <@ = T Fom (3p)

Building off the normal operation model, approaches to be taken during emergency
operations need to be considered. Everything about the emergency operations model is the
same as that in the normal operations except for the following changes. The load shedding
variable (o) is incorporated into the right-hand side of equations (3j). Uzl,t is the parameter
representing the status of the distribution line | at time t. If o/, = 0, then distribution line |
is open, otherwise o/, = 1. The Big-M method and o/, are utilized to model the power
flow under contingency scenarios. Load loss in this scenario adds additional constraints
with voltage levels across the distribution system (3Kk). Distribution line utilization

constraint is incorporated into the right-hand side of the apparent power flow equation in
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(3j) as well. When the distribution line is open, constraint (3j) is relaxed and (3I) will

enforce the current and power flow on this line to be zero.

3.2. Case Study
3.2.1. System Description

In the emergency scenario, the fundamental layout of the power grid is kept the
same regarding the positioning and capacities of the PV systems. In this case, however,
lines 22, 29, 30 and 31 have been damaged and cut off line flow due to the disaster scenario.
For reference purposes again as set up on the IEEE 33-bus Distribution System Layout,
line 22 connects bus 3 to bus 23, line 29 connects bus 29 to bus 30, line 30 connects bus

30 to bus 31 and line 31 connects bus 31 to bus 32.

3.2.2. Simulation Results
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Figure 3.1: Active power load in the emergency scenario



300 . : -1\

250 .

200 .

150

wor ]

Power Load, Reactive (kVar)

soF

0 5 10 15 20 25
Time (Hour)

Figure 3.2: Reactive power load in the emergency scenario
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Figure 3.3: Voltage profile results across grid during emergency scenario
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Figure 3.4: Current profile for disconnected lines in the emergency scenario
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Figure 3.5: Battery charging rate in the emergency scenario
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Figure 3.6: Battery discharging rate in the emergency scenario
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Figure 3.8: Battery capacity in the emergency scenario
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Figure 3.12: Reactive power from the substation in the emergency scenario

As shown in Figure 3.1, the active power load on all 33 nodes throughout the 24-
hour time period is consistent and is the same as during normal operations. The same can
be said for the reactive power in Figure 3.2. Figure 3.3 illustrates the voltage profile results
and it shows a higher degree of variation compared to normal operations, but voltage levels
fall within the acceptable limits. Note the impact incurred at nodes that have PV’s and those
with mobile energy storage units. In Figure 3.4, current profile readings are shown node
by node throughout a 24-hour time period and the results show a reading of 0, although the
current readings are known to be minimal. Figure 3.5 illustrates the battery charging rate
and it shows the utilization of 3 mobile energy storage units. It still appears that some are
being used more than others during hours of high demand. In Figure 3.6 shows a higher
utilization of battery units over the 24-hour time period. The utilization of 3 mobile ES

units is depicted in the discharging case as well. In Figure 3.7 the battery state of charge
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levels has a similar distribution and utilization as during normal operations, but there is a
higher degree of variation during emergency operations. In Figure 3.8 the ES unit
capacities have a similar pattern to during normal operations, but just with one less ES unit
being utilized. Figure 3.9 shows that the active power profile of the PV in place has a
similar amount of output, just with 2 less PV units being utilized. The reactive power
profile in Figure 3.10 of the 2 PVs being utilized have slightly lower magnitudes of reactive
power compared to normal operations. Active power supplied by the substation located at
node 1 is less compared to during normal operations as shown in Figure 3.11. This change
could be due to a variety of factors like down, or inactive lines and faulty signals. In Figure
3.12 the reactive power from the substation is significantly less, as expected due to the
lower levels of active power being supplied.

To further study the value of EVs in enhancing power grid resilience, it is assumed
that there are totally 20 EVs available to dispatch and the capacity of each EV is 40 kwh.
The maximum charging and discharging power of an EV is set to 40 kW. The 20 EVs need
to be dispatched and rerouted to different locations to pick up as much load as possible in
the scenario that any of the distribution lines are tripped and the power supply services
become interrupted. A larger voltage range is allowed with limits from 0.9 to 1.1 p.u..

We conducted simulation studies in the following scenarios and run the proposed
optimization model in 3.1.

Scenario 1-a: Line 3-23 is in contingency and EVs are not utilized to support the grid;
Scenario 1-b: Line 3-23 is in contingency and EVs are utilized to support the grid,;
Scenario 2-a: Line 3-23 and Line 2-19 are in contingency and EVs are not utilized to

support the grid;
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Scenario 2-b: Line 3-23 and Line 2-19 are in contingency and EVs are not utilized to
support the grid;

In Scenario 1-a, when Line 3-23 is tripped, the feeder will be islanded leading to
load shedding of 930 kW. If EVs are incorporated and dispatched to support the power grid
in Scenario 1-b, all the 20 EVs are connected to Node 25 and the load shedding is decreased
to 420kW. The load on Node 23, 24 and 25 are 90 kW, 420 kW, and 420 kW, respectively.
The 20 EVs can pick up loads at Node 23 and 25 but do not have enough power to pick up
the 420 kW load at Node 24. The voltage profile for Scenario 1-b is shown in Figure 3.13.

Figure 3.13 demonstrates that the nodal voltages are within the secure operable range.

Table 3.1: Location and constraints of EVs in Scenario 1-b

Parameters and Results

EV Capacity 40 kW
Available EVs 20
Total Capacity 800 kW

Location Node 25

Load Shedding | Reduced by 510 kW (930 to 420 kW)

Load Pickup Node 23 and Node 25
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Figure 3.13: Voltage profile under Scenario 1-b

In Scenario 2-a, two distribution lines are tripped at the same time and the total load
shedding is 1290 kW. In comparison, if EVs are optimally dispatched to pick up the loads,
the total load shedding is reduced to 420 kW in Scenario 2-b. Among the 20 EVs, 8 EVs
are dispatched to Node 20 and 12 EVs are dispatched to Node 25. The 8 EVs and 1 PV are
able to supply power to pick up the loads on nodes 19-22. The 12 EVs will partially serve

the load on feeder 23-25.
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK

This thesis develops optimization models to optimally utilize PVs and energy
storage in the distribution power grid to improve the system operational efficiency and
enhance the system resilience. A more sustainable energy system can be reached through
improved resiliency efforts. This is the case when catastrophe events such as hurricanes
or severe storms are experienced by a power grid system. A highly resilient power grid
can bring the power supply back to customers within a short time period. This will
minimize the potential for harm to those who are dependent on the grid itself. Through
the proposed optimal operation model, the operation and scheduling of PVs and ES units
are optimally dispatched in an efficient manner in order to fulfill the needs of the power
grid. Meanwhile, no system operational constraints are violated at any of the buses. The
optimal solution has been demonstrated to be beneficial to the power grid during both
normal and contingency operational scenarios where the main generation source becomes
hindered or inactive. Therefore, the utilization of PV systems as well energy storage units
in the power grid can help improve system resiliency and overall efficiency when
coordinated correctly.

In the future work, the following aspects should be investigated.

(1) In a disaster scenario, the occurrence of distribution line trips can be uncertain. We
will incorporate the uncertainties of contingencies into the optimization models and
utilize stochastic programming-based approaches to obtain an optimal solution that is

robust to the uncertainties.
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(2) The routing of EVs depends on the transportation network. We will model the
transportation network and optimal routing model for EVs and integrate it into the
proposed model in this work.

(3) We will utilize machine learning-based approaches to predict the impact of a disaster
in terms of where and when the power grid will be interrupted. This kind of approach
can also be used for the optimal control and dispatch of EVs in response to

events/disasters and to enhance the grid resilience.
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