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ABSTRACT

In order to improve the resilience of power systems, utilities are interested in developing
the capability to form microgrids when abnormal situations occur. In some cases, the microgrid
is used to minimize the adverse impacts on the most critical loads, such as hospitals,
government offices, and police stations. The costs associated with failure to supply critical loads
are significant. Therefore, the ability to create a microgrid largely using existing generation
assets with only the addition of control devices can result in improved reliability, greater level
of services, and in significant savings during major events. For instance, a significant portion
of the power supply to a major city in the northwest region of North America comes through a
single 500kV line. If the line goes down, under some circumstances the city grid could go down.
The main objective of this thesis is to perform a study establishing the feasibility of forming a
microgrid to supply high priority loads in the city, while disconnected from the main grid and
using hydroelectric and solar generation available in the area. These transitions will occur while
establishing and maintaining stability of the microgrid. Modeling and analysis of the microgrid
network is done in Powerworld® simulation software that proved the possibility of forming the
microgrid. The model development and validation are described along with the analysis and

results of several studies.
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CHAPTER 1. INTRODUCTION

1.1 PROBLEM STATEMENT

The U.S Presidential Policy Direction 21 defines resilience as “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” [1]. Resilience gained great importance after the
catastrophic climate-related events that have occurred recently, which resulted in power system
degradation. The events caused power loss for millions of customers and long outage periods.
The global risk perception survey of 2015 states the top 10 risks facing society in terms of
impact. Among them, failure of climate-change mitigation and adaptation currently stands first.
Figure 1-1 shows the list of all the risks based on the economic, environmental, geopolitical,

societal and technological categories [2].

Top 10 risks in terms of Top 10 risks in terms of
Likelihood Impact Categories
Large scale involuntary migration allure oFelmate change . Economic

8 vy ine mitigation and adaptation
Extreme weather events B Weapons of mass destruction . Environmental
Fa‘|I~ure ’of chmate—change Wiater il . Geopolitical

mitigation and adaptation

ﬂ Interstate conflict Large scale involuntary migration . Societal
Natural catastrophes B Energy price shock . Technological
E Failure of national governance n Biodiversity loss and ecosystem collapse
Unemployment or underemployment Fiscal crises
n Data fraud or theft ﬂ Spread of infectious diseases
n Water crises n Asset bubble
Illicit trade n Profound social instability

Figure 1-1 Top 10 risks in terms of likelihood and impact [2]



The contingencies that can arise in the power system, which can cause large power
outages, are extreme weather and natural disasters, major generation failure, loss of

transmission lines, and cyber-attacks [3].

l Winter Stomn I Wik fire Trop Cyel I Severs Storm I Freeze

I Flooding I Drought Costw/ 95% Cl = G-Year Mean
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Figure 1-2 Billion dollars disaster events by year [4]

Figure 1-2 shows the billion dollar disaster events, defined as natural disaster events
with losses exceeding one billion dollars within the U.S from 1980-2016 [4]. The last decade
has seen blackouts around the world due to natural disasters such as the 2005 Hurricane Katrina,
2011 Japan Earthquake, and 2012 Hurricane Sandy [5]. In 2016, there have been eight weather
and climate related disaster events including two flood events, and six severe storm events that
cost more than one billion dollars in losses in the U.S. The destructive northwest windstorm on
17 November 2015 adversely affected the power network in and around the proposed region of
the microgrid. The data acquired from the sponsor in Figure 1-3 shows the number of customers
without power over the 10-day period from 17 Nov to 27 Nov 2015 after the windstorm. The

graph shows that around 180,000 customers lost power immediately after the storm and it took



around 10 days to restore the power completely. If there had been a microgrid in place during

such conditions, the outage time can be avoided by improving the resilience of the system.
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Figure 1-3 Number of customers lost power during the windstorm from 17 to 27 Nov 2015

Wide scale power outages can also be caused by cyber-attacks on the critical
infrastructure. The penetration of internet technologies into the power system has created a
platform for attackers to target the power networks. The futuristic concepts like Internet of
Things (IoT) may turn the system more brittle if proper planning is not done. The other major
reasons for large power outages can be failure of generation and misoperation of the protection

devices whose failures are likely less to occur.

The current control and monitoring system lacks the inherent ability to analyze
unexpected failures and take necessary remedial action to stop the propagation of the outage.
Therefore, it is evident that a more resilient electric grid must become a high priority in

reconfiguring and updating the nation’s electric power distribution and transmission system [6].



1.2 PROPOSED SOLUTION

The existing power system network still depends to a significant extent on centralized
control. Failures on such a large-scale system cannot be afforded, so decentralization of the
power grid can make it more resilient [7]. In case of such a large event that can cause large-
scale power outages, the operational flexibility and local generation capabilities of microgrids
can be coordinated to provide local restoration capabilities by supplying the critical loads [8].
Microgrids have proven themselves capable of supplying load when the utility service is lost
[9]. The microgrid disconnects from the main grid and supplies power to local loads using local
generation resources, potentially including energy storage. Many projects across the world are
aimed at developing microgrids, as they are seen as one of the most promising measures for
enhancing future power-system resilience [10]. The advantages from forming a microgrid
include reduction in power losses and increased reliability, and also include enabling the
integration of green electricity sources [ 11]. Microgrid projects are moving towards commercial
development due to an increased importance concerning resilient architecture. As it is difficult
to abate the growing requirements for electricity, a collage of approaches, technologies, and
solutions will meet the demand. After examining the electricity demand-growth problems,
analysis indicates that microgrids will play a significant role in the future evolution of energy

service provision [12].

The Department of Energy (DOE) Smart Grid R&D Program has launched a national
effort on electric distribution grid resilience. This effort supports Executive Order 13653
“Preparing the United States for the impacts of Climate Change” and the goal of “building
stronger and safer communities and infrastructure.” [13] The main objectives of this program

are:



e Modernizing the electric distribution grid through the adaptation and integration of
advanced technologies and new operational paradigms (microgrids and transactive controls)
e Supporting increasing demand for renewable energy integration and grid reliability and
resiliency at state and local levels [13].
1.2.1 Microgrid Definition
The US Department of Energy (DOE) defines a microgrid as a group of interconnected
loads and distributed energy resources within clearly defined electrical boundaries that acts as
a single controllable entity with respect to the grid. A microgrid can connect and disconnect
from the grid to enable it to operate in both grid-connected or islanded-mode [14] [15]. The
value of microgrids to protect the nation’s electrical grid from power outages is becoming
increasingly important in the face of the increased frequency and intensity of events caused by
severe weather [6]. The U.S. DOE Office of Electricity Delivery and Energy Reliability (OE)
has designated the research and development (R&D) of next-generation microgrids systems a
high priority. The DOE’s OE has allocated funding for microgrid R&D to meet its 2020 goals.
The goal states “To develop commercial-scale microgrid systems (capacity <10 MW) capable
of reducing outage time of required loads by >98% at a cost comparable to nonintegrated
baseline solutions (uninterrupted power supply [UPS] plus a diesel generator set), while

reducing emissions by >20% and improving system energy efficiencies by >20%, by 2020.”

[6] [16]

A microgrid is characterized as the ‘Building Blocks’ of a smart grid and its organization
is based on the control capabilities offered by increasing penetration of distributed generation,

renewable sources, storage devices, switching capacitors and controllable loads [17].



1.2.2 Microgrid Demonstration Projects

In the recent years, the US has become a leader in microgrid demonstration and
technology development. There are many microgrid demonstration projects taking place in the
U.S. Figure 1-4 shows the demonstration projects overview as of 2011 [5] [18]. The American
Recovery and Reinvestment Act (ARRA) of 2009 spurred investments in smart grid technology
and programs at utilities across the country. The smart grid investment grant program and smart
grid demonstration projects that it funded provided unprecedented opportunities to learn from

smart grid implementation [19].
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Figure 1-4 Current microgrid demonstration projects across the U.S. [18]

The Department of Defense’s (DOD) flagship microgrid project was called Smart Power
Infrastructure Demonstration for Energy, Reliability and Security (SPIDERS) and the
Department of Energy’s (DOE) gave grants to nine microgrid demonstration projects,
generating significant activity in the space. Other efforts include the IEEE 1547 and IEEE 2030
series of standards, the Consortium for Electrical Reliability Technology Solutions (CERTS),

and software tools like DER CAM [20], Grid Lab-D [21], Open DSS [22], Homer Energy [23]



and other recent developments have filled in the gaps in the microgrid sector [17]. The two
main R&D and demonstration projects going on currently in the U.S are SPIDERS, co-run by
DOE, DOD and Department of Homeland Security (DHS) and the Renewable and Distributed
Systems Integration (RDSI) microgrid grants program, run by DOE. The DOE’s RDSI projects

are discussed in this section to gain understanding of their contribution [17].
A. Chevron Energy Solutions — CERTS microgrid demonstration (Santa Rita Jail, CA)

The overall goal of this project is to prove the commercial viability of a CERTS Microgrid,
one that aims to reduce the cost of a microgrid by avoiding complicated control systems by
incorporating off the shelf components. The project was able to disconnect from, and
resynchronize to the grid, offset the peak-load period costs, and reduce the load on the
distribution feeder during peak load. As part of the CERTS system, they used a simple controls
protocol requiring only the voltage and frequency at each terminal to share real and reactive

power between generation and storage [24].
B. SDG&E — Beach cities Microgrid (Borrego Springs, CA)

The project aimed to be a test bed and proving ground for GridWise™ information-based
technology to allow more power to be delivered using existing infrastructure and to increase
the lifetime of existing infrastructure. The area of the microgrid included a distribution grid that
is owned by the utility but some or all of the generation resources are owned by the customers

in a 125 residential home area [24].
C. University of Hawaii — Transmission Congestion Relief (Maui, HI)

This project aimed at developing an aggregate model and monitoring system for the

surrounding area to assist in increasing visibility into the system and allow for better-informed



decisions of adding more renewable energy resources to the system. This would improve overall
service quality, system reliability, and reduce the operating cost of the system. The project
coupled an advanced system model and smart meters to collect and analyze real world data to

manage the high penetration from DG better [17] [24].

D. ATK Space Systems — Powering a Defense Company with Renewables (Promontory, UT)

This project aimed to integrate renewable DG into an intelligent automated energy
distribution system for ATK Space Systems. By integrating heat recovery, wind turbines, and
energy storage, the company projected they will reduce on-demand substation load by 15% of
their 7MW peak load. To integrate these technologies into the existing system they planned to
add load aggregation, monitoring, fault detection, diagnostics, remote monitoring, controls and

black start systems [17] [24].

E. City of Fort Collins — Mixed Distribution Resources (Fort Collins, CO)

The Fort Collins project aimed to demonstrate successful renewable DG monitoring,
aggregation, integration, and DR. Efforts were set towards reducing peak loading by 20% to
30% over two feeders. With over 3.5 MW of DER in 5 different locations aggregated from PV,
micro-turbines, duel fuel CHP, reciprocating engines, backup generators, hybrid vehicles and

fuel cells the city was able to meet its goal [24].

F. Tllinois Institute of Technology — The Perfect Power Prototype (Chicago, IL)

The goal of this project was to develop a self-healing, learning and self-aware Smart Grid
capable of reacting to and routing around faults as well as dispatch DG when needed. The
system would respond to internal sensors, external power grid conditions, power prices and

weather conditions [24].



G. Con Ed — Interoperability of DR Resources (New York, NY)

Due to the uniquely high load density of New York, NY and its high profile loads such as
Wall Street and many buildings crucial to national and international trade, the utility aimed to
support the grid with demand response and distributed generation resources. The project
included developing and demonstrating methodologies to increase the grid's ability to provide

demand response to costumers [24].

H. Allegheny Power — WV Super Circuit Demonstration the Reliability Benefits of Dynamic
Feeder Reconfiguration (Morgantown, WV)

In order to demonstrate improved distribution system performance with the integration of

distributed resources the project proposed the use of dynamic feeder reconfiguration across

several feeders and a multi-agent grid management system for automated controls [24].

1.2.3 Microgrid Capability in Worldwide Market

Future microgrid systems present many opportunities and potential applications. The
microgrids are likely to have exponential growth with a wide variety of applications and
interconnections with utility grids [6]. The microgrids that are being installed today are
equipped with early generation-automated functionalities for supplying power to the critical
loads. In future, advanced microgrid systems will be in demand with the increase in Distributed
Energy Resources (DER) and renewable energy integration combined with complex intelligent
transmission and distribution network. Figure 1-5 shows the annual total microgrid capacity
and implementation revenue in the worldwide market estimated from 2015-2024. Although the

graph is only an estimate, the microgrid implementations may reach these targets.
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Figure 1-5 Annual total microgrid capacity and implementation revenue by region, world

markets: 2015 — 2024 [25]

1.3 OBJECTIVES OF THIS THESIS

The main objective of the thesis is to perform a study for establishing a microgrid to
supply high priority loads in a central business district of a moderate size city in the west part
of the U.S. The microgrid uses hydroelectric generators located near to the critical loads as a
main source of energy with a supplement supply by the photovoltaic installations.
Implementation of the microgrid will require disconnection from the main grid, reconfiguration
to pick up critical loads such as hospitals, a courthouse, a university campus and other facilities,
while shedding non-critical loads. These transitions need to occur while maintaining the

stability of the microgrid. The studies include:

a) Identifying the electrical boundaries of the microgrid and forming a unified model of the

microgrid from data divided into different models in different simulation packages.



b)

d)

g)

h)

11

Analyzing the energy resource potential available to can supply electrical energy to the
microgrid, this includes the analysis of hydro and solar energy potential in the region of the
microgrid and estimating the amount of solar energy that is needed to supply most of the
critical loads based on the capability to generate power.

Organizing the components of the microgrid, and analyzing the historic load consumption
profiles and power generation profiles of the generators to estimate the requirements.
Modeling and simulation of the entire system together in a software package called
Powerworld simulator [26]. This talk includes acquiring the data required from models in
SynerGEE electric simulation software [27], and modeling every significant component of
the microgrid.

Proposing a transition process from grid mode to the microgrid. Analyzing the results and
drawing conclusions on viability of this microgrid. Optimizing power factor by capacitor
sizing and identifying the locations to place them.

Performing forecast study based on the historic profiles and proposing ideas of day ahead
and week ahead scheduling of the microgrid operation.

Steady-state and transient stability analysis of the microgrid model using the dynamic
models suggested by WECC and Powerworld and including the real machine data.

Sizing an energy storage device such as a battery for the microgrid and identifying the
locations to place the battery to improve the microgrid operating conditions.

Performing analysis such as time step simulation, contingency analysis, transient stability
analysis and optimal power solution in Powerworld to identify the feasibility of the

microgrid.
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j) Proposing microgrid controller ideas for the optimal operation and control of the microgrid.
This implementation will be done in the next phase of the sponsored project.

k) Exploring additional simulation software tools that would benefit the microgrid modeling
including validating the Powerworld model with a Real Time Digital Simulator (RTDS)
model.

The costs associated with failure to supply critical loads are significant. The ability to create

a microgrid largely using existing generation assets with only the addition of control devices

can result in significant savings during major events.

The results of the study and microgrid development can potentially be applied to other areas
of the utility system or to other utilities in the region or nation. By locally supplying the power
demand to customers, utilities can decrease system generation and recovery costs during
outages. The application of microgrids can foster the application of clean energy very close the

critical loads.

1.4 LITERATURE REVIEW
1.4.1 Microgrid Overview

Microgrids are a future power-system configuration providing clear economic and
environmental benefits compared to routine expansion of our legacy modern power systems
[28]. The microgrid is a subset or building block of a smart grid. According to the European
technology platform for smart grids [29], a smart grid is an electricity network that can
intelligently integrate the actions of all users connected to it — generators, consumers and those
that assume both roles — in order to efficiently deliver sustainable, economic, and secure
electricity monitoring, control, communication, and self-healing technologies. Microgrids can

provide premium power through the ability to smoothly move from dispatched power mode
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(while connected to the utility grid) to load tracking (while in island mode). The unique nature

of the microgrid design and operation requires a fresh look into the fundamentals [30].

1.4.2 Benefits of Microgrid

Microgrids offer significant benefits for the customers and utility grid as a whole:

They improve reliability and resiliency by introducing the self-healing capability at the
local distribution network level.
They reduce the carbon footprint by reduction in the use of conventional sources of
energy if they are based on renewable energy generation.
They lead to lower cost of operation by reducing the transmission and distribution (T&D)
cost.
The presence of the generation close to the demand reduces the transmission and
distribution line losses.
The utilization of renewable DGs and offering energy efficiency by responding to real
time market prices [3].
Microgrids can also provide additional benefits to the local utility by providing
dispatchable power for use during peak power conditions and alleviating or postponing
distribution system upgrades [31].
1.4.3 Microgrid Architecture
Microgrids are systems that have at least one distributed energy resource, associated
loads, with the ability to form intentional islands in an electrical distribution system [31]. The
initiation of a microgrid is usually caused by operation of an upstream switch or a breaker. The
technologies that support the formation of a microgrid, the availability and cost of installation,

will drive the practical implementation of the microgrids in future. Figure 1-6 shows the
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microgrid components that contains the distributed generation, an interconnection switch,

distributed storage, loads, and possible control systems [31].

Distributed generation (DG) is an approach that employs small-scale technologies to
produce electricity close to the end users of power. DG technologies often consist of modular
(and sometimes renewable-energy) generators, and they offer a number of potential benefits. In
some cases, distributed generators can provide lower-cost electricity and higher power
reliability and security with fewer environmental consequences than traditional power

generators can [32]. The DGs usually have an output range of few kW to 10 MW.
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Figure 1-6 Microgrid and its components [31]

Distributed storage is used to supply the variation between total generation and total
load. The capacity of storage is determined by the net power transfer in one direction over time.
Storage applications can be categorized based on energy density requirements or on power
density requirements [31]. Storage systems enhance the overall microgrid system by stabilizing
the DGs to run at constant and stable output during load fluctuations, reducing emission and

losses; by providing the ride-through capability and in some cases by permitting DG to operate
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as a dispatchable unit. There are many different forms of storage technologies available and a

few of them are discussed in Section 2.3.3.

The interconnection switch in Figure 1-6 is located at the point of common coupling
(PCC) of the microgrid. The switch isolates the microgrid into an island if there is a severe
disturbance or outage on the utility side. In order to accomplish this task, the switch needs to
be monitored and controlled by special protective relaying equipment that can detect the
abnormal situations on the utility side. The control equipment typically includes an islanding
detection scheme, which helps ensure a successful islanding in case of a contingency [33]. To
improve the applicability and functionality, the controls are designed to be technology neutral
and can be used with a circuit breaker as well as faster semiconductor based static switches

[31].

Microgrids can be distinguished from the distribution system based on use of distributed
energy resources (DER) with their controllability, such that a microgrid appears to the upstream
network as a controlled, coordinated unit [8]. The microgrid will have a central controller,
which receives the measurements and inputs from all the components in the microgrid and sends
control instructions to the controllable components. The two basic problems that need to be
addressed in a microgrid are voltage control and frequency/load-generation balance. During
grid-connected mode, when the microgrid is connected to the utility grid, voltage control is the
key issue, and can be managed by central controller with the help of load tap changers and
capacitors. It can also be addressed with a (P/V) droop control solution [34]. When the
microgrid is isolated, which is in islanded mode, frequency control is the main concern, as the

microgrid should have some buffer to ensure initial energy balance. Energy storage will also
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help in this case; the generation and actively managed loads can contribute to balance the system

locally using droop control strategy [8].

The microgrid frequency will not reach the nominal value by using the primary action
of the droop controlled DER. The secondary control will dispatch controllable microsources to
correct the frequency deviation [8]. This leads to the discussion of classes for different control
strategies, one is the centralized control that controls through a master controller and the other
is a decentralized (local) control that relies on local measurements to define new reference
parameters. The centralized control makes decisions by acquiring the information from all the
different entities and estimating the overall state of the microgrid. This also includes
controllable load shedding techniques based on the critical load priorities. The advantage of
local control is that it relies on local measurements, thus avoiding any communication
dependencies leading to jitter or delay. The communication architecture within the microgrid
needs to be well established with the demand control applications. It is advisable to combine

the central and local control schemes where the fast and coordinated response is required.

In some cases, microgrid operation begins with a shutdown and a subsequent black start
of the system using an automated start procedure. It is necessary to ensure that the microgrid is
properly equipped with communication capability, automated switches, adequate protection
equipment, and a central controller that acts as the brain of the microgrid. The sequence of
events that triggers the black start of the microgrid starts with the microgrid status determination
by both upstream and downstream devices checking for faults on either side, and deciding to
switch to microgrid if there is no alternative. Then, the microgrid preparation starts with a signal
to local controller to disconnect all the points of common coupling and non-critical loads. The

DGs with black start capability can be initiated first and then the storage units are connected to
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ensure the microgrid is operating at nominal frequency and voltage under a no-load condition.
The other DGs can be synchronized while ensuring desirable conditions. There should be
coordination between the non-controllable sources and loads to avoid large frequency
variations. Once the utility grid restores, nominal frequency and voltage, resynchronization can

be done.

1.4.4 IEEE 1547 Series Guidelines

The Institute of Electrical and Electronics Engineers (IEEE) Standard 1547 has been a
foundation document for the interconnection of distributed energy resources (DER) with the
electric power system or the grid. It is unique as the only American national standard addressing
systems-level DER interconnected with the distribution grid [35]. Figure 1-7 shows the series
of standards and amendments that came after the initial standard. The complete overview of
the IEEE series of standards in the areas of fuel cells, photovoltaic (PV), dispersed generation,

and energy storage is available in [36].

IEEE Std 1547™(2003 and 2014 Amendment 1) Standard for
Interconnecting Distributed Resources with Electric Power Systems

Interconnection and Interoperability of Distributed Energy
Resources with Associated Power Systems Interfaces

l_{ IEEE Std P1547™(full revision) Draft Standard for ]

IEEE Std 1547.1™(2005) Standard for Conformance Tests
Procedures for Equipment Interconnecting Distributed Resources
with Electric Power Systems

I—‘: IEEE Std P1547.1a™ Draft Amendment 1

—J

IEEE Std 1547.2™(2008) Application Guide for IEEE 1547 Standard for
Interconnecting Distributed Resources with Electric Power Systems

IEEE Std 1547.3™(2007) Guide for Monitoring Information Exchange,
and Control of Distributed Resources with Electric Power Systems

IEEE Std 1547.4™(2011) Guide for Design, Operation, and Integration
of Distributed Resource Island Systems with Electric Power Systems

IEEE Std 1547.6™(2011) Recommended Practice for Interconnecting
Distributed Resources with Electric Power Systems Distribution Secondary
Networks

IEEE Std 1547.7™ (2013) Guide to Conducting Distribution Impact
Studies for Distributed Resource Interconnection

Methods and Procedures that Provide Supplemental Support for
Implementation Strategies for Expanded Use of IEEE Std 1547-2003

[ |IEEE Std P1547.8™ Draft Recommended Practice for Establishing

Figure 1-7 IEEE 1547 series interconnection standards
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The 1547 — 2003 standard states that the DERs need to be disconnected from supplying
the local loads if the power grid they are connected goes down. The reason for this statement is
that it might cause a hazardous situation for any line crew inspecting the faulted lines, and they
may be electrocuted if they are unaware of the DER status. As the DER is a small system when

compared to the entire grid, it will have less inertia and could leads to poor power quality.

However, the 1547.4 — 2011 [37] standard covers intentional islands in electric power
systems (EPSs) that contain DERs. The DER island, which is also referred to as a microgrid is
the term used to describe intentional islands. This standard states that intentional islands or
microgrids can be formed if there are proper controls associated with the microgrid by taking
care of power quality, safety, and technologies like islanding detection, resynchronization etc.

Thus, this standard discusses the guidelines for forming microgrids.

Since the 1547 guidelines [38] were published in 2003, there has been significant
development of new interconnection lessons learned and best practices of implementation in

real world. This led to revision of 1547 standard and approval in mid-2013 [15].

The amendments that support microgrids in the 1547-2003 standards are:

a) With the coordination between the microgrid and area EPS, the microgrid will participate
to regulate the voltage by changes of real and reactive power. The microgrid will not cause
the voltage to go out of ANSI C84.1-2011, Range A [39].

b) If any measured voltage falls in the ranges in Table 1-1 occur, the microgrid will cease to
energize area EPS within the clearing time indicated. With mutual agreement between area

EPS and microgrid, dynamic voltage and clearing time settings will be allowed.



19

c) If any frequency in the range of Table 1-1 occurs; the microgrid will cease to energize the

area EPS within the clearing time. Dynamic frequency and clearing times are permitted

under mutual agreement between microgrid and area EPS.

Table 1-1 Microgrid islanding transition requirements [40]

Clearing Clearing

Voltage Clearing time (sec) Frequency | Clearing | Frequency time (sec)

range (pu) | time (sec) adjustable range (Hz) | time (sec) (Hz) adjustable

up to and up to and

including including

Default settings Default settings Ranges of adjustability
V<0.5 0.16 0.16 >62 0.16 60-64 10
0.45<V<0.6 1 11 £>60.5 2 60-64 300
0.55V<0.8 2 21 <59.5 0.16 to 300 56-60 300
1.1SV<1.2 1 13 <57 0.16 56-60 10

V=>1.2 0.16 0.16

The resynchronization of the microgrid to EPS can be performed by maintaining the following

requirements [41]:

a) EPS and microgrid voltage magnitude is within the range B of Table 1 of

ANSI/NEMA C84.1-2011, 1.e. 0.95-1.05 per unit [39].

b) EPS and microgrid frequency between 59.3 Hz to 60.5 Hz.

c) EPS and microgrid conditions are maintained continuously for at least 5 minutes.

The IEEE 1547.4 — 2011 guidelines suggest important considerations that need to be considered

while forming a microgrid, they are: [37]

i.  Changes in power flow magnitude and direction

ii. Proper control of voltage, frequency and power quality

iii. How many point of common coupling (PCCs) exist

1v. Protection schemes and coordination modifications
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v. Monitoring, information exchange and control (MIC)
vi. Load requirements of the area or local EPS that will be islanded
vii. Characteristics and functionality of the DRs
viii. Steady-state and transient conditions
ix. Interactions between electrical energy sources
Xx. Reserve margins, load shedding, and demand response
xi. Cold load pick up
A transition to island mode or microgrid mode can be a result of a scheduled event or
unscheduled events. Scheduled transitions are intentional and the duration of the planned island
properly managed. Unscheduled transitions are inadvertent events that are typically initiated by
loss of the area EPS. The transition will be managed by an island interconnection device (IID),
and protective relays. The microgrid needs to able to support the system voltage and frequency
after the transition. It needs to be able to supply real and reactive power requirements of the
loads within the island and serve the range of load operations by having a margin that is a
function of the load factor. Voltage regulation equipment needs to be modified to meet the
requirements of the microgrid. One of the generation resources can be operated outside the
IEEE 1547 standards to assure the voltage and frequency stability in the microgrid. There
should be proper monitoring to understand the status of the island. Adaptive relaying may be

implemented [37].

When a microgrid is planned, the following information needs to be collected [37].

1. Site survey, location, size and configuration of capacitor banks, voltage regulation

equipment, reactors, protective and sectionalizing equipment, and transformers.
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ii. Load characteristics, generation characteristics including fuel source and black start
capability

iii. Abnormal voltage and frequency ride-through capabilities, grounding of the system,
impedances model, voltage regulation, protection scheme and automation scheme.

iv. Acceptable voltage, frequency and harmonic range (normal and transient), maximum
acceptable rate of change of frequency, acceptable dynamic stability limits and
imbalance level of voltage

v. Ratings and types of switching devices, protection equipment and settings, and
provision for future expansion

1.4.5 IEEE 2030 Guidelines

The technology advancements and development of advanced Distributed Energy
Resources (DER) grid operations and control functionalities are surpassing the requirements in
current standards and codes for DER installations and interconnection with the distribution grid
[35]. Interoperability is the capability of two or more networks, systems, devices, applications,
or components to externally exchange and readily use information securely and effectively [42].
Smart grid interoperability provides organizations the ability to communicate effectively and
transfer meaningful data, even though they may be using a variety of different information
systems over widely different infrastructures, and sometimes across different geographical
regions [43]. In addition to the IEEE 1547 standards, the smart grid interoperability and
associate interfaces will come from IEEE standard 2030 [42]. Figure 1-8 shows the definition

of interoperability (IEEE 2030) and graphically depicts the interoperability focus areas.

Interconnection and intra-facing frameworks and strategies with design definitions are

addressed in this standard, providing guidance in expanding the current knowledge base. This
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expanded knowledge base is needed as a key element in grid architectural designs and operation

to promote a more reliable and flexible electric power system [36].

Electric Power
Electricity adequacy and

device interconnections
e.g., how electricity moves and
devices interconnect

Smart Grid
Interoperability

Communications 7= Information
Data, facts,
and knowledge
e.g., what information
, moves and how

information is organized

Exchange of information —N
e.g., how information moves
and
how devices communicate

d

Figure 1-8 Smart grid interoperability: the integration of power communications, and

information technologies [42]

Smart grid interoperability is usually associated with the following:

» Hardware/software components, systems, and platforms that enable machine-to-machine

communication to take place.

* Data formats, where messages transferred by communication protocols need to have a well-

defined syntax and encoding.

* Interoperability on the content level; a common understanding of the meaning of the content

being exchanged [43].
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Figure 1-9 shows the series of standards published under IEEE SCC21 (Standards Coordinating
Committee on fuel cells, photovoltaics, dispersed generation, and energy storage) [36] or in

development.

IEEE Std 2030 (2011) Guide for Smart Grid
Interoperability of Energy Technology and
Information Technology Operation with the
Electric Power System (EPS), and End-Use
Applications and Loads

IEEE Std P2030.1 Draft Guide for
Electric-Sourced Transportation
Infrastructure

IEEE Std P2030.2 Draft Guide for the
Interoperability of Energy Storage
Systems Integrated with the Electric
Power Infrastructure

1EEE Std P2030.3 Draft Standard for
Test Procedures for Electric Energy
Storage Equipment and Systems for
Electric Power Systems Applications

Future Smart Grid Interoperability
Standards (TBD)

. w

Figure 1-9 IEEE SCC21 2030 series of smart grid standards

1.5 ORGANIZATION OF THIS THESIS

Chapter-1 of this document introduced the problem statement and the proposed solution
to overcome the problem. After defining the microgrid and its existence, the chapter described
microgrid project implementations and potential future growth. Then, a literature review talked
about the concepts for microgrids and discussed development in recent times along with the
technologies involved, followed by discussion of relevant IEEE standards to increase the

penetration of microgrids.

Chapter-2 contains the characteristics of the model of the proposed microgrid, the

electrical boundaries for the microgrid along with energy resource models. The different
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components that can build a microgrid are discussed in detail. The components include power

generation resources, electrical loads, energy storage devices, and the microgrid controller.

Chapter-3 discusses the modeling of the microgrid, the simulation software tools used
(Powerworld, SynerGEE electric, and Real Time Digital Simulator (RTDS)) to build the model
and how the each component is modeled in those software packages. It includes the procedure
involved in importing the data from the different programs and lists all the parameters used in

the microgrid model.

Chapter-4 discusses the simulation results from the microgrid models and the analysis
that is involved in operation and control of the microgrid. The ideas proposed to operate the

microgrid are presented in this chapter along with the microgrid planning and control aspects.

Chapter-5 contains conclusions and future work, including proposed ideas that are

useful for the implementation of the microgrid.

Appendix-A contains the example of a Powerworld auxiliary file and Appendix-B
contains the calculations involved in generator capability-curve modeling. Appendix C presents

a Java program for generating Powerworld auxiliary files.
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CHAPTER 2. CHARACTERISTICS OF THE PROPOSED MICROGRID

This chapter discusses the study system considered for the modeling and it describes
how the various components of the microgrid are modeled and how each contributes towards
the final system model. A moderate sized city in western region of the US plans to establish a
microgrid. The city is located near a river with two hydroelectric generation facilities supplying
power to the regional power grid. This microgrid is unique since it will be predominantly
supplied by hydro generation that is close to the critical loads within the microgrid. The model
data was acquired from the local utility serving the region. The existing network has smart
meters installed for part of the microgrid, which record the hourly load and generation metering
information, and which is available for analysis. This data is very useful for understanding the
behavior of the loads and generation over different seasons over the year. This study model the

different components of microgrid based on the definition of electrical boundaries.

2.1 ELECTRICAL BOUNDARIES OF MICROGRID

Figure 2-1 shows a one-line diagram of the transmission network within the city and including
the scope of the microgrid. Normally, a significant amount of power comes from the 500kV
line shown in the Figure 2-1; which is stepped down to 230kV and further to 115kV at
substation 10 and substation 9. The 115kV transmission network connects to various
substations with circuit breakers at each substation, which can be operated remotely. It is
important to define the electrical boundaries of the microgrid before modeling the system, as it
needs to be isolated from rest of the power grid by opening breakers at the Points of Common
Coupling (PCCs). Substations 1, 2, 3, and 4 are identified as boundaries in the system model,

which are normally supplying most of the critical loads in microgrid from external generation.
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Breakers B1, B7, B8, and B13 shown in Figure 2-1 will be opened when there is an external

contingency requiring formation of a microgrid, with two hydro generators located at substation

2 and photovoltaic sources distributed all around the microgrid area.
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Figure 2-1 Transmission network around the area of microgrid (The microgrid boundary is

marked)

2.2 ENERGY RESOURCE MODELS

Two important renewable energy resources in the region of microgrid are available for

power generation in microgrid. They are hydroelectric energy and solar energy. The water flow

in the river affects the generation from the hydro generators. In the same way, the seasonal and

daily variation of solar irradiation in the region will have impact on the power generated through

solar panels. The hydro and solar energy potentials of this region are first analyzed to determine

the possibility of microgrid to supply critical loads in the area of interest. The critical loads in

the area of interest are the city courthouse and jail, several hospitals, a university campus area
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and the downtown business district. Details of these loads and priority of them will be discussed

in section 4.2.

2.2.1 Hydro Energy Potential

The United States Geological Survey (USGS) database [44] provides data on the water
flow of the river where the hydro generation facilities are located. Figure 2-2 shows the monthly
average discharge of water measured in cubic meters per second averaged over a period from
1891-2016. Analyzing this data shows that the water flow is high enough to generate maximum
generator nameplate generation only during few days in winter and spring. In summer and fall
seasons, the river has less capacity to generate power, as the water flow is low. However, solar

energy has some potential to supply more energy during that time.
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Figure 2-2 Monthly average river discharge from 1891 — 2016

2.2.2 Solar Energy Potential

The National Renewable Energy Laboratory (NREL) [45] has records of a solar
radiation incident at sites across the United States using three different types of photovoltaic
collectors. The three different types of photovoltaic collectors are flat plate collectors facing
south at a fixed tilt, 1-axis tracking flat plate collectors that tilt along with a north south axis,
and a 2- axis tracking flat plate collectors that also track east to west. The solar energy is

measure in kWh per square meter of collector per day. Figure 2-3 shows the solar radiation data
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averaged over a period of 30 years from 1961-1990. It is evident from the data that solar energy
potential is high during summer and early fall seasons. Photovoltaic generation can compensate
for the low water availability during these seasons, if there is sufficient installation of

photovoltaic cells along with proper controls.
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Figure 2-3 Solar radiation average in the city for 30 years

2.2.3 Solar Energy Estimation for Potential Sites

The National Renewable Energy Laboratory (NREL) developed a tool called the
PVWatts Calculator, which is freely available [46]. The tool estimates the amount of solar
energy that the rooftop of a building can supply if photovoltaic cells were installed all over it.
The roof top area of building housing the critical loads in this study was estimated with the help
of this tool to understand the potential solar energy generation. Figure 2-4 shows the estimated
solar energy in kWH per year from the different critical loads in the microgrid. This is an
estimation, not to be confused with the installed capacity. Analyzing the data shows that there
is very good potential of solar energy (10.3 MW installed DC capacity) [47] during summer

and fall from these buildings.
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Figure 2-4 Photovoltaic energy generation estimation from critical load roof tops

2.3 COMPONENTS OF A MICROGRID
The microgrid contains mainly four main types of components as shown in the Figure
2-5. There are power generation sources, electricity consuming devices, energy storage devices,

and a microgrid controller or controllers. Transmission or distribution lines and transformers

interconnect the main components.

e
e i Generator (
[9)

Wind
Turbine

Battery

Solar
Photovoltaics

Controls

Load

Figure 2-5 Typical microgrid components
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2.3.1 Power Generation Resources

The most important components for operating the microgrid are the power generation
resources. They can be any type of conventional and non-conventional generation source. In
this study system, there are two hydro generators, which contribute the major proportion of the
power supply. The two hydro generators are run-of-the-river plants that are located on a river
flowing through the downtown of the city. The two generators have name plate ratings of
10MW and 15MW respectively under maximum water flow conditions in the river. These two
hydro generators are synchronous machines having a static exciter, governor and along with a
black start capability. However, one of the generators is an older machine and it needs a few
enhancements in the governor controls. Figure 2-6 [48] shows generator systems and their

associated controls for the hydroelectric power plants.

The Automatic Generation Controller (AGC) ensures that the frequency and voltage of
the entire system is stable and real and reactive power flows are maintained. [49] This control
system is associated with the generators, which is different from the microgrid controller that

communicates with this. The two generators in the study system are driven by two different
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Figure 2-6 Generation controls block diagram
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types of turbines, one is Francis turbine and the other one is a Kaplan turbine, which are chosen

based on several other location-based constraints.

A. Analysis of Annual Generation Capability

The metering data from the two generators is acquired for three years (2013-2015). It is
further analyzed to produce hourly averages of the generation for four different seasons.
Typically, load profile analysis is done by taking two seasons (i.e.) summer and winter as they
tend to have varying behavior of loads and generation in case of a large power system. In case
of this microgrid, which rely more on hydro energy and partially on solar energy, the water
flow in the river and solar intensity determine the capability to generate power. It is good to
have analysis based on four different seasons. A tool called Energy Charting and Metrics
(ECAM) [50] is utilized to analyze these generation profiles and compare them to the demand
for the critical loads. The three-year average of hourly load profile of critical loads for the same

period is entered in the tool.

The tool generates a 24-hour average of four different seasons with each hour averaged
over the season. Figure 2-7 and Figure 2-8 show the real power average of generators 1 and 2
which are to be used in the microgrid. Their output is nearly constant over a given 24-hour
period when supplying the entire power grid. The power generation of these generators reduces
considerably during summer and in early fall, whereas they generates almost their maximum
during spring and winter, potential can be observed in the plots. Figure 2-9 shows the generation
profile of solar energy potential for 24-hour period in four different seasons based on NREL
data. The solar energy is available only some parts of the day, and it varies with the season that
can be observed in the Figure 2-10 shows the combined generation profile of the averaged

output of two hydro generators over the last three years plus the solar energy potential.
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2.3.2 Electrical Loads

The electricity consuming devices in a microgrid are typically the electrical loads. There
are many different types of loads based on the application but they can be aggregated by
lumping them at interconnection point. The utility does not have detailed knowledge of what
constitutes each customer load. However, they do have records from metered data over time.

This study will characterize loads based on extrapolations from past metered-data.

The generation capability is limited within microgrid due to weak sources when
compared with the power grid. Therefore, it is important to identify the loads that can be
supplied within the microgrid based on the available generation resources. There should also
be a distinction between the critical and non-critical loads. The non-critical loads will be shed
during the microgrid operation to stay with generator capability. There are 9 critical loads
identified, those having ability to disconnect based on criteria from the sponsor. The set of
critical loads in this study system contain hospitals, a university, government buildings and a
few other important loads. The metering data acquired from utility for the past three years was
used to model each critical load. Energy Charting and Metrics (ECAM) tool is utilized to
analyze the load profiles of critical loads based on data from a three-year average of hourly load
profile of critical loads. The tool generates an hourly average of four different seasons with
each hour averaged over the respective season. Figures 2-11 to 2-19 shows the load profile of
9 critical loads within the microgrid study system. It can be interpreted from the data that the
load varies with the time of day and the peak maximum demand is during the late afternoon
hours. This behavior varies for each critical load based on different usage and applications. The
demand for power is more during summer, then followed by spring, and then fall and winter

for these particular critical loads. Most of the critical loads follow similar behavior.
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Figure 2-19 Critical load-9 profile averaged over a 24-hour period in 4 seasons

The loads profiles are loaded into Powerworld auxiliary files to represent the varying
conditions. The auxiliary file changes the model parameters for different scenarios as will be
discussed in Chapter-4. The system planning is done by considering the worst-case situations
in a power system over the course of the year. In order to accommodate that analysis, the peak
high and low values of each critical load and each of the generators is recorded along with these
24-hour profiles. There are eight different load and generation values used in four different

seasons, each having a high and a low value.

2.3.3 Energy Storage Systems

Energy storage can play a vital part in microgrids, especially ones that are generation
limited. Energy storage systems enhance flexibility in power generation, delivery, and
consumption. It provides utility grids with several benefits and large cost savings [3]. The

presence of energy storage system will enable microgrid to regulate its voltage and frequency.
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There are currently many options in terms of storage media, each with unique characteristics.

Figure 2-20 shows the different energy storage technologies available in the market as of 2011

and their position in terms of discharge time at rated power, system power ratings, and potential

application [51].
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Figure 2-20 Positioning of energy storage technologies in 2011 [51]

Figure 2-21 shows the worldwide installed storage capacity as in 2011, it is interesting

to know that 99% of the existing energy storage installations are of pumped hydro facilities.

However, there are many new installations of battery taken place in the state of California in

the US recently. The technological advancements and increased integration of distribution

energy resources are driving the utilities and researchers to install new storage.



41

Worldwide installed storage capacity for electrical energy

Compressed Air Energy Storage
440 Mw

Pumped Hydro

) Sodium-Sulfur Battery
316 MW

® Lead-Acid Battery
~35 MW

1275000 Mwe! s Nickel-Cadmium Battery

27 Mw

= Flywheels
=25 MW

o Lithium-lon Battery
~20 MW

+ Redox-Flow Battery
Source: Fraunhofer Institute, EPRI <3 MW

Figure 2-21 Worldwide installed storage capacity for power by technology in 2011 [51]

Table 2-1 summarizes the capital costs, operation and maintenance (O&M) costs,
efficiency, and few other parameters such as Technical Readiness Level (TRL), Manufacturing
Readiness Level (MRL) [52]. TRL -1 represents a technology still at basic level, while TRL-9
indicates the system is ready for deployment. The same applies with MRL as well [52]. The
costs estimated below are according to data acquired in 2011 and the data in parenthesis
represents the estimated cost in 2020. Chemical storage in the form of batteries is the most
popular and frequently used method of energy storage. There are different chemistries of
batteries available, among which, flow batteries and normal cell batteries are the most
commonly applied ones. Other technologies such as flywheels and compressed air energy
storage (CAES) are highly efficient but they are currently expensive and occupy a large volume
for installation in the case of CAES. Therefore, they are not studied for this microgrid

application.



Table 2-1 Capital costs for different battery technologies [52].
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Note: Values are for 2011 technologies and the estimate for 2020 is in parenthesis

Na-S Li-ion . Demand
Parameter Batter | Batter Pumped Combqstlon Respons | CAES | Flywheel Redox Flow
. . Hydro Turbine . Battery
Technology 7 7 9 9 6 8 7 6
readiness level
Manpfacturmg 6 6 7 10 2 7 5 5
readiness level
Battery
Capital cost (‘2‘;5)) (1501000) 10 3 (ﬁg) 215 (131)
($/kWh)
System
Capital cost (ggg) 1009 (990) | 620 (1805000) (1621707) 1111 (775)
($/kW)
Power
conversion (fgg) (??8) 220 (150)
system($/kW)
Balance of 85 85
plant (SkW) | (50) | (50) 8560) 8560)
O&M fixed
($/KW-year) 3 3 4.6 10.24 7 18 39.5(5)
O&M variable
(cents/kWh) 0.7 0.7 0.4 0.9 0.3 0.1 0.1
Round-trip
. 0.78 0.8 0.81 0.315 0.5 0.85 0.75
efficiency

The storage method selection for a microgrid application depends on many different factors.

Some of those factors that can be used for optimization are [53].

a) Reliability — the ability of the system to meet the load at all times over several years

b) Efficiency — turnaround efficiency of the storage device itself and the ability to

minimize overall system losses

c) Technical maturity — the commercial availability at the time of proposed installation

and proven reliability of the technologies used

d) Life span — the estimated length of the time that the system will be able to operate
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e) Environmental impact — the impact that each component and overall system will have
on the surroundings from manufacture to disposal.
f) Space considerations — it is difficult for the utility to find a right place to install
storage devices [54]
Looking at different technologies available at the time of this writing, the Sodium Sulfur
(Na-S) batteries have advantages of high operating life, high output capacity, faster response
time and compact size. They work well over a pattern of daily discharge and charge. Another
factor that needs to be considered while choosing and sizing the battery is Depth of Discharge
(DOD). It is advantageous to size the battery more in order to reduce the DOD requirements
that improves the battery life [52]. Na-S batteries have an estimated lifespan of 2500 cycles for
a DOD of 100%, 4500 cycles for a DOD of 90% and 6500 cycles for a DOD of 65%.
Disadvantages of this battery are the reduction in the efficiency while maintaining the
temperature at 300°C and cost. The identification of location and optimal sizing of this battery

will be discussed in Chapter-4 in detail.

Having a battery in the microgrid will help to supply additional critical-loads during
peak hours by storing the surplus energy generated during load off peak hours. In addition to
that, the energy storage also can provide many advantages in grid-connected mode. A few of
the advantages are, savings in terms of power bought during the peak hours, improving power
quality in case where variable renewables are connected to the grid and providing emergency

power to critical loads.

2.3.4 Microgrid Controller
The microgrid controller is the most important component of a microgrid; it controls

every component of the microgrid by making real time decisions based on the data acquired
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and allows the microgrid to operate separately from the microgrid. The growing acceptance and
degree of proliferation of the microgrid in the utility power industry is determined by the growth
of microgrid controller capabilities and the operational features [55]. The microgrid controller
receives the data acquired from different agents in the microgrid through the Supervisory
Control and Data Acquisition (SCADA) system. The controller makes the decisions of load
shedding, generator shedding, frequency control, and voltage balance. It also takes care of
islanding detection and grid resynchronization. The controller must be designed in such a way
that it can handle any abnormalities that might occur either in the grid connected mode or the
islanded mode where it operates in tandem with the utility operating center. The microgrid

controller model proposed for this microgrid is discussed in detail in Chapter-4.
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CHAPTER 3. MODELING OF THE MICROGRID

A validated model of the microgrid needs to be developed in prior to performing
analysis. At the start of the project, the generation, transmission and distribution systems in the
microgrid footprint were modeled in different simulation packages. The generators and
transmission lines were modeled in Powerworld as part of the larger WECC transmission
model. The distribution network supplying part of the critical loads was implemented in a
separate, disconnected Powerworld model. The remainder of the distribution network was
modeled in SynerGEE. A model representing the microgrid as a single system was

implemented in Powerworld by acquiring the data from these three different models.
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Figure 3-1 SynerGEE Electric simulation software overview
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Figure 3-1 shows the block diagram representing the electrical boundaries of the
microgrid shown as Point of Common Coupling (PCC). It also shows the generation resources,
critical loads, power lines, substations. Further information about the model is discussed in
section 3.3. The model contains an 115kV transmission network and a 13.2kV distribution
network. The 13.2kV distribution network feeds the critical loads through different feeders,
which connects to critical load by stepping down the voltage to 480V through distribution

transformers.

3.1 SIMULATION SOFTWARE USED TO COLLECT MODEL DATA
There are three different simulation software packages used in this model are described

in the following sections

3.1.1 Powerworld Simulator

The Powerworld simulator is an interactive power-system simulation package designed
to simulate steady-state and dynamic high-voltage power system operation ranging from
steady-state to several days. The software contains a highly effective power-flow analysis
package capable of efficiently solving systems of up to 250,000 buses [26]. It has many features
that are very useful in terms of planning. Its features include interactive animated diagrams,
contingency analysis, geographic information systems (GIS), time step simulation, contoured

displays and transient stability analysis.

3.1.2 SynerGEE Electric

The SynerGEE electric electrical simulation software package models and analyzes
power distribution systems in a spatial environment in full detail from the substation to the
customer. SynerGEE provides the flexibility to model power distribution systems over a 10-

year period down to the second on radial, looped, and mesh network systems on multiple
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voltages and configurations [27]. It has many features that are mainly useful for distribution
planning including distributed generation and PV modeling, modeling of storage and battery
control schemes, transformer load management, weather modeling, motor and flicker analysis,
fault location and fault sequence analysis, arc flash hazard analysis, volt/ VAR optimization,
and power quality and harmonic analysis. The SynerGEE version used cannot model non-radial
systems, which is the reason a portion of the distribution network in study system is modeled

in Powerworld.

3.1.3 Real Time Digital Simulator (RTDS)

The Real Time Digital Simulator (RTDS) consists of custom hardware and software,
specially designed to perform real time ElectroMagnetic Transient (EMT) simulations. It
operates continuously in real time with time steps down to 50us while providing accurate results
over a frequency range from DC to 3 kHz. This range provides a greater depth of analysis than
traditional stability or load flow programs, which study phenomenon within a very limited
frequency range. The RTDS simulator’s digital parallel processing hardware is capable of
simulating complex networks with hardware in the loop using a typical time step of 50us. RTDS
technologies proprietary software, designed specifically for interfacing to the RTDS simulator

hardware, is called RSCAD [56].

3.2 ACQUIRING DATA FROM SYNERGEE FOR IMPORT TO POWERWORLD
Sponsor had the entire distribution system currently modeled in SynerGEE Electric
simulation software. As the microgrid model was to be developed in the Powerworld simulator,
the model data needed to be transferred to Powerworld. Figure 3-2 shows the screen shot of
SynerGEE Electric with a sample model. The colored solid lines represent the overhead feeders

and colored dotted lines represent underground cables. Each feeder will have a starting node
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and the entire feeder is divided into several sections having section IDs, which are joined
together at nodes represented by node IDs. This sample model has many devices such as smart
switches, capacitor banks, voltage regulators, and loads with smart meters. The loads are
modeled on three different phases of a feeder. This software also has a Geographical
Information Systems (GIS) capability that maps the circuit diagram to physical locations. The

capability also aids in determining the feeders supplying the critical loads.
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Figure 3-2 Sample feeder in SynerGEE

The critical loads that are supplied in microgrid are mostly situated at the end of feeders
in the model. Feeder sections typically contain two mid-line breakers and an air switch in series

with critical loads. The switches will not be much of a help in load shedding for microgrid
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operation as they need to be remain as normally closed in order to supply critical loads. There
are many non-critical lateral loads along the feeders supplying the critical loads. Some are
connected through fuses and others have smart switches (remotely operated) to isolate them.
The laterals loads need to be disconnected in case of a microgrid operation to stay within
generator capabilities. The lateral loads are aggregated and modeled in Powerworld simulator
with a circuit breaker to isolate them. The model includes lateral loads to study the impact of
additional load including how they influence the frequency balance in case of excessive
generation. Figure 3-3 shows an example of the configuration of the feeder sections in

SynerGEE and an equivalent bus based model in Powerworld.

From SynerGEE Lateral loads
«—
Mid Line breaker < - Mid Line breaker
] ‘ [al | I
L1 || L
— — Air Switch
—

Lateral loads

In Powerworld

Bus1 Bus 2 Bus 3
Breaker
Aggregated Aggregated Aggregated
load 1 load 2 load 3

Figure 3-3 Modeling in Powerworld from SynerGEE data

The line parameters include resistance, reactance, capacitance, and line-loading limits

are recorded and aggregated to model in Powerworld.
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3.3 MODELING IN POWERWORLD

The data acquired from the three different models implemented in the different software
packages is organized to build the microgrid model in Powerworld. Figure 3-4 shows the final
Powerworld model. The model defines the electrical boundaries and identifies the four
substations that are close to the critical loads. The microgrid model contains 115kV
transmission lines interconnecting the four substations and 13.2kV distribution lines that are

supplying the critical loads. More information about the modeling strategy is discussed below.

3.3.1 Line Parameters

The line parameters, such as positive sequence resistance and reactance and zero
sequence resistance and reactance, were collected from three different models as discussed
earlier. The resistance and reactance are expressed in per unit in terms of common base values
(Sbase=100MVA and Vpase=13.2kV). Base conversion is done for the distribution parameters

acquired from the partial distribution network Powerworld model.

Table 3-1 Line limits of the conductors

Three phase MVA
Feeder Summer Summer Winter Winter
section continuous (A) | emergency (B) continuous (C) emergency (D)
Lines
Section-1 10.3 10.3 12.5 12.5
Section-2 11.0 11.0 12.5 12.5
o Section-3 10.3 10.3 15.3 15.3
Distribution -
lines Section-4 3.7 3.7 4.2 4.2
Section-5 2.8 2.8 3.2 32
Section-6 3.7 3.7 4.2 4.2
Section-7 11.0 11.0 12.5 12.5
o Section-1 119.7 119.7 176.5 136.4
Transmission .
lines Section-2 189.2 189.2 189.2 189.2
Section-3 159.4 159.4 180.7 164.9




Table 3-2 Positive sequence and negative sequence line parameters of the microgrid

Per unit values TL1 TL2 TL3 DL1 DL2 DL3 DL4 DL5 DL6 DL7
Series 0.00017 | 0.00016 | 0.00189 | 0.94394 | 0.5308 | 0.703791 | 0.626199 | 0.21873 | 3.7123 | 0.629478
Resistance (R)
Positive Series 0.00142 | 0.00126 | 0.00799 | 0.56205 | 0.14944 | 0.990639 | 0.83715 | 0.46565 | 1.9759 | 0.246408
sequence | Reactance (X)
Sh}lnt 0.00612 | 0.00773 | 0.00931 NA NA NA NA NA NA NA
Charging (B)
Series 0.000425 | 0.0004 | 0.004725 | 1.00641 | 0.15408 | 1.345629 | 1.1733 | 0.54576 | 3.9983 | 0.633648
Resistance (R)
Zero Series
0.00355 | 0.00315 | 0.019975 | 0.73978 | 0.48084 | 2.911599 | 2.50797 1.46352 | 2.9122 | 0.246628
sequence | Reactance (X)
Sh}lnt 0.00612 | 0.00773 | 0.00931 NA NA NA NA NA NA NA
Charging (B)
Table 3-3 Line types and their locations
Line type From end To end Line type From end To end
TL1 Transmission line Sub-1 Sub-4 DL3 Distribution line Sub-4 Critical load-3
TL2 Transmission line Sub-1 Sub-2 D14 Distribution line Critical load-3 Sub-2
TL3 Transmission line Sub-1 Sub-3 DL5 Distribution line Sub-2 Critical load-2
DL1 Distribution line Sub-1 Critical load-1 DLé6 Distribution line Sub-2 Critical load-6
DL2 Distribution line DL7 Distribution line Critical load-6 Sub-1

IS
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The line limit is the ability of the conductor to carry the current. Powerworld has the
ability to define eight different line limits (A through H) corresponding to four different
seasons. Each season has a continuous rating (normal conditions) and emergency rating
(contingency conditions). The line limits are expressed as three phase MV A limits. Table 3-1
shows the limits for summer and winter. The lowest ratings from these two seasons are used
for the other two seasons. Table 3-2 and Table 3-3 shows the line parameters of transmission
lines (115kV) and distribution lines (13.2kV) involved in the model. The distribution lines in

the model has negligible shunt charging effect, therefore they are neglected.

3.3.2 Generator Modeling

The system includes two hydroelectric generators along with another generator
representing the solar generation. Generator-2 (15MW) has better generation controls installed
onsite than is the case for generator-1, so generator-2 is connected to the slack bus (swing
machine) in this model. The generators are set with the maximum and minimum real and
reactive power limits. The generator machine, governor and exciter models are included for the
transient stability studies on this system. The generator-2 machine parameters are available
from the tests conducted by utility in the machine, whereas generator-1 data is not available and

approximations are made while loading the generator-1 parameters.

A. Machine model

Once the key information about the generators is gathered, two hydro generators were
configured with ‘GENTPJ’ dynamic machine model with Gen-2 implemented using the
parameters of the real machine. The Gen-1 parameters were not known, so the model

parameters were chosen to be close to a real system. Figure 3-5 shows the block diagram of the
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GENTPJ machine model [26]. More information about these models is provided in reference

[57]. The reference [58] suggest using ‘GENTPJ’ machine models for stability studies.
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Figure 3-5 Block diagram of GENTPJ machine model [26]
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Table 3.2 shows the parameters entered into the Powerworld model for the GENTPJ

machine models of Gen-1 and Gen-2.

Table 3-4 GENTPJ machine parameters used to model Generator-1 and 2

Parameter Description Generator-1 Generator-2

Tao Transient d-axis time constant 5 5
Tao Subtransient d-axis time constant 0.035 0.03
Tqo Transient q-axis time constant 0 0
Tqo Subtransient g-axis time constant 0.05 0.05

H Inertia constant 1.5 1.75

D Turbine damping factor 0 0

X4 Synchronous reactance 1 0.9

Xq Q-axis synchronous reactance 0.4762 0.6
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Xd Transient reactance 0.2 0.293
Xq Q-axis transient reactance 0.4762 0.6
Xd Subtransient d-axis reactance 0.1714 0.268
Xq Subtransient g-axis reactance 0.18 0.268
X Stator leakage reactance 0.1429 0.23
Sy Saturation factor 0.1 0.2
Si2 Saturation factor 0.2 0.55
Ra Stator resistance 0
Reomp Excitation compensation resistance 0
Xcomp Excitation compensation reactance -0.06
Accel Model acceleration factor 0.4 0.5
Kis Current saturation factor 0.02 0.06

The parameters for generator-2 were acquired from the sponsor from a generator study

completed on this machine as a part of routine WECC testing. Gen-1 did not have any study

done since none was required for WECC due to its lower MV A rating, so typical parameters

are assumed close to ones as shown in the Table 3-4.

B. Exciter model

The exciter provides DC excitation current that in turn will produce the magnetic field

within the generator. The exciters of two generators in the study system are static exciters. The

static exciters each have an AC/DC converter that supplies DC field current. The study system

used the exciter EXST4B (IEEE Type ST4B) excitation system model. Figure 3-5 shows the

block diagram of the model.

Table 3-5 shows the parameters entered into the Powerworld model for the EXST4B

exciter models of Gen-1 and Gen-2. The same models are used for both the machines.
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Figure 3-6 Block diagram of EXST4B exciter model [26]
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Table 3-5 EXST4B exciter parameters used to model Generator-1 and 2

Parameter Description Values | Parameter Description Values
T: VOl.t age transducer 0 VimMax FVR max signal 1
time constant
Kopr AVR P;Z?ﬁrtlonal 16 VmMin FVR min signal -0.87
Kir AVR integral gain 16 K¢ FVR feedback gain 0
T, AVR filter time 0.02 K, PPT secondary 343
constant voltage factor
Vemsx | AVRmaxsignal | 1 | ThetaPDeg | I owntialsource 0
phase angle
Vimin AVR min signal -0.87 K Current source gain 0
Kom FVR proportlonal 1 Ke Rectifier regulation 015
gain factor
. . Potential source
Kim FVR integral gain 0 Xl leakage reactance 0
VbMax PPT voltage limit 99
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C. Governor model

The governor controls the speed of the machine and thus maintains the output frequency.
Any frequency changes are fed back to the governor, which takes corrective actions to bring
the frequency to the normal state. Since the sponsor does not have good governor models, the

HYGOV model is chosen to represent the governors in the study system. Figure 3-7 below

shows the block diagram of the model.
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Figure 3-7 Block diagram of HYGOV governor model [26]

Table 3-6 shows the model parameters used for the HYGOV model in Powerworld.

Reference [48] talks about determining the parameters used in the HYGOV governor model.



Table 3-6 HYGOV machine parameters used to model Generator-1 and 2
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Parame

Param

Description Values Description Values
ter eter
Rperm | Permanent droop (R), p.u. 0.04 Gvi Nonlme;r&ga; point I, 0
Nonlinear gain point 1,
Riemp Temporary droop (r), p.u. 0.3 Pgvi p.1L. power 0
T: Washout time constant, s 5 Gw2 Nonlinear gain point 2, 0
p.u. gv
T Filter time constant, s 0.05 Pgv2 Nonlinear gain point 2, 0
p.u. power
Ty Gate servo time constant, s 0.5 G Nonlinear gain point 3, 0
p.u. gv
Vet Maximum gate velocity, 02 Pevs Nonlinear gain point 3, 0
p.u./s p.u. power
Maximum gate opening, Nonlinear gain point 4,
Gmax 1 Gv4 0
p.u. of mwcap p.u. gv
Minimum gate opening, Nonlinear gain point 4,
Gmin 0 P gv4 0
p.u. of mwcap p.u. power
T, Water 1nertia time constant, 1 Gus Nonlinear gain point 5, 0
S p.u. gv
Ay Turbine gain, p.u. 1.2 Pgys Nonlinear gain point 5, 0
p.u. power
Dust Turbine damping factor, 05 Huon Head available at dam, 1
p.u. p.u.
No-load flow at nominal Kaplan blade servo
Cn head, p.u. 0.05 Bevo point 0, p.u. 0
Tur Not used 0.5 Bgvi Kaplap blade servo 0
point 1, p.u.
Th Lead time constant, s 0 Bgw2 Kaplag blade servo 0
point 2, p.u.
Tup Lag time constant, s 0 Bgv3 Kaplap blade servo 0
point 3, p.u.
db, Intentional deadband width, 0 Bawt Kaplap blade servo 0
Hz point 4, p.u.
E Intentional deadband 0 B Kaplan blade servo 0
P hysteresis, Hz gv> point 5, p.u.
b Unintentional deadband, 0 B Maximum blade 0
? MW e adjustment factor
Gua Nonlinear gain point 0, p.u. 0 Tojade Blade servo time 100
gv constant, s
Peso Nonlinear gain point 0, p.u. 0 Toe NA 0

power
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a) Frequency Droop Control

Droop is defined as a decrease in the generator speed setting at the load increases [34].
Droop is expressed as a percentage of the original speed setting from no load to full load. The
normal recommended percent of droop is 3% to 5%. A minimum of 2.5% is required to maintain

stability in a speed-droop governor [34].

No load Speed—Full load Rated Speed

%Droop =
p Full Load Rated Speed

*100 (3.1)

There will be an overshoot in the speed managed by governor if the droop settings are not set.
The speed setting of the governor will be reduced if the load increases, thus correcting the speed

to a lower speed setting. The droop setting will avoid speed overshoot.

There are two main modes of operation of a machine, one is isochronous mode and other
is droop mode. In isochronous mode, the speed of the machine returns to original speed after a
change in load has been applied. In droop mode of operation, the speed decreases by a set
percentage (3-5%) after a load has been applied. If the original speed is desired, operator needs
to raise the speed setting after the load is applied to return to original speed. Figure 3-8 shows

the difference between droop and isochronous modes of operation.
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Figure 3-8 Comparison of droop and isochronous mode of operation [34]
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The microgrid in this study has two generators with two exciters and governors. Unless
the two governors have isochronous load sharing capabilities, it is not advisable for both the
machines to run in isochronous mode. If they are running in isochronous mode, there will be
two different speed settings; both tend to reach to an average speed. In this process, the machine
with the higher-speed setting will take the entire load until it reaches its power limit and the
other machine will be motored (driven by other machine). If two machines have the same droop
setting, they will share load proportionally. If they have different droop setting, the load sharing
will not be proportionate, and the operator needs to adjust the speed set point differently for
each machine to make them carry their proportional share of load. In another case, one generator
can run in droop mode and with other one operated in isochronous mode (swing machine). The
droop machine will run at speed/ frequency of isochronous machine. The droop machine is set
to generate a set of amount of power, whereas isochronous machine will change its output to
follow variations in the load demand by maintaining the constant frequency. The maximum
load on this type of system is limited to sum of the combined output of two machines, if the
load increases above that, it will lead to frequency drop. The machine with the higher power

capability is chosen to run in isochronous mode.

D. Generator capability curve

Generators operating ranges are designed to meet the temperature limitations at their
ratings [59]. These limitations will lead to real and reactive power limits of generator. The
reactive power output of a synchronous generator is constrained by several factors such as
armature current limit, field current limit, and end region heating limit [60]. These limits are
modeled as different circles in the active and reactive power output plane. The intersection of

these circles form a curve which is called as generator capability curve as shown in Figure 3-9
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[59]. The curve is usually constructed with the abscissa as kW and the ordinate as leading or
lagging reactive kVAR with reference to the generator real power. Lagging reactive power is
plotted as a positive value and referred to as overexcited condition. Leading reactive kVAR is

plotted as a negative value that is referred as under excited condition [59].
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Figure 3-9 Generator capability curve of a synchronous machine [59]

The upper portion of the curve is from the field current limit, the right portion of the
curve is from the armature current limit, and the lower portion of the curve is the circle from
the end-region heating limit [60]. The generator parameters for the two machines in the study
system are acquired and the generator capability curves are created. More information about
the calculations is included in the Appendix-B. This capability curve is loaded into the
Powerworld model using auxiliary files, which later helps in determining size of the capacitors

to bring voltage to nominal value.
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3.3.3 Transformer Modeling

There are three different types of transformers modeled in this system. First, the
generator step up transformers represented as GSU1 and GSU2 in Figure 3-4. These
transformers step up the voltage from 13.2kV to 115kV at substation 1. The next class of
transformers are the step down transformers at the four transmission substations, which step
down the voltage from 115kV to 13.2kV. They are labeled as 1T1, 1T2, 2T1, 2T2, 2T3, 3T1,
3T2,4T1 and 4T2 at the four different substations. The last type of transformers are distribution
transformers at the critical loads stepping down the voltage from 13.2kV to 480V. They are
modeled at each critical load. The positive sequence and zero sequence parameters of the
transformers were acquired and modeled appropriately. Some of the transformers have taps to

change the tap positions to alter the voltage based on the requirement.

t:1

1
I Ik_’~ﬁ_ -7km=gkm+jbkm ul
k 1 &

the tap is on ==

the side of bus k

Figure 3-10 Transformer tap ratio on primary side [26]

The transformers at substation 1 and 3 has load tap changers (LTC) that can be switched
on load and transformers at substation 2 and 4 has no load tap changers (NLTC) which needs
the transformer to be taken out of service to change the tap, which is not advisable in a microgrid
operation. The transformers at substation 1 and 3 are utilized to change the taps. For off nominal
condition, the tap ratio is the ratio of the per unit step changes of voltage in primary side to

secondary side. Figure 3-10 shows the tap ratio on primary side (‘t’). Table 3-7 shows the tap
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ratios settings of the transformers at substation 1 and substation 3. Only these four transformers

are available to change the taps on load.

Table 3-7 Transformer tap ratios at substation 1 and substation 3

Substation-1

Substation-3

0.86387

0.92762

0.9936

0.87077

0.92912

0.99593

0.87446

0.93319

1.00038

0.87574

0.93484

1.00251

0.87941

0.93883

1.00686

0.88082

0.94064

1.00917

0.88472

0.94454

1.01344

0.88591

0.94644

1.01585

0.88979

0.95067

1.02009

0.89111

0.95238

1.0227

0.89492

0.95652

1.02724

0.89637

0.9584

1.02956

0.9001

0.96245

1.03408

0.90164

0.96442

1.03659

0.90566

0.96845

1.04101

0.90703

0.97059

1.04373

0.91097

0.97489

1.04803

0.91248

0.97676

1.05087

0.91635

0.98105

1.05558

0.91794

0.98309

1.0582

0.92179

0.98728

1.0628

0.92353

0.98951

3.3.4 Load Modeling

The critical loads are modeled in the system and numbered from one through nine based
on the priority of that load (1 represents highest priority and 9 represents least priority) as shown
in the Figure 3-4. The critical loads 5, 7, 8 and 9 are an aggregation of several critical and non-
critical loads in that area. The reason that these are aggregated can be better understood from
the Figure 3-11. In this region, each load is supplied by at least three of four feeders in order to
provide reliability in case of emergency. So, the load will be redistributed on to another feeder
even if a feeder is taken out of service. Options such as demand response can help to reduce
power drawn by the non-critical loads by avoiding to supply them in microgrid operation. As
discussed in Chapter-3, the loads vary with respect to time in a day and according to season.
Therefore, these are modeled in Powerworld using Auxiliary files. The loads are considered as

constant power loads while modeling in Powerworld.
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The Auxiliary file is a text file in which the Powerworld simulator data can be stored
and edited. There are many automation options available using auxiliary files in Powerworld.
These are very useful to model the varying nature of the data, where new data can be loaded

instantaneously. Example of an auxiliary file is shown in Appendix-A.

The lateral loads (L1 to L13) are aggregated as discussed earlier and model as shown in

Figure 3-4. Each lateral load in the model has a breaker that is in normally open state.

Figure 3-4 shows a meshed network; there are disadvantages of operating microgrid in
this configuration. There are problems are with protection coordination due to bi-directional
power flow in this case. In order to avoid these problems, the critical loads are supplied radially

by identifying breakers to leave normally open.
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Critical load-5 (ii)

Critical load-5 (i)

Figure 3-11 The feeder configuration for critical load-5

3.3.5 Capacitor Modeling
Shunt capacitors are used to supply reactive power at set location in the microgrid. They

help to maintain the voltage within the microgrid, in this case in order to improve the steady-



65

state voltage within the system. The capacitors need to be properly sized as well as properly
placed in ideal locations. The standard capacitor values available according to the sponsor are
300kVar banks, the capacitors modeled can vary in steps of 300kVar. The capacitors are
modeled at four different locations in the microgrid after identifying the buses that are mostly
affected by under voltages under loading scenarios. The locations are Substation-2, Critical
load-2, Critical load-6 and Critical load-3. The capacitor values vary with respect to variations

in load and generation. Therefore, they are modeled using auxiliary files.

3.3.6 Battery Modeling
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Figure 3-12 Block diagram of CBEST battery model [26]

As the utility scale, energy storage is moving from a proof of concept state to an

application state (TRL level 7). Powerworld has only one battery model available for modeling,
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(i.e.) the CBEST model and this is primary geared towards stability studies. Figure 3-12 shows
the block diagram of the CBEST model [26]. There are two ideal locations identified for
installation of batteries in the microgrid, as will be discussed in detail in Chapter-4. The
batteries are modeled at Critical load-6 bus and Critical load — 3 bus in order to perform some

comparative study to identify an ideal location for its placement.

A. Plant controller model for Battery
The Powerworld also has a plant controller model, which is used to replicate the
converter used for battery in stability studies. Figure 3-13 shows the block diagram of the plant

controller model REPC_A included in the microgrid [26].
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Figure 3-13 Block diagram of REPC_A plant controller model [26]
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The solar generation is modeled as an aggregated generator supplying to the grid at

substation-3 in the microgrid. Figure 3-14 shows the block diagram of the model included for

transient stability studies. The distributed PV system model PVD1 is used.
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Figure 3-14 Block diagram of PVD1 distributed PV system model [26]

3.4 POWER - FLOW SOLUTION

Power-flow is the computation of voltage magnitude and phase angle at each bus in a

power system under balanced three-phase steady-state conditions. Powerworld can solve the

network based on several methods such as the Gauss-Seidel method, the Newton-Raphson
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method and the Fast decoupled method. In standard mode, simulator solves the power flow
equations using the Newton-Raphson power flow solution, which is the most accurate among
the methods. Data entry for the power flow problem can begin from a single line diagram of
the power system from which the input data for computer solutions can be obtained. The input
data consists of bus data, transmission line data, transformer data, load data and other power
system components data as was discussed in section 3.3. Each bus in the power system is

classified into three different categories, which are:
a) Swing bus (or Slack bus) — Voltage (V) and load angle (6) are known
b) Load (PQ) bus — Real power (P) and reactive power (Q) are known
¢) Voltage controlled (PV) bus — Real Power (P) and Voltage (V) are known
The power flow solves the complex matrix equations
YV=I=S*/V* (3.1)

Where Y is the network nodal admittance matrix, V is the unknown complex node voltage
vector, I is the nodal current injection vector, and S=P+jQ is the apparent power nodal injection
vector that represents the specified load and the generation at demand or generation nodes

respectively. It is a solution to a nonlinear equation using non-linear method.

3.4.1 Newton — Raphson Method

The Newton — Raphson method is a mathematical approach using a Jacobian matrix
method of finding better approximations to find solution for sets of coupled nonlinear equations.
The method starts with an initial guess, which is close to a true root and obtains a solution after

several iterations such that the results are accurate to with defined convergence criteria. This
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method uses the power balance equations (3.2) and (3.3) as shown below for convergence

criteria.
P = Vi X0=1Yin Vi cOS(8) — 8 — Ojen) (3.2)
Qk = Vk Zﬁ=1 Ykn VTl Sin(&k - 67’1 - Hkn) kzl, 2...N (33)
Where, Q :Real and Reactive power
: Voltage
: Admittance

: Phase angle of voltage
: Impedance angle
: bus number

Do <

This chapter discussed about the modeling aspects and challenges in building a
Powerworld model. It briefly explains about the simulation software used in this study, how

every component of the system is modeled using the Powerworld software.
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CHAPTER 4. SIMULATION RESULTS AND ANALYSIS

This study conducted extensive simulations using the model and recorded the results,

this chapter discusses about the analysis and results done on the model.

4.1 TRANSITION TO MICROGRID OPERATION

Figure 4-1 shows the flow of events while forming a microgrid. The microgrid is
assumed to be formed if the entire grid goes down by some means. The microgrid controller
will take care of identifying the situation to form a microgrid by various islanding detection
techniques. The details of islanding detection and microgrid transition are not included in this
thesis. First, when the grid goes down, the appropriate transmission interties are identified and
opened remotely to form an island. Then, the distribution fuses are opened manually and smart
switches are opened remotely using existing SCADA systems. The hydro generators can

quickly go from zero power to maximum output; this is an advantage in this microgrid.

Command to
Start Microgrid
Open all Transmission interties and distribution
smart switches within microgrid remotely

v

Energize hydro generators under no load condition

.

Synchronize generators to microgrid transmission network under
no load and ensure that the voltages will be within the limits

v

Sequentially Connect critical loads based on priority |

v

Ensure that the frequency and voltage
will be stable during this process

Figure 4-1 Transition to microgrid plan
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The two hydro generators can be bought into running mode under no load condition and
then connected to the microgrid transmission network. In this case, there is a chance of over
voltages at different buses, so the capacitor banks need to be disconnected during this process.
Finally, the critical loads are added sequentially based on the priority making sure that the
frequency and voltage attains stability. Capacitor banks are switched in according to the

requirement to maintain the voltage limits.

4.2 LOAD AND GENERATION FORECAST STUDIES

The load and generation profiles acquired from utility were analyzed over a three year
period. They were used in terms of system planning by providing information about reactive
compensation requirements and any additional components. This forecast information of
microgrid based on historic profiles would also be useful to plan and perform the load-shedding
schedule ahead of time so that the information can be shared with the customer affected by the

shedding. It can also identify any special requirements that may be needed.

Input Data
Input Annual Annual Annual
Priority Load Hydro Generation Solar Generation
Rank Tables Profiles Profiles Profiles

U U i

Identify the number of loads that can be supplied
based on the historic profiles and particular season

Compare and Calculate total
Calculate total
identify the connected critical
available generation
mis match load

| If Mismatch > Non crltical Lateral Load |

+

| Add next lateral load on priority |

| Forecast and Generator scheduling information |

Figure 4-2 Utilizing forecast information for the microgrid short term planning
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Figure 4-2 shows the different steps involved in generating this information, which are

discussed in detail below.

4.2.1 Step-1

In this step, the historic profiles of different loads in the microgrid, hydro generation
and solar generation are used for estimation. The profiles are divided into four seasons (i.e.)
spring, summer, fall, and winter by averaging across the seasons. This determines the
approximate behavior of load and generation in these seasons. The priority/rank table of the
critical loads is developed with different cases changing the priority based on the requirement
of utility how they can operate. Figure 4-3 shows three ranking tables of critical loads based on
different applications, which are created for demonstration. This table is useful to determine the
loads to shed when there is dearth in generation. The table from top to bottom shows the breaker

closing sequence and the reverse direction shows the trip order.

Reclosing Order

Rank Table-1
1. Critical Load-1
2. Critical load-2
3. Critical load-3
4. Critical load-4
5. Critical load-5
6. Critical load-6
7 .Critical load-7
8.Critical load-8
9. Critical load-9

Rank Table-2
1. Critical Load-2
2. Critical load-3
3. Critical load-4
4. Critical load-1
5. Critical load-6
6. Critical load-5
7.Critical load-7
8.Critical load-8
9. Critical load-9

Rank Table-3
1. Critical Load-1
2. Critical load-4
3. Critical load-3
4. Critical load-2
5. Critical load-7
6. Critical load-6
7.Critical load-5
8.Critical load-9
9. Critical load-8

9pl0 didL

Figure 4-3 Possible rank tables for critical loads in the microgrid

4.2.2 Step-2

This step identifies the loads that can be supplied during an hour of the day in a particular
season. The averaged load and generation profile values across a 24-hour period are taken and
added to compare the difference between load and generation. Figure 4-4 shows the graph of

load versus generation in a day in each season as a reference. These graphs show the total sum
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of all nine critical loads included in the microgrid and the total generation including the two

hydro generators and solar generation estimation estimated in section-2.2.3.
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Figure 4-4 Total load vs total generation on a spring day averaged over three years
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Figure 4-5 Total load vs total generation on a summer day averaged over three years
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Fall day
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Figure 4-6 Total load vs total generation on a fall day averaged over three years
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Figure 4-7 Total load vs total generation on a winter day averaged over three years
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All the load profiles follow a typical shape with a rise in the power demand around 6
AM and drop in the power demand at about 6 PM each day. The generation from hydro
generators, which depends mostly on water flow availability in the river, will be mostly constant
throughout the day in each different season but varies significantly by season. The solar energy
estimation added to the generation mix changes the profile shape to better follow the load
profiles, as the solar energy is mostly available from 6AM to 6PM in a day. The summer season
has the highest demand around 45SMW of peak demand value all loads aggregated during the
afternoon and the other three seasons mostly follow similar profiles of loads peaking around

35MW around noontime.

There is a gap between the available generation and connected critical load in each
season, particularly this gap is more during summer. Therefore, loads need to be shed based on
the available generation, as not every load can be supplied in every hour in each season. The
main cause for the variation in this case is the variation in hydro energy generated due to
variation in water flow availability. The results identify the loads that need to be shed in each
season. The load exceeds generation for a shorter duration with a difference in total real power
of the load and real power of generation less than 2MW. The reliability of supplying the loads
during that time can be provided by having a battery with proper controls. This battery can
charge when the generation exceeds the total load. Figure 4-8 to Figure 4-11 shows the load
versus generation profiles after load shedding and as well as battery addition (which is sized to
be 2MW maximum output, more information about battery sizing is discussed in section - 4.3).
The number of loads among the critical loads that can be supplied in each hour of a season are

identified and the rest other critical loads are shed when the demand exceeds supply.
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a) Spring day

Figure 4-8 shows the load versus generation profile on a spring day. Seven critical loads
(peak demand of 26.9MW around 2 PM) can be supplied continuously on this day and the
eighth critical load can be supplied from 12:00 AM to 6:00 AM. Figure 4-8 shows that the total
critical load dropped from 23.4MW to 20.7 MW at around 6:00 AM, which is due to shedding
of 2.7 MW at critical load-8. Loads are treated as fixed based on historical data. Demand
response or other load shedding by the load owners is not considered in this study. The battery
is switched into the microgrid (stays online) around 2:00PM to contribute towards small
variation between load and generation. It is switched off from the microgrid at 7 PM, as it is no
longer needed after that time. It supplied 7 MW-hr on this day. The mismatch shown in the
figure is the difference between the power consumed by all the loads and power generated by
generators. It gives the idea of power available for storage. Typically, the area under this
mismatch curve is greater than the area under battery curve. More information about the

potential storage and battery sizing is discussed in section 4.3.

Spring day
30.00
e
— _— ~——
25.00 e = ~
2000 = =
= 15.00
= i
10.00
5.00
1 2 3 o 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour of the day
Total Generation - Total Critical load Mismatch Battery

Figure 4-8 Total load vs Total generation on a spring day after load shedding



b) Summer day

Figure 4-9 shows the load versus generation profile on a summer day. On this summer

day, four critical loads can be supplied based on their priority (with a peak demand of 16. 7MW

around 11 AM) as there is a huge gap between the available generation and total critical load.

This is due to the unavailability of water to generate power from the hydro generators. Though

there is a maximum output from solar energy during this season, it is able to supply only a

fraction of the critical load. The critical load-5 can only be supplied from 1:00 AM to 11:00

AM, and it needs to shed at 11:00 AM as the total demand crosses the available generation after

that point. The plot shows a drop from 16.7 MW to 12.7 MW total load at 11:00 AM due to the

4 MW reduction of critical load-5. The battery is switched into the microgrid from 4:00 PM to

9:00 PM, supplying 6.0 MW-hr on this day.

Summer day
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Total Generation - -Total Critical load Mismatch

Battery

Figure 4-9 Total load vs total generation on a summer day including load shedding
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c) Fall day

Figure 4-10 shows the load versus generation profile on a fall day. Six critical loads can
be supplied continuously on this day based on priority (with a peak demand of 21.18 MW
around 11:00AM). The seventh critical load can be supplied from 12:00 AM to 5:00 AM and
needs to be disconnected after 5:00 AM due to increase in demand. The plot shows it as a drop
from 18 MW to 14.6 MW total load around 5:00 AM due to 3.4MW reduction by shedding
critical load-7. The battery is switched on from 2:00PM to 6:00 PM supplying 3.5 MW-hr on

this day.

Fall day
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Figure 4-10 Total load vs Total generation on a fall day including load shedding

d) Winter day
Figure 4-11 shows the load versus generation profile on a winter day. Six critical loads
can be supplied based on priority on this day (with a peak demand of 17.86 MW around 10:00

AM). The seventh critical load can be supplied from 12:00 AM to 4:00 AM and needs to be
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disconnected after that. The plot shows it as a drop from 17.25 MW to 13.5 MW around 4 AM
due to reduction of 3.75MW contribution from critical load-7. The battery is switched into the

microgrid from 3:00 PM to 7:00 PM supplying only 2.5 MW-hr.

Winter day
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Figure 4-11 Total load vs total generation on a winter day including load shedding

Table 4-1 summarizes the load shedding criteria and the forecast information created

based on the analysis on the historic profiles over the year.

Table 4-1 Summary of load shedding and forecast study

Total Additio

oo Load Additional Battery Lowest
critical nal o o 1 Peak demand
Season . shed critical load switching demand on
loads critical . . of the day
. value duration duration the day
supplied load
Occur Occu
mw | Start | End o Start o End oy oy vw | rred
time time time | time . .
Time Time
. Critical 12:00 | 6:00 | 2:00 | 7:00 2:00 11:00
Spring 7 load-8 2.7 AM AM PM | PM 26.90 PM 17.83 PM
Critical 1:00 | 11:00 | 4:00 | 9:00 11:00 11:00
Summer 4 load-5 4 AM AM PM | PM 16.70 AM 11.00 PM
Critical 12:00 | 5:00 | 2:00 | 6:00 11:00 11:00
Fall 6 load-7 34 AM AM ™ | PM 21.18 AM 13.95 PM
. Critical 12:00 | 4:00 | 3:00 | 7:00 10:00 11:00
Winter 6 load-7 3.75 AM AM ™M | PM 17.86 AM 13.42 PM
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4.2.3 Step-3

In this step, the mismatch value between total generation and total critical load in each
hour of the day is calculated. This value is shown in the Figure 4-8 to Figure 4-11. The non-
critical loads are modeled as laterals in the Powerworld microgrid model. These non- critical
loads can be supplied if the mismatch value crosses the non-critical load value at any point of
the day. This means the available generation at that point of time is able to supply all the critical
loads possible and additional non-critical loads, which are less than the next critical load in
priority. This particular feature is optional and depends on the requirement of the non-critical
load to be supplied at that point of time. There is also an assumption that they can be picked up
through SCADA controlled switch. The microgrid controller uses the forecast information

based on this analysis to make appropriate decisions according to the situation of the microgrid.

4.3 BATTERY SIZING STUDY

The peak power rating and storage capacity of the batteries in the microgrid needs to be
properly determined based on several factors. It is important to size the battery appropriately,
as it can improve the balance between generation and demand trends, and thus, the battery size
will have significant impact on the grid’s economic operation. The microgrid dynamics and
stability rely on the amount of stored energy in the microgrid. In case of the conventional power
system, the large generators in the network act as the main source of energy, and the combined
inertia of the machines acts as a stored energy and feeds the grid disturbances to stabilize. The
microgrid has low inertia due to small hydro machines; therefore, storage will have significant

stabilizing effects.

The battery size is estimated based on two different criteria, one is the availability of

power that can be stored in different seasons and the other one is deficit in power availability
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in supplying critical loads in any hour of the day. This study does not include the economic

aspects in optimizing the size of the battery.

4.3.1 Potential for Storage

Figure 4-12 and Figure 4-13 are the examples used to demonstrate the basic idea of
estimating the energy storage rating. In Figure 4-12, case-1 depicts the situation when the total
generation exceeds the total critical load in the microgrid. In this case, the additional energy
available after supplying all the critical loads is the potential energy storage available for
battery. In case-2, the total energy available is less than the total critical load consumption in
the microgrid, in this case there is no potential energy storage available, rather load shedding is
required to bring the generation and load in balance as shown in case-3. Case-3 is the desired

operation state. These figures show the comparison of the generation and load power

consumption.
. Total Generation Potential Storage
|:| Total Load . Load Shedding
o
=
o
o

Case 1 Case 2 Case 3

Figure 4-12 Example of the storage estimation for battery
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Figure 4-13 demonstrates the process in detail. In case-1, if the total critical load is the
summation of individual critical loads L1 to L6. In this case, the next critical load, L7, can be
added if it does not exceed the total generation available, and the remaining energy is the
potential energy storage that can be transferred to an energy storage device. In case-2, the
critical load-7 exceeds the total available generation at that point of time. Therefore, in this case
the critical load-7 cannot be added, instead the available energy above the total critical load
consumption is used as potential energy storage. The excessive generation after the battery is

completely charged need to be shed by using generator-shedding techniques with the help of

governor and AGC.
. Total Generation I:I Potential Storage
|:| Total Load |:| Additional Load
17
EZ
5 16 L6
3 L5 L5
a
13 13
2 L2 |
L1 LT
Case 1 Case 2

Figure 4-13 Battery addition criteria

The potential energy storage of the battery is estimated based on the same approach.
The available energy that can be stored is determined. The discrete values of energy mismatch

between the total generation and total connected critical load are recorded and added together.
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Figure 4-14 shows the total energy in MW-hr available to store without supplying any
additional loads within a day and MW-hr available for storage while also supplying an

additional critical load for part of the day.
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Figure 4-14 Potential energy storage available for battery

4.3.2 Critical Load Supplying Capability

The available generation capability including the predicted power generated by hydro
generators and hypothetical photovoltaic cells combined together cannot supply all of the
critical loads in the microgrid at the peak time of the day. There is potentially energy available
to supply some portion of the next critical load, but the load cannot be supplied in that way.
Instead, the additional energy is used to charge the battery as discussed in the previous section.
Moreover, the extra power available after the battery is completely charged can instead be
reduced by governor action. The Automatic Generation Controller (AGC) sends the command

to reduce the power output of the generator.

If there is a minor deficit in power required by the critical loads, the generators are not
capable of supplying additional power if they are already operating at their maximum output.
In this case, the entire critical load needs to be shed due to a minor difference between available

generation and connected critical load. In such a situation, the battery helps a lot in avoiding
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that load shedding by supplying the power during those hours that stores the energy in the off
peak hours assuming sufficient energy capacity. Identifying the minimum difference between
the load and generation in all the seasons is used in sizing the battery.

Spring

30.00
25.00 ~ e =

20.00

15.00

MW

10.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1671718 19 20 21 22 23 24

Hour of the day

Total Generation MW —— Total Critical loadl MW Mismatch

Figure 4-15 Total generation, total critical load and mismatch during spring season

The forecast study performed in Section 4.2 provides the power deficit information. For
better understanding of this case, the spring and summer seasonal profiles are shown for a
typical day. Figure 4-15 shows a plot of spring season load and generation profiles, the total
critical load exceeds the available generation from 2:00 PM to 7:00 PM and the maximum
deficit value on this day is 1.78MW in the lower curve in the figure, which occurred around
4:00 PM. Figure 4-16 shows the plot of summer load and generation profiles for a typical day,
the critical load exceeds the available generation on this day from 5:00 PM to 9:00 PM with a
peak deficit of 1.45MW that occurred around 6:00PM (Note that the total generation and load

is substantially lower in the summer case). Table 4-2 summarizes the load profile analyses for
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the other seasons. The maximum deficit value is used size of the battery (peak power rating)

and it is sized to be 2MW maximum capacity. The need for 6 hours of discharge needs a total

of 12MWhr of energy storage.
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Figure 4-16 Total generation, total critical load and mismatch during summer season

Table 4-2 Summary of battery peak power requirement study

Season Total critic.a | loads Peak Deficit value Deficit duration
supplied
MW Start time End time
Spring 7 1.78 2:00PM 7:00PM
Summer 4 1.45 5:00PM 9:00PM
Fall 6 0.6 4:00PM 4:59PM
Winter 6 0 NA NA

4.4 BATTERY LOCATION IDENTIFICATION
The physical placement of energy storage elements plays an important role in a
microgrid. Good locations improve the voltage and power quality at different buses. It also

reduces the requirement of capacitor banks to improve the voltage. Several past studies were
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reviewed to learn methods to find the quasi-ideal location for the battery placement in the
microgrid. References [61] and [62] seems provide methods specific to microgrids. Reference
[61] talks about identifying the location based on study of line loading percentages and line
loading in different cases. Reference [62] discusses using voltage sensitivity analysis to identify
the ideal locations in a microgrid. These two different techniques are used to identify the

location of the battery in this microgrid.

The voltage sensitivity technique is widely used in power system analysis to identify
the relationships between voltage magnitude and active or reactive power transfer at a particular
bus. These relationships are depicted in terms of P-V and Q-V curves. In a transmission system,
the Q-V curve is commonly adopted to evaluate the impact of reactive power on voltage
magnitude in terms of dQ/dV, in contrast active power usually has negligible impact on voltage
magnitude [61]. In distribution systems, the relation between voltage magnitude and active or
reactive power are not linear due to more significant line resistances. Therefore, it is useful to
have an active power supplier (battery) along with a reactive power injection. The microgrid in
this study is a combination of both transmission and distribution networks, so it is more complex

to derive relations of active power and reactive power with bus voltages.

The voltage sensitivity of each of the buses in this microgrid is calculated to determine
the most sensitive bus to place the battery in this study. The rate of change of voltage at every
bus is calculated with respect to unit change in real power (dV/dP) is calculated at every bus.
This simulation is done with the help of the time step simulation in Powerworld, which can
simulate different step changes and provide outputs based on different inputs. More information
about time step simulation is provided in later sections. The test setup contains the microgrid

Powerworld model developed in this study. The generation input of the microgrid model is kept
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at a constant value and all the loads are increased in steps of 0.5 MW each to evaluate dV/dP.
The bus voltages are measured at each step. The percentage change of voltage for each step
change of real power is calculated. Figure 4-17 shows the percentage change of voltage taken

on the ordinate and size of the step changes of load taken on abscissa.
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Figure 4-17 Percentage voltage change with respect to power

The critical loads are varied in steps of 0.5 MW each, the percentage changes in the plot
show that the bus voltages at the locations of critical load 3 and critical load 4 are affected the
most by these changes and they are the most sensitive bus among others. The next most sensitive

bus is the bus at critical load 6.

Powerworld does not have a built-in battery model for steady-state studies. Therefore,
the battery is modeled in the Powerworld power flow as a generator that switches on or off at
certain times. This option is possible with the help of time step simulation in Powerworld. The

battery is placed at the two sensitive buses identified above, to evaluate the performance and
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identify the improvements. The voltage at all the buses with batteries placed at the critical load-
3 and critical load-6 buses is shown in Figure 4-18 and 4-19. The Figure 4-18 shows the bus
voltage improvement at critical load-3 bus when the battery is placed at two locations identified.
Figure 4-19 shows the bus voltage improvement at critical load-6 bus when a battery is placed

at the two different locations.
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Figure 4-18 Bus voltage at critical load-3 with battery at two locations identified
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Figure 4-19 Bus voltage at critical load-6 with battery at two locations identified
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Analyzing the comparison plots show that there is more improvement in the voltage at the two

buses when the battery is placed at critical load-3 bus.

The line loading rating of all the lines is verified to identify the lines that are overloaded
or are close to overload. In this study, the battery is placed at the two locations identified above
and line-loading percentages are evaluated. The percent line loading did not vary much as the
loads were changed in steps of 0.5 MW. Figure 4-20 shows the percentage line loading
violations (the lines exceeding 100 % loading) when the all the critical loads are at very high
values. This gives a comparison of line loading characteristics. The feeder lines supplying
critical load-6 are affected the most by the heavy load conditions. Placing the battery at the bus
for critical load-6 will reduce the line loading percentages on the most overloaded lines.

However, there is not a significant improvement in this case as the loads were varied in steps
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of 0.5 MW.

8

P
wl
=

Percentage of line loading
= [
£ 8

8

&

Feeders

M Battery at Shriners  ® Battery at WSU

Figure 4-20 Line loading percentage violations with high load
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4.5 STEADY-STATE STABILITY ANALYSIS

Power system stability is the ability of an electric power system, for a given initial
condition, to regain a state of operating equilibrium after being subjected to a physical
disturbance, with most system variables bounded such that practically the entire system remains
intact [63]. Though the stability of the system is a single phenomenon, for the ease of analysis
it is classified based on types of studies such as steady-state stability analysis and transient
stability analysis. However, there are many categories and subcategories of the power system
stability as shown in Figure 4-21. Many disturbances can occur in a microgrid such as sudden
changes in load, switching operations, reduction in generation, and faults. The microgrid should
have the capability to withstand the disturbances and operate in a stable fashion. Therefore,

steady-state stability analysis of the system is an important aspect while planning a microgrid.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Large- el
Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
\ ] \ ]
I I I
Short Term Short Term Long Term
Short Term Long Term

Figure 4-21 Classification of power system stability [63]

The power flow simulation is used as a steady-state analysis tool; it determines the

quasi-steady-state operating condition for a power system. The assumption here is the sum of
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total load and losses in the system is always equal to the total generation. The generation
mismatch is usually made up at the slack bus. According to the microgrid start up plan, the
microgrid transmission system is energized under no load conditions. There is a chance of rise
in the voltage at substation buses under the no-load condition due to shunt capacitance effect
of transmission lines. If there is an overvoltage, shunt reactors are needed to bring the voltage
down. In order to determine this condition, simulation is performed under the no-load condition.
The bus voltages remain close to one per unit if the capacitor banks are disconnected from the
system. Removing the shunt capacitors under the no-load condition will eliminate the need for
shunt reactors. Table 4-3 summarizes the simulation results for this case. Simulation is also
performed when the high summer loading values entered in the model. The voltages at four
different substations are recorded under no load condition and the full load condition. The full
load condition here means the generators are supplying their maximum capability while
supplying five of the critical loads. Shunt cap-1 is placed at critical load-5; shunt cap-2 is placed
at substation-2, shunt cap-3 is placed at critical load-2, and shunt cap-4 is placed at critical load-

3.

Table 4-3 Steady-state voltages under no load and full load condition

Bus Voltages Shunt Capacitor
No Load Full Load
Bus Condition condition | Capacitor
(Without (With No Load Full Load
capacitors) capacitors) Condition condition
Shunt
Substation-1 1.02 pu 0.99 pu Cap-1 0 MVAR 0.3 MVAR
Shunt
Substation-2 1.02 pu 0.99 pu Cap-2 0 MVAR 1.5 MVAR
Shunt
Substation-3 1.02 pu 0.99 pu Cap-3 0 MVAR 0.9 MVAR
Shunt
Substation-4 1.02 pu 0.99 pu Cap-4 0 MVAR 1.2 MVAR
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The bus voltages at four substations are close to one per unit when the capacitor banks
are switched off and by switching on the appropriate capacitor banks as shown in Table 4-3 at

four locations, the voltage is brought back to 0.99 per unit under full load condition.

30
25
20

15

Real Power (MW)

10

Spring Summer Fall Winter
Total Load (MW) Total Generation (MW) System losses (MW)

Figure 4-22 Comparison of generation and load at peak days in four seasons

Power flow analysis is performed while considering different seasons high and low
demand values. The system is stable under the steady-state condition when the critical loads are
supplied up to hydro resource capabilities. The total generation in the model is the sum of the
total critical load and system losses in the same four different conditions, observed in the Figure
4-22. Figure 4-23 shows the bus voltages at four substations in four different seasons. The
voltage is maintained well within the limits as per the ANSI/NEMA C84.1-2011 standards [39].
Table 4-4 shows the summary of the simulation results for four different seasons each with high
and low demand values. There is a variation in the number of critical loads supplied in different
seasons based on the available generation resource. The voltages are maintained within the

limits by varying the capacitors accordingly. Table 4-5 shows the capacitor ratings under the
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different conditions. The capacitor banks are assumed as available in steps of 300kVAr
according to the sponsoring utility standard. Section-4.8.1 discusses the capacitor sizing and

placing them in more detail.

0.9905
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Figure 4-23 Comparison of generation and load in four seasons
Table 4-4 Steady-state power-flow analysis results for four seasons
cll\‘li(;ingl Total Total System Voltage (p.u)
Season | Demand load Load | Generation | losses
oads (MW) (MW) (MW) Substation | Substation | Substation Substation
served -1 ) -3 -4
. High 6 25.37 25.9 0.53 0.988 0.988 0.988 0.988
Spring
Low 4 5.94 6.09 0.08 1.001 1.001 1.001 1.001
High 5 22.27 22.7 0.42 0.99 0.99 0.99 0.99
Summer
Low 4 4.06 4.09 0.03 1.002 1.002 1.002 1.002
Fall High 6 24.31 24.8 0.48 0.989 0.988 0.989 0.989
Low 4 3.57 3.61 0.04 1.002 1.002 1.002 1.002
. High 6 23.62 24.1 0.48 0.989 0.989 0.989 0.989
Winter
Low 6 11.9 11.928 0.1 0.998 0.998 0.998 0.998
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Table 4-5 Steady-state power-flow analysis results including capacitor values for four

different seasons

Capl Cap2 Cap3 Cap4
Season | Demand
MVAR | MVAR | MVAR | MVAR
. High 0.6 1.5 0.6 0.9
Spring
Low 0 0 0 0
Summer High 0.3 1.5 0.9 1.2
Low 0 0 0 0
Fall High 0.3 1.5 0.3 0.3
Low 0
Winter High 0.3
Low 0

4.6 TRANSIENT STABILITY ANALYSIS

Transient stability is the ability of the power system to maintain synchronism when
subjected to a severe transient disturbance, such as a fault on transmission facilities, loss of
generation, or loss or insertion of a large load. The system response to such disturbances involve
large excursions of generator rotor angles, power flows, bus voltages and other system variables

[64]. The factors that influence transient stability are [64]:

a) How heavily the generators are loaded

b) The generator output during the fault or disturbance. This also depends on the fault
location and type.

c) The fault clearing time

d) The post fault transmission system reactance

e) Generator reactance. Lower reactance increases peak power and reduces initial rotor
angle

f) The generator inertia. The higher the inertia, the slower the rate of change in angle.
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g) The generator internal voltage magnitude. This depends on field excitation.

The dynamic behavior in an electrical power system due to disturbances is a
contribution of many different components. The electrical power system equipment can be
classified into mechanical equipment and electrical equipment as shown in Figure 4-24. There
is interdependency between them. The mechanical equipment requires a control system and
communication infrastructure, which are electrical components. Moreover, the electro-

mechanical components have many mechanical components interacting with electrical [65].

Mechanical < | Electrical
Supply Pressure Speed Voltage Network Load
Control Control Control | Control Control Control
Fuiel » Furnf-)ce »| Turbine [ »| Generator »| Network »  Loads
Source & Boiler Ny
Torque Vi P.Q
Fuel Steam ’ .,

t

¢ Energy >
Control

Center

Figure 4-24 Electromechanical system in electrical power system [65]

The time scale response properties of power systems that defines the position of
transient stability is in the range of 10 milliseconds to 100 seconds range as shown in the Figure
4-25 [65]. Interconnected power systems have guidelines of maintaining the stability in the
system. The specifications that are particular to the western region of the U.S are defined in the
WECC criteria TPL-001-WECC-CRT-2 [66]. This criterion is a combination of National

Energy Regulator Committee (NERC) and Western Electricity Coordination Council (WECC)
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requirements. This criterion discusses the acceptable ranges of voltage and frequency during a

transient condition. Table 4-6 summarizes the criteria requirements.
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Figure 4-25 Phenomena time scales in electrical power systems [65]

Table 4-6 TPL-001-WECC-CRT-2 criteria guidelines [66]

NERC and Outage Frequency Transient Minimum Post Transient Voltage Deviation
WECC Associated with the Voltage Dip Transient Standard (See Note 3)
Categories Performance Category Standard Frequency
(outagelyear) Standard
A Not Applicable Nothing in addition to NERC.
B 2033 Not to exceed Not below Not to exceed 5% at any bus.
25% at load 59.6 Hz for 6
buses or 30% at | cycles or
non-load buses. | more at a load
bus.
Not to exceed
20% for more
than 20 cycles
at load buses.
& 0.033-0.33 Not to exceed Not below Not to exceed 10% at any bus.
30% at any bus. | 59.0 Hz for 6
cycles or
Not to exceed more at a
20% for more load bus.
than 40 cycles
at load buses.
D <0.033 Nothing in addition to NERC.
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The A, B, C, D categories in the first column represent the types of disturbances.
Category A represents a case with all bulk electric system (BES) elements in service, which is
the ideal condition. Category B represents a case in which there is loss of single bulk electric
system (BES) element, it specifies a requirement for voltage dip to not to exceed 25% at load
buses, 30% at no load buses, and no voltage drop of 20% for more than 20 cycles at any load
bus. The frequency should not be below 59.6Hz for 6 cycles or more, and the post transient
deviation should not be more than 5% at any load bus. Category C and D are for more severe
faults, which can be interpreted in the same way. Figure 4-26 shows an example of applying
standard for transient stability voltage response at a load bus. A fault occurred at time t=0
seconds then the voltage dropped near to zero, and the voltage recovers after the fault is cleared

going through several oscillations due to rotor angles and power angles.
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Figure 4-26 Transient voltage performance parameters [66]

These standards are defined for application to large bulk electric systems, which are

interconnected systems. There are no similar standards defined specially for microgrids, yet. It
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is assumed that the utility operating the microgrid will comply with these standards in the

microgrid operation.

Transient stability analysis was performed on the microgrid model using Powerworld.
The dynamics that are considered in this thesis are in the order of a few milliseconds to seconds.
As discussed in section 3.3, dynamic machine models, exciter models, and governor models are
included in the model to perform the transient stability study. The goal of this study is to verify
how the generators behave during the startup of the microgrid, switching of loads, and fault
conditions when the microgrid isolated from the main power grid. Powerworld offers many
options to perform transient stability study by inserting actions like applying a fault, opening
or closing an element. These actions can be applied to buses, lines, breakers, loads, generators,

and transformers.

Figure 4-27 shows the frequency response of the microgrid model when critical load-6
is added after 2 cycles. The frequency dropped to 59.54 Hz at the instant the breaker closed and
it attained a steady-state condition after 25 cycles at 59.94 Hz. In the transient stability study,
simulations normally do not bring the frequency to nominal (60Hz). Instead, the AGC control
in the generators will bring the system frequency to 60Hz, which is normally in the order of
minutes. Figure 4-28 shows the generators response for the same transient condition. Generator-
1 and generator-2 responded to the change in the load and increased output to new operating
points of 10.2 MW and 10.8 MW respectively. The photovoltaic cells are modeled as supplying
constant power in this case; the transient models for photovoltaic cells are not included in this
study. Therefore, the output power from photovoltaic cells remains the same even after the load
addition. A similar response can be observed in terms of reactive power outputs of the

generators. Figure 4-29 shows the voltage profiles at all of the buses in the system, in response



99

to the transient condition; the voltage dropped a little and attained a steady-state condition with

new values within 6 cycles.
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Figure 4-27 Frequency response to transient load pickup condition
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Table 4-7 shows the summary of the transient stability cases studied on the microgrid
model; these cases are classified as microgrid start cases, microgrid stop cases, load changes,
generator switching, battery switching, and fault conditions. The microgrid model attained a
new stable state after applying the transient condition in all of the cases except for a fault that
was not cleared. In the fault study cases, the microgrid model attains a steady state condition if
it has the ability to clear the faults on it. The time taken to reach the new steady state condition
that is expressed in number of cycles, and generators final steady state values are shown in the
Table 4-7. The response of the machines to these transient conditions can be improved by tuning
the governor and exciter controls of the generator further. As the Generator-1 actual parameters
are not available now, approximations of machine model that are more reasonable can be made
to improve the overall response. Additional study is needed to identify the system response,

which is beyond the scope of this thesis.



Table 4-7 Summary of Transient stability study results

No of Stead No of
Catesorv | Case | Condition Critical | Transient Stable cycles to Initial sta tey cycles to Gen-1 Gen-2 Solar
gory Load case stable Frequency stable (MW) (MW) (MW)
Frequency
Frequency voltage
| | Additionof | Critical | Opento |y 28 60 59.96 4 0 1.8 0
critical load | load-1 close
Microgrid |, | Additionof | Critical | Opento |y o 28 60 59.85 5 0 9.5 0
start up critical load | load-2 close
Cases Addition of | Critical Open to
(loads are 3 critical load | load-3 close Yes 26 60 39.96 > 96 4.3 0
sequential Addition of | Critical Open to
ly added 4 critical load | load-4 close Yes 25 60 39.99 ! 78 6.6 0
one after Addition of | Critical Open to
the other) 5 critical load | load-5 close Yes 25 60 59.94 6 11.4 4.2 6.45
6 | Additionof | Critical | Opento |y 26 60 59.95 6 10.1 10.8 6.45
critical load | load-6 close
7 | Removalof | Critical | Closeto |y g 27 60 60.05 5 5 1125 | 645
Mi d critical load | load-6 Open
icrogri —
Stop g | Removalofi| Critical | ~Closeto |y ¢ 30 60 60.01 2 7.1 7.6 0
critical load | load-5 Open
Cases Removal of | Critical Close to
(loads are 9 . Yes 25 60 60 1 6.8 7.55 0
. critical load | load-4 Open
sequential Removal of | Critical Close to
-ly 10 i Yes 26 60 60.04 6 5.7 4.6 0
critical load | load-3 Open
removed R 1 of | Critical Close to
oneafter | 11 | omovalo Yes 30 60 60.015 1 0 1.8 0
the other) critical load | load-2 Open
Removal of | Critical Close to
12 critical load | load-1 Open Yes 24 60 60.04 4 0 0 0
Removal of | Critical Close to
Load 13 critical load | load-2 Open Yes 26 60 60.08 5 3.6 4.1 6.45
changes |, | Additionof) Critical | Opento |y o 25 60 59.92 6 114 38 6.45
critical load | load-2 close
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15 Addition of | Critical Open to Yes 20 60 60 0 NA NA NA
battery load-6 close
16 Removal of | Critical Close to Yes 25 60 5908 4 NA NA NA
battery load-6 Open
Battery Addition of | Critical | Open to
17 P Yes 22 60 60 0 NA NA NA
battery load-3 close
18 Removal of | Critical Close to Yes 25 60 59.08 4 NA NA NA
battery load-3 Open
19 Addition of | Generat Open to Yes 71 60 60 1 NA NA NA
generator or-2 close
20 Removal of | Generat | Close to Yes 30 60 59.85 3 NA NA NA
generator or-2 Open
71 Addition of | Generat Open to Yes 25 60 50.85 6 NA NA NA
Generator generator or-1 close
switching ” Removal of | Generat | Close to Yes 2 60 60 0 NA NA NA
generator or-1 Open
o3 | Removalof g ), | Closeto | o0 11 60 60 0 NA NA NA
generator Open
g4 | Additionof g | Opento |y 00 26 60 59.94 4 NA NA NA
generator close
Fault not Line-
25 Subl to Apply No NA 60 NA NA NA NA NA
cleared
Sub2
Fault on Fault Line- Apply and
Transmiss | 26 | clearedin4 | Sublto | “PPY Yes 20 60 60 6 NA NA NA
.. Clear
ion line cycles Sub2
Fault Line- Apply and
27 | clearedin | Sublto | “PPY Yes 18 60 60 6 NA NA NA
Clear
18 cycles Sub2
Fault on Fault Line to Apply and
Distributi | 28 | clearedin | Critical | PP Y Yes 22 60 60 6 NA NA NA
; Clear
on line 18 cycles load-2

[40!
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4.7 AUX FILE GENERATION

Powerworld has a feature to import the data to/ from data sources other than power flow
models into the Powerworld Simulator. This is implemented using auxiliary (aux) files. The
aux files are text files that exchange data and execute batch script commands. These files are
called data auxiliary files in the Powerworld simulator and typically have the file extension
.AUX. The script language and auxiliary data formats are incorporated together [67]. Auxiliary

data formats are used in this model to load the model parameters. The format is shown below

SCRIPT ScriptNamel
{

script_statement _1;
script_statement n;

J
DATA DataNamel (object type, [list_of fields], file type specifier, create if not found)

flata_list_l
data list n
}

The microgrid model has many different load and generation profiles available across
different seasons in a year. The load and generation profiles are averaged over three years
(2013-2015) and the high and low values in all the four seasons are identified. In the same way,
averaged 24-hour profiles have 96 values of load generation, which are comprised of 24 values
over 24hours in each season. It will be a tedious task to enter all these values individually to
analyze different cases. Instead, these values are entered in data auxiliary files and loaded into
Powerworld model. Generating 96 + 8 = 104 auxiliary files is also a difficult task. This process

is automated with the help of a JAVA program (Appendix-C) that generates the auxiliary files

by fetching the data loaded into CSV files. The CSV files are used to organize the forecast
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information data; the JAVA program loads this data and inserts it into auxiliary files. This

makes it easier to study different cases. A sample auxiliary file is shown in the appendix-A.

4.8 TIME STEP SIMULATION

The load and generation outputs of the microgrid are not constant; they vary every
second of the year. It is difficult to manually enter all the different values and run power flow
solutions. To address this issue, Powerworld has a time step simulation. The time step
simulation in Powerworld allows the user to specify operating conditions and obtain power flow
solutions for a set of points in time. It is very useful to assess how power system quantities vary
hour by hour or by intervals down to one second due to changes in load or generation, and
transmission line status. The time step simulation is further useful for optimizing capacitor
sizes, modeling the battery, and developing contour diagrams based on voltage magnitude or

angle.

The averaged profiles of load and generation are divided into four representative days,
one for each of four seasons in a year. This data is modified according to the forecast study
performed in Section 4.2 that determined how many loads could be supplied in each season
along with capacitor bank values, and transformer tap positions. The data is then loaded into
auxiliary files according to the process described in Section- 4.7. These auxiliary files are

loaded into the time step simulation.

4.8.1 Capacitor Sizing and Placement
The time step simulation is helpful to determine which bus voltages are very low in
different seasons. This helps in placing the capacitors at those buses to improve the system

voltage profile. The simulation is performed based on the forecast study as discussed earlier.
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Figure 4-30 shows the time-step simulation results, which provide the voltage profile at all
buses in the microgrid. The abscissa contains dates that are only for the purpose of time step
simulation and are not real; the seasons are shown separately. The ordinates show the bus

voltage in per unit.
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Figure 4-30 Bus voltages at all the buses without capacitors

The bus voltage magnitudes at some buses are low without the capacitor banks in all the
seasons, particularly in spring and summer, the voltage at critical load-3 falls below the lower
threshold of 0.95 per unit. In order to avoid these poor voltage profiles, the capacitors are sized
performing several simulations. The capacitors are placed at the buses which are mostly
affected by the under voltages. The capacitors are available in steps of 300kVar according to
the utility sponsor’s standard. Table 4-8 shows the four capacitors identified and the locations

where they are placed. Figure 4-31 shows the results of the time step simulation performed after
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placing these capacitors. The voltage profile at all the buses improved in four different seasons

after placing the capacitors.

Table 4-8 Capacitor sizes and their locations in different seasons

Season MVAR
Shunt cap-1 Shunt cap-2 Shunt cap-3 Shunt cap-4
Spring 1.5 0.6 0.6 0.9
Summer 1.5 0.3 0.9 1.2
Fall 1.5 0.3 0.3 0.3
Winter 0 0.3 0 0
Location Critical load-6 Substation-2 Critical load-2 Critical load-3

Bus Voltage (p.u)
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Figure 4-31 Bus voltage magnitudes at all the buses with capacitors added

The capacitors are sized according to worst-case need; they can be switched as needed

each hour as well. By switching in that fashion, the spikes in the plot can be avoided.
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4.8.2 Transformer Taps

Several of the transformers in the system contain tap changers with the tap positions set
as discussed in Section 3.3.3. A separate study is performed to identify how the capacitor sizes
can be reduced while using the Load Tap Changer (LTC) of the transformers. Table 4-9 shows
the new capacitor bank sizes and the transformer tap ratios of the transformers 1T2, 1T2 at sub-

1 and 3T1, 3T2 at sub-3.

Table 4-9 Capacitor sizes, tap ratios and their locations in different seasons

MVAR Tap ratios
Season Shunt Shunt Shunt cap- 1T1 &
cap-1 Shunt cap-2 cap-3 4 1T2 3T1 3T2
Spring 0 0 0 1.2 0.97489 0.97676 0.97482
Summer 0 0 0 1.2 0.97489 0.97676 0.97482
Fall 0 0 0 1.2 0.97489 0.97676 0.97482
Winter 0 0 0 1.2 0.97489 0.97676 0.97482
Critical Critical Critical Substation | Substation | Substation
Location load-6 Substation-2 load-2 load-3 -1 -3 -3

Figure 4-32 shows the voltage profile at all buses in four different seasons. By varying
the tap positions of the transformers, the capacitor banks can be sized down which leads to
potential savings in terms of cost of installation. However, there are pros and cons by using
capacitors and LTC transformers. The LTC’s provide better voltage control, flexibility, and
cost saving in terms of total lifecycle cost. However, they need proper maintenance, probability
of failure is higher, and now many utilities prefer not to switch LTCs very often these days. The
capacitors have lower life expectancy, which adds to the total life costs, but they are flexible
and easily placed at the load centers when compared with LTCs. It is the utility’s decision to
choose where to use LTCs for active voltage regulation or install cap banks. Figure 4-33 shows

the time-step simulation results of bus voltages at all the buses when the tap changers are used



alone to

108

improve the voltage profile. The bus voltages are within tolerances except for the buses

at critical load-3 where the capacitor was placed in other case to improve voltage profile.
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Figure 4-32 Bus voltage magnitudes at all the buses with capacitors and LTCs

Bus Voltage (p.u)

103
1028
1026
1004
1022

1024
1018
1018
1014
1012

10

1002

Values
e
3

09
STIEIE  SEATIG  STIE0IS  STOR0IG SR4R0IG  S24Q016 SR4Q0NE SEMR006 SQSE006 G2SENIG SRSENIE  SESEUIE SOOR0N6 SRGAVIE SEERDIE  SISR0N6

Spring o Summer Fall o Winter

Figure 4-33 Bus voltage magnitudes at all the buses with LTCs and no caps
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4.8.3 Line Limit Monitoring

The transmission and distribution lines have limits based on the physical features of the
conductors; these limits vary according to weather conditions as well. Therefore, there are
different line limits in different seasons. The line limits are configured in the model according
to the limits mentioned in Section 3.3.1. The time step simulation is performed to identify the
lines that are overloaded at times over a year. Figure 4-34 shows the plot in which the ordinate
represents the percentage of line loading for all the different conductors in the model and
abscissa represents the different seasons. This plot is simulated when there are no capacitors or
LTC used in the model. A few lines are overloaded in all the seasons. The lines that are

overloaded are the distribution lines supplying the critical load-6 from both substation-1 and 3.
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Figure 4-34 Line loading percentages at all the buses without capacitors and LTCs
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Figure 4-35 Line loading percentages at all the buses with capacitors and LTCs

The line loading percentages are next simulated when the capacitors and LTC’s are
properly sized. It is observed in Figure 4-35 that the percentage of loading is reduced when the
capacitors and LTCs are used. The two distribution lines mentioned earlier are overloaded even
after the caps and LTCs were included. The lines need to be reconductored in order to have
them within the limits. The reason for the violation is that these conductors are normally open
under ideal grid connected operating conditions. They are not designed to handle higher

currents that would flow in microgrid operation.

4.8.4 Battery Impact Study
The location for battery in the microgrid was identified in section 4.4. Time step
simulation is used to compare the voltage magnitude improvements by placing the battery at

the two locations identified. Figure 4-36 and Figure 4-37 show the voltages profiles at all the
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buses when the battery is placed at critical load-3 and critical load-6 respectively. There is a
reasonable improvement in voltage profile in all the seasons, when the battery is placed at

critical load-3. The battery supplies both real and reactive power while improving the voltage.
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Figure 4-36 Bus voltages at all the buses when battery placed at critical load-6

Voues

Bus voltages (p.u)

0.95 p.u.

083
S23R016 5232016 532018 S2VI0IE 5242016 SRATING SQ4P0IS  SO4Q018  SQS2016  5RSOMMS SESP01E SRS2UIS SUSQS ISD0NS  5R6Q018 SRET0M

Spring o Summer N Fall Winter

Figure 4-37 Bus voltages at all the buses when battery placed at critical load-3
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4.8.5 Generation and Load Profile with Time Step Simulation

Figure 4-38 and Figure 4-39 show the real and reactive power output profile of the hydro
generators, the PV generation, and the battery on representative days over four different seasons
in the time step simulation. Generator-2 acts as slack bus and operates in the isochronous mode
responding to the load fluctuations. The plot shows several sharp peaks supplying the
fluctuations. Generator-1 is operated in droop mode, supplying fixed amount of power by
varying its speed according to a droop characteristics. The solar energy is only available during
the day and peaks in early afternoon. The battery switches in and out to balance load, and it is

operated and controlled according to the forecast study.
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Figure 4-38 Real power output profile of all the generators along with the battery over single

day in each of four seasons
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Figure 4-39 Reactive power output profile of all the generators along with the battery over

single day in each of four seasons
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Figure 4-40 Real power consumption of all the critical loads over single day in each of four
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Figure 4-41 Reactive power consumption of all the critical loads in four seasons

Figure 4-40 and Figure 4-41 shows the real and reactive power consumption of all the
critical loads supplied in four different seasons. Most of the critical loads are supplied in all the
seasons except in summer in which only four of the critical loads are supplied. Critical load-2
consumes the maximum power when compared to other loads. The loads are managed to switch
on and off according to the forecast study. It can be seen in the figures as sudden fall in real and
reactive power to zero. The critical load-4 actual profile was not available, hence it is assumed
as constant load across a day in each season. Apart from this, most of the other loads follow a
typical profile of increase in the demand around 7 AM and reduce in the demand around 6 PM.
Critical load-6 and critical load-2 are supplying capacitive reactive power during certain times

of the day.

4.9 CONTINGENCY BASED ANALYSIS
The microgrid should be scheduled and operated in such a way that overloads do not

occur even under load variation or under any statistically likely contingency. This is also called



115

maintaining the system operational security. The contingency can be anything ranging from
loss of a shunt capacitor to loss of the entire generating unit. Load or generation shedding may
be required in response to some contingencies, but equipment should not be overloaded.
Contingency-based analysis is performed on the microgrid model to identify the worst-case
contingencies that can bring down the system. Table 4-10 shows the list of a few violations

recorded by simulating all the contingencies related to equipment outages on the system

Table 4-10 Summary of the contingency analysis done on the microgrid model

. .NO .Of L Contingency | Actual Percentage
Contingency violations Violations . .
Value Limit of loading
caused
Loss of GSU-2 to Substation-1 line 2754 20 11271
overload
Transformer 3 : _
GSU1 Substatlop—l to critical load-6 4369 2812 155.38
line overload
Subst'atlon—l 'to critical load-6 4301 2381 153.07
line section overload
Loss of GSU-1 to Substation-1 line 2304 15 154.91
overload
Transformer 3 : _
GSU?2 Substatlop—l to critical load-6 4383 2812 155.88
line overload
Subst'atlon-l 'to critical load-6 4311 2381 153.42
line section overload
Loss of
transmission 'hne 15 Substatlop—l to critical load-6 19 2812 675.68
from Substation- line overload
1 to substation-2
Subst'atlon-l 'to critical load-6 17.56 2381 62481
line section overload
substatlop-2 to critical load-6 1121 368 304.65
line overload
substgt10n-2 .to critical load-6 3823 368 103.9
line section overload
critical load-6 bus section-1 0.845 09
under voltage
critical load-6 line section-2 0.7757 09
under voltage
critical load-6 bus under 0.7753 09
voltage
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The limits for voltage that are considered while performing the contingency analysis are 0.9 to
1.1 per unit; this means the voltages that fall below 0.9 p.u and above 1.1 p.u are considered as
violations. In the same way, the line loading percentages crossing 100% are considered as
violations. More violations are caused in the microgrid model during the loss of transmission
line from substation-1 to substation-2. The worst-case violations can be identified and proper
planning need to be done in order to avoid system collapse during such violations by appropriate
load shedding or generator shedding. This task can be accomplished by microgrid controller by

including such algorithms to avoid abnormal situations.

4.10 GENERATOR CAPABILITY CURVES

The generator capability curves are calculated using the machine data as discussed in
Section 3.3.2 and Appendix-B. This information is loaded into the Powerworld microgrid
model. Figure 4-42 and Figure 4-43 shows the generator capability curves with operating points
for generator-1 and generator-2 respectively that are captured when the high summer load and

generation profiles are loaded into the microgrid model.

FL

Reactive Power (Mvar)

Generator Power (MW)

Figure 4-42 Generator capability curve of the generator-1
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The instance at which these operating points are captured are when the generator-1 is
supplying 7.8 MW real power and 2.1 MVAR reactive power. Generator-2 is supplying 14.17
MW and 4.52 MVAR. The reactive power supplied by each machine is within the limits of the
respective generators. The figure shows that the reactive power value is within the limits and

within the capability curve as are the real power outputs.
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Figure 4-43 Generator capability curve of the generator-2

4.11 MICROGRID ENERGY MANAGEMENT SYSTEM (MicroEMS)

The Microgrid Energy Management System (MicroEMS) is an essential component of
the microgrid. Figure 4-44 shows a potential architecture for a MicroEMS [41]. A Microgrid
Supervisory Control and Data Acquisition (MicroSCADA) system acquires the data from
measurement devices such as protection relays, smart energy meters that are located at loads

and generators. A MicroEMS will have the control logic in it to maintain operation of the
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microgrid under stable operating conditions. This microgrid controller is not implemented as a
part of this thesis, and will need to be developed and implemented if the microgrid is

implemented.

Operation center

L]

[os—)

Communication links

T
—_

MicroEMS

MicroSCADA Communication links

Loadl Load2 Load3 Relays

Gen-1 Gen-2 Device level

Figure 4-44 Overview of a microgrid energy-management system

Many different control strategies for microgrids have been proposed and some have
been implemented in the field in the recent years. Usually, the real time generation control of
microgrids is performed using droop controllers that react to frequency and voltage, while non-
real-time decisions are taken by well-defined Energy Management System (EMS) [68].
References [69] [70] [71] [72] discusses different strategies that can be used to control the
microgrids. One option is developing agent-based control associated with all of the devices in

amicrogrid. The grid agent sends explicit set points to device agents to control. The MicroEMS
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system can be centralized or decentralized. A few of the relevant challenges in microgrid
control and protection include handling the following: bidirectional power flows, stability
issues, modeling, low inertia, and uncertainty. The desirable features of control system include
output control, power balance, demand side management, economic dispatch, and transition

between modes of operation [73].

Figure 4-45 shows the high-level flow chart of a control strategy proposed for the
microgrid in this study. In this process, the load and forecast information along with ranking
tables are loaded into the controller. The rank tables are the look up tables that contain the
priority of the loads as discussed in Section 4.2.1. The controller acquires the real time metering
data from smart devices like smart energy meters, protection relays with communication

capability for example, devices using IEC 61850 for communication.

The controller then processes the metering data including, voltage at all the buses,
system frequency, real and reactive power consumption and generation, and the battery state of
charge. The sum of measured real power (Piotl) and reactive power (Quotar) of all the loads and
all the generators is used to estimate losses and calculate a mismatch. If there is an excessive
generation available from Solar more than the peak demand, that can be stored in the battery.
The frequency and voltage of the microgrid is constantly monitored, if the frequency drops
below the limit, load shedding is performed to maintain the frequency. AGC will take corrective
actions to stabilize the frequency after the load shedding is performed. If the frequency crosses
the limit, the AGC will send a command to reduce the power output of the machines. The
voltage at all the buses can be maintained by switching the capacitors at all the buses and
varying LTCs of transformers. This is the proposed model and it is not implemented as a part

of this thesis.
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Figure 4-45 Higher-level flow diagram of energy management system

4.12 RTDS MODEL DEMONSTRATING LOAD SHEDDING

A simplified model of the microgrid is implemented in Real Time Digital Simulator
(RTDS). RTDS provides opportunity to perform hardware in loop simulations. It provides low-
level output signals, which resembles the real system data such as current transformer outputs
or voltage transformer outputs. These outputs can be directed to intelligent electronic devices
to perform protection or automation operations. RTDS has set of processor cards, analog and

digital input/output cards, network and synchronization cards. All of these components
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constitute a rack in RTDS. RSCAD is the user interface that provides a platform to draft the

models and visualize the outputs in a runtime.

Figure 4-46 shows the simplified model developed in RTDS. The RTDS racks have
limit on number of nodes that it can model. The available test bed contains two racks. Owing
to these limitations, the components are aggregated to form a simplified model. There are two
synchronous machines modeled with exciter and governor, a power system stabilizer is used to
stabilize the output from these machines. EXST4B exciter and HYGOV governor dynamic
models are included. The transmission lines are modeled using the data from Powerworld model
as coupled RL branches by ignoring the capacitance affect. The transformers are modeled with
0.1 per unit leakage inductance. The critical loads are modeled same way they were modeled
in Powerworld except critical loads 3 and 4, critical loads 5 and 7, critical loads 8 and 9 are

aggregated together as single load.
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Figure 4-46 Simplified microgrid model developed in RTDS



122

The system is stable with initial load flow simulations. A runtime file is created to record
the frequency response of the system and the voltages at different buses. The system is stable
with the simplified model of the microgrid. The complete model of the microgrid including the
distribution system is not modeled at the time of writing the thesis. The plan is to perform
hardware in loop simulation by including a real time automation controller which receives the
microgrid model data such as breaker statuses, real and reactive power values at loads and

generators through standard communication protocols (ex: IEC 61850 or Modbus).

Load shedding and generator shedding logic can be included in the controller to
maintain the stability in the microgrid in terms of voltage and frequency. The contingencies or
the disturbances that might arise in the microgrid are load switching and generation variation
and faults. There would also be conditions such as battery switching, capacitor bank switching,
and reactor switching if any. These all cases can be simulated to identify the system response
and behavior. There can be cases such as communication failures or disturbances that can be
caused by cyber-attacks. These cases can be simulated to perform the system behavior. The

microgrid controller can be designed to handle such situations.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

5.1 CONCLUSION

The microgrids are proliferating across the world. This thesis modeled a proposed real
world microgrid as part of scoping study for a system that may be established soon. The study
identified the available generation resources and critical loads based on their priority and the
system topology. The potential amount solar energy that can be generated within the footprint
of the microgrid based available locations is estimated. The PCC breakers that need to be
opened to form a microgrid were identified and electrical boundaries for the microgrid were
defined. The transmission and distribution line parameters were acquired from different
simulation packages and a unified model representing the microgrid was implemented in
Powerworld. Historical measured load profiles and estimated generation resource profiles for
the past three years were used to analyze the daily and seasonal behavior of different loads.
Owing to seasonal variation of various parameters, different scenarios were created using aux

files in Powerworld to run the simulations over representative days in different seasons.

Power flow simulation was performed to identify the steady-state behavior of the
system. The steady-state voltages were within limits in both no load and full load conditions
when the capacitor banks were switched appropriately. Transient stability cases were simulated
by including the machine dynamic models and for the set of case studies, the system attained
stability after a certain amount of time. A load and generation forecast study was performed to
identify the forecast information for the microgrid. In addition, a study was performed to
determine feasibility of adding battery storage, followed by determination of optimal locations,

and rating of the potential battery storage systems. Several auxiliary files were created to study
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the system behavior in different seasons using time step simulation. The voltage magnitudes
and line loading are mostly within the limits in four different seasons by optimally sizing and
placing the capacitors and using the load tap changers. However, segments of two distribution
lines were still overloaded. Contingency-based analysis was performed to identify the worst-

case contingencies.

A few microgrid controller ideas were proposed to develop schemes that maintain
voltage and frequency stability. The guidelines from IEEE 1547 standards were followed to
design this microgrid. It was confirmed based on the results that it is feasible to form a microgrid
in that region with the available resources. Performance can be improved by adding PV
generation on roofs of larger buildings and parking areas and with addition of a battery.
However, the microgrid is feasible without the additional resources, although additional load
shedding will be required. Further analysis of the system including microgrid energy -
management system and better generator governors would improve the system behavior. The
microgrid has a very good potential to improve the resilience of the system as it is

predominantly supplied by hydro generation that is very close to the critical loads.

5.2 FUTURE WORK
5.2.1 Nanogrid

The microgrid could become more resilient if nanogrids were formed within it. A
nanogrid is defined as a small microgrid, typically serving single building or a group of
buildings. Substation-3 contains two of the critical loads (critical load-8 and critical load-9)
which are of the lowest priority for supplying from the microgrid. There is no potential for the
microgrid to supply these critical loads in any of the seasons with existing generation capability

or the proposed added PV. If an additional solar is installed on local buildings and combined
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with demand-response capabilities, then the area around critical load-8 and 9 supplied from
substation-3 can be operated as a nanogrid. It can potentially disconnect itself from the
microgrid and later resynchronize during times of the day when there is excess generation

available.

5.2.2 Further Analysis of the Microgrid Model

Studies including economic aspects while optimizing the solar generation and storage
sizing in the microgrid can be performed. A study examining the economic benefit of solar
generation and energy storage when not operated, as a microgrid would be a priority. Additional
transient stability studies can be performed including dynamic models of smart photovoltaic
converters. Many other cases in transient stability study can be performed using any
Electromagnetic Transients Program (EMTP) that can simulate the response in smaller time
steps or by using the Powerworld dynamic studio. Also the governors presently installed at the
hydro generators are not sufficient for microgrid operation, so better governors at generators
are needed. These governors can be designed based on simulation studies. In addition, more
realistic modeling of the operation of the batteries and their controls are needed, including use
of models that maintain energy balance. Studies include cold load pick up, magnetizing inrush,
and motor starting should be performed. The generator-1 parameters were assumed due to lack
of test data, and the model can be more accurate if parameters are determined. Analysis based
on other smart grid software tools such as DER-CAM, Homer Energy, GridLab-D, and Open

DSS can help to improve the performance of the microgrid.

5.2.3 Microgrid Energy Management System
The existing transmission and distribution systems in the microgrid region are managed

using SCADA and distribution automation systems. A microgrid master controller or microgrid
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energy-management system (MicroEMS) can be developed, which communicates with both
transmission and distribution networks within the microgrid. The controller sends control
commands to the microgrid automatic generation controller to better optimize the microgrid
operation. Inclusion of a demand response system would improve the system behavior, as the
available generation is not able to supply all of the critical loads within the microgrid at present.
This MicroEMS can act as a central controlling entity that can communicate with the
decentralized control equipment. The concept of transactive energy can be introduced where
the customers will have the capability to buy and sell power dynamically. References [74] [75]
[76] [77] [78] and [79] discuss the management system that can be developed building from
considerations for a microgrid. Similar concepts can be implemented while designing the
MicroEMS. The development of an adequate situational awareness tool that enables the
effective and timely decision-making could thus play a key role in preserving resilience during
emergencies [10]. Hardware in loop simulations can be performed using RTDS along with

MicroEMS.

5.2.4 Improved Load Shedding Techniques

Load shedding is a process to identify and curtail non-critical loads based on preset
preference. It includes different schemes for determining the amount of load to be shed. The
loads to be shed are usually determined by operator selectable priorities. The advanced load
shedding techniques can be included in MicroEMS. Conceptually, the load shedding system is
divided into two functional categories - pre-event calculations and event actions. The system
performs pre-event calculations to determine which loads to shed and to build a load shed table
dynamically. The system monitors contingency trigger signals and generates load shed signals

when a trigger is detected based on the load-shed table. Secondary backup under-frequency
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load shedding schemes can be implemented such that if the system falls below a certain
threshold, load shedding can be initiated. In addition, the system would benefit from having the
ability to do more precise load shedding within critical loads. References [80] and [81]

considers the different load shedding schemes implemented practically.

5.2.5 Distributed Control of Microgrids

Decentralized control of the microgrid will have many opportunities in enhancing the
cost effectiveness and security performance [8]. The need for resiliency also drives the real time
control development for microgrids. Applying the concept of multi-agent systems can improve
the autonomous control of microgrids in which each local intelligent controller is operated as
an agent. Coordinated algorithms and communication between the agents through system wide
organization can improve the overall efficiency. The local agents can have certain autonomy
allowing them to make decisions without a central controller. The multi-agent system

algorithms can be implemented to optimize the economic operation of the microgrid as well.

Internet technologies such as the Internet of things (IoT) will play a dominant role in
the deployment of microgrids. For example, smart homes (Wi-Fi enabled homes) with more
precise demand response that can actively control devices in the household and LV networks

can contribute for better optimization strategies [8].

5.2.6 Adaptive Protection and Control Schemes

The basic protection functions that can be employed in a microgrid are line current
differential protection, transformer protection, and directional overcurrent elements. However,
the bi-directional power flow in the case of a microgrid and the complexity of the system makes
the protective relaying for a microgrid a complicated task. In order to overcome this, improved

protection and control equipment can to be employed. Protective relays equipped with micro
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phasor measurement units (PMUs) with small angle resolution capabilities and IEC 61850-
communication capability can make better state estimation decisions within the microgrid. The
existing protection equipment can have different settings groups that can be changed by a
trigger from the microgrid controller. The settings need to be changed between grid connected
operation and islanded or microgrid operation. Additional circuit breakers may be needed as

well due to the changes in current flow direction.

The increasing complexity of power systems and uncertainty in the events that might
occur call for the development of smarter, more adaptive protection schemes capable of
adapting to the evolving system conditions and dynamically determining the best actions to take
based on unfolding events, and not on predetermined criteria. However, these schemes have not

been widely implemented yet due to concerns about reliability [10].
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Auxiliary files are used to model the variations in load and generation in Powerworld.

It is a text file as shown below. The data below is a sample auxiliary file that corresponds to the

data of a particular season. It contains the data of loads, shunt capacitors, transformer tap

positions, generator information.

Auxiliary file

DATA
[BusNum, BusName, AreaName, ZoneName, LoadID, LoadStatus, LoadMW, LoadMVR, LoadMVA,

LoadSMW, LoadSMVR, DistStatus, DistMWInput, DistMvarInput])
{

12 "Critical load-1" "1™ "1" "1 " "Closed" 1.82 1.00 2.08
1.00 "Closed" 0.00 0.00

<SUBDATA BidCurve>

//MW  Price[S$/MWhr]
0.00 10000.00

</SUBDATA>
12 "Critical load-2" "1™ "1"™ "2 " "Closed" 2.30 0.93 0.00
0.93 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
13 "Critical load-3" "1" "1" "1 " "Closed" 1.47 0.70 1.63
0.70 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
13 "Critical load-4" "1™ "1™ "2 " "Closed" 2.40 0.89 0.00
0.89 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
14 "Critical load-5" "1™ "1™ "1 " "Closed" 2.73 1.00 0.00
1.00 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
14 "Critical load-6" "1™ "1'™ "2 " "Closed" 2.17 0.98 2.38
0.98 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
15 "Critical load-7" "1" "1" "1 " "Open" 1.93 0.90 2.13
0.90 "Closed" 0.00 0.00

<SUBDATA BidCurve>

(Load,
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/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
15 "Critical load-8"™ "1" "1™ "2 " "Open" 0.00 0.00 0.00 2.37
0.96 "Closed" 0.00 0.00

<SUBDATA BidCurve>
/ /MW Price[$/MWhr]
0.00 10000.00

</SUBDATA>
15 "Critical load-9" "1" "1™ "2 " "Open" 0.00 0.00 0.00 2.37
0.96 "Closed" 0.00 0.00

<SUBDATA BidCurve>
//MW  Price[S$/MWhr]
0.00 10000.00

}
DATA (Shunt,
[BusNum, BusName, ShuntID, SSRegNum, SSStatus, SSCMode, SSRegulates, SSAMVR, SSVHigh,

SSVLow, SSRegVolt, SSDEV, SSNMVR, SSMaxMVR, SSMinMVR])
{

3 "Cap-1" "1" 3 "Closed" "Fixed" "Volt" 15.00 1.0000 0.9900
1.0000 0.0000 1.50 50.00 0.00
23 "Cap-2" "1" 23 "Closed" "Fixed" "Volt" 1.50 1.0000 0.9900
1.0000 0.0000 0.30 3.00 0.00
34 "Cap-3" "1" 34 "Closed" "Fixed" "Volt" 0.00 1.0000 0.9900
1.0000 0.0000 0.30 3.00 0.00
46 "Cap-4" "1" 46 "Closed" "Fixed" "Volt" 15.00 1.0000 0.9900
1.0000 0.0000 0.30 50.00 0.00
}
DATA (Branch,

[BusNum, BusName, BusNum:1, BusName:1,LineCircuit, LineXFType,LineStatus, LineTap,
LinePhase, XFAuto, XFRegBus, XFRegValue, XFRegError, XFRegMin, XFRegMax, XFTapMin,
XFTapMax, XFStep])

{
1 "iT1i." 5 "Substation-1" "2" "Fixed" "Closed" 1.0 0.00000 "No" 0

0.00000 =-0.51000 0.51000 1.50000 0.51000 1.50000 0.00625

}

DATA (Gen,

[BusNum, BusName, GenID, GenStatus, GenMW, GenMVR, GenVoltSet, GenAGCAble, GenAVRAble,
GenMWMin, GenMWMax, GenMVRMin, GenMVRMax, GenCostModel, GenParFac])

{

4 "Solar" "1" "Closed" 3.5 0.01 1.00000 "NO " "YES" 0.00 1000.00
0.01 0.01 "None" 10.00

5 "Gen-1" " 2" "Closed" 9.8 2 1.00000 "NO "™ "YES" 1.00 10.20 0.05
6.00 "None" 0.16

<SUBDATA ReactiveCapability>

/ /MW MinMVAR  MaxMVAR
0.2 -9.99 7.14
0.4 -9.99 7.13
0.6 -9.98 7.13
0.8 -9.96 7.12
1 -9.94 7.11
1.2 -9.92 7.1
1.4 -9.9 7.09
1.6 -9.87 7.07
1.8 -9.83 7.06
2 -9.79 7.04
8.2 -5.72 5.4
8.4 -5.42 5.31
8.6 -5.1 5.1
8.8 -4.74 4.74
9 -4.35 4.35
9.2 -3.91 3.91



0.

00

9.4 -3.41 3.41
9.6 -2.8 2.8
9.8 -1.98 1.98
10 0 0
</SUBDATA>
6 "Gen-2" "1" "Closed" 12.83
4.80 "None" 10.00
<SUBDATA ReactiveCapability>
/ /MW MinMVAR MaxMVAR
0.31 -15.59 10.58
0.62 -15.58 10.57
0.93 -15.57 10.57
1.24 -15.54 10.55
1.56 -15.52 10.54
1.87 -15.48 10.52
11.85 -10.13 7.94
12.106 -9.76 7.79
12.48 -9.36 7.64
12.79 -8.92 7.48
13.1 -8.46 7.32
13.41 -7.96 7.15
13.72 -7.4 6.97
14.04 -6.79 6.79
14.35 -6.11 6.11
14.66 -5.32 5.32
14.97 -4.36 4.36
15.28 -3.1 3.1
15.6 0 0

</SUBDATA>

4.

80

1.00000

"NO "

"YES"

0.

00
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15.60
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APPENDIX B - GENERATOR CAPABILITY CURVES

Generator 1 Capability Curve Calculations

MVA = MW j= V-1
Spase = 10MVA  S,400q = 10 MVA

Vyase = 4.2 KV Vegtea = 4.2 KV

Vbase2
Zpase = 225 = 1.764Q

base

Xs,, = 0.9(1 — 0.15)
XS = Xspu - Zbase - 134‘9.0.

_ Vrated — 3
Vp = 5 = 2.425 x 10°V

—3'V¢2
Qp = . = —13.072 MW

S

I, = Srated e ) cos™ (PFrated)
3 Ve

IL,] = 1.375 x 103 A

arg(l,) = —31.788°
Ex=Vp+j X5+ Iy

|E,| = 3.75kV

arg(E,) = 24.867°

lagging = 1

PF,4teqa = 0.85 lagging

Base impedance

Per unit synchronous reactance

Synchronous reactance

Per phase voltage

Center of rotor current limit cycle

Maximum armature current

Maximum generated Ey
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3 EqV
Dp = X—¢ Radius of rotor current limit circle
s

|Dg| = 20.214 MW
Sratea = 10 MW Radius of stator current limit

Q4= _Srated, = Sratea T 10 KW .. S, 4tea

QA(PA) = * ’Sratedz —PAZ Stator current limits

Qr = Qa

Q4(Pg) = \/(lDEl)Z — (PR)? + Q, Rotor current limit
P=1510"W Q = 0.510” W

P == Sratedz —QZ Stator current Ilimits

P = \/(lDEDZ - (Q - QO)Z Rotor current Iimit

Q>0W P>0W Keep result in first quadrant

() - ot

P, = 8.5 MW Qint = 5.268 MW Intersection point in first quadrant
Fo = 0.85 laggi

— = U. agging Check power factor

Pint“+Qint

Qcap = Q4
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\/(lDEDZ - (PR)Z + QO if Pcap =< Pint

i\/srated2 - Pcap2 if Pcap > Pint

Combined capability curves

Qcap (Pcap) =

Sstep = 1ed = 2 x 105 W

50

pnts = 20 i=12..pnts
Srated .

Ppointsi = ;:ltz "l

POintSi = (Ppointsi Qcap (Ppointsi)Qcap (Ppointsi))

Points,, = (15.6 0 0) - MW

110 s

=

Reactive Power (VAr)
L
s
o*d
B8
1

el

Cap_[ cap)

i s 4

0 5.10° 110’

Real Power (W)

Figure 6-0-1 Generator 1 capability curve from calculations
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Generator 2 Capability Curve Calculations

MVA = MW j= V=1
Spase = 15.6 MVA S, 4000 = 15.6 MVA

Vpase = 138KV Vigreq = 13.8KkV

Vbase2
Zpase = 5= =12.208 Q

base
Xspu - 09

Xs = X * Zpase = 10.98Q

Vy = 2Ll = 7,967 x 103V

V3
— . 2
Qo= —~ = —17.333 MW
Xs
IA — Srated e—j' cos™ (PFrateq)
3- V¢
I,| = 652.657 A

arg(ly) = —25.842°
EA:V¢+]XS IA
|E,| = 12.83 kV

arg(E,) = 30.19°

3 EaVy

D, =
E Xs

|Dg| = 27.92 MW

lagging = 1

PF qtea = 0.9 lagging

Base impedance

Per unit synchronous reactance

Synchronous reactance

Per phase voltage

Center of rotor current limit cycle

Maximum armature current

Maximum generated Eh

Radius of rotor current limit circle
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Sratea = 15.6 MW Radius of stator current limit

Q4= _Srated, — Sratea T 10KW .. S, 4tea

QA(PA) = =+ /Smtedz —PAZ Stator current limits

Qr = Q4

QA(PR) = \/(|DE|)2 - (PR)Z + Qo Rotor current 1imit

P =1510"W Q = 05107 W

P = + (S atea” — Q2 Stator current limits

P = \/(lDEDZ - (Q - Qo)z Rotor current limit

Q>0W P>0W Keep result in first quadrant

() - ot

Py = 14.04 MW Qint = 6.8 MW Intersection point in first quadrant
Pint _ .
5 > = 0.9 lagging Check power factor

Pint”+Qint

Qcap = Q4

\/(lDEDZ - (PR)Z + QO if Pcap < Pint

2 .
i\/Srated - Pcap2 lf Pcap > Pint

Combined capability curves

Qcap (Pcap) =

Sstep = 24 =312 X 105 W
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pnts = 20 i=12..pnts

Ppointsi -

Srated i
pnts

POintSi = (Ppointsi Qcap (Ppointsi)Qcap (Ppointsi))

Points,, = (15.6 0 0) - MW

I I I
210 =
F o
c ]
= .
S 1x10
= ,
= Qcap(\Pcap)
£ , o i
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> .....
i)
= 7
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Pcap
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Figure 6-0-2 Generator 2 capability curve from calculations
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APPENDIX C — JAVA PROGRAM FOR AUXILIARY FILES

The JAVA program used to create the Auxiliary files is shown below; this is used as a template
to generate several files.

'use strict'

const xlsx = require('xlsx')
const fs = require('fs')
const jx = require('jquery-extend')

// read excel file

let workbook = xlsx.readFile('Excel file with forecast information.xlsx')
let ranks = xlsx.readFile('Rank Tables.xlsx')

// set true if battery is at critical load-6, false if at hospitals

let Battl = true;

var seasons = workbook.SheetNames;

seasons.pop () ;

let rowMW = range(3,26)

let rowMVar = range(28,51)

let checkRowMW = range(58,81)

let cols =
[lBl’lCl’lDl’lEl’lFl’lGl’lHl’lIl’lJl’lKl’lLl’lMl’lNl’lOl’lPl’lRl’lSl’lTl’lU
','AA','AB','AC','AD','AE','AF','AG']

let times = ['12:00 AM','1:00 AM','2:00 AM','3:00 AM','4:00 AM', '5:00
AM','6:00 AM','7:00 AM','8:00 AM','9:00 AM',"'10:00 AM','11:00 AM',"12:00
pM','1:00 PM','2:00 PM','3:00 PM','4:00 PM','5:00 PM',"'6:00 PM','7:00
pM','8:00 PM','9:00 PM','10:00 PM','11:00 PM']

let steps = {}

let n =20

seasons.forEach (function (season) {// get load and gen values

for(let m = 0; m < cols.length; m++) {// iterate through each load and
gen

let load = null

if (cols[m] === 'R' || cols[m] === 'S' || cols[m] === 'T' || cols[m]
=== 'U' || cols[m] === 'AA' || cols[m] === 'AB' || cols[m] === 'AC' ||
cols[m] === '"AD' || cols[m] === "AE' || cols[m] === '"AF' || cols[m] ===
'AG") |

load = workbook.Sheets[season] [cols[m]+'56"'].w

} else {
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load = workbook.Sheets[season] [cols[m]+"'"1"'].w

}

for(let i = 0; 1 < times.length; i++){// iterate through each hour
let time = workbook.Sheets[season] ['A'+rowMW[i]].w // get times

let mWCell = null

if (cols[m] === 'R' || cols[m] === 'S' || cols[m] === "'T' || cols[m]
=== 'U' || cols[m] === 'AA' || cols[m] === 'AB' || cols[m] === 'AC' ||
cols[m] === 'AD' || cols[m] === 'AE' || cols[m] === "AF' || cols[m] ===
'AG'") A

mWCell = workbook.Sheets[season] [cols[m]+checkRowMW[1i]]
} else {

mWCell workbook.Sheets[season] [cols[m]+rowMW[i]]

}

let mVarCell = workbook.Sheets[season] [cols[m]+rowMVar[i]]
let mW = null

let mvVar = null

let step = {}

if (mWCell) {mW = mWCell.v.toFixed(2)}

if (mVarCell) {mVar = mVarCell.v.toFixed(2)}

step[season] = {
[load] : {
[time] @ {
'"MW' i [mW],
'"Mvar' : [mVar]

}

Jjx (true, steps, step)

})
seasons.forEach (function (season) {// get breaker status
for (let m = 0; m < cols.length-4; m++) {// iterate through each load
let load = workbook.Sheets[season] [cols[m]+'56"'].w

for (let 1 = 0; i < times.length; i++) {// iterate through each hour
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let time = workbook.Sheets[season] ['A'+rowMW[i]].w // get times
let mWCellCheck = workbook.Sheets[season] [cols[m]+checkRowMW([1i]]
let status = null
let step = {}
if (load.indexOf ('Load9') !== -1) {
status = workbook.Sheets[season] ['W'+checkRowMW[i]].w
} else if (mWCellCheck) {
status = 'CLOSED'
} else status = 'OPEN'
step[season] = {
[load] : {
[time] : {

'status' : [status]

}

jx (true, steps, step)

let fileCount = 96

let files = {}

for (let i=0; 1 < 4; i++) {
let season = seasons[i]
for (let n=0; n < 24; n++) {
let time = times[n]

let content = “DATA (Load,
[BusNum, BusName, AreaName, ZoneName, LoadID, LoadStatus, LoadMW, LoadMVR, LoadMVA,

LoadSMW, LoadSMVR, DistStatus, DistMWInput, DistMvarInput])

12 "Critical load-5,7 a™ "1™ "1™ "1 "
"S{steps[season] ['CLS5FD1"'] [time] ['status']}" 1.97 0.73 2.10
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S{steps[season] ["CL5FD1"'] [time] ['MW']}
S{steps[season] ['CL5FD1"'] [time] ['MVar']} "Closed" 0.00 0.00

12 "Critical load-5,7 A" "1" "1" "2 "
"S{steps[season] ['CL7FD1'] [time] ['status']}" 2.13 0.90 2.31
S{steps[season] ['"CL7FD1"'] [time] ['MW']}
${steps[season] ['CL7FD1'] [time] ['MVar']} "Closed" 0.00 0.00

13 "Critical load-5,7 D™ "1™ "1i" "1 "
"S{steps[season] ['CL5FD2'] [time] ['status']}" 1.45 0.51 1.56
$S{steps[season] ['CL5FD2"'] [time] ['MW']}
$S{steps[season] ['CL5FD2"'] [time] ['MVar']} "Closed" 0.00 0.00

13 "Critical load-5,7 D" "1™ "im™ "2 "
"S{steps[season] ['CL7FD2'] [time] ['status']}" 2.21 0.90 2.38
$S{steps[season] ['CL7FD2"'] [time] ['MW"']}
$S{steps[season] ['CL7FD2"'] [time] ['MVar']} "Closed" 0.00 0.00

14 "Critical load-5,7 B"™ "1" "1™ "1 "
"S{steps[season] ['CL7FD3'] [time] ['status']}" 2.55 1.00 2.74
S{steps[season] ["CL7FD3"'] [time] ['MW']}
S{steps[season] ['CL7FD3"'] [time] ['MVar']} "Closed" 0.00 0.00

14 "Critical load-5,7 B"™ "1™ "i"™ "2 "
"S{steps[season] ['CL5FD3'] [time] ['status']}" 2.10 0.70 2.21
S{steps[season] ["CL5FD3"'] [time] ['MW']}
$S{steps[season] ['CL5FD3"'] [time] ['MVar']} "Closed" 0.00 0.00

15 "Critical load-5,7 c™ "1™ mim 1 "
"S{steps[season] ['CL5FD4"'] [time] ['status']}" 2.00 0.80 2.15
$S{steps[season] ['CL5FD4"'] [time] ['MW']}
$S{steps[season] ['CL5FD4"'] [time] ['MVar']} "Closed" 0.00 0.00

15 "Critical load-5,7 C"™ "1" "1" "2 "
"S{steps[season] ['CL7FD4'] [time] ['status']}" 2.25 0.94 2.44
$S{steps[season] ['CL7FD4"'] [time] ['MW']}
[

$S{steps[season] ['CL7FD4"'] [time] ['MVar']} "Closed" 0.00 0.00

18 "Critical load-8,9 B"™ "1™ "1" "1 " "S{steps[season]['Critical
load-8'] [time] ['status']}" 9.49 2.86 9.91
$S{steps[season] ['Critical load-8'][time] ['MW']}
S{steps[season] ['Crtiical load-8'][time]['MVar']} "Closed" 0.00
0.00

19 "Critical load-8,9 Cc™ "1" "1" "1 " "S{steps[season]['Critical
load-9'] [time] ['status']}" 8.18 2.86 8.67
S{steps[season] ['Critical load-9'][time] ['MW']}
S{steps[season] ['Critical load-9'][time]['MVar']} "Closed" 0.00
0.00

22 "PSTI12F1 B2" "1" "1" "1 " "QOpen" 0.00 0.00 0.00
3.02 -0.08 "Closed" 0.00 0.00

24 "SH Load" "l" "l" "l "
"$S{steps[season] ['Hospitall'] [time] ['status']}" 5.80 1.10 5.90
S{steps[season] ['Hospitall'] [time] ['MW']}
S{steps[season] ['Hospitall'][time] ['MVar']}"Closed" 0.00 0.00

25 "PSTI12F¥1 L1™ "1" "1™ "1 "™ "Open" 0.00 0.00 0.00
1.04 0.39 "Closed" 0.00 0.00
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26 "C&W L1"™ "1™ "1" "1 " "Open" 0.00 0.00 0.00 0.80
0.40 "Closed" 0.00 0.00

27 "J&CH L™ "1" "1" "1 " "${steps[season]['Critical load-
1'] [time] ['status']}" 1.50 0.60 1.62
S{steps[season] ['Critical load-1'][time] ['MW']}
$S{steps[season] ['Critical load-1'][time]['MVar']} "Closed" 0.00
0.00

28 "PS12F1L2"™ "1" "1" "1 " "QOpen" 0.00 0.00 0.00
0.57 0.21 "Closed" 0.00 0.00

29 "C&WI12F3 B1"™ "1" "1" "1 " "QOpen" 0.00 0.00 0.00
2.96 0.58 "Closed" 0.00 0.00

30 "C&W12F3 L1™ "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
0.17 0.07 "Closed" 0.00 0.00

33 "PSTI12F1 L3"™ "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
1.04 0.39 "Closed" 0.00 0.00

34 "Critical load-6" "1" "1" "1 " "S{steps[season]['Critical load-
6'] [time] ['status']}" 5.70 0.34 5.71
S{steps[season] ['Critical load-6'][time] ['MW']}
S{steps[season] ['Critical load-6'][time] ['MVar']} "Closed" 0.00
0.00

35 "3HT12F1 B1"™ "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
1.88 0.66 "Closed" 0.00 0.00

36 "3HT12F1 L1™ "1™ "1™ "1 " "Open" 0.00 0.00 0.00
0.41 0.14 "Closed" 0.00 0.00

46 "Hospital3" "l" "l" "l "
"${steps[season] ['Hospital3'] [time] ['status']}" 2.80 0.85 2.93
$S{steps[season] ['Hospital3'] [time] ['MW']}
S{steps[season] ['Hospital3d'] [time] ['MVar']} "Closed" 0.00 0.00

4'7 "Hospital4" "l" "l" "l "
"S${steps[season] ['Hospitald'] [time] ['status']}" 0.30 0.18 0.35
S{steps[season] ['Hospitald'] [time] ['MW']}
S{steps[season] ['Hospitald'] [time] ['MVar']} "Closed" 0.00 0.00

48 "3HT12F6 L1™ "1™ "1" "1 " "Open" 0.00 0.00 0.00
2.03 1.18 "Closed" 0.00 0.00

49 "3HT12F6 L2™ "1™ "1" "1 " "Open" 0.00 0.00 0.00
4.74 2.28 "Closed" 0.00 0.00

50 "3HT12F1 L1™ "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
1.88 0.65 "Closed" 0.00 0.00

51 "C&W12F4 L1"™ "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
0.51 0.30 "Closed" 0.00 0.00

52 "C&W1l2F4 12" "1™ "1™ "1 "™ "Open" 0.00 0.00 0.00
3.84 2.05 "Closed" 0.00 0.00
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DATA (Gen,
[BusNum, BusName, GenID, GenStatus, GenMW, GenMVR, GenVoltSet, GenAGCAble, GenAVRADb
le,

GenMWMin, GenMWMax, GenMVRMin, GenMVRMax, GenCostModel, GenParFac])

4 "Solar" "1" "Closed" S{steps[season] ['Solar'] [time] ['MW']}
0.01 1.00000 "NO "™ "YES" 0.00 1000.00 0.01 0.01 "None"
10.00

5 "Generatorl™ " 2"
"S{steps[season] ['Generatorl'] [time] ['status']}"
${steps[season] ['Generatorl'] [time] ['MW']} 0.00 1.00000 "YES"™ "YES"
1.00 9.82 0.00 6.00 "None" 0.16

<SUBDATA ReactiveCapability>

/ /MW MinMVAR MaxMVAR

0.2 -9.99 7.14
0.4 -9.99 7.13
0.6 -9.98 7.13
0.8 -9.96 7.12
1 -9.94 7.11
1.2 -9.92 7.1
1.4 -9.9 7.09
1.6 -9.87 7.07
1.8 -9.83 7.06
2 -9.79 7.04
2.2 -9.75 7.02
2.4 -9.7 6.99
2.6 -9.65 6.97
2.8 -9.6 6.94
3 -9.53 6.91
3.2 -9.47 6.88
3.4 -9.4 6.85
3.6 -9.32 6.81
3.8 -9.24 6.78
4 -9.16 6.74
4.2 -9.07 6.7

4.4 -8.97 6.65
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4.6 -8.87 6.61
4.8 -8.77 6.56
5 -8.66 6.51
5.2 -8.54 6.46
5.4 -8.41 6.4
5.6 -8.28 6.35
5.8 -8.14 6.29
6 -8 6.23

6.2 -7.84 6.16
6.4 -7.68 6.1

6.8 -7.33 5.96
7 -7.14 5.89
7.2 -6.93 5.81
7.4 -6.72 5.73
7.6 -6.49 5.65
7.8 -6.25 5.57
8 -6 5.49

8.2 -5.72 5.4
8.4 -5.42 5.31

9 -4.35 4.35
9.2 -3.91 3.91

9.4 -3.41 3.41

9.8 -1.98 1.98
10 0 0
</SUBDATA>

6 "Generator2" "1" "S${steps
[season] ['Generatorl'] [time] ['status']}"
$S{steps[season] ['Generatorl'] [time] ['MW']} 0.00 1.00000 "YES™ "YES"
0.50 15.60 0.00 4.80 "None" 10.00

<SUBDATA ReactiveCapability>

/ /MW MinMVAR MaxMVAR



0.31
0.62
0.93
1.24
1.56
1.87
2.18
2.49
2.80
3.12
3.43
3.74
4.05
4.36
4.68
4.99
5.30
5.61
5.92
6.24
6.55
6.86
7.17
7.48
7.80
8.11
8.42
8.73
9.04
9.36
9.67
9.98

10.29

-15.

-15

-15.

-15

-15.

-15

-15.

-15

-15

-15.

-15

-15.

-15.

-14.

-14.

-14.

-14.

-14.

-14

-14.
-14.
-14.
-13.
-13.

-13.

-13

-13.
-12.
-12.
-12.
-12.
-11.

-11.71

59

.58

57

.54

52

.48

44

.39

.34

28

.21

14
06
97
88
77
67
55

.42

29
15
00
85
68
50

.32

12
92
70
48
23
98

10.

10

10.

10

10.

10

10.

10

10

10.

10

10.

10

10.
10.
10.
10.
10.

8.

58
.57
57
.55
54
.52
50
.47
.44
41
.37
33
.29
24
19
13
07
01

.95
.88

.72
.64
.56
.47
.38
.28
.18
.08
.97
.85

.74

61

154
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10.6 -11.43 8.49
10.92 -11.14 8.36
11.23 -10.82 8.22
11.54 -10.49 8.08
11.85 -10.13 7.94
12.16 -9.76 7.79
12.48 -9.36 7.64
12.79 -8.92 7.48
13.1 -8.46 7.32
13.41 -7.96 7.15
13.72 -7.4 6.97
14.04 -6.79 6.79
14.35 -6.11 6.11

14.66 -5.32 5.32
14.97 -4.36 4.36
15.28 -3.1 3.1

15.6 0 0

</SUBDATA>

53 "Batteryl" "1™ "S${ (!
(parseFloat (steps[season] ['Batteryl'] [time] ['MW']) === 0.00) && Crtiical
load-6Batt) ? 'Closed’: 'Open'}" S{steps [season] ['Batteryl']
[time] ['MW']} 0.00 1.00000 "YES"™ "YES" 0.00 1000.00 -9900.00
9900.00 "None" 10.00

54 "Battery2" "1"
"${ (! (parseFloat (steps[season]['Battery2'] [time] ['MW']) === 0.00)
&& !Crtiical load-6Batt) ? 'Closed’: 'Open'}" S{steps [season]
['Battery2'] [time] ['MW']} 2.00 1.00000 "YES" "YES" 0.00 1000.00
-9900.00 9900.00 "None" 10.00

}

DATA (Shunt,
[BusNum, BusName, ShuntID, SSRegNum, SSStatus, SSCMode, SSRegulates, SSAMVR, SSVHig
h,

SSVLow, SSRegVolt, SSDEV, SSNMVR, SSMaxMVR, SSMinMVR])

3 "Substation-2" "1" 3 "Open" "Fixed" "Volt" 15.00
1.0000 0.9900 1.0000 0.0000 $S{steps [season] ['Cap Sub-2'] [time]
['MW']} 50.00 0.00



23 "Critical-3" "1" 23 "Closed" "Fixed" "Volt"

1.0000 0.9900 1.0000 0.0000 $S{steps [season]
[time] ['MW']} 3.00 0.00

34 "Critical load-6" "1" 34 "Closed" "Fixed"
0.00 1.0000 0.9900 1.0000 0.0000 S{steps
load-6"'] [time] ["MW']} 3.00 0.00

46 "Hospital3" "1" 46 "Closed" "Fixed" "Volt"
1.0000 0.9900 1.0000 0.0000 ${steps [season]['Cap
Hospital3'] [time] ["MW']} 50.00 0.00

}

DATA

(Branch,

1.50

['Cap Hospitall']

"VOlt"
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[season] ['Cap Critical

15.00

[BusNum, BusName, BusNum:1,BusName:1,LineCircuit, LineXFType, LineStatus,LineTa

by

LinePhase, XFAuto, XFRegBus, XFRegValue, XFRegError, XFRegMin, XFRegMax, XFTapMin,

XFTapMax,XFStep])

1 "Sub-1." 5 "Genbusl" "2" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

1 "Sub-1." 6 "Genbus2" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 =-0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

1 "Sub-1." 12 "Critical load-5,7 A™ " 1" "Fixed" "Closed"
$S{steps[season] ['Taps PST'][time] ['MW']} 0.00000 "No" 0 0.00000
0.51000 0.51000 1.50000 0.51000 1.50000 0.00625

1 "Sub-1." 13 "Critical load-5,7 D" " 1" "Fixed" "Closed"
$S{steps[season] ['Taps PST'][time] ['MW']} 0.00000 "No" 0 0.00000
0.51000 0.51000 1.50000 0.51000 1.50000 0.00625

2 "Sub-4" 7 "C&W Bus 2" " 1" "Fixed" "Closed" 1.00000
0.00000 "NoO" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

2 "Sub-4" 8 "C&W Bus 1" "™ 1" "Fixed" "Closed" 1.00000
0.00000 "NoO" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

3 "Sub-2" 9 "T&H Bus 1" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

3 "Sub-2" 10 "T&H Bus 2" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

3 "Sub-2" 11 "T&H Bus 3" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 -0.51000 0.51000 1.50000 0.51000
1.50000 0.00625
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4 "Sub-3" 16 "MET Bus A" " 1" "Fixed" "Closed"
S{steps[season] ['Taps M1'] [time] ['MW']} 0.00000 "NO" 0 0.00000 -
0.51000 0.51000 1.50000 0.51000 1.50000 0.00625

4 "Sub-3" 17 "MET Bus D" " 1" "Fixed" "Closed"
S{steps[season] ['Taps M2'] [time] ['MW']} 0.00000 "NO" 0 0.00000 -
0.51000 0.51000 1.50000 0.51000 1.50000 0.00625

21 "Crtiical load-1" 27 "J&CH L" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 =-0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

23 "Hospitall Bus" 24 "SH Load" " 1" "Fixed" "Closed" 1.00000
0.00000 "No" 0 0.00000 =-0.51000 0.51000 1.50000 0.51000
1.50000 0.00625

32 "PSTI12F1 B4" 34 "Crtiical load-6 campus" " 1" "Fixed"
"Closed" 1.00000 0.00000 "No" 0 0.00000 =-0.51000 0.51000
1.50000 0.51000 1.50000 0.00625

43 "Hospital3 & Hospitald" 46 "Hospital3" " 1" "Fixed" "Closed"
1.00000 0.00000 "No" 0 0.00000 =-0.51000 0.51000 1.50000
0.51000 1.50000 0.00625

43 "Hospital3 & Hospitald" 47 "Hospitald" " 1" "Fixed" "Closed"
1.00000 0.00000 "No" 0 0.00000 =-0.51000 0.51000 1.50000

0.51000 1.50000 0.00625

}

DATA (OverExcitationLimiter OELI,
[BusNum, GenID, TSDeviceStatus, TSFlag, TSIfdref, TSIfdmax, TSTpickup, TSRunBack, T
STmax,

TSTset, TSIfcont, TSAlarm])

6 "1" "Active" 0 2.1 2.15 -10 0 30 20 2.1 O

}

DATA (PlantController REPC A,
[BusNum, GenID, WhoAmI, WhoAmI:1, TSDeviceStatus,RefFlag,VcompFlag,FreqgFlag, TST
£, TSKp,
TSKi,Tft,TSTfv,TSVfrz, TSRc, TSXc, TSKc, TSMaxerr, TSMinerr, Dbd, TSQmax, TSQmin, Kp

g
Kig,TSTp,Dbd:1,Dbd:2, Femax, Femin, TSPmax, TSPmin, TSTlag, Ddn, Dup, TSMWCap])

{

53 "1" "none" "none" "Active" 1 1 0 0.05 10 10 0 3 0.7 0 O 1 1 -1
01 -110100001-12032000

54 "1" "none" "none" "Active" 1 1 0 0.05 10 10 0 3 0.7 0 0 1 1 -1
01-110100001-12032000

}

DATA (Gen, [BusNum,GenID,GenMVABase,TSGovRespLimit])

{
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6 "1" 15.6 "Normal"
53 "1" 100 "Normal"
54 "1" 100 "Normal"
}

DATA (Exciter_EXST4B,
[BusNum, GenID, TSDeviceStatus, TSTr, TSKpr, TSKir, TSTa, TSVrMax, TSVrMin, TSKpm, TS
Kim,

TSVmmax, TSVmmin, TSKg, TSKp, TSAngleP, TSKi, TSKc, TSX1, TSVbMax])

6 "1" "Active" 0 15 15 0.02 1 -0.87 1 0 1 -0.87 0 3.5 0 0 0.01 0
99

}
DATA (Gen, [BusNum,GenID,GenMVABase,TSGovRespLimit])

{

6 "1" 15.6 "Normal"

}

DATA (Governor HYGOV,
[BusNum, GenID, TSDeviceStatus, TSTrate, TSRperm, TSRtemp, TSTr, TSTf, TSTg, TSVelm,
TSGmax, TSGmin, TSTw, TSAt, TSDturb, TSQOnl, TSTtur, TSTn, TSTnp, TSDb:1, TSEps, TSDb: 2
, TSGv,TSPgv, TSGv:1,TSPgv:1,TSGv:2,TSPgv:2,TSGv:3,TSPgv:3,TSGv:4,TSPgv:4,TSG
v:5,TSPgv:5,TSHdam, TSBgv, TSBgv:1,TSBgv:2, TSBgv:3, TSBgv:4, TSBgv:5, TSBmax, TST
bladel])

{

5 "™ 2" "Not active" 0 0.04 0.3 5 0.05 0.5 0.2 01 1.2 0.5 0.05
001

1
0.5000000000O0O0OO0OO0OOLOLOLOLITO0O0OO0O0OQO0 00
6 "1" "Active" 0 0.04
000000O0O0OO0O0OO0OO0OO0O

(@)
O W
[@INE)]

0.05 0.50.21011.20.50.050.50
0 0000 100

=

DATA (Gen, [BusNum,GenID,GenMVABase,TSGovRespLimit])

5 ™ 2" 100 "Normal"
6 "1" 15.6 "Normal"
}

DATA (MachineModel GENCLS,
[BusNum, GenID, TSDeviceStatus, TSH, TSD, TSRa, TSXd:1, TSRcomp, TSXcomp])

{

4 "1" "Active" 3 0 0 0.2 0 O
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DATA (MachineModel GENTPJ,
[BusNum, GenID, TSDeviceStatus, TSH, TSD, TSRa, TSXd, TSXqg, TSXd:1, TSXg:1,TSXd:2, TS
Xqg:2,
TSX1,TSTdo,TSTgo,TSTdo:1,TSTgo:1,TSS1,TSS1:1, TSRcomp, TSXcomp, TSAccFactor,

TSKis])

5 " 2" "Active"™ 3 0 0 2 0.4762 0.2 0.4762 0.1714 0.18 0.1429 7
0.75 0.035 0.05 0 0 0 0 0.4 0

6 "1" "Active" 2.75 0 0 0.9 0.6 0.293 0.6 0.268 0.268 0.23 5 0
0.03 0.05 0.2 0.55 0 0 0.5 0.06

}
DATA (Gen, [BusNum,GenID,GenMVABase,TSGovRespLimit])
{

4 "1" 100 "Normal"

5" 2" 100 "Normal"

6 "1" 15.6 "Normal"

}

"let fileName = season+' '+time.replace(':00','"')+'.aux'
jx(true, files, { [season] : { [time] : [fileName] } })
let fileDir = 'aux/'

fs.writeFile(fileDir+fileName,content, '"utf8', (err) => {
console.log(fileName +' (#'+ fileCount +') is complete!')
fileCount--
if(!fileCount) console.log('All Files have completed!"')

})

}
function range (start, end) {
var foo = [];
for (var i1 = start; i <= end; i++) {
foo.push(i);
}

return foo;



