DESIGN OF A CENTRALIZED MICROGRID CONTROLLER IN
COMPLIANCE WITH IEEE 2030.7 STANDARD

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SOHEIL POURALTAFI-KHELJAN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL-ELECTRONICS ENGINEERING

SEPTEMBER 2021






Approval of the thesis:

DESIGN OF A CENTRALIZED MICROGRID CONTROLLER IN
COMPLIANCE WITH IEEE 2030.7 STANDARD

submitted by SOHEIL POURALTAFI-KHELJAN in partial fulfillment of the re-
quirements for the degree of Master of Science in Electrical-Electronics Engineer-
ing Department, Middle East Technical University by,

Prof. Dr. Halil Kalipcilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. ilkay Ulusoy
Head of Department, Electrical-Electronics Engineering

Assoc. Prof. Dr. Murat Gol
Supervisor, Electrical-Electronics Engineering, METU

Examining Committee Members:

Prof. Dr. Ali Nezih Giiven
Electrical-Electronics Engineering, METU

Assoc. Prof. Dr. Murat Gol
Electrical-Electronics Engineering, METU

Assoc. Prof. Dr. Ozan Keysan
Electrical-Electronics Engineering, METU

Prof. Dr. Saffet Ayasun
Electrical-Electronic Engineering, Gazi University

Prof. Dr. Isik Cadirci
Electrical and Electronics Engineering, Hacettepe University

Date: 10.09.2021



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all
material and results that are not original to this work.

Name, Surname: Soheil Pouraltafi-Kheljan

Signature

v



ABSTRACT

DESIGN OF A CENTRALIZED MICROGRID CONTROLLER IN
COMPLIANCE WITH IEEE 2030.7 STANDARD

Pouraltafi-Kheljan, Soheil
M.S., Department of Electrical-Electronics Engineering

Supervisor: Assoc. Prof. Dr. Murat Gol

September 2021, [94] pages

With the incorporation of renewable distributed energy resources and electric vehi-
cles and battery storage systems into the conventional grid structure, the need for
a microgrid and its control is emerging. IEEE 2030.7 Standard defines the Micro-
grid control system as a key element of microgrid regulating every aspect of it at the
point-of-interconnection (POI) with the distribution system and autonomously man-
ages operations such as transitions of operating modes. This system consists of con-
trol functions, which can be layered into the high, core, and low-level functions. The
core-level functions comprise dispatch and transition functions, while the high-level
functions include supervisory operations. In the proposed approach, a system is de-
veloped to achieve real-time monitoring and control of a microgrid through a micro-
grid central controller that ensures the proper operation of grid-connected and island
modes. The microgrid system includes photovoltaic units, electric vehicles, battery
storage systems, and bi-directional grid connections. A rule-based core-level dispatch
function guarantees the security of supply to critical loads during the islanded mode.
The core-level transition function accomplishes a successful transition between the

operation mode. As a high-level function, the optimal operation of the microgrid



in grid-connected mode is found by a model predictive control (MPC) based algo-
rithm that incorporates the future reference information of the generation and load
forecasts into the battery storage systems and vehicle to grid and vice versa control
problem. Moreover, a communication framework and a graphical user interface are

implemented.

Keywords: Microgrid, microgrid controller, electric vehicle, photovoltaic systems
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0z

IEEE 2030.7 STANDARDINA UYGUN BiR MERKEZIi MiKRO SEBEKE
DENETLEYICI TASARIMI

Pouraltafi-Kheljan, Soheil
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dog¢. Dr. Murat Gol

Eyliil 2021 , [94] sayfa

Yenilenebilir dagitilmis enerji kaynaklarinin ve elektrikli araclarin ve pil depolama
sistemlerinin geleneksel sebeke yapisina dahil edilmesiyle birlikte, bir mikro sebe-
keye ve kontroliine olan ihtiya¢ ortaya ¢ikmaktadir. IEEE 2030.7 Standardi, Mikro
sebeke kontrol sistemini, dagitim sistemi ile baglanti noktasinda (POI) her yoniinii
diizenleyen ve calisma modlarimin gegisleri gibi islemleri 6zerk olarak yoneten mikro
sebekenin kilit bir unsuru olarak tanimlar. Bu sistem, yiiksek, cekirdek ve diisiik se-
viyeli iglevlere katmanlanabilen kontrol islevlerinden olusur. Temel diizey islevler,
sevk ve gecis islevlerini igerirken, iist diizey islevler denetim islemlerini igerir. One-
rilen yaklasimda, sebeke baglantili ve ada modlarinin diizgiin ¢alismasini saglayan
bir mikro sebeke merkezi kontrolor araciligiyla bir mikro sebekenin gercek zamanl
izlenmesini ve kontroliinii saglamak i¢in bir sistem gelistirilmistir. Mikro sebeke sis-
temi, fotovoltaik iiniteleri, elektrikli araglari, akii depolama sistemlerini ve ¢ift yonlii
sebeke baglantilarini icerir. Kural tabanli bir ¢ekirdek diizeyinde sevk islevi, adal
mod sirasinda kritik yiiklere tedarik giivenligini garanti eder. Cekirdek seviye gecis

islevi, calisma modu arasinda basarili bir gegis gerceklestirir. Ust diizey bir islev ola-

vii



rak, mikro sebekenin sebekeye baghi modda optimum caligsmasi, iiretimin gelecekteki
referans bilgilerini ve yiik tahminlerini akii depolama sistemlerine ve araca dahil eden
bir model tahmine dayali kontrol (MPC) tabanl1 algoritma ile bulunur. Ayrica, bir ile-

tisim cercevesi ve bir grafik kullanici arayiizii uygulanmaktadir.

Anahtar Kelimeler: Mikro sebeke, mikro sebeke kontrolorii, elektrikli arag, fotovol-

taik sistemler
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CHAPTER 1

INTRODUCTION

The 2003 Northeast Blackout was one of North America’s most significant power
outages, making it suitable for research and lessons gained [[1]]. Based on the several
studies, [, 2, 3} 4], causes of this event can be summarized as the inadequacy of sys-
tem understanding, reliability coordinator diagnostic support, situational awareness,
and tree trimming. The generally proposed solution to overcome these problems is

smart grid and microgrid (MG) concepts that better utilize existing sources.

Microgrids have a long and illustrious history. The first power plant constructed by
Thomas Edison, the Manhattan Pearl Street Station, built in 1882, was effectively a
microgrid [S]. Also, integrating microgrids (MG) is expected to solve most of the
technical problems caused by the integration of DERs. As a result, the necessity for
central coordination will reduce, and the realization of the smart grid will be more

straightforward.

There is no unique definition for MGs, and all present definitions are quite similar,
with only minor differences. MG’s most commonly recognized factors are the control
framework for generation and demand, well-defined limits, and islanding capabilities
[6,17,18,19]. Microgrids are primarily electrical, including AC, DC, or hybrid system:s,
but they can also include thermal components for heating. Because the difference of
load generation points is small, the system’s norms are less than the main network.
Microgrids enable the combined operation of distributed energy resources (DERs)
and energy storage systems considering system reliability [10,11]. According to [6],
MGs can be defined as distributed power systems, which can operate either in grid-
connected mode or island mode. According to [12], a microgrid should have the

following capabilities:



1. It should operate both in grid-connected mode and in isolated mode,
2. It should allow transitions between modes of operation,
3. In grid-connected mode, it can sell the excess power or ancillary services,

4. In island mode, it should operate as a grid forming system.

To rationalize the installation of a microgrid, one must first determine its influences
(the results of the microgrid’s development and operation), payoffs (the costs and
advantages of its implementation and management), and stakeholders (who will be
affected by the microgrid). Microgrids can provide relevant parties with a range of
socio-economic, technical benefits and impacts. It is useful to differentiate between

the concepts of "impacts" and "benefits."

The numerous changes that arise from installing and operating a microgrid in vari-
ous systems are called "impacts." Impacts might range from extremely technical and
clearly verifiable to vague instances [13]. Authors of [8] divide microgrid impacts
into two : "known impacts" (those that must be recognized as time passes by) and
"discovered impacts" (those that must be discovered by simulation or computation of

particular input data).

In contrast, "benefits" are described as the actual financial advantages that stakehold-
ers gain from a microgrid. Although certain impacts may have direct economic value,
non-economic microgrid impacts must be mapped onto obvious economic advantages
to stakeholders to establish a business case. It should be noted that "costs" might
merely be defined as negative benefits [8]. Microgrids’ direct, significant technical
and economic benefits have been summarized as lower cost and more profit [14],
higher efficiency, lower emissions, and ameliorated power quality [15] and reliability
[16] .The indirect advantages of microgrid operation are more diverse, but they are
also harder to define. This set includes environmental advantages such as reducing the
necessary physical track required for electricity generation, and reducing dependency

on fossil fuels [[17].

Although microgrids are presented as next-generation power system structures, they

have some issues about their operation:



Bi-directional power flows

Stability problems during transitions

System modeling

Low inertia

Uncertainty

Standards contribute to the advancement of microgrid installation and configuration
by having a comprehensive technical basis for interconnection and interaction with
the utility grid at the point of interconnection. Standardization of MG controllers is

necessary to offer [18]]:

1. A common technical base for defining controller functions

2. A reference point and interpretation to policymakers and authorities for the

microgrid’s operating capabilities

There are six main standards related to MGs [19]. The IEEE 1547.4 standard [20]]
provides a reference for the design, operation, and transition of DER, such as the
transition to island mode, island mode operation, or the reconnection mode, which
can be referred to as a microgrid. A new version of this standard, IEEE 1547-2018
[21]] was published in 2018. IEEE 2030.7 standard [9] addresses the functions higher
than the component control level related to the appropriate operation of the microgrid
energy management system common to all microgrids, disregarding the application,
topology, configuration, or administration. In this standard, Control functions can be
levelized into the high, core, and low levels. The detailed description of this document
is presented in the following section. IEEE 2030.7 standard cites IEEE 2030.8 [22]
standard to qualify, verify and evaluate the recommended specifications and function-
alities. As a result of these tests, microgrid controllers may be adopted more broadly.
IEC 62898 series includes IEC 62898-1 [23]] and IEC 62898-2 [24]. IEC 62898-1
covers the technical requirements and guildlines for the microgrid planning stage.
IEC 62898-1 intends to provide principles and requirements related to components,

operation, and transitions.



1.1 Microgrid Components

The main characteristic of MGs which differentiates them from virtual power plants
(VPP) is their structures. Distributed energy resources (including small conventional
units and renewables), energy storage, various loads, and conventional power plants
are typically included in VPPs, and VPPs are mingled by the utility grids. However,
MGs are connected from a single point to the utility grid. Therefore they can operate
in both grid-connected and islanded mode [5]. In Figure [I.T] the possible units of a
microgrid are illustrated. Generally, components of the MG can be classified into five

sets [9]]:

1. Components connecting the microgrid to the utility grid at the point-of-interconnection

(POI) such as disconnectors and circuit breakers
2. Microgrid control system (MGCS)

3. Local distribution system components such as transformers, switch-gears, ca-

pacitors

4. Breakers or dis-connectors for internal interaction and interconnection of MG

elements

5. Physical devices: DERs, controllable loads, distributed energy storage (DES),

and loads

IEEE 2030.7 standard categorizes microgrid loads into different types in terms of

their critically and controllability:

1. Critical loads: These are loads that must be supplied in all of the microgrid’s
regular operation conditions. They are generally are not controlled. Building
controls, security systems, life-safety systems, information technology servers

are instances of this set.

2. Priority loads: These are loads that can be regularly disturbed or adjusted at dif-
ferent load levels. Lighting, elevators, HVAC system loads (chillers, air - con-

ditioning units), and non-essential industrial process equipment are examples

4
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Figure 1.1: Microgrid units

of this set. Building HVAC systems can have their operating points modified to

offer regulated loading.

3. Interruptible loads: These are loads that can be shed or interrupted at any time
to balance generation and demand. Examples include thermal energy storage,
water pumping where enough tank storage is available, and charging of batter-

ies in DES devices.

4. Diversion and dump loads: These loads are used when excess generating ca-
pacity is available, and curtailment of generation is either not possible or where
there is an economic benefit using the diverted energy. An example is a diver-

sion load for a wind turbine that absorbs gust energy.

5. Undefined loads: loads with unclear behavior that are not included above.

Based on the operating conditions of the MG, different load categories are connected
to or disconnected from the MG to maintain the generation and load balance, and
MG stability. These actions are accomplished through a circuit breaker controller and

controllable load’s local control.



The breaker controller monitors and initiates the MG breakers. The implementation
method depends on the available breaker and its compatibility. The breaker controller
receives the breaker control signal from the microgrid control system and sends a
breaker status and manually by operators. Breaker status includes one of these modes,

including open, closed, and tripped.

Microgrids may involve various kinds of DERs. Those might be renewable energy
resources such as photovoltaic (PV) systems, wind turbines, microturbines using CHP
systems, and fuel cells or conventional generators. Local controllers of the DER and
DES devices maintain the required frequency and voltage. However, control modes
and set points of these assets are assigned by the microgrid controller. In microgrid

islanded mode, at least one of these devices should provide the grid forming.

Basically, DERs can be divided into two categories in terms of connection types to
the distribution system. These are conventional synchronous machines directly con-
nected to the distribution system and renewable resources connected to the distribu-
tion system with an electronic converter [25]. The control strategies of these two
types of DERs are entirely different from each other. DERs can also be grouped in
terms of their dispatch characteristics. Non-dispatchable DERs are generally working
at the optimum operating point. Especially in renewable energy units, the Maximum
Power Point Tracking (MPPT) system is used due to the intermittent character of the
renewable energy sources. In this way, always the maximum possible power is drawn
from the energy source. However, with this control method, the produced power de-
pends on the current state of the energy source and prevents economic dispatch. It is
possible to use these distributed power generation units and energy storage systems
to make economic dispatch possible [26]. In Figure[l.2]both a non-dispatchable PV
system and a dispatchable PV and BSS combination are represented. IEEE Standard
1547 provides detailed information about multiple DERs interconnection to power

grids [20].

Following DERs can be considered in MG’s structure, but it is not limited to these

mentioned resources:

1. Dispatchable



e Diesel generators

e Combined Heat and Power (CHP)
2. None-dispatchable

e Wind turbines

e Photovoltaic arrays/ inverters

— (b)
Figure 1.2: Two possible configurations for the PV system: (a) A non-dispatchable

PV unit. (b) PV unit and energy storage system integration becomes dispatchable

DERs local controller accepts the following commands from the MGC:
1. Control mode commands: grid forming (isochronous, droop), grid supporting,
and grid feeding,
2. Real power setpoint ,
3. Reactive power setpoint ,
4. Voltage setpoint,

5. Start or stop.



In case of having enough communication and monitoring infrastructure, the local
controller provides the following real-time values for MGCS:

1. Real power output, reactive power output, power factor output,

2. Power quality (harmonic distortion),

3. Local bus voltage, current,

4. Generation capability curves (current maximum and minimum available P, Q

of the unit), percent loading, fuel utilization, fuel remaining,
5. Device ratings and self-describing information.
The primary application of the DES is to coordinate with DGs to enable microgrid
generation adequacy. DES also has a local controller system and operates in cooper-

ation with the MGC. For this purpose, MGC determines the following setpoints for

this local controller:

1. Control mode: Grid forming (isochronous, droop), grid supporting, grid feed-
ing,
2. Real Power output setpoint, reactive power output setpoint,

3. Real Power input setpoint, reactive power input setpoint.

Also, DES provides the following real-time values for the MGC:

1. Voltage, current,

2. Storage capacity(kWh) (current, maximum) and Power output maximum,

3. State of charge.
Moreover, an electric vehicle’s available storage can play an important role following
the DES system. This participation can be accomplished in both directions so that
the vehicle’s battery can be charged from the grid (G2V). In the necessary time, the

vehicle’s battery can be considered an energy resource. Energy is derived from the

vehicle to the grid (V2G). Following related values presented to the MGC:

8



1. Number of plugged-in cars,

2. Divers’ permission for V2G action,

3. Available vehicle storage capacity,

4. The available usable stored energy of vehicles.

While developing a microgrid controller, the aforementioned issues should be taken

into account. The developed controller should have the following main specifications:

e Output control of DERs in terms of voltage and frequency,
e Power balance in microgrid,

e Demand-side management,

e Economic dispatch,

e Transition between operating modes of a microgrid. Especially seamless tran-

sition to island mode is very crucial [27]].

1.2 Literature Review of Microgrid Control System

Control and operation in a microgrid are critical factors in the success of electrical
systems due to numerous restrictions, such as control functionality in islanded opera-
tion or power exchange with the main grid. This topic has a large amount of scientific
and industrial literature. This system layer may be composed of only the software
or both software and hardware. In microgrid control, a hierarchical control method
should be followed [12, 28| 29, 30, 31} 32, [33]]. In Figure [[.3] the microgrid control
scheme is given. It should be noted that tertiary control is not an applicable approach

for such small-scale grid structures.

While the main grid controls the voltage magnitude and frequency, the main control
parameters are the active and reactive power output of the DERs in grid-connected
mode. However, in island mode, there is no reference voltage for DERs, so this mode

is quite challenging. Even short duration of voltage and frequency inconsistency may
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Figure 1.3: Microgrid control methods
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result in large current circulations [30, 29]. An intuitive method is given in [33],
where a DER is set to produce system voltage, frequency, and other units that provide

the power balance in the microgrid.

Primary control is the fastest control mechanism, thanks to its local measurements and
communication-free approach. Therefore, control of unit connection status, output
voltage control, and output power balance control is achieved with this control method
[12]], [27]. Although the most popular methods for primary control are droop based

methods, they have some disadvantages [34]:

Bad transient response, due to the use of rated powers,

Performance problems due to the omission of load dynamics,

High coupling between active and reactive power due to low X/R ratio,

Stability issues due to load harmonics.

In literature, some works are defined to overcome these issues [31]], [32].

Secondary control is a more sophisticated control step. Changes in voltage magnitude
and frequency are corrected in this step. Two main controller approaches are given
in the literature, namely centralized and decentralized control methods. Some basic
advantages and disadvantages of those methods can be seen in Tableﬂ;f] [135} 136, 137,
38]. Implementation of decentralized controller techniques requires more advanced

tools; therefore, in this study, centralized controllers will be the main focus.
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Table 1.1: Advantages and disadvantages of secondary control methods

Type Advantages Disadvantages
Centralized Control | Simpler control algorithms | Communication burden
. Low communication Cannot guarantee
Decentralized Control
requirements optimum operational point

According to [30, 137, 38], a centralized controller can be shaped with one of the

following functions:

Optimum economic dispatch,

Bidding,

Non-model based approaches,

Inclusion of energy storage systems,

Model-based approaches.

In centralized controllers, various methodologies can be used, like optimal dispatch,

bidding method, etc.

Most of the existing microgrid control test benches focus on one specific function, and
the tests are conducted without regard to a recognized standard. The microgrid energy
management system coordinates the active and reactive power dispatch setpoints for
the inter-dispatch intervals with the local primary power control loops used by the
DERs [10]. Authors in [39] validate an MGCS with a dispatch function on a real-
time testbed, but offline optimization is still performed. Similarly, the Authors of
[40]] present dispatch and protection functions, but no complete tests are undertaken.
For grid-connected and islanded operation modes, S. Manson et al. propose [40] a
control technique that uses an energy storage system (ESS) for power smoothing,
keeping the state of charge (SoC) around 50%. Although the SoC can be tightly
regulated, it is relatively conservative because the capabilities of ESS as an energy
buffer for peak shaving and valley filling are not fully explored. In [41]], a comparison
of load-following control and cycle-charging control is performed on an islanded PV-

diesel-ESS microgrid, where the ESS and diesel generator are used as the primary
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sources to achieve power balance. It has been discovered that using ESS to track
load change might minimize fuel usage, although the energy stored in the system
may be depleted sooner than expected [42]. The lifespan of ESS will be shortened by
using a traditional cycle-charging approach with repeated deep discharges. Bo Zhao
et al. [43] describe a hybrid adaptive rule-based dispatch for a realistic stand-alone
microgrid that uses a diesel generator and energy storage to address power shortfall in
several SoC ranges. The control approach, on the other hand, is still unable to achieve
its objectives. Chu Sun et al. [44] developed a hybrid rule-based dispatch strategy as
a microgrid central controller. The method keeps the BSS SOC around 0.5 for the
sake of MG resiliency and reliability and to extend the BSS lifetime. Moreover, a
dispatchable diesel generator (DG) is kept ON during the operating modes of the
MG. Three control modes for the dispatch strategy are allocated based on overlapped

SOC ranges.

More advanced control methods are drawing attention, and the so-called Model Pre-
dictive Control (MPC) method, which utilizes the model’s forecast in each decision
time, is one of them. There are works in the literature using MPC from simple ap-
proaches [45] to comprehensive ones [46, 47, 48], 149, 50]. In [45] authors use MPC
to alleviate the thermal overloading in transmission lines. In [46] a successful imple-
mentation of MPC for a microgrid is given. Although renewable modeling is explic-
itly given in this work, the main principles of MPC are explained in detail. In [47]
MPC, the application for the microgrid is explained, and the controller is tested in
different market structures. In [48] authors use a two-stage stochastic programming
approach to overcome uncertainties in load demand. From the objective function
point of view, all of these works aim to minimize the cost of the operation. In [31],
in addition to the operation cost, the aging of BSS and EV batteries is also added to
the cost function. With the introduction of the aging effects, switching decisions of
the batteries are smoothed. The employment of V2G systems addresses new business
models with new participants supporting service to vehicles, buying or selling elec-
trical energy, and cooperating with utility grids. Electrical Vehicles (EVs) participate
in the microgrid central control strategies with various objects. Li et al. [52] pre-
sented an EV-based MPC algorithm to regulate the voltage. Frequency stabilization

is maintained through MPC-based control of the microgrids with EV participation in
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[S3]] and [54], while MPC is utilized to manage the charging of parked EVs and BSS

to achieve the optimized economical solution in [55]].

1.2.1 Review of IEEE 2030.7 Standard

IEEE-SA Board provides IEEE Standard for the specification of microgrid controllers
(IEEE 2030.7™) [9]. The scope of this standard is to address the functions above
the component control level associated with the proper operation of the Microgrid
Energy Management System that is common to all microgrids, regardless of topology,
configuration, or jurisdiction. There is a single limitation on microgrid topology: the
microgrid shall connect to the distribution grid at the POI. The standard declared three

distinct characteristics for any system to be considered as a microgrid:

1. Clearly defined electrical boundaries,

2. A control system to manage and dispatch resources as a single controllable

entity,

3. Installed generation capacity that exceeds the critical load.

The MGCS includes the control functions that define the microgrid as a system that
can manage itself, operate autonomously or grid-connected, and seamlessly connect
to and disconnect from the main distribution grid to exchange power. It satisfies the
interconnection requirements using functions at the high level, core level, or low level
of its function stack given in Figurdl.4] The lower level or device is related control

action is performed via network components local control.

The main goal of building the core function is providing a framework to have a mod-
ular design of the microgrid control system employing the platform-independent in-
terfaces. This standard defines functions and their interrelationships that allow modu-
larity and interoperability in physical implementations. It deals with the operation of
the microgrid control system and defines those aspects that need to be standardized;
others can remain proprietary. In addition, the relationship and interaction between

the dispatch and transition functions and control levels are illustrated in Figurdl.5]
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1. The dispatch function: dispatches individual devices in given operating modes

and with specified setpoints

2. The transition function: supervises the transitions between connected and dis-

connected states and ensures the dispatch is appropriate for the given state.

Utility network
A

Y

- Higher level functions- Supervisory /DMS / DSO level

o

]
£ = Market Communications Optimal Operator
;;; participation dispatch interface
[}
<]
= K Core level functions - Microgrid / POI level

[
; E Trasition Dispatch
2 (Connect/disconnect) (Including simple rules)
'§

Microgrid assets, devices and components

Figure 1.4: Microgrid control system functional framework. [9]]

The dispatch function computes its dispatch order from a dispatch rule. In the sim-
plest case, this rule is static and set up by the operator in the beginning. A value-added
dispatch optimizer engine would be considered a higher-level function and optimizes
dispatch by editing the dispatch rule in real-time. This modularizes the optimizer and
dispatch functions, making modifications and upgrades of the optimizer easier.

The dispatch function coordinates microgrid assets for optimal and stable operation

during each of six possible dispatch operating modes:

1. SSI - grid-connected steady state,
2. SS2 - islanded steady state,
3. T1 - unplanned islanding,
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4. T2 - planned islanding,
5. T3 — reconnection,

6. T4 - black start.

The dispatch function includes the dispatching of microgrid assets and providing them
with appropriate setpoints. It directs the use of the distributed energy resources avail-
able within the microgrid. It ensures the proper operation of the microgrid, both in-
ternal to the microgrid and as seen by the grid at the POI with the distribution system.
The dispatch function operates on a longer time frame than the transition function of
the microgrid, typically in the range of minutes, compared to the range of millisec-
onds for the transition function. A dispatch order is a set of commands sent to the
microgrid assets or their controllers from the dispatch function. The dispatch core

function provides the following functionalities:

1. Balancing generation and load under normal islanded operating conditions,

2. Re-dispatching controllable resources in response to internal events related to

the load and generation profiles.

Higher Level Functions, Operator Interface, DMS, Dispatch Optimzer, Forec@

A

{Grid Requests / / Microgrid Status / / (Gt Requests;

Constraints
Island Dispatch Rule Edits
Reconnect POI Flow Requirements
Auto-Black Start

A
i ) Dispatch Mode . ) .
Transition Function Dispatch Function Dispatch Rule

A

Y
|/ Device Stams7 { Dispatch Order [

Y

@evel Functions, Device and Asset Control, Instr@

Figure 1.5: Relationship between transition and dispatch functions. [9]
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To perform its functions, the dispatch function also receives microgrid system state
information, and if necessary, estimates state information not directly observable.
The exception to the above process is in the immediate execution of an emergency
dispatch order (EDO) upon being set to unplanned island dispatch mode by the tran-
sition function. This dispatch order may include changes in generation dispatch and
load shedding as required to match available generation to emergency loads. This
order is continuously updated as conditions change and are available for execution

without waiting to be computed.

@

Grid Connected Loop Y Islanded Loop
Islanding
Status

Island Blacked Reconnect
f—No. Islanded No@*No Islanded? YesND‘@NO

Yes Yes

- No_.N
Yes Yes
i ' '
Dispatch
Ss1 T1 Operating Modes b =2

Figure 1.6: Sequences associated with the transition function. [9]

=<

The logic of the transition function controls the mode in which the dispatch function
in the MGC operates. The dispatch function accesses and implements the dispatch
rules for each of these dispatch modes. The transition function is a rule-based algo-
rithm to achieve all transitions, including seamless planned transition and unplanned
transition into the islanded mode. The transition function executes the logic presented
in Figure [I.6and sets the dispatch operating mode of the dispatch function. The tran-
sition function thus runs in one of two loops, connected state or islanded state. It
sets the dispatch function to operate in the appropriate steady-state dispatch operat-
ing mode for the state of the microgrid. Upon detecting a transition event, it changes

the dispatch operating mode of the dispatch function [9].
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1.3 Contributions

In this thesis, the real-time monitoring and control action will be performed through
the centralized microgrid control system alongside with an advanced field unit. This
system is established by a central multi-thread server (CMTS). CMTS’s interface
with the MG components is a communication and control device (MCCD). MCCD
is considered as a black box, and its internal functionalities are not addressed. The
CMTS process the received data through the novel control functions and executes the
required commands. These control functions are higher and core level functions in
compliance with IEEE 2030.7 standard [9]. In the proposed MGCS, CMTS com-
municates with MCCDs located in the field through the TCP/IP sockets. Also, a
graphical user interface (GUI) is provided for interaction with the microgrid oper-
ator. The operator can apply the required operation through this interface. Also,
interconnection requirements can be received from the distribution system operator
via a communication module. The interaction between components of the proposed

MGCS and MCCD and corresponding data flow is illustrated in Figure

Core-level functions include dispatch and transition. The generic dispatch function
is designed based on a SOC-following dispatch rules and load management strategy.
The load management strategy sheds and restores the determined amount of load
regarding the critical and controllability of loads. It should be noted that there are load
management approaches in other studies; however, those are not in compliance with
specifications of IEEE standards for core-level functions. These control functions
make the proposed MGCS flexible for different microgrids regardless of a microgrid’s
size and application. The transition function provides the logic to detect and perform
proper transitions. The planned and unplanned islanding transitions are considered in

this function.

On the other hand, as a higher-level function, stochastic model predictive control
(SMPC) is an optimization-based control approach that minimizes the proposed cost
function regarding the system’s model and corresponding constraints within a spe-
cific time horizon. To achieve optimal dispatch, MPC incorporates future reference
information based on the generation and load forecasts into the battery storage sys-

tems (BSS) and vehicle to grid (V2G) control problem. SMPC will be used for the
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cost optimization of the microgrid energy management system. Because this ap-
proach provides a methodological arrangement between feasible control action and
the probability of state constraint violations in a stochastic framework [S6]. Stochas-
ticity will be added by using Monte Carlo Simulations (MCS) for both PV; since this
approach does not use any mathematically complicated models and still gives satis-
factory results. For the PV generation, both the stochastic approach with MCS and the
deterministic prediction approach with long short-term memory (LSTM) will be pre-
sented. It should be noted that also a rule-based dispatch approach for SS1 dispatch
is presented in the core-level dispatch function. These two functions will cooperate

in a multi-layer framework with different time horizons.
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Figure 1.7: Data flow within the MGCS and MCCD.
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The main objectives of this thesis are as follows:

1. To perform higher-level control functions over the MG to optimize the MG’s
energy cost during grid-connected steady-state (SS1), assuming the presence of

PV units, EVs, BSS, and bi-directional grid connection,,

2. To provide reliable operation for the prioritized (critical) loads rather than the

economic operation of the MG during island steady-state (SS2) by MGCC,

3. To perform successful transition modes, including unplanned islanding (T1),

planned islanding (T2),

4. To implement a proper communication framework between the CMTS and

MCCD,

5. To provide a graphical user interface for data visualization and manual control

for MG operator.

1.4 Thesis Outline

In this thesis, the work is presented in six chapters. The structure of the thesis is given

as follows:

The first chapter is the introduction where the motivation for microgrid and microgrid
controllers is given, and the scope of this thesis is explained. Moreover, the literature
review of the related works is given, and contributions and objectives of this study are

itemized.

The proposed MGCS is presented in the second chapter, and related components
and their interactions are introduced. The necessity of a multi-thread server for this
MGCS and related implementation is presented. Also, compliance of centralized
controller with IEEE 2030.7 standard is explored, Database, communications, and

graphical user interface modules are explained in detail.

In the third chapter, core-level functions are the proposed MGCS are given. This layer

of functions includes dispatch and transition functions. The dispatch consists of dif-
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ferent rules, emergency dispatch order, and load management strategy are described

in related sub-sections,

The fourth chapter is related to the higher-level function of the proposed MGCS. This
set includes two different modelings for PV generation forecasts alongside MPC and
SPMC optimal dispatch approaches. In SMPC, the stochasticity of PV generation
is handled using Monte Carlo simulations. Also, MPC utilizes the LSTM for PV
forecast modeling. These functions are proposed to manage BSS, G2V, and V2G

operation considering economic optimality.
The simulation test results of the proposed control function are given and discussed.

In conclusion, which is the sixth chapter, the aim and success of this work are given.
Also, future work to improve the control and monitoring performance of MGCS is

explained.

Finally, tabs and sub-tabs of the proposed graphical user interface are illustrated in

Appendix A.
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CHAPTER 2

THE CENTRALIZED MICROGRID CONTROL SYSTEM

The previous chapter presents the main impetuses of microgrids and the benefits of
a centralized microgrid controller. The necessity of standardization for MGCSs and
a summary of the related document are discussed. Also, the related literature survey
to the centralized microgrid controllers was explored. In this chapter, a centralized
microgrid controller will be proposed. This system is composed of hardware and
software parts. The software part is a multi-thread central server, which is the main
contribution of this thesis. Different components of this server will be given in the

following subsections.

The ubiquitousness of real-time monitoring and command and control across the
nodes of the system differentiates a smart microgrid from a conventional system.
That requires relevant microgrid nodes to have the capability of generating real-time
data and communicating those with other nodes across the system regardless of where
these nodes are or what their functions may be. In other words, monitoring and con-
trol within a smart microgrid system must be an end-to-end exercise and encompass-
ing (preferably) all network nodes. That requirement calls for command and control
strategies capable of dealing with microgrid events through localized intelligence.
Be-sides, individual components, such as energy converters, batteries, etc., may have
dedicated management and control intelligence, interfacing with higher-level control
systems and applications to receive set-points and inform them of their status and
events. Accordingly, MGCS is a centralized system that is consisted of control func-

tions defining the microgrid as a single entity that can act separately.

The MGCS obtains the required information, including frequency, voltage, and cur-

rent phasors, active, reactive, and apparent power, circuit breaker (CB) status, MCCD
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status, and controlled device status from MCCDs. MCCDs are not the single infor-
mation source for MGCS. The distribution system operator (DSO) and MG operator
(MGO) can also send the MGCS. On the other hand, commands executed by the
control function to manage the microgrid and commands provided MCMS and user

interface are transmitted from MCMS to MCCD applying to MG assets.
The main components of the proposed MGCS illustrated in Figure 2.T]are as follow-
ing:

1. Communication module,

2. Database module,

3. Graphical user-interface,

4. Core-level functions,

5. Higher-level functions.

Grapical
User-Interface
Module

Core-Level Control
Functions
(Dispatch and
Transition Function)

1

Communication
Module

Higher-Level Control
Functions
(Load Forecast,
Generation Forecast,
MPC)

R ——
Database Module

Figure 2.1: Components of the MGCS.

Control Functions

All components of MGCS are required to operate concurrently, and the corresponding
computation of none of them can be interrupted by other tasks. In such conditions,
the utilization of multiple threads is one of the wieldiest solutions. With the help of
threads, different operations can be executed simultaneously. It should be noted that
threads may not be running on different processors at the same time. Some threads
may run on the same processor. As a result, in terms of computation time, it may not

be the most efficient solution. However, they do allow for the operation of multiple
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code parts at the same time [57)]. Accordingly, each module of central server software

is executed in a separate thread.

Details related to the database, communication, and GUI modules are presented in the
following subsections. Core-level and higher-level functions are explained in chap-
ter [3| and chapter 4, respectively. Also, an operation classification is fulfilled and

presented.

2.1 Operator Control

Operators control the microgrid by providing inputs to the transition function and the

dispatch rule. Those inputs are as follows:

1. Inputs to the transition Function:
e Planned Island Request.
2. Inputs to the dispatch Rule:
e Constraint steady-state connected dispatch to ensure successful unplanned

islanding.

— Constrain the dispatch of any physical asset,
— Physical constraints of the system (such as generator ramp rates),
— Fuel availability.
e Dispatch rule edits to change the priorities and logic of the dispatch rules

for any of the dispatch modes. An example is the scheduled maintenance

of the generating units.

Moreover, some of the operations in MG are performed manually by operators. This
action is mostly related to the maintenance issues of the MG. Automatic and manual

operations in the MG are presented in Table
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Table 2.1: MG operations’ classification

Operation Automatic Manual
Planned islanding Yes Yes
Unplanned islanding Yes Yes
Black start Yes No
Switch to connected mode Yes Yes

Locally by means of the device-level
Voltage control control and determination of No

DERs’ operating mode by MGCS

DES control Yes In case of maintenance

Due to the dispatch order of MGCS

Diesel generator islanding | or locally in case of the presence of | In case of maintenance

disturbances in MG

Due to the dispatch order of MGCS

DER islanding or locally in case of the presence of In case of maintenance

disturbances in MG

2.2 Communication Module

Real-time communication between the MCCD and the CMTS takes place over the
Internet network. The internet transmission control protocol (TCP) is used to enable
end-to-end data communication over the Internet. It specifies all the necessary pro-
cesses, such as how data should be packaged, addressed, transmitted, forwarded, and
received. TCP is used to define how applications create channels to communicate
over a network. TCP also allows the arrangement of packet size for messages before
they are transmitted. IP is used to address and route individual packets so that they
reach the correct destination. Thanks to TCP/IP, data loss is prevented during end-
to-end communication, although this functionality may cause some time delays [58]].
Therefore, a suitable method for data acquisition should be used in the implementa-

tion.

The exchange of data among the different components of MGCS is the main com-

mon interface of these components. These messages and corresponding transmission
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Table 2.2: Description of messages transmitted between CMTS and MCCD.

Message’s name

Send frequency

From MCCD to MCMS
IDBIT result report As requested by CMTS
After the connection is established or
ODBIT result report
as requested by CMTS
Administrative Status As requested by CMTS

Digital administration response

In response to switching command

Analog administration response

In response to the analog set command

Location Information

As requested by CMTS

Maintenance mode status

As MCCD is taken to maintenance mode

Phasor measurements report

10 Hz

Other measurements report

10 Hz

From MCMS to MCCD

ODBIT inquiry

After the connection is

established to assign ID for the MCCD

Administrative status inquiry

As the switches’ status and analog

setpoints in the system is queried

Numerical administration instruction

As the switches’ the status will be set

Analog administration instruction

As the analog setpoints will be set

Location information inquiry

As requested by CMTS

frequency are given in Table where IDBIT and ODBIT stand for initialization

device-built-in and operational device-built-in tests, respectively. These messages

include the status and related information of modules of MCCD. All the data pack-

ages transmitted include Sender, receiver, and the data type of message, message, and

message ID.

In Table [2.2] the phasor measurements report include:

e Three-phase voltage magnitude for three channels,

e Three-phase voltage angle for three channels,

e Frequency for three channels,
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e Three-phase + neutral, current magnitude for three channels,
e Three-phase+ neutral, current angle for three channels,

e Timestamp.

The other measurements report include:

Three-phase voltage RMS values for three channels,

Three-phase + neuter, current RMS values for three channels,

Total apparent power values for each of three channels,

Total active power values for each of three channels,

Total reactive power values for each of three channels,

Three-phase power factor values for three channels.

2.3 Database Module

It seems necessary for the MGCS to have a database to store the events, executed
commands, and measured and processed data for future applications. The stored data
is accessed and exported through the user interface. The related time scheduling and
strategy for this data storage are critical due to the storage limitation, and technical
considerations. The data update resolution and storage duration are illustrated in

Table 2.3

2.4 Graphical User Interface Module

Real-time monitoring and manual control are the main purposes for the implemen-
tation of the User-Interface. The UI should provide the opportunity to make the mi-
crogrid operator able to explore the historical data related to the MGCS. Moreover,
the operator should be able to observe the corresponding forecasts to renewable gen-

eration and load. Python environment is utilized to implement the proposed UI. For
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Table 2.3: The storage strategy in the database module.

Data Resolution Storage duration
10 Hz 24 hours
Three-phase voltage and current
1-second average One day
phasor and RMS measurements, -
. ] I-minute average One month
frequency, active power, reactive power, :
S-minutes average One year
apparent power, and power factors

I-hour average Ten years
15 minutes One year

Forecasts
1-hour average Ten years
Executed commands - One year

MCCD status error reports - Six months

MGCS error reports - Forever
Calendar Once a year One year
Academic calendar Once a year One year
Weather Once a minute One year
Network topology and parameters In case of change Forever

this purpose, several Python libraries are utilized, including "PyQt5", "OpenCV," and
"matplotlib." To provide all mentioned capabilities for the user through the UI, last
least a five tab Ul seems necessary. The related figure of this section is presented in
Appendix A. Each of these tabs may include several different sub-tabs. These five
tabs are:

1. Main tab,

2. Online monitoring tab,

3. Forecast tab,

4. Data analysis tab,

5. Online control tab.
The main tab includes the following sections:

1. Single-line diagram,
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2. Microgrid status,

3. Instantaneous total generation,
4. Instantaneous total load,

5. Power exchange at POI,

6. Instantaneous total renewable generation.

The single line diagram shows the current topology of the medium voltage network
and connected DERSs. Instantaneous total generation, total load, total renewable gen-
eration sections are providing corresponding real power (P), reactive power (Q), and
power factor (pf). All values are presented in actual and per unit. Microgrid status
shows the current operation mode of the microgrid and the operating frequency of the
microgrid. In the background, when this tab is opened in the background, the server
will send an administrative status check request every 10 seconds. With the informa-
tion given by MCCD, the topology of the system will be updated. The resultant main
tab design is presented in Figure

In the online monitoring tab, all sub-tabs corresponding data are presented in tabu-
lated data format. When this tab is selected, the database’s latest data will start to be
checked, and the most up-to-date values will be shown on the monitor. The online
monitoring tab consists of bus bars, lines, and smart assets (SA) sub-tabs shown in
Figures[A.2][A.3] and[A.4] Pieces of information presented in these sub-tabs are given
in Table 2.4

The forecast tab lets the operator observe the corresponding plotting to renewable
generation forecasts and load for the next 24 hours. Moreover, the user will be able
to export the forecast data. It should be noted that the historical forecast data cannot
be reached from this tab. When this tab is opened, the latest forecast results will be
copied to local variables, and the graphs will be plotted using these local variables.

This tab is shown in Figure[A.5]

The data analysis tab is provided to explore, plot, and export the stored data for the
determined time interval. The user determines the acquired time through the corre-

sponding fields. The corresponding sub-tabs are bus bars, forecasts, lines, and smart
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Table 2.4: Description of sub-tabs of GUI’s online monitoring tab.

Sub-tab

Information

Bus bars

Voltage magnitude, voltage magnitude (per unit),

voltage phase angle, injection current magnitude,

injection current phase angle, real injection power,

reactive injection power, apparent injection power,
ON-OFF status if a device connected to bus-bar,

power factor

Lines

Current magnitude, current phase angle,
real power flow, reactive power flow,
the status of the corresponding CBs,

apparent power flow

SA

Timestamp of last received data package from MCCD,
request ODBIT and IDBIT from MCCDs,
last recorded locations of MCCD,
Status of the MCCD, SOC of BSS,
SOC of connected EVs’ batteries
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assets (SA). Bus-bars, SA, and Lines sub-tabs provide the historical records of the
same data described in the online monitoring tab. Forecasts sub-tab enable the user
to access the stored forecasted values for the selected unit’s generation or load within

the determined time interval and comparison with the actual values. Corresponding

sub-tabs are shown in Figures[A.6] [A.7] [A.8 [A.9] and [A.T0]

The MGCS operations in the Table[2.Tare classified into manual and automatic. How-
ever, some operation is considered in both classes, and some of the operations can be
selected by the system operator, whether an automatic or manual. The online control
enables the user to perform manual control operations and determine some opera-
tions manually or automatically. Users can open and close the switches if they want.
When the user selected this operation, the server will send the required Digital admin-
istration instructions to the MCCD. Depending on the received information (Digital
administration reply), the online diagram will be updated. It enables MGO to exe-
cute unplanned islanding. Also, adjustable parameters of the control function, such
as the POI power exchange setpoint and time for planned islanding, can be modi-
fied. In automatic control, the user can select the optimization algorithm. This can
be a rule-based MPC with 24 hours forecast, MPC with 12 hours forecast, or instant
optimization. The online control tab’s design is illustrated in Figure[A.TT].

2.5 Summary

The proposed MGCS is defined, along with associated components and their inter-
connections. The need for a multi-thread server for this MGCS and associated im-
plementation is described. Also, the compliance of the centralized controller with the
IEEE 2030.7 standard is investigated. Database, communications, and graphical user

interface modules are detailed in-depth.
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CHAPTER 3

THE CORE-LEVEL FUNCTIONS

A central multi-thread server consisted of four components is proposed in the previous
chapter. The control functions are consist of two levels, which are core=level and
higher-level functions. In this chapter, the transition and dispatch fictions that belong

to the core-level are developed and explained.

The MGCS includes the control functions that define the microgrid as a system that
can autonomously manage itself, either in islanded or grid-connected mode. It satis-
fies the interconnection requirements using functions at its function stack’s high, core,
or low level. The lower-level functions indicating DER/load/devices level functions
are not considered in the proposed MGCS since related control actions are performed

via network components’ local control.

Control system core level functions designate the microgrid as an independent au-
tonomously controllable system satisfying the DSO and microgrid operator’s require-
ments. The main aim of establishing this function is to have a functionality-driven
controller emphasizing the modularity of MGCS. This feature is achieved via platform-
independent interfaces. MGCS’s functional framework determined by IEEE 2030.7
Std. [9] is shown in Figure [I.5] The functions designated as core functions in this

standard pave the way for a modular design of microgrid control systems.

Two core functions are specified in this standard: the dispatch function and the tran-
sition function. The dispatch function operates on a longer time frame than the tran-
sition function of the microgrid, typically in minutes, compared to milliseconds for
the transition function. The relationship and interaction between the dispatch and

transition functions and control levels are illustrated in Figure
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In the present approach, dispatch rule is a set of rules for four dispatch modes which

are:

1. Steady-state grid-connected mode (SS1),
2. Steady-state islanded mode (SS2),
3. Unplanned islanding (T1),

4. Planned islanding (T2).

DSO, MGO )

A

v
Island mode Dlspatch Rule edits
/ Request / / o Satus/ / POI Requirements /

\J

Dispatch Rule
' J
Transition Dispatch Dispatch < Update EDO's set
Function Mode Function _ | point and commands
A

/De\‘/ice Status/ /Dispatch Order/
A
i

@ Level Function, Device and Asset C(@

Figure 3.1: Relationship between the proposed transition and dispatch functions.

In this approach, the MG assets are a BSS, a DG, a PV system, a set of different
loads, and a circuit breaker (CB) at the POI. The DG has a local frequency-droop
(frequency- power) response [21]], which is not dispatchable, which is the most com-
mon control scheme for DG. However, DG can turn ON/OFF via the MCCD. The
BSS employs Vf control during islanded operation mode [44, 59], providing voltage
and frequency reference for other assets’ local controllers. The parameters related
to the DG and BSS are given in Table K4 and K. are adjustable variables to

determine minimum discharging and charging power, respectively.
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Table 3.1: The parameters related to DG and BSS.

Asset Parameter Description
tin Minimum DG ON time [s]
tag DG ON time [s]
Diesel generator Saq DG status ON:1, OFF: 0
P:{;m Minimum generation power [W]
Po Maximum generation power [W]
SOC,,.0x The upper limit for SOC (%)
SOC,,.in The lower limit for SOC (%)
Battey storage system prnas Maximum BSS charging power [W]
P > 0
pra Maximum BSS discharging power [W]
Phar <0
K. x Pe* Minimum charging power [W]
Kg x P Minimum discharging power [W]

3.1 The Dispatch Function

The dispatch function computes and executes the dispatch orders, setpoints of DERs
and controllable loads, and CB status based on dispatch rules. This function gets the
MG operating mode and assets information from the transition function and MCCD,
respectively. In summary, desired functionality of dispatch core function can be ex-

pressed as follows [9]:

1. During SS2, load, and generation are balanced,

2. During SS1 and SS2, controllable assets are re-dispatched in reaction to the

internal events related to the load and generation status,
3. During SS1 and SS2, external commands and events, including MG operator
and DSO, are handled, and controllable assets are re-dispatched if necessary.
Chu Sun et al. [44] developed a hybrid rule-based dispatch strategy as a microgrid

central controller. The method keeps the BSS SOC around 50%for the sake of MG
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resiliency and reliability and to extend the BSS lifetime. Moreover, a dispatchable
DG is kept ON during the operating modes of the MG. Three control modes for
the dispatch strategy are allocated based on overlapped SOC ranges. In the proposed
approach, a similar control allocation is adopted; however, the DG is not dispatchable,
and it is off during SS1, and if necessary, it can be switched ON or OFF to decrease
load shedding or renewable curtailment during SS2. Three SOC overlapped ranges
are illustrated in Figure Chu Sun at al. considered DG to be always ON in the
first proposed rule-based dispatch function [44]. However,in the further study [42],
the DG is tuned OFF by force-discharging dispatch rule during SS2 only considering
the DG minimum ON time (?,,,;,). The renewable curtailment or load shedding can
be decreased by means of turning DG OFF or ON through all SOC ranges. Four
adjustable parameters (SOCy, SOCy, SOC,, and SOC,,;) are used to define SOC
ranges. Each SOC range corresponds to a control rule, which are force-charging,
power-smoothing, and force-discharging. This control allocation logic is applied by
dispatch function in SS2 (Conditions A, B, and C) and SS1 (A’, B’, and C"). In the
algorithm shown in Figure another parameter named as latch is utilized to avoid
rapid control mode switching in the boundaries of SOC ranges shown as gray-colored
areas in Figure [3.2] Control rules in both SS1 and SS2 are determined considering
the imbalance between the load and renewable shown in equation (3.1) alongside
the limits of all assets of MG, which are given in Table @ and subsection @
Moreover, the prioritized load management strategy is designed and utilized in the

SS2 dispatch function.

The dispatch rules associated with SS2 dispatch mode are illustrated in Figures [3.4]
and . The commands of dispatch rules will be cited by corresponding,
blue-colored labels in mentioned figures. In these dispatch rules, the first priority
is to define the power setpoint of BSS regarding the SOC ranges, which makes BSS
avoid discharge and charge in force-charging and force-discharging conditions, re-
spectively. The second priority is to prevent renewable curtailment and load shed-
ding. Since load is dependent on people’s instantaneous choices, it may be chaotic
in remote systems. Load shedding is not recommended because one of the primary

goals of microgrid operation is to offer consumers uninterrupted service.
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Figure 3.2: SOC ranges [44].

For the force-charging rule, given in Figure [3.4] the allowed operational interval of
BSS and DG are given in equations (3.2)) and (3.3). Considering these intervals,
equation @ is derived. This interval indicates the upper and lower limits of F,,;ss,
in which load shedding or renewable curtailment is not necessary. P,,;ss is the power
mismatch between the generation and load, which is to be compensated by the BSS. In
the case of P,,,;s,, being less than the lower boundary of equation (3.3)), the operational
status of DG has checked whether it is ON. If the DG is OFF, it will be turned ON
(A2), then the BSS charging power will be minimum. Then the required amount
of load to be shedded (P2**?) will be determined (A3), and the OFF/ON command
of DCLs and CCL’s setpoints is determined through the load shedding procedure.
Because of the discretely controlled loads, the shedded load might be more than the

Pshed,diff
ld

required amount, which will be checked by . If this variable equals zero,

the process will be terminated; otherwise, this difference will be compensated by

charging BSS or renewable curtailment.

Pbal :Pren_PltdOt:Pmiss_Pdg (31)

Kc X Pcn}zaz S Pmiss S ngrLLam (32)
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Figure 3.3: Control mode allocation algorithm.

PCZ]Lm S Pdg S Pcvl?;ax

max max max min

ch P:}zaz_P(;‘;SS Pmissg P:]Zax'i_ngec

ris __ max
Pdg _Pdg - Pdg

dec __ min
Piec = Py — P+ Sy,

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

If the P,,,s satisfies the lower boundary interval presented in equation (3.3, and

the restorable load (P}}*), given in equation (3.8)), is available, the load restoration

procedure (AS) is executed to update the power and status set point of the loads.

Additional to the generation and load imbalance, the possible BSS’s share (

Pris

bss

in the incremental load (P7") is —K. x P53 for this dispatch rule. It means

that the minimum BSS charging power is reduced from the incremental load. After,
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execution of each of the load management strategy procedures, P,,;ss and Py, values
are updated. Then, the upper boundary interval given in equation (3.5) is checked.
If this condition is fulfilled, considering the status and operational limitation of DG,
BSS is charged as much as possible (A9, Al1, and A12). DG is turned ON (A10) if
it is necessary to fulfill this aim. However, if P,,;ss exceeds the upper boundary of the
interval, renewables are needed to be curtailed, and BSS power setpoint is P *“(A6,
and A8). The DG might be turned OFF (AS), considering ¢4, and t,,,;,, to avoid (A7)

or reduce the renewable curtailment.

. NDl . . ND2 . .
P =Y (1= 5h) Phy) + > (1= Shy) Phy) +
=1 =1
Nca . ' Nco ' ‘
> (PET = Ply) + Y (Pry™ — Ply) (3.8)

=1 i=1

In dispatch rule B, shown in Figure [3.5] the average BSS power is zero, and DG
power variations alongside (B3, B7, and B9) with DG status switching will balance
the generation and load (B4 and B10). However, BSS and DG might not be able to
compensate for the imbalance. Therefore, load shedding (B5) or renewable curtail-
ment (B8 and B10) will be applied. Like dispatch rule A, load restoration procedure
(B6) can be utilized depending on the assets’ operational conditions. For this rule, P}

equals to PJ**, which does not mean BSS will discharge at maximum rate and P, ;’f

is determined in the further steps.

Similar to dispatch rule A, the force-discharging rule can be derived by applying
interval analyses to equations (3.1)), (3.2)), and (3.9) reveals the interval given in equa-
tion (3.10). If P,,s does not satisfy the lower or upper boundaries of the interval
presented in equation (3.10), load shedding (C3), and renewable curtailment (C10
and C11). Otherwise, Pbs fst will set to discharge as much as possible (C5, C8, C9, and
C13). However, DG might be turned ON (C2) or OFF (C12), considering ¢4, and ¢,
to reduce load shedding and renewable curtailment, respectively. As main priority of
this dispatch rule is to discharge the BSS, Py is set to be P for load restoration

bss

(C4).This dispatch rule is illustrated in Figure [3.6]

Pt < Priss < Kg x Pris” (3.9)
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Figure 3.4: Force-charging control rule during SS2 based on the ranges of BSS’s
SOC.

P — Py < Prigs < Ky X PRa® + Piee (3.10)

The dispatch rules for SS1 dispatch mode (A’, B,” and C’) are illustrated in Figures
3.7, 3.8 and[3.9] The main differences between this set of rules with the previous
set are that DG is kept OFF. Instead of load shedding, renewable curtailment, or

load restoration, POI active power requirement (PgZ ;) is updated. For this purpose,
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Figure 3.5: Power-smoothing control rule during SS2 based on the ranges of BSS’s

SOC.

equation (3.1)) has been modified to equation (3.11) and equations (3.12), (3.13)), and

corresponding to A’ and C,” respectively, are derived.

Pbtzl - Pfr-e/n Pt0t+PI§eOtI (3.11)
K, x Pmes < pro < pmas (3.12)
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Figure 3.6: Force-discharging control rule during SS2 based on the ranges of BSS’s
SOC.

P < Py < Ka X Pgie® (3.13)

3.1.1 Load Management Strategy

The load of MG can be classified from two perspectives, criticality and controllability.

In terms of criticality [14], loads can be categorized as follows:
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1. Critical loads: These loads should be supplied in all normal operation modes

of MG and cannot be shed (P5").

2. Priority loads: These sets of loads can be shed or interrupted, but it is not

preferred.

3. Interruptible loads: These sets of loads can be shed or interrupted at any time.

Besides, regarding controllability, loads can also be divided into two groups, dis-

cretely controlled loads (DCL) and continuously controlled loads (CCL).

Load management strategy consists of two procedures, which are load shedding and
load restoration. Both of these procedures are designed regarding the criticality and
controllability of loads. Increment or decrement in load might be due to the fluctua-
tions of the renewable resources. Thus, modification is applied first on CCLs of the
considered load category to reduce the ON/OFF actions impacts. Corresponding flow
charts to these procedures are presented in Figure [3.10] and Figure [3.10} and details

of related parameters are as follows:

latch =12
- ' cm < P;al -Y
A"2
PP — K¢ . pmax
' bss ch N Pb*al S Pc%ax Y
Pt = Py — Kc - P22
POI bal ch J A3 A'4 l
spt t
Py = P P = By

set _ max
Pror = P — Py

Figure 3.7: Force-charging control rule during SS1 based on the ranges of BSS’s
SOC.
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Figure 3.9: Force-discharging control rule during SS1 based on the ranges of BSS’s
SOC.

e P9 Total load [W]

Nca Nea
Pl = Py + Posra + Ppant + > _ Py + Y _ Py (3.14)
=1 =1
e P;M'°': Total sheddable load [W],
P = Papy + Pana (3.15)
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Pegpy: Total sheddable interruptible CCL [W]

Nci

Poan =Y (Pl — PE™)

i=1

Pegpo: Total sheddable priority CCL [W]

Neo

Pean =Y (Pby — PLY™)

=1

Ppsp1: Total sheddable interruptible DCL [W]

Np1

Ppsh1 = Z SiDl'Pgl
i=1
Pppo: Total sheddable priority DCL [W]

Np2

Ppha = Z Sjtm-P/iDz
i=1

Py, Total sheddable interruptible load [W]

Pesni = Ppshi + Posm

Pyp,o: Total sheddable priority load [W]

Pesn2 = Ppsh2 + Pesh2
P& Total restorable priority CCL [W]

Neo

res _ max,i 7
Plics = E (Pcz - Pcz)

i=1

B¢y Total restorable interruptible CCL [W]

Nca

res _ max,i 7
Piicr = E (PC1 - Pm)

i=1

By Total restorable interruptible DCL [W]

Npa

Piihe =Y (1= Shy) -Phy)

=1
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(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)



e [py: Total restorable interruptible DCL [W]

Np1

Pin =Y (1= 5h) -Ph) (3.25)

i=1

e Npi: Number of interruptible DCL
e Npo: Number of priority DCL
e Si: ON/OFF status of i'" DCL
e S3P“': ON/OFF status command for 7" DCL
e N¢q: Number of interruptible CCL
e Neo: Number of priority CCL
o P 1. Power setpoint for i CCL [W]
o P "L: Minimum power of i** CCL [W]
e P2*': Maximum power of i CCL [W]
It should be noted that the load management strategy is designed to be flexible, and the

presence of any load is not necessary for this strategy. In these procedures, weighing

methods given in (3.26) and (3.27) and queuing methods given in (3.28) are utilized

to determine setpoints for CCLs and DCLs, respectively. Equation (3.28) is an opti-
mization problem aiming to determine the ON/OFF status commands for DCLs such
that the total power of that set load becomes less or equal to the desired value with
the difference minimum difference. This optimization is utilized for both load shed-
ding and restoration procedures. P, 1s positive for load shedding and is negative
for restoration. Accordingly, the total shedded DCL might be more than the required
amount. Therefore, in the case of partially shedding both CCL and DCL, it is sup-
posed that all CCL is shedded (S3 and S8 in Figure [3.10)). If the resultant shedded
DCL is less than the desired, the mismatch is compensated by CCL (S5 and S10 in
Figure [3.10).In the restoration procedure, a similar logic compared to the load shed-
ding is obtained. Similarly, the CCL load is considered in this algorithm to avoid
the rapid load switching due to renewable intermittency. However, the priority load

group is restored first.
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Figure 3.10: Flow chart of the load shedding procedure.
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Np '
max Z St Pl
=1
ND ) ND
I e R (3.28)
=1 1=1

3.1.2 BSS State of Charge

During the operation of the microgrid, the stored charge in the battery constantly
changes. To represent this behavior, the BSS should be modeled by using energy
balance equations. This can be introduced in MPC by using constraints given in
the algorithm m In this algorithm, ¢ represents the time instantly. FEj,; is used to
represent the stored energy in BSS at the beginning of time instant ¢. In the first
part of the algorithm, which is the if-else part, the BSS energy is initialized. Ejqq)in
is the initial BSS energy which considers a pre-defined time horizon. During the

simulations, this value is stored after applying the control strategy in the previous real-
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Algorithm 1 Algorithm of BSS SOC determination

if (t ==0) then
Ebss\t = Ebss\int
end if

Ebss\t—l—l = Ebss|t + AT x Pbss\t

time step. However, for physical implementations, this value can be either estimated
by using multiple redundant measurements as explained in [51] or retrieved from
the battery management system if such data exist. Therefore, the second part of the

algorithm ensures the energy balance of the BSS.

3.1.3 The Emergency Dispatch Order (EDO)

There is an exception for dispatching the MG assets. When the unplanned island-
ing event is detected, EDO will be executed directly by the transition function. Un-
planned islanding, unlike planned islanding, makes it impossible to alter the DER
controller set point or operating point in real-time. Because of the low inertia of
power electronic converters, the voltage and current output of DER may experience
substantial deviations in this circumstance. Therefore, this order is continuously up-
dated as conditions change, and MG status is updated and is available for execution
without waiting to be computed. The calculation process of this rule is shown in Fig-
ure [3.12] DG is off during SS1, and grid forming will be performed via BSS during
SS2. Therefore, depending on the MG status, DG is turned on via EDO (ES). The
presence of DG is not counted in load shedding (E4) because of the limited response

speed of diesel generators.

3.1.4 EV Charging Management

In load management strategy, EV is considered as interruptible CCLs, and EV charg-
ing is managed during the SS2 by dispatch function. But, P2*** and P2""™" related
to these CCLs might change during the operation depending on the SOC of EV. For
this purpose, storage of each EV is modeled separately, and two SOC range is con-

sidered for each EV. These SOC ranges are similar to the proposed ranges for BSS.
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Figure 3.12: Emergency dispatch order calculation flowchart.

However, the power-smoothing mode is excluded. Considered SOC ranges for each
EV are illustrated in Figure [3.13] SOC ranges include force-discharging (C,,) and
force-charging(A.,). The gray-colored area is considered to avoid fast control mode

oscillations.

The flow chart related to EV charging management is given in . Vehicle to grid
operation is performed if there is permission from the related driver. If it is not al-
lowed to get power from EV after entering the force-discharging region, EV’s SOC
will remain constant after entering the force-discharging region, and that EV will be
excluded from the CCLs. However, for permitted ones, discharging is achieved by
changing modifying P**" and P"™" values. Related values of each control are de-
scribed in Table s, “and CTZ“;”)% are the maximum discharging and maximum
charging power of i EV, respectively. In this way, corresponding power to the EV

in C,, mode will define a non-positive value within the load shedding and restoration

procedures. This means EV will be discharged.
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Figure 3.13: SOC ranges for each EV battery.

Table 3.2: Minimum and a maximum power of EVs as CCL in A., and C,, control

modes

Control mode print | pmaz;i
c c

Force-charging 0 pro

ch,ev

Force-discharging | P} 0

dis,ev

3.2 The Transition Function

The transition function contains the logic for shifting the dispatch function between
one of the essential dispatch modes to prevent or to delay a disconnection in a way
that violates the interconnection requirement. In the recent approach, the transition
function consists of planned and unplanned islanding transitions. The determined
dispatch mode is fed to the dispatch function, and the dispatch function applies the
dispatch based on this. However, during T1 and T2, the dispatch orders are executed
by transition function, and dispatch mode returns to SS1 or SS2. In both T1 and T1,
the POI CB will be opened, and BSS control will be shifted to Vf control mode by
the transition function. The flowchart corresponding to this function is presented in
Figure 12. The first step in this procedure is to check the status of POI's CB. Then,
the planned islanding transition requirement is assessed. This process began to be ob-
tained ¢;54 seconds before the planned time. ¢4, is an adjustable variable depending
on the response speed of the MG’s assets. As the unplanned event is detected, the

transition function will determine the assets’ setpoints based on SS2 dispatch rules,
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and algorithms are given in Figure [3.3|and Figure [3.5] In this manner, the exchanged
power at POI will be set at zero by implementing essential load shedding or renewable

curtailment. Then dispatch mode will switch to SS2.

v, — —g ([ VY, . cos (27 ft) + Vy.cos (27 ft + 27 /3) + Vicos (21 ft — 27/3))

(3.29)
The MG remains connected to the grid if required criteria by DSO or MGO are
satisfied[9]; otherwise, MG will be islanded. In this approach, unplanned island-
ing is achieved by monitoring the total active power, frequency, and voltage at POI.
However, instead of three-phase voltage, V; [60, 61]should be within the specified
interval. V is calculated base equation , where V,, V;, V., and f are phase
voltages and MG nominal frequency, respectively. In addition, unplanned islanding
events could be initiate by external or internal command from DSO or MGO. If any of
mentioned conditioned are satisfied, an unplanned islanding event will take place. In
this regard, the calculated EDO will be executed by transition function immediately,

then the rest of the required actions stated will be performed.

3.3 Summary

The proposed MGCS’s core-level functionalities are presented. Dispatch and transi-
tion functions are included in this tier of functions. The dispatch comprises several
rules, an emergency dispatch order, and a load management technique, all explained

in relevant sub-sections. €
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CHAPTER 4

THE HIGHER-LEVEL FUNCTIONS

In microgrids, the intermittent characteristic of DERs creates some concerns about
reliability. During the normal operation state of the grid, MGCS functions to min-
imize the operation cost of the microgrid. Also, the employment of V2G systems
addresses new business models with new participants supporting service to vehicles,
buying or selling electrical energy, and cooperating with utility grids. Electrical Ve-
hicles participate in the microgrid central control strategies with various objects. Li
et al. [52] presented an EV-based MPC algorithm to regulate the voltage. Frequency
stabilization is maintained through MPC-based control of the microgrids with EV par-
ticipation in [S3] and [54], while MPC is utilized to manage the charging of parked
EVs and BSS to achieve the optimized economical solution in [55]]. In [51], in addi-
tion to the operation cost, the aging of BSS and EV batteries is also added to the cost

function.

To achieve this, MPC and SMPC methods will be utilized as a higher-level function,
which enables an optimum solution for long-term operation during the grid-connected
mode. The SMPC method consists of multiple MPC runs. The details of the MPC
algorithm can be found in [S1]. The definition of MPC can be given as deciding the
optimum control strategy for the current time instant based on the forecasted behavior

of the system using dynamic models.

One of the most critical issues about the MPC methodologies is the correctness of
the forecasts. This directly affects the performance of the method. The resultant
forecasts generally lay in a probabilistic envelope, such as the PV forecasts, where
the cloudiness level affects the predictions highly. Accordingly, these problems can

be handled via a stochastic approach to the deterministic MPC method. Stochasticity
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will be added by using Monte Carlo Simulations (MCS); since this approach does
not use any mathematically complicated models and still gives satisfactory results.
For the PV generation, both the stochastic approach with MCS and the deterministic
prediction approach with long short-term memory (LSTM) will be presented.

4.1 PV Generation Model

SMPC, require PV generation forecasts as input. For that purpose, in this work, two
forecast methods are utilized. Firstly, LSTM will be introduced. Then, an MCS-based

stochastic model will be proposed.

In literature, different artificial intelligence methods are used to forecast the PV power
considering various effecting parameters. These methods can be examined under two
categories: machine learning and deep learning (DL) methods [62]]. According to
several studies [62], in general, DL methods are considered effective and created
more stable models. Recurrent neural networks (RNNs) such as LSTM can handle
the information gained from former time steps of input data in the current time step.
RNNs have loops that transmit information of one step to the subsequent steps in the
network [63]]. The feature that distinguishes LSTM from other RNN types is that it

can learn long-term and short-term dependencies simultaneously effectively [64].

This study proposes an LSTM model, which predicts the next 24 hour PV generation
in 15 minutes resolutions. In the proposed LSTM, 3-month PV generation time series,
temperature, and cloudiness classification forecast data are used as inputs, which are
updated daily. LSTM network consists of 128 hidden units. 80% of the available
data is used as training data, and the remaining 20% of the data is used for testing.
By using 3-month PV generation data, the effects of the seasonality and aging of the

panels are eliminated. Resultant forecasts utilizing the proposed LSTM model are

given in Figure [4.1]

For the second MCS-based method, global irradiation is used to create a probabilistic
PV generation set. First, the possible maximum PV generation (PMPVG) is deter-
mined utilizing the PVLIB-Python [65] library for the considered PV array location

and angle. The probabilistic generation scenarios for these arrays can be predicted
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Figure 4.1: LSTM and PMPVG results
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sampled at the same time instant

PV Cloudiness historical Related
historical data data PMPVG

!

For each time stamp, calculate a gain by dividing related PV generation value by
corresponding PMPVG value

Y

[ Form five sets of gains corresponding to cloudiness class through all data ]

A

[ Remove outliers from sets ]

Figure 4.3: Flowchart of the gain calculation procedure

with the help of weather forecasts such as cloudiness classification data, where 0
for clear sky and 4 for a cloudy sky. For each scenario, the determined PMPVG is
multiplied by a selected gain at each time step. This gain is randomly selected from
the set of gains corresponding to that step’s forecasted cloudiness class. The gains
for each cloudiness class are defined according to the limited seasonal historical PV
generation, cloudiness classification data, and related PMPVG. The corresponding
flow chart to determine gains and box chart of gain sets corresponding to cloudiness

classes are illustrated in Figure 4.3 and Figure 4.2] respectively.

4.2 Load Model

Load is an essential input of the proposed microgrid controller. Its estimation should
be at a satisfactory level to get a proper result from the controller. Depending on
the case, it may vary drastically during the day and be hard to predict with historical
data. However, general industrial or commercial loads have a demand curve where the
variance between two consecutive weekdays is low. Within this study’s framework,
the load and PV generation data of a research center are collected. Since this work
aims to examine the stochastic nature of the input variables, and the daily demand
pattern is similar throughout all days in the considered load data. The actual load data
is used in the simulations. However, for the controller’s actual implementation, a load
forecast model is necessary. The load model predictions can be achieved in various

ways, such as using LSTM [66], ANN, or Kalman Filter prediction step [S1]].
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4.3 Control Strategy

The control strategy can be divided into two main parts, namely SMPC and MPC.
In the following sub-sections, those will be separately described for the sake of full
understanding. For each simulation time step, SMPC is run. In each SMPC, different
scenarios are considered, and each scenario is simulated with deterministic MPC.
In those MPCs, a MILP is solved by considering system models for a pre-defined

horizon time.

While selling the excess power to the grid, a multiplication factor is used for the same

prices. During the simulations, this factor is assumed to be 0.4.

43.1 SMPC

SMPC refers to a group of numerical optimization approaches to control stochastic
systems constrained by the system states and inputs. SMPC can be beneficial to
handle stochastic uncertainty with known probability parameters, and the constraints

are naturally probabilistic [67]].

In the simulations, two different algorithms are modeled. In the first algorithm, be-
haviors PV generation are modeled using MCSs (SMPC). In the second algorithm,
the PV generation forecast is taken from LSTM (MPC). To evaluate the effectiveness
of the SMPC algorithms, their results will be compared with the results of determin-
istic MPC algorithms. One uses actual measurements as inputs, and the other uses

predictions as inputs.

In SMPC algorithms for the considered time step, all possible combinations of PV
generation. After the call of each combination, an MPC algorithm runs, and the
resulting decisions are stored. After running all MPC combinations, the median of
the resulting BSS powers is selected. The EV powers that correspond to the median

BSS power are also selected.

Although intuitive thinking may lead to using the BSS results’ mean, the mean value
may not coincide with an actual scenario. On the other hand, the median represents

an actual MCS scenario. Moreover, with the selection of median value, the effect
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of outlier data in the stochastic process is eliminated. Another critical point is the
selection of the BSS power as the main decision parameter. The reason behind this
selection is, BSS is the only controllable and ready-to-use asset. At the same time,
PV is not controlled since the inverters run a maximum power point tracker algorithm,

and EVs may not be physically connected to the microgrid all the time.

It should be noted that the described procedure is applied for a single time step up to
this point. After determining the SMPC result, the same process is repeated for the

remaining simulation time steps.

4.3.2 MPC

MPC is an optimization-based control approach that minimizes the proposed cost
function, which is given in (4.1 regarding the system’s model and corresponding
constraints within a specific time horizon. With this cost function MPC incorporates
future reference information based on the generation and load forecasts into BSS and
EV control problems to improve performance. Mixed-integer linear programming
(MILP) is run to find the optimum power decisions, which satisfies all the constraints
and minimizes the cost function given in (@.1). After minimizing the energy cost for
the forecast horizon, only the decision corresponding to the first time step is applied

to the actual system.

" P,
J—ngcbyx(—G—irl)

2 el
Csell Pg
P, 1 - —
+ G X 9 X ( |PG|> (41)
K
+PFbss X ‘Pbss|+PFev X Z‘Pev,k‘
k=1

In @), J represents the numerical result of the cost function for each MPC run, FPg
represents a list of power decisions drawn from the grid throughout a single MPC sim-
ulation time, Ppgg represents a list of power decisions drawn from the BSS through-
out a single MPC simulation time, and P, ; represents a list of power decisions drawn
from the k™ EV throughout a single MPC simulation time. Chuy and c,y represent the

cost of the grid power when the power is bought from the utility and sold to the utility,
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respectively. Finally, PF;.s and PF,, represent the penalty factors of BSS usage and
EV usage, respectively. It can be seen that in (4.1)), the main aim is minimizing the
purchased electricity cost. Last terms with PFj,, and PF,, are used to add the effect

of battery aging and help to decrease harsh power fluctuations on batteries.

The details of the MPC algorithm can be found in [S1]. Additionally, the effects of
EVs are also included in the MPC algorithm in this work. The EVs are modeled
as mobile BSSs, i.e., they are only used in time slots between when they enter and
leave the microgrid. Each EV is modeled individually. Therefore, the power balance

equation can be written as in (4.2)) for the time instant ¢.

K
P(ld)wt — PG + P’ren ¥ Pbss + Z Pev,k (42)

k=1
In (4.2), P[¢" and P,.,, represent the power corresponding to loads, PV panels, respec-
tively. During the operation of the microgrid, the stored charge in the battery always
changes. To represent this behavior, the BSS should be modeled by using energy

balance equations.

4.4 Summary

The fourth chapter deals with the higher-level function of the proposed MGCS. This
set contains two alternative modelings for PV generation predictions and MPC and
SPMC optimum dispatch methods. The stochasticity of PV generation is addressed
in SMPC using Monte Carlo simulations. MPC also employs the LSTM for PV
prediction modeling. These functions are suggested to control BSS, G2V, and V2G

operations while keeping economic optimality in mind.
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CHAPTER 5

SIMULATIONS AND RESULT

Simulation and tests related to the proposed microgrid control function are organized
in two-part. The first part presents the core-level functions and performance within the
different test scenarios recommended by the IEEE 2030.8 standard [22]. In the second
part, as the high-level functions, MPC and SMPC control strategies are applied to
the system with multiple cases to minimize the energy cost, and resultant costs are

compared.

The considered system is presented in Figure [5.1] in which the positive directions
of power flows are illustrated. The actual PV power generation and load data are

collected from the university campus.

AC Microgrid

Utility Grid
[-] [-]
o [-]

P -POI
— |

P'ror pOI

Figure 5.1: The scheme of the considered microgrid for simulations: illustration of

MG boundaries and positive power directions.
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Table 5.1: Parameters of the considered system for tests related to the core-level

dispatch function

Parameter Value Parameter Value
timin 600 s BSS energy capacity 350 kWh
ppm 2kW SOChin 20 %
P 50 kW SOC 4z 90 %
prar 10 kW SOCy, 35 %
prar -10 kW SOCy 40 %

k. 0.05 SOC, 60 %
kq 0.05 SOCy, 65 %
Nps 5 Nps 3
Ny 4 Neo 3
P 1,1.5,12,0.5kW Py 1.5, 1, 1.4 kW
P 8,2.5,6,5 kW o 8,6,8.5kW

5.1 Tests related to the core-level functions

In this section, the test results related to core-level functions are presented. Noncriti-
cal loads consist of both continuously and discretely controllable ones. The parame-

ters related to the considered system for all cases except for case-D1 are presented in

Table[5.11

The primary purpose of forming cases is to cover all dispatch rules in both dispatch
modes in various conditions. IEEE 2030.8 Std. [22]] specifies tests to test the pertinent
operation of the dispatch function. In this regard, three test cases are formed, and
details related to the assets for each case are given in Table [5.2] Test cases are as

following:

e Case-D1: This case is prepared to investigate the advantage of keeping the
BSS around 50%. For this purpose, a dispatch rule regardless of BSS’s SOC
is utilized in which the determined BSS power can be any value greater and
lower than PJ'%* and P’;**, respectively. The related flowchart of this rule is

illustrated in Figure The same system is considered for the proposed SOC
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following presented in the chapter [3and non-SOC following shown in Figure,
[5.2and the results will be compared. The time step related to this test and the

dispatch function is 5 minutes.

e (Case-D2: In this case, the performance of the dispatch function in normal con-
ditions during SS1 mode is tested. For this purpose, tests cover two sequential
days to observe the control mode switching properly. The time step related to
this test and the dispatch function is 5 minutes. The variance of load and renew-
able generation in the collected dataset is low from sunset to sunrise. Therefore,
all tests are started from 5 AM. In addition, the initial required Ppo; setto —100
kW.

e (Case-D3: In this case, the consequent performance of the dispatch function to
the start and stop of the largest load will be assessed. The duration of the test is
6 hours, and MG is in islanded mode. The time step related to this test and the

dispatch function is 1 minute.

e (Case-D4: This case is performed to observe the proper reaction of dispatch
function to temporary loss of the PV system during SS2. The duration of the
test is 6 hours. The time step related to this test and the dispatch function is 1

minute.

e Case-D5: In this case, DG is not connected to the system, where upper and
lower boundaries of this are considered to be zero. The time step related to this

test and the dispatch function is 5 minutes.

Table 5.2: Description of details of the test cases related to the core-level dispatch

function
. Noncritical
Initial DG P... [KW] PSt kW]
Case DCL [kW]
SOC | presence
mean | max | mean | max | mean | max
D2 0.25 % No 84.8 190 21.7 43 46.5 79
D3 0.55% Yes 106 148.5 | 37.2 91.1 53.4 105.7
D4 0.7 % Yes 85 1485 | 323 35.2 84.2 102.2
D5 0.85 % No 85 1485 | 212 41.3 53.4 105.7
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Figure 5.2: A non-SOC following rule-based dispatch rule.

The resultant simulations for case-D1 are shown in Figure [5.4] According to Figure
@, When dispatch is fulfilled regardless of SOC, the BSS SOC has decreased to
the desired minimum value. Therefore, BSS is not able to inject any power to MG,
and support of the critical loads is completely dependent on the DG. This situation
is caused by the reliability to supply MG’s critical loads such that in case of DG
failure, those loads will be shedded. On the contrary, the proposed dispatch function

maintains to SOC around the 50% and avoids continuous discharge of BSS.

The results of case-D2 are illustrated in Figure The initial SOC is 25% where
makes the dispatch rule force-charging. However, the power exchange is less than
the set value. Accordingly, BSS power is set to be the minimum charging power tile

sunrise (8 AM). After sunrise, renewable power increases, which increases the Ppo;
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Figure 5.3: Simulation results for case-D1: The load and PV generation during the

simulation considering non-SOC following dispatch rule.

up to more —100£W . Starting from this point, BSS power rises up to the maximum.
As SOC crosses SOCYy, the control mode is switched to power-smoothing. After
10 PM, SOC enters the force-discharging region. Because of the zero renewable
generations and defined dispatch rule, BSS is discharged at the minimum rate. In this
test case, both aims are achieved to minimize charge-discharge cycles and avoid rapid

control rule switching.

The Figure @]illustrates the test results of case-D3. In this test, 45 kW load, more
significant than all other loads, is connected to the system at 11 AM and disconnected
30 minutes later. This load is considered as the critical load (CL) to avoid its shed-
ding. Based on the Figure [5.6a] the necessary amount of noncritical load (NCL) is
shedded to compensate for the generation and load mismatch immediately after the
surge in load. Accordingly, available generation power, BSS discharge power, and
load after control (LAC) are balanced. As can be seen in5.6c} a single interruptible
DCL and both priorities and interruptible CCLs are shedded. It means that priority
CCLs are shedded instead of shedding extra interruptible DCL. After a couple of min-
utes, shedded loads are restored as PV power output increases. Moreover, the Figure
[5.6bkhows that around 30 minutes before the event, DG power and BSS discharging
rate have started decreasing in response to the rise of PV power output. Precisely after
the event, both of these variables are set to corresponding maximums to minimize the

load shedded load. The SOC remained within the power-smoothing range during the
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Figure 5.4: Simulation results for case-D1: (a) MG is dispatched by non-SOC fol-
lowing dispatch rule. (b) MG is dispatched by the proposed SOC following dispatch

rules.
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Figure 5.5: Test results for case-D2: MG in SS1 is tested for two days.

test. If the dispatch was force-charging before the event or because of the event, the
power balance might fail. This issue entirely depends on the sizing of the MG assets

and should be contemplated in MG planning.

The results of case-D4 are illustrated in Figure[5.7} The initial SOC is 70%, indicating
dispatch rule force-discharging. The PV system is lost at 1 PM and returned to the
system after an hour. Before this event, the DG is turned off, and even renewable gen-
eration is partially curtailed, and BSS discharging is at a minimum rate. Immediately
after the PV system’s tripping, the DG system is turned on and operated at maximum
rated power. BSS discharging power increased, and the rest of the power mismatch
is compensated by the shedding of NCL. The figreffigl6b shows that interruptible
DCLs and CCLs are shedded entirely. Then CCL are minorly are restored during the
event in response to priority DCL and CL’s variances. After the event ends, DG has

turned off again, and BSS power is decreased.

The test results related to case-D5 are given in Figure[5.8] Within this test, DG is not
available and generation and balanced via PV and BSS power. As the BSS is in force-
discharging mode, its power output is set to maximum discharging rate up to around
10 AM, where renewable power significantly rises and event it is partially curtailed.
Meanwhile, all possible loads are restored. However, In the case of a significant fall
in PV power, load shedding is observed. According to this test, it can be deduced that
MGCS can manage the MG without the DG.
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Figure 5.6: Test results of case-D3: A large load is connected at 11 AM for 30 min-

utes.
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Figure 5.7: Test results of case-D4: The PV system is tripped at 1 PM for an hour
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Figure 5.8: The results of case-D5: The DG is excluded from the system to test the

dispatch function being generic.
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5.2 Tests related to the higher-level functions

As mentioned before, higher-level functions are added to provide optimal dispatch of
MG’s assets. For this purpose, resultant energy costs for MG with different control
function configurations are determined and compared. This study’s data measured
with quite variable weather conditions between March and May in Ankara, Turkey,
are separated as 80 and 20 percent for training and tests datasets, respectively, for
LSTM studies. Seasonality is discarded by limiting the considered period to spring.

During the simulations, three-rate-tariff grid prices are assumed as follows:

e Day Tariff (06:00 - 17:00): 15 ¢/kWh,
e Peak Tariff (17:00 - 22:00): 30 ¢/kWh,

e Night Tariff (22:00 - 06:00): 8 ¢/kWh.

The results of different PV generation prediction strategies explained in the chapter 4]
are given in Figure[5.9] In simulations, the prediction horizon is taken as 24 hours, and
simulations proceed for 48 hours. The duration of a time step is taken as 15 minutes.
A second system model is created by doubling the PV generation and PV predictions
to examine the effect of PV penetration level. For simplicity, EVs are modeled as
identical, i.e., EVs with 20 kWh capacity and 20 kW maximum charging power. BSS
is assumed to have 350 kWh capacity and a 10 kW power rating. EV’s entrance
and leave time are 8 and 17:30, respectively. To examine the effect of renewable

generation on the performance of the proposed SPMC, installed generation capacity

Comparison of PV Generation Predictions

PV Generation (kW)

30 40 60 70

50
15 min. Time Steps

Figure 5.9: Comparison of different PV generation predictions
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is assumed to be 55 and 110 kW. Penalty factors of BSS and EVs are calculated based
on the method explained in [S1].

In this work, four different cases are compared. In the first case, MGCS includes
only core-level functions, and in the rest of the cases, multi-level control functions
are considered. Considered methods and corresponding forecast inputs are explained

below.

e Case-H1: The MGCS consists of only core-level functions: In this Case, set-

points of MG assets are determined by the core-level dispatch function. The

largest energy is expected in this case.

e Case-H2: The MGCS consists of MPC with actual data as the higher-level func-

tion: In this Case, actual PV generation data is fed to MPC. The best results are

expected in this case.

e Case-H3: The MGCS consists of MPC with forecasted data as the higher-level
function:: In this Case, MPC is fed with an LSTM forecast of the PV generation.

e Case-H4: The MGCS consists of SMPC with MCS scenarios for PV genera-

tion as the higher-level function: In this Case, PV forecast data are populated.

The MCS method explained in the section s used to create PV generation

scenarios.

In Tables[5.3|and[5.4different cases, their corresponding resultant energy costs (RECs)
in terms of $, prediction performance measures are given. For the LSTM PV predic-
tion, the resulting RMSE values are 5.603 kW and 11.206 kW for 55 kWp and 110
kWp generation capacity cases, respectively. The resulting power flows and energy

levels of the main assets for Case-H4 with 75 PV-group scenarios can be found in
Figure
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Table 5.3: Results of Case-H2 and Case-H3

Case REC ($)
PV Generation Capacity~= 55 kWp
H1 225.121
H2 187.601
H3 188.712
PV Generation Capacity~= 110 kWp
H1 162.135
H2 134.145
H3 146.750

Table 5.4: Results of Case-H4

Number of MCS PV-Group | REC ($)
PV Generation Capacity~= 55SkWp

75 190.011
100 189.365
150 188.286

PV Generation Capacity~= 110 kWp
75 143.253
100 144.053
150 139.712

The Table [5.3shows that Case-H1 and Case-H2 have the highest and lowest energy
cost, respectively. These results were expected as expected since in Case-2, the actual
generation data are used as input, and dispatch orders are calculated regardless of
cost and forecasts. The MPC method’s vulnerability can be seen in Case-H3; because
the method’s performance depends on the input forecasts’ success. In Case-H3, the

forecast errors cause an increase in energy cost.

The results of Case-H4 are given in Table [5.4] generally lies in between the energy

costs of Case-H2 and Case-H3, which is also as expected. The stochastic nature of
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Figure 5.10: Power flows of microgrid assets for Case-H4 with 75 PV scenario, con-

sidering PV generation capacity = 110 kWp

the SMPC results can easily be caught because energy costs might be higher even if

the stochastic scenarios increase.

It can be seen that the amount of renewable generation is another essential factor in
the effectiveness of the control algorithm. When Case-H3 and Case-H4 are set side
by side, these have similar results in low renewable penetration. However, when the
renewable support increases, Case-H4 starts to give better results. As the PV predic-
tion level increases, the effects of cloudiness increase. Therefore, the population of
PV generation scenarios can better catch the actual PV generation. Based on Figure
[5.9] LSTM may not achieve enough success in a day with high cloudiness fluctua-
tions, especially in fast ramp-up and downs. From these results, it can be said that the

stochastic population of PV generation can improve the results.

Therefore, the different share of renewable penetration can interchange the superiority
of Case-H3 and Case-H4, i.e., a tailor-made decision should be taken according to the

infrastructures in the microgrid.
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5.3 Summary

The simulation test results of the proposed control function consisting of seven cases
are given and discussed. Through the first set of tests advantage of SOC following
logic, being generic, and the reliability of core-level dispatch function is shown. In the
second section, the resultant energy costs for multi-level and single-level MGCS are

compared. Also, the performance of the proposed SMPC and MPC are analyzed.
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CHAPTER 6

CONCLUSION

In this thesis, a centralized microgrid controller is developed. This system is com-
posed of the central multi-thread server (CMTS), which acquires the data from the
filed units. Then, this information is processed, and CMTS executes consequent com-
mands. The field units also apply the commands from the CMTS to the controlled

assets.

The functionalities of the MGCS are compatible with IEEE 2030.7 and 2030.8 stan-
dards. The scope of the IEEE 2030.7 standard is to address the functions above the
component control level associated with the proper operation of the microgrid en-
ergy management system that is common to all microgrids, regardless of topology,
configuration, or jurisdiction. The CMTS includes four modules, including commu-
nication, database, graphical user interface, and control functions modules. These
modules provide autonomous management of MG, online monitoring, data visualiza-
tion, and manual operations by MGO. The communication framework among these

system components is established through TCP/IP internet socket.

The generic MG control functions module has a multi-level framework consisted of
core and higher levels. Dispatch and transition are the core-level functions. These
platform-independent functions dispatch the MG assets with a BSS SOC-following
logic. The primary purpose of this logic is to keep SOC around 50% for the sake of
MG resiliency and BSS lifetime. The generic dispatch function is assembled by a load
management strategy and dispatch rules that follow SOC. According to both critical-
ity and controllability of loads, the load management method sheds and restores the
specified amount of load. Because of these control capabilities, the proposed MGCS

may be used in various microgrids, independent of their size or application.
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Also, higher-level functions mentioned in IEEE 2030.7 such as load and renew-
able generation forecasts and optimal dispatch are adjoint with core-level functions.
Stochastic model predictive control, model predictive control, PV generation fore-
casts with LSTM and Monte Carlo simulations are considered the higher-level func-
tions of the proposed MGCS. The proposed LSTM model predicts the next 24 hour
PV generation in 15 minutes resolutions. This model is trained with 3-month data to
decrease the effects of the seasonality and aging of the panels. For the MCS-based
method, global irradiation is used to create a probabilistic PV generation set. The
MPC and SMPC are applied to the system to minimize the energy cost. The first
strategy takes LSTM forecasts for PV generation as input. However, SPMC consists
of multiple MPC runs utilizing an MCS-based PV model for each run. Then, the
SMPC algorithm dispatches the EVs and BSS based on the median of BSS power

decisions of all runs.

Simulation results show that the SMPC algorithm can result in lower energy costs
compared to the MPC algorithm. Thanks to the multiple scenario cases in the SMPC
algorithm, the effects of erroneous forecasts are minimized. For further improvement,
a stochastic approach can be developed for EVs, in which the EVs’ entrance and leave
times can be replaced with the entrance time and duration of stay in the microgrid.
With this method, entrance and leave times can be coupled, giving a more realistic

scenario.

For future works can be considered as:

e Cyber security and bad data identification approaches can be added to confront
the possible data manipulation because of device malfunctioning or communi-

cation failure.

e [oad and generation forecasts can be utilized by core-level functions to have a

more efficient load management strategy.

e Reinforcement learning techniques can be used to update adjustable parameters

such as K, and K,

e a stochastic approach can be developed to model the EV-driver behaviors.
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e Electricity market participation can be considered as a higher-level function as

the monopoly systems are faded day by day.
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APPENDIX A

TABS OF THE GRAPHICAL USER INTERFACE
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Figure A.7: Data analysis tab/lines
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Figure A.9: Data analysis tab/smart assets
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