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Abstract

As greenhouse gases produced from the conventional power plant causes global climate
change, using renewable energy sources (RESs) in the future power system is inevitable.
To minimize greenhouse gases emission, the interest in renewable grid or micro-grid is
growing nowadays. In the microgrid, especially in AC microgrids, converters play an
important role in many areas, including microgrid integration, uninterrupted power supply,
and flexible alternating current transmission systems. Inverter plays an essential role in
grid integration because it serves the interface between the energy source and the power
grid. The important aspect of the inverter is control.

This thesis studies several control strategies for the microgrid in both islanded and grid-
connected modes while considering the intermittency of demand power and RESs.
Generally, there are two types of control strategies: centralized control, the other is
decentralized control. Decentralize control schemes are robust compare to other control
systems and require low bandwidth e.g., only the nearest neighbor information is required.

Droop control, one of the conventional decentralized control, is a well-established
technique used extensively in power systems ever since synchronous generators were
utilized. Since the features between the synchronous generator and the inverter are
different, e.g., the inertia of the inverter is low, the traditional droop control needs to be
modified in controlling the inverter. In this thesis, to eliminate the traditional droop tradeoff
between power sharing and grid voltage, we introduce virtual droop control. In case of
transmission impedance mismatch between DG inverter, we use a large virtual resistance
in both inverters to match the transmission impedance.

The virtual impedance control is implemented and validated in MATLAB/Simulink and
experiment. In this thesis, a microgrid consists of several units are selected for testing.

In conventional droop control, we observe a phase shift between inverter current which
cause the circulation current inside the grid. But by using virtual droop control, this
circulation current is minimized as well as we obtain a proper power sharing among DG’
inverter.



Chapter 1: Introduction

This chapter presents the framework of the thesis which includes various distributed
decentralized scheme to get better power quality and power sharing under stable grid
condition. This chapter outlines the various renewable technologies, energy storage

systems, various type of inverters, and different controlled schema of microgrids.

1.1 Background

Non-renewable energy sources like natural gas, oil, coal, nuclear reactants begin to deplete
in different countries. These conventional energy resources took millions of years inside
the earth's core, but most of these resources massively used in different sectors like power
generation, transportation, industries in the last hundred years. Because of these reasons,
the non-renewable resources will exhaust sooner than anticipated, as we already see this in

many countries [1].

Conventional energy sources emit greenhouse gases like carbon dioxide, methane which
trapped sun heat in the atmosphere and caused global warming in the last hundred years
[1]. Due to excessive heat trapped around the earth, both ocean and land life is highly
disrupted. Many seas species face extinction, and we observe the recent fire in the Amazon
forest [2], which considers the heart of planet earth. As climate change threatens human

existence, the evolving renewable energy in the power system is the only way to mitigate



that threat. Stimulated by recent technological developments and increasing concern over
the sustainability and environmental consequence of traditional fuel usage, the prospect of
producing clean, sustainable power in substantial quantities from renewable energy sources

arouses interest worldwide [4].

When electricity generation from renewable technology like the solar plant, wind turbine,
the fuel cell connects through the conventional grid is known as a microgrid. Microgrid
could operate as both grid-connected mode and self-autonomous islanded mode. As
conventional power sources deplete around the world, the self-autonomous microgrid
becomes more common. The conventional grid has high inertia, so, when distributed
generators from renewable sources operate as grid-connected mode, the turbulence caused
by the intermittency nature of DG mitigate by the conventional grid. However, in the

islanded mode of microgrid, the power quality is highly disrupted [5].

Electrical power quality effects through different orders of harmonics distortions, low
power factor, frequency variation, voltage fluctuation, etc. Nowadays, Power quality has
become a concern to electricity consumers on every level; a deteriorated power quality may
provide the disappointing response of the electrical equipment and devices and break the
power system in numerous ways. Nonlinear loads such as computers, fax machines,
printers, PLCs, fridges, Televisions, and electronic lighting ballasts, etc. are one of the
major causes of power quality degeneration by the initiation of a switching action and

consequently current interruptions. Since exhaustion of conventional electrical power



sources set forth the way for renewable energy sources. But without proper control systems,
these sources are not compatible with the conventional grids and their integration might

add to power quality problems [6].

As the above discussed difficulties, existing grids are under obligation to deliver the
increasing demand for power which has suggested the concept of distributed generation
systems (DGs) using renewable energy sources (Solar PV, Wind Turbine, etc.) increase
production, improves power quality, lowers electricity cost and expenses, which can be

accomplished using the approach of smart grids.

A smart grid facilitates the interconnection of different distributed generations known as
DGs and regulates the bidirectional power flow between consumer and generating stations
[7]. For the implementation of this scheme, a common platform is required for the
interconnection of different DGs. This thesis presents a new, efficient, smart, and most
importantly a consumer-friendly way of implementing power-sharing in a smart grid, in
which the consumer has the freedom of choosing and extracting the proportion of power

from DGs available.

1.2 Renewable Energy Technology

With the rapid depletion of the conventional energy sources, an exponential increase in
energy demand, and the increasing threat of climate change, energy shift from traditional

to renewable energy is inevitable [8]. Moving towards renewable energy will fulfill the



target of decreasing greenhouse gas emissions, checking future climate shifts, and ensuring
reliable, timely, and cost-efficient energy delivery. For energy security, advances in
renewable energy can have significant benefits. Renewable energy sources are
continuously renewed by nature and derived directly from the sun (such as thermal and
photovoltaic), indirectly from the sun (such as wind, hydropower), or other spontaneous

mechanisms and movements of the environment (such as geothermal and tidal power).

This section will outline the renewable energy sources (RESs) like solar PV module, wind
turbine and energy storage systems (ESSs). As microgrid system create turbulence under
standalone operation or islanded mode these RESs, this paper will discuss the islanded

operation of microgrid.

1.2.1 Wind Energy Conversion System

Wind energy is the well-known cost competitive renewable sources. Wind power has
attracted much interest in recent years and is currently one of the fastest-growing
technologies among all renewable energy solutions [9]. Over 340,000 wind turbines (WT)

with a total capacity >591 GW were mounted globally at the end of 2018 [10].

O g4

rectifier Continious inverter .
generator bus grid

Wind Turbine

Figure 1.1 : General structure of wind energy conversion system [10]



A general structure of wind turbine energy is shown in figure 1.1, where a wind turbine is
connected to a grid using the power converters [11]. Wind turbines transform the kinetic
energy of the wind into mechanical power. A generator converts mechanical power into

electricity. The mechanical power trapped through the wind turbine is

p=2CAB) p-A-v (1.2.1.1)

where p is the air density, A is the area swept by the blades, vw is the wind speed, Cy(4,5)
symbolizes the power coefficient of the wind turbine, g is the wind turbine pitch angle, and
A is the tip-speed ratio (TSR). The wind turbine is characterized by the nondimensional
curves of coefficient of performance C;, as a function of tip speed ratio A. Tip speed ratio h
is the ratio of linear speed of the tip of blades to the rotational speed of wind turbine. It can

be expressed as follows [12].

A=2f (2.2.1.2)

1.2.2 PV System

Photovoltaic (PV) system is another well-known source of renewable energy which can
work in either the standalone mode or grid-connected mode when there is grid. As

technology emerges, the grid-connected PV system is getting popular over the time.



Because of intermittent nature of solar radiation, the power generated by PV system

fluctuates.
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Figure 1.2 : V-P and V-I curve of a solar Module [13]

Figure 1.2 shows the V-I curve for a typical solar panel and output power under different
solar radiations. As shown in Figure 2, that the solar power fluctuates with the solar
irradiance. For the same solar irradiation, solar power first increases and then decreases
with the voltages, therefore, there is only one maximum power point (MPP) under the
specific solar irradiation. To extract this MPP, a maximum power point tracker (MPPT)

controller is desired to improve solar module efficiency [13].

1.2.3 Energy Storage Systems

Due to intermittence nature of renewable sources, e.g., wind speed and solar irradiances

vary with time, installing energy storage systems (ESS) will increase the stability of the



voltage, frequency, and power quality. To control voltage and frequency, energy storage
devices such as battery and super capacitor are frequently installed in micro grid to increase

system inertia to support both load and renewable energy intermittency [10].

. PV modules

e hotovoltaic controller
_J'B'_
. Inverter -
AC load

AN -
a0 {.\‘5 ] = =
~g W = F L g
e e Energy storage system
s -
e
— =] DC load

Fan controller

Wind turbines
Figure 1.3: Energy storage system in micro grid [10]

In figure 1.3, an ESS is implemented together with PV and wind energy system. Electrical
energy system like battery will enhance grid inertia and can be used as a bidirectional with

proper charge/discharge controller if system require.

Energy storage systems or ESSs turn out to be an unavoidable part of micro grid. ESS could
supply high power density or high energy density in the microgrid, we may choose different
storage systems (Like Lead Acid Battery for high energy density, Superconductor for high

power density or Lithium ion Battery for both) under different operation of microgrid [10].



1.3 Inverters

As solar PV modules and wind turbines are used in the microgrid system, the inverters
from these DGs operate simultaneously. Inverters from different distributed generators

need to be synchronized under different line impedances.

In inverter-based DG applications, Voltage source inverter (VSI) and current source
inverter (CSI) are the two types of inverter frequently employed. Due to its simple
commutation circuit and feedback diodes free operation, the CSI has been used in grid
connection applications. However, with the evolution of DG technologies, the VSI design
has demonstrated higher efficiency and faster dynamic response, and thus it is more readily
controlled to satisfy the conditions of the DG interconnection. In this paper, the VSI is used

as the DG interface with the grid [14].

1.3.1 Voltage Source Inverter (VSI)

Through DC/AC inverters, DGs and ESSs connect the microgrid. During the islanded
mode, these inverters are usually operated as voltage source inverters (VSls). These VSls
need to be controlled cooperatively to achieve desired performance and reliability
attributes. In AC networks, voltage magnitude and angle difference between connected
buses should be regulated in some limited ranges for system security and stability.

Frequency synchronization to a nominal value is also essential for grid connection and



stability purposes. Besides frequency and voltage regulation, active and reactive power is

also considered inherent control objectives in microgrid [14]

DGs, such as PV systems or WTSs, are recognized as uncontrollable or non-dispatchable
DGs, for their outputs rely on environmental conditions. Conversely, DGs, such as
microturbines (MTs) and fuel cells (FCs), are regarded as controllable DGs because they
can be controlled smoothly in terms of control signals. In an islanded MG, there is another
type of DG. Generally, a battery energy storage system (BESS), called a partially
controllable DG, which works in a V/F control mode, and provides the frequency and

voltage references for the MG [15].

Controllable DGs operate in PQ control mode, while uncontrollable DGs in maximum
power point tracking (MPPT) control mode and the partially controllable in V/F control
mode. DGs under the PQ control strategy operate in grid-connected mode, whereas the V/F
strategy operates in islanded mode [15]. This section will discuss the PQ control, VF
control, MPPT control and coordinate these controls to minimize the fluctuation of
frequency, voltage, and power quality on both grid-connected and islanded microgrid

mode.
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1.3.2 PQ Controlled Inverters

For proper power-sharing in both grid-connected and islanded mode of microgrid, active-
reactive power-controlled inverters maintain power ratio defined by the grid operators. In
Fig. 1.4, the block diagram of a VSI adopted the PQ control is shown. These control
strategies have been used and implemented based on the dgO reference frame
transformation that determines d-and g-axis components of the AC side current. During the
simulation, it is assumed that the loads and network's model are shown on the reference

frame of one of the individual VSIs [16].

RES -pV

i, a
V b
Current i - Power ~.__abc
Conitroller ig Controller dig "
VW
i | | i et
Ig. |rd_

Figure 1.4: PQ Controlled Invertors [16]
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1.3.3 Voltage per Frequency (V/f) Controlled Inverters

It is difficult to maintain power quality in the islanded microgrid mode due to the low
inertia system. The V/F DG design ensures that its power supply return zero after injecting
or absorbing from the grid instantaneously. The DGs will perform voltage and frequency
regulation in an autonomous MG operated under VVF control (VFDGS). In this case, at least
one VSI should be operated in V/F control mode to control the system voltage and
frequency within tolerable limits. This control strategy's excellence is that no
communication infrastructure is needed, thereby using only local measurements for the
MG control in a decentralized method and plug-and-play operation. The block diagram of
a VSI adopted V/F control is shown in Figure 1.5. For these units, we will use the

conventional droop control strategy.

v,
" Dr
ol oop | @ r7pF} 4]
— mekr Controller p Power
[LPF P _| calculation
w

v,

Figure 1.5: V/F Controlled Invertors[16]
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1.4 Microgrid Operations

1.4.1 Grid-Connected Control Mode

When the microgrid is operating in grid-connected mode, then the microgrid voltage is
maintained by the main grid. The DGs in the microgrid are controlled as power-controlled
sources. The VSI acts as a current source in grid-connected (grid-feeding) mode to inject

active and reactive power to the grid.

b "
¢ $ 3
abc abc
- PLL
dq dq
Va [vq iy Iy
VN PN
@ e O—— [P}, 4
abc

Uahe2

()' ""‘/ 7 b 4 ”‘I dq
O — O~

Figure 1.6: Grid Connected Control Mode of Microgrid [17]

In [17], a grid-connected microgrid illustrate using two PQ controlled inverters. In grid-
connected mode to supply active and reactive power to the grid, the VSI operates as a
current source. A control layout of a grid-connected operation in Figure 1.6 illustrates,

which is established on feed-forward-based current control. The reference currents on the

dq frame according to [17]
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P*

ip=— (1.4.1.1)
Vq

ig = Q— (1.4.1.2)
Va

where P*and Q+are the references active and reactive power, sequentially.

1.4.2 Islanded Control Mode

Microgrid islanding may happen in the state of preplanned scheduling or unplanned
disruptions. Moreover, the islanded mode has found useful applications in remote or rural
areas and geographical islands, where the interconnection with the primary grid is

impossible or not feasible.

VSI acts as a voltage source in islanded (grid-forming) mode to generate voltage with a
given amplitude and frequency control diagram of islanded operation that is implemented
by using cascaded proportional-integral (PI) controllers working on the dq reference frame
[17]. A control structure of islanded is shown in figure 1.7, where the external loop controls
the inverter output voltage to match its reference value whereas inner loop regulates the
current. The output of controller is the set-points of the Space Vector Pulse Width
Modulation (SVPWM) for generating the gate signals. The key point in this control
structure is that the determination of the reference amplitude and frequency since there are
more than one DGs in the microgrid and power sharing between these DGs should be

accurate [17].
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l l Islanded mode
abc abc

abc

Figure 1.7: Control Structure for Islanded Mode [17]

In the grid-connected microgrid, the system inertia and turbulence created by DGs are
mitigated by the connected-grid. As the world transfers from the conventional grid to the
microgrid, we would see more islanded microgrid mode. In the Islanded microgrid mode,
the system turbulences and power-sharing problems are the main research topics
nowadays. This thesis will provide solutions to mitigate voltage, frequency fluctuation after

ensuring power quality and proper power-sharing among DGs [17].

1.4.3 Seamless Transfer between Operation Modes

As microgrid will transit from a grid-connected mode to islanded mode, a seamless
transition is proposed by [17] in Figure 1.8. According to this proposal, the control structure
can separate into three modes: 1) islanded mode control, 2) grid-connected control, 3)

seamless transfer between modes.
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Figure 1.8: Seamless Transfer between Operation Modes [17]

1.5 Phase Locked Loop:

On the network's distribution level, several DGs and a primary grid form microgrid. Due
to a continuous variation in demand loads, a wide-range fluctuation in voltage magnitude
and frequency occurs at the distribution level. The characteristics of these loads are usually
unbalanced and non-linear, which brings harmonics to the system. When the microgrid
switch from grid-connected mode to the islanded mode, more variation and transients are
caused than grid-connected mode. This research problem adopts the P—f droop control
mechanism to share the active power demand during an islanded microgrid. Hence, a

ripple-free calculation of the frequency is crucial to generate an active power output
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constant under steady-state conditions. The PLL employed in a controller algorithm must
correctly detect the phase and frequency to maintain stability under severe grid distortion

[33].
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Figure 1.9: Generic PLL block diagram [31]

In Figure 1.9, a block diagram presents the functional elements of a general PLL [31]. The
PLL consists of three essential functional segments of a phase detection (PD), a loop filter
(LF), and a voltage-controlled oscillator (VCO). The PD measures the phase difference
separating the input signal and the output signal and then transfers it to the loop filter for
obtaining the DC component. The DC component amplifies and then passes to the VCO, a
PI controller, to generate the output signal [32]. The generated frequency integrates to form
the phase of the output signal. If the frequency of the output signal synchronizes with the
frequency of the input signal, then by using the feedback control mechanism, the difference

between the input and the output signal is directed to zero.
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Figure 1.10 : Linearized PLL block diagram [31]

In standard simplifying assumptions, for small variations, allowing the PLL to model
according to the linear block diagram of Figure 1.10 where d¢ is the phase of the measured

voltage and dp is the estimated phase given by the PLL [34].

1.6 Communication topology in a power system

For grid-connected installations, large amounts of generation during low load periods or
intermittent generation can lead to difficulty balancing supply and demand, maintaining
voltage and frequency stability, and may even result in interruptions due to overvoltage
situations tripping protection circuits. In this paper, we present three control methodologies
to lessen these difficulties using small-scale distributed battery storage. These three
approaches represent three different control architectures: 1) centralized; 2) decentralized;

and 3) distributed control.
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A. Centralized control: In centralized control, shown in Figure 1.11, one central
coordinator receives all the required measurements of the grid, possibly through smart
meters and remote terminal units, retrieves the solution to the control problem, and
communicates back the set-points to the station. Only in the central control the network

component that can initiate a control action [18].

CENTRALIZED DECENTRALIZED DISTRIBUTED
a) e) <)

Figure 1.11: Centralized, Decentralized, Distributed Scheme [18]

Since each RES DG must communicate to a central DG, the centralized MPC approach
presented above requires a notable amount of communication burden. Additionally, as the
network size grows, the computation time required to solve the optimization problem
becomes enormous. An additional disadvantage of the centralized MPC approach is that
the central entity demands complete information of the network model. Therefore, any

change in the network, such as adding new solar resources or batteries, requires the central
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entity to update its model. As a consequence of these limitations, it is of interest to design
decentralized or distributed control approaches that alleviate the communication and
computation difficulties, as well as the need for an up-to-date centrally maintained model

of the network encountered in centralized MPC [19].

B. Decentralized control: Figure 1.11(B) illustrates an in-between state among centralized
and distributed control, which indicates that control is partly centralized and partly
distributed regarding the decisions, command/information signals, or computation. A
typical case of decentralized control is the network partitioning into zones, where each
zone is equipped with its controller (zone coordinator). Each zone functions in the same

way as a central coordinator [19].

C Distributed control: each controller needs to communicate only with neighboring nodes,
and therefore global knowledge of the grid is not needed to discover the control decision.
Intends to reach a self-organized power grid, a distributed coordination structure can cope
adequately with the problems that might occur using only local communications and

implementing "plug and play" capability [19].

Only distributed and decentralized schemes can offer a robust and flexible control of the
distribution network. Moreover, they can deal with limited information and low bandwidth
and are much less affected by communication lines errors. All these qualities make them

very attractive for smart grid applications [19].
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Chapter 2: A Literature Review on Grid Connected Inverters

and Research Objectives

This chapter will evaluate the different communication networks in an islanded microgrid,
microgrid control parameters, and grid components like PLL. This chapter will discuss the
voltage and frequency regulations, power quality, and how these microgrid parameters are

determined.

2.1 Communication Network in Microgrid

Communication-based control techniques such as distributed, decentralized can achieve
excellent voltage regulation and power-sharing in the microgrids. Compared to droop
controllers, the output voltage amplitude and frequency in these control techniques are
generally close to their reference values [20]. However, these control strategies require
communication lines between the modules, resulting in increased system cost. Long-
distance communication lines will be easier to get interfered, which reduce system
reliability and expandability [20]. In the following section, several typical communication-

based control strategies in microgrid operations are reviewed.

The microgrid control system based on communication network could be classified into
three categories: centralized control, distributed control, and decentralized or master-slave

control [9].
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In local control, DGs have no communication and IEDs or intelligent electronic devices in

local control schema, only measure the point of standard coupling voltage and frequency.

In centralized control of microgrid, one central coordinator receives all the information
from connected DGs through the communication channel, as shown in Figure 2.1. In the
case of parallel units controlled by synchronization signals, they have negligible
differences of frequency and phase among each other; thus, the current sharing error of
each unit can be caused by voltage amplitude inaccuracies. Therefore, this method directly
adds current error to each inverter unit as a compensation component of the voltage

reference to eliminate the differences among their output currents [9].

(d)

Figure 2.1: Classification of control schemes based on their communication network: a)
local control; b) centralized control; c) distributed control; and d) decentralized master-
slave control [9]

One advantage of the concentrated method is that current sharing can be maintained during

both steady-state and transients. However, this control scheme must include a centralized
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controller, making it challenging to expand the system and reduce system redundancies
[21]. Moreover, current reference must be distributed to all converters using high-
bandwidth communication links to achieve synchronization among the units. These
techniques present high dependency on communications and reduce the reliability, which

may be compromised with single-point faults [21].

In distributed control, a distributed coordinator or grid operator interfaces with other DGs
is shown in Figure 2.1. In this scheme, all IED corporate with the neighbor node to reach
a typical control arrangement set by the grid operator, and hence global information of the
grid (i.e., the state of all nodes) is not required in order to determine the control decision
[9]. The decentralized control introduces a control scheme that is partly centralized and
partly distributed concerning the arrangements, command/information signals, or
computation. In decentralized control, the system is partitioning into the zones, where each
zone is provided with its controller that operates identically as a central coordinator in its
region and these controllers might be loosely linked for coordination purposes, in similarity

with distributed control, to accomplish a distinct purpose [9].

Both distributed and decentralize control schemes are robust compare to other control
systems. In this thesis, only distributed control scheme will be simulated and validated in

the experiment with a proper control system.

This thesis chooses distributed communication because low bandwidth is required, e.g.,

only the nearest neighbor information is required.
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2.1.1 Impact of Communication Delay and data loss in a microgrid

Although most of the microgrid research papers discuss the external cyber-security issue,
ignore the inherent time delay or data loss during the communication channel's data
transmission [22], however, few papers [23]-[24] analyzed the consequence of the data
error and loss on the demand response control system. They showed that the control error
would be intolerable if the data error ratio is more than 4%. Besides the data error, the
inherent time delay is another factor that can affect the power system operation. References
[25]-[26] investigated the time delay margins of the islanded microgrid control and the
multi-grid coordinated control, respectively. They conclude that if the time delay exceeds

the tolerable margins, the microgrid operation will be unstable.

For the Synchronization part, the dedicated low-latency communication system is
necessary because the time delay should be lower than 1ps; otherwise, the carriers whose

frequencies are usually dozens of kHz cannot be well synchronized [27].

2.2 Distributed Generation

Electricity generated from renewable sources refers to distributed generation, and these
sustainable resources when producing electric power denotes as a distributed generator.
DG could be described as electric power generation within distribution grids on the
network's customer side. According to the Electric Power Research Institute, DG's size

ranges from a few kilowatts to 50 MW [32].
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Grid-connected distributed generators' operational characteristics differ slightly from
conventional power generators. Grid-connected conventional power generators are
synchronous generator and high inertia; therefore, they would provide the necessary
reactive power to the grid when required. However, islanded distributed generators are
asynchronous generator (also known as induction generator) and low inertia; therefore,
would not supply the reactive power to the grid unless it is connected to the conventional
generators or connected to high inertia associated VVF controlled DG as discussed before

[30].

A group of the islanded asynchronous generators is not capable of producing reactive
power without the power electronics or control method [30]. In grid-connected mode,
asynchronous generator demands reactive power from the grid during the start-up process
and at operation. Various technical alternatives exist to overcome the limitations of grid-
connected asynchronous generators. Micro-grid specialists suggest a wide range of options
for operational distributed generators, such as the battery, fuel cells, supercapacitors, and

power electronic converters [30].

The control schemes for the applied microgrid can be classified based on communication
or exchanging the information between entities. We prefer the distributed scheme over
other control systems because of this control's robustness and minimum communication

between entities.
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2.3 Classifications of Distributed Generators based on controllability

The voltage source inverters of DGs can be operated in Active-Reactive Power Control
Mode (PQ Mode) and Voltage-Frequency Control Mode (VF Mode). We might coordinate
or exchange information between these inverters' mode under different conditions (grid-
connected and islanded mode). Moreover, coordination between different inverters is

challenging [16], [28].

Distributed generators from various sources such as photovoltaic, wind turbine, fuel cell,
and energy storage system may integrate into MGs under different circumstances, and the

interaction between the power grid and distributed generators (DGs) are complicated.

DERs are considered as Uncontrollable or non-dispatchable as energy extraction depends
on the environment in these sources. These uncontrollable DG operate as the MPPT Mode
of voltage source inverters. The DGs are generated from a fuel cell, and microturbine is
known as controllable or dispatchable because the amount of power can be controlled.
These types of DGs work as a PQ control of VSls. In islanded mode, there is another type
of DG, in which energy storage system is integrated known as partially controllable DG,
which works in a V/F control mode and is responsible for regulating voltage and frequency

in islanded mode [16], [28].
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2.4 Frequency and Voltage Regulation Constraints

While the large-scale deployment of a microgrid is composed of intermittent sources (wind,
solar) with uncertainty, Frequency and voltage regulation are two of the most important

factors.

Unlike a centralized control, a decentralized control schemes transform frequency and
voltage regulation into a local task in DGs. In the decentralized scheme, the information
share among neighboring units; thus, the microgrid performance is affected by the grid

network scheme [35].

According to the ANSI/NEMA C84.1 standard, the standard frequency variation should be

within £0.5 Hz, and the voltage must be kept in between 0.9 p.u to 1.1p.u. [37].

In terms of voltage-frequency control, there are significant distinctions between microgrids
and conventional power grids. In traditional power grids, the voltage regulation is
performed widely by large synchronous generators implemented with Automatic Voltage
Regulator (AVR) [35] or by other equipment such as power transformer tap changers.
Automatic Generation Control (AGC) regulates the traditional power system frequency,
which manages large synchronous generators equipped with the governor. In the grid-
connected mode, voltage and frequency regulation are relatively fixed because of the
system's voltage and frequency control by the primary grid [36] . In this mode, each DG

injects current to the microgrid, which can be taken as a current source. Therefore, these
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DGs operate in the active-reactive power control mode (PQ mode). However, in the
islanded mode, the voltage and frequency are mainly regulated through inverters or DGs
converters. Thus, some inverters/converters of DG units are operated in the voltage-
frequency (VF) control mode to control voltage and frequency, others can be operated at
PQ mode to inject active/reactive power to the microgrid. Since microgrids face more
challenges in the islanded mode than the grid-connected mode, we focus on microgrids'
performance in the islanded mode. Microgrids need to control voltage and frequency after

variation in demand power, generations, and communication topology [37].

Studies have presented two control loops for voltage and frequency regulation of inverters
in self-sufficient microgrid [36]. In these control structures, the first control loop is mainly
the power control loop, where the droop characteristic of synchronous generators is used
to keep frequency and voltage at their nominal values. The P and Q values obtained from
the power measurement block are feeds to the voltage control block to eliminate the voltage
error. Voltage controllers such as the proportional-integral (P1) regulator can eliminate
voltage error. Later the voltage controller's output feeds to the current controller block as
the last control unit. In control structures, both voltage and current controllers are placed
usually in a back to back situation. Eventually, the signal gained from the current's
controller block generates drive signals for the VSIs using the space vector PWM module

[37].

2.5 Research Objectives
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The main research object of this thesis is to develop and validate the model of inverters’
grid synchronization. DGs can be operated in both PQ and VF mode. PQ controlled
distributed generators will provide power sharing and VF controlled DG will provide the

stability of grid frequency and voltage.

Proper Active-Reactive Power Sharing: As multiple distributed generators operate
simultaneously, active-reactive power sharing is important to power management of the
microgrid. In grid-connected mode, conventional grid may supply all the system demand
power. But in islanded mode, maintaining proper power sharing ratio could be difficult
because of divergence of demand power might not abated by conventional grid. In such
case, the electric storage system will minimize the system turbulence created by both
deviation of demand power and intermittency of DGs. This thesis will specifically address

the active-reactive power sharing in islanded mode of micro-grid.

Steady Grid Voltage: The grid voltage or point of common coupling voltage (also known
as Vpcc) need to be kept steady. This common voltage is in low range compare to primary
grid generation voltage and highly differs as both connected load and power supply from

renewable sources fluctuates with time.

Stable Grid Frequency: Even though the inverter might produce stable grid frequency if
storage system is installed to provide the inertia, but grid frequency might vary with load
fluctuation. When the load power is more than system power, the grid frequency will fall

slightly and vice versa. It’s important to supply stable grid frequency for AC load system.
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Chapter 3. Different Control Strategies of Microgrid

In microgrid (MG) islanded operations, it is not common to find fully controllable
synchronous generators generally for voltage and frequency control in conventional power
systems. Due to the intermittent characteristics of renewable sources, most distributed
generators installed in an MG are not suitable for connecting to the electrical grid directly.
For example, induction/asynchronous generator operated WT is not capable of controlling
voltage or reactive power. Therefore, power electronic interfaces (DC/AC in PV or
AC/DC/AC in WT) are required. Inverters control and coordination is thus the fundamental

concern in MG [38].

3.1 Conventional Droop Control

To meet the expanding electricity demand, coordination of different distributed generation
(DG) units is essential. Various control strategies, such as droop control, master-slave
control, and average current-sharing control, have been widely performed worldwide to
operate parallel-connected inverters for load distribution in the DG network.
Communication-based control strategies deployed to interact between the DG inverters.
However, too many communications signals lead to a complex structure of the microgrid
and inhibit expansion. Among these methods, the droop control technique (control strategy
based on active and reactive power) has been widely used because of the absence of

communication among parallel-connected inverters to coordinate the DG units within a
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microgrid. Droop control mitigates the microgrid problems such as reverse droop control,
hierarchical droop control, improved droop control, and virtual power droop control [39].

This chapter will discuss a few of these controls.

3.1.1 Power Flow Analysis in Droop Control

Two parallel inverters are analyzed to illustrate the power flow analysis and operational
principle of droop control in this subsection. As the synchronous generator, an inverter can
also be modeled as a voltage source in series with an internal impedance [39] in islanded

mode. The model of two parallel-operated inverters is shown in Figure 3.1.
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Figure 3.1 : DG Inverters equivalent circuit in autonomous mode [39]
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A simplified schematic of parallel DG inverters is shown in Figure 3.1. The total
impedance of the DG 1 is the sum of equivalent circuit output impedance and the line

impedance.

Zl = T'l +jx1 + RlL +jX1L == 21401 (311)

The sum of output impedance and the line impedance of the DG 2 is given by

Zz == TZ +]x2 + RZL +jX2L = 22402 (312)

where r1, r2 are the inverters output resistances; xi, X2 are the inverter equivalent output
reactance; Ri., Ra are the line resistances; Xii, Xo are the line reactance; Vecc £0 is the
point of common coupling AC bus voltage; Vi, V2 are DG inverter output voltages; o1, 62
are the DG inverter output voltage phase angles; 61, 6. are the total impedance angles of

DG inverters; io1, io2 are the output currents of DG inverters; and i, is the load current [40].

The DG inverters output current and power is given by:

V,28; — Vpee20
[ = 3.1.3

S; =V;46; X l: =P, +jQ; (l =12 Tl) (314)

where n is the number of DG inverters; Pi and Q; are the active and reactive power output

of the i DG inverter respectively which are expressed as:



32

1
P = 7 [(ViVpeccoss; — Viec)cosB; + ViVpeesind;sing,] (3.1.5)
i
1
Q= [(ViVpcccoss; — ViEqc)sing; — ViVpccsind;cosé;] (3.1.6)
i

When the sum of output impedance and line impedance is purely inductive, i.e., 6 = 90°,

then the Equations (3.1.5) and (3.1.6) can be simplified as:

— ViVPCC
XiL

P, 5; (3.1.7)

— ViVPCC - VIECC

(3.1.8)
XiL

Q;

From equations (3.1.7) and (3.1.8), the power angle di determines the flow of active power,
whereas voltage amplitude Vpcc determines the flow of reactive power. The active power is

proportional to phase angle di.

3.1.2 P-f/Q-V Droop Control for Inductive Transmission Line

For inductive transmission lines or X-dominated lines, the P-f/Q-V droop control strategy

can be used as illustrated in Figure 3.2



33

./min

min

Figure 3.2: P-f/Q-V droop control curve [39]

The P-f/Q-V droop control curve is shown in Figure 3.2 and control equations are given

by [40]
fi=f—miP,—P}) (3.1.9)
Vi =V —ni(Q; — Q;) (3.1.10)

where f;"and V;" are the voltage amplitude and frequency of the DG inverters; m; , n; are
the P-f/Q-V control coefficients; P/ and Q; are respectively the rated active and reactive
power of the i'" DG inverter output. The value of m; and n; for P-f/Q-V could be defined

as
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3.1.3 P-V/Q-f Droop Control for Resistive Transmission Line

In low-voltage (LV) microgrids, active power/voltage (P/V) droop controllers are
increasing attention as they take the network lines' resistive nature and the lack of directly
joined rotating inertia into account. There is a relationship between P and V in resistive

networks, such that P-V/Q-f droop controllers are useful.

min

Figure 3.3 : P-f/Q-V droop control curve [39]

The P-V/Q-f droop control curve is shown in Figure 3.3 and control equations are given
by

V=V —m;(P; — P}) (3.1.11)

fi=fi +n(Q;—Q7) (3.1.12)
AV Af

m; = g =
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3.1.4 Power distribution condition between DG inverters

When the parallel DG inverters are operated in an isolated mode, each DG inverter's output
frequency and Vpcc should be properly controlled to minimize the circulation current or
stable grid [40]-[41]. The droop control method to achieve a reasonable distribution of the

load power needs to meet the following equations for inverter A and B.

muPy =mgPg,  myQu=npQp  fi=fe, Vi=Vs (3.1.13)
X X X X
8, =65, —=="B  y-y, A=THE (3.1.14)
R R R R
6, =05, AL ﬂ’ Vy="V;g, _AL _ BL (3.1.16)
my Mg ng Nng

Equations (3.1.13)— (3.1.16) reveal that to ensure the proportional sharing of active and
reactive power of parallel DG inverters A & B, it is crucial to satisfy the following
requirements: 1) DG inverters A& B voltage and frequency should match the rated value;
2) Inverter droop coefficients should be inversely proportional to the rated capacity; 3)
The line impedance at the output of each DG inverter is inversely proportional to droop
coefficients; 4) The output voltage of each DG inverter should have equal amplitude and

phase.
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Increasing the droop coefficients results in good power-sharing but degraded voltage
regulation. The inherent trade-off between power-sharing and voltage regulation of this
controller is selecting the droop coefficient mj, njvalue [42]. The droop control technique's
benefit is there is no communication requirement among parallel-connected inverters,
which provides significant adaptability [42]. However, the conventional droop technique
has numerous shortcomings [43]-[44], e.g., slow transient response, an inherent trade-off
between voltage regulation and load sharing, poor harmonic load sharing between parallel-
connected inverters in the case of non-linear loads, the line impedance mismatch among
parallel-connected inverters that affect active and reactive power-sharing, and poor

performance with renewable energy resources.

The output impedance of the inverter and line impedance to the load is different,
considering the geographical location and other factors, with a certain degree of
randomness, it is challenging to satisfy equations (3.1.13)— (3.1.16) and is challenging to
realize the proportional power-sharing between the DG inverters according to the P-f/Q-V,

P-V/Q-f droop control schemes [39]- [41].

3.2 Virtual Impedance Droop Control

When distributed generation inverters are generally operated parallel with conventional P-
f/Q-V, or P-V/Q-f droop control approaches, due to mismatched resistive and inductive

line impedance, the parallel DG inverters' power-sharing and output voltage diverge from



37

the reference value, which leads to instability in the microgrid system. Adding virtual
resistors and virtual inductors in the control loop of droop controllers improve reactive

power-sharing and stability. However, this leads to a voltage drop [42].

Under the line impedance mismatch, the conventional droop control cannot balance
reactive power-sharing among parallel-connected inverters. Consequently, the imbalance
in reactive power-sharing is a severe problem in an AC microgrid. Several studies have
achieved balanced reactive power sharing implementing virtual output impedance in the
droop control method through a fast control loop that emulates the line impedance [45]-

[46]. Thus, the reference voltage from each inverter can be adjusted, as follows:
Vier = Vo — Zyl, (3.2.1)

where Z,, is the virtual output impedance which is generally selected to dominate line
impedance and modified inductive or resistive transmission virtual impedance will allow
P-f or P-V droop control [47]. Thus, the virtual output impedance can be chosen through
the summation approach, in which balanced reactive power sharing is achieved if the

voltage drop from every inverter to AC bus is as follows [48]:

Vdroopl =0n+Zyly = Vdroopz = (Ziz + Zyr)1, (3.2.2)

Hence, Z,, and Z,, are the virtual output impedance of two parallel connected inverters.
Furthermore, Z;; and Z;,, are line impedance of two parallel connected inverters,

respectively.
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Figure 3.4: Virtual impedance loop-based droop control [42]

If we set the virtual output impedance of DG is zero, and we can emulate the other DG'
virtual output impedance. Based on Eq. (3.2.2) and considering that one line impedance is

larger than others, that is , Z;; > Z;, which permits the selection of Z,,;=0, and Eq. (3.2.2)

can be simplified as follows:

Zyp =211 —Zpp (3.2.3)
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Using the summation approach, the value of the virtual impedance is decreased, which
reduces the degradation of voltage regulation. Reactive power-sharing is improved if the
output voltage change is markedly more significant than the voltage drops across the line
than the reactive power. In this thesis, we will use a large virtual resistance to maintain

reactive power-sharing.

3.3 Agent-based communication framework

An agent performs as a local control processor and communication devices, so agents can
collect present states of distributed generators (DGs) and loads when communication lines
are added between two layers. Furthermore, each agent can also transfer information with
its adjacent agents of the microgrid islanded network. After the information is processed

according to control laws, agents regulate DGs' production to which they connect [49].

Multiagent system (MAS)-based methods have emerged in decentralized control,
optimization, and energy management for MGs. In [50], a decentralized MAS-based
frequency control strategy was investigated for an islanded MG, when agents were only
allowed to exchange information locally. A distributed control approach was also studied

when the system consists of more than one MG agent or multi-MG agents.
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3.4 Two Layer Control Model for Microgrid

In the distributed scheme of the microgrid could be operated as two layers. The top layer
is the communication network over a microgrid as the bottom layer. A systematic method
is applied to derive a set of distributed control laws for agents from any given

communication network, where only the nearest neighbor information is needed [52].

3.5 Dynamic Weights control of distributed inverters

The control laws consist of two terms: 1) dynamic and 2) fixed weights, in which the term
with dynamic weights reassigns outputs of distributed generators to reach different targets

[51].

The gradient descent due to voltage and frequency fluctuation in the microgrid's islanded
mode is measured in VF controlled distributed generators. Instantaneous active, reactive
power gradient is measured in VF controlled DG. Furthermore, this decent gradient power
is appropriately scaled between other PQ and MPPT controlled DGs to maintain power
quality with proper inertia and unscathed in high system turbulence due to sporadic demand
power. This method offers a convenient way to achieve different control and management
targets by substituting a parameter in the control laws with dynamic weights. More
importantly, the control laws with dynamic weights never break the system balance during

iterations.
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Chapter 4. Investigating several microgrid control models

In this thesis, we examine both grid-connected and islanded microgrid. As discussed
before, in chapter one, in the grid-connected mode, the primary grid has sufficiently large
inertia to mitigate system turbulences caused by both the intermittent nature of renewable
DG and demand power. And we will also be able to get the power-sharing under stable

grid frequency and voltage.

This chapter will simulate several control strategies of the microgrid, which discuss in the
previous chapter. First, it will examine the grid-connected microgrid mode using two PQ
controlled DGs and one primary grid generator. It would simulate under different
transmission line impedances and various power-sharing between DGs. In different
transmission impedances, how the PI controller gains change and will draw a relation

between these.

Then, we will simulate the microgrid in the island mode. As discussed in the chapter one,
the island microgrid situation will increase day-by-day as we see a transition from
conventional power to renewable power. At the beginning of the islanded microgrid, we
implement the virtual impedance droop control strategy and discuss simulation findings

and limitations under different conditions.

To overcome the limitation of large resistance virtual impedance droop control strategy,

finally, we will propose a decentralized multiagent-based communication using V/F
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controlled DG. We will implement a secondary hierarchical droop control in V/F DG to

overcome the dynamic power-sharing.

In a grid-connected mode of the microgrid, the V/F control DG will work as a PQ-
controlled DG. But when the grid senses an islanded grid, it will switch to V/F controlled

immediately.

4.1 Grid Connected Mode of Microgrid

When distributed generators connect to the conventional grid is known as the grid-
connected mode of the microgrid. In grid-connected mode, the DG inverter operates as a
current source inverter. In this simulation, two PQ control distributed generators and one

conventional grid connect in the microgrid.

Simulation Setup

We have applied two PQ controlled DGs as converter 2 and 3, where two PI controller
controls active and reactive power by changing the continuous reference voltage and phase
angle. Converter 1 is considered a conventional grid that will provide the additional inertia

to the system to get the power sharing and grid stability (Grid frequency, Voltage). In each
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converter, we apply different transmission line impedances to illustrate the practical set-up

in the grid.
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Figure 4.1: Grid Connected MATLAB/Simulink Model

Simulation Parameters are listed in Table 4.1

Table 4.1 Grid Connected MATLAB/Simulink Model Parameters

Parameters Value Unit

Grid Frequency Hz 60




Grid Voltage Peak Value Volt 170
Grid Transmission Resistance 0.1 Ohms
Grid Transmission Inductance 3e-6 H
DG2 Transmission Resistance 0.05 Ohms
DG2 Transmission Inductance 1.5e-6 H
DG3 Transmission Resistance 0.15 Ohms
DG3 Transmission Inductance 4.5e-6 H
DG3 Active Power Kp 1.1131e-07

DG3 Active Power Ki 159.8

DG3 Active Power Gain 10

DG3 Reactive Power Kp 9.0544e-06

DG3 Reactive Power Ki 479.9

DG3 Reactive Power Gain 200

DG2 Active Power Kp 5.4e-9

DG2 Active Power Ki 3881

DG2 Active Power Gain 10

DG2 Reactive Power Kp 4.3754e-07

DG2 Reactive Power Ki 4342

DG2 Reactive Power Gain 200

Connected Reactive Power 300 Watt

44
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Connected Active Load ‘ 1200 ‘ Watt

Simulation Outputs
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Figure 4.2: Grid-connected Simulation output
Both active and reactive power sharing obtained based on the power reference in PQ-
controlled DGs. We choose the proper PI controller parameter to do that. In the case of
impedance mismatch between DG1 and DG2, we have to apply the same gain ratio to

have equal power-sharing..

We have found stable frequency and power-sharing after 0.4s in Figure 4.2 and improved

the initial turbulence after adjusting DG switching in the grid.
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4.2 Islanded Mode of Microgrid

As chapter 3 discusses, using conventional droop control (P-f/Q-V and P-V/Q-f) according
to transmission line impedances for power-sharing, we have to trade-off between the point
of common coupling voltage (Vpcc) and power-sharing. Moreover, the reactive power-
sharing cannot control using this droop control when the transmission line impedance

mismatch between DGs.

We try to implement large resistance virtual impedance P-V/Q-f droop control to eliminate
the disrupted reactive power-sharing. By using large virtual resistance, the line impendence

tends to be close.

4.2.1 Virtual Resistance Droop Control

In this setup, we discarded the conventional inverter from the previous simulation to

create the islanded mode.

In microgrid control mode, both PQ-controlled DGs work alone to have a stable grid and
power-sharing intermittent nature of distributed generators and demand power. As chapter
3 discusses, we have applied the large resistance virtual droop control between these DGs.

To maintain accurate power-sharing without distorting grid voltage,

we added large resistance in the intention of using P-V/Q-f droop control.
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Simulation Parameters are listed in Table 4.2 for simulation Figure 4.3

Table 4.2: Large Virtual Resistance MATLAB/Simulink Model Parameters

Parameters Value Unit
Grid Frequency Hz 60
Grid Voltage Peak Value Volt 159
DG2 Transmission Resistance 0.05 Ohms
DG2 Transmission Inductance 1.5e-6 H
DG3 Transmission Resistance 0.15 Ohms

47



DG3 Transmission Inductance 4.5e-6
m, 0.5*2*pi/600
n, .5e-3

my 0.5*2*pi/600
ng .5e-3
Virtual Resistance 5
Connected Reactive Power 0
Connected Active Load 1000

Ouput

48
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Figure 4.4: Large Virtual Resistance MATLAB/Simulink Model Output

We have found a stable grid frequency and voltage with proper active power-sharing,
eliminating the tradeoff between grid voltage and power-sharing we observe in traditional

droop control.

In this droop control, the transmission line impedances is not necessary to be measured as
because a large virtual resistance is added on both DG, which makes the total virtual
impendence close. But another problem of this design is the virtual voltage drop caused by
large virtual resistance. In figure 4.4 the peak voltage is 150 V which is less than the
reference 159 V. Due to zero crossing mismatch between DG2 and DG1, we monitor an

initial turbulence before power sharing. We will use PLL to overcome this instability.
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4.2.2 Negative Virtual Impedance Droop Control

To eliminate the grid voltage drop, we examine the negative virtual impedance droop
control. We consider inverter one as a base impedance (which has the largest impedances)
to calculate the other two DG's virtual impedances. In this droop control method, we can

calculate the virtual impedances of inverter 2, 3 according to the equations (3.2.3),

Zyy =121y —Zp (4.1)

Zys =121 —Z3 (4.2)

g
o0 Dog
J¢ ]

g
H
3

&
T
.

Figure 4.5: Virtual Impedance Droop Control MATLAB/Simulink Model



Simulation Parameters are listed in Table 4.3

Parameters Value Unit
DG1 Transmission Resistance 1.6 Ohms
DG1 Transmission Inductance 3e-4 H

DG2 Transmission Resistance 0.8 Ohms
DG2 Transmission Inductance 1.5e-4 H

DG3 Transmission Resistance 1.2 Ohms
DG3 Transmission Inductance 2.25e-4 H

DG 2 Virtual Resistance, Z>» 0.8+2*pi*60*1.5e-4i Ohms
DG 3 Virtual Resistance, Z3 0.4+2*pi*60*.75e-4i Ohms
Connected Reactive Power 200 Watt
Connected Active Load 1000 Watt

Table 4.3 Virtual Impedance Droop Control MATLAB/Simulink Model Parameters

Simulation Output

o1



52

+, \—\,_‘ = = ——

Figure 4.6: Virtual Impedance Droop Control MATLAB/Simulink Model Output

Using this droop control, we are able to get power-sharing without dropping large grid
voltage according to the Simulink output as shown in Figure 4.6. We see an initial
fluctuation due to zero-crossing mismatch when we connect inverter 2 and 3 into the grid.
We have found the reactive power droop coefficient depends on the transmission line
reactance. Also, the virtual impedance dependency on transmission line impedances makes
this design impractical. Reactive power-sharing disrupts (in Figure 4.7) when we change

the power factor of connected load unless we change the reactive power coefficient.
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Figure 4.7: Disrupted Reactive Power Sharing when power factor of a load changes

To overcome the limitation of the power-sharing without degrading power quality in an
islanded microgrid, this thesis suggests a two-layer V/F droop DG with other P/Q

controlled DGs.

4.3 Designing the two-layer V/F control DG.

The first layer is like a conventional droop control, where voltage and frequency of the grid
are controlled by active and reactive power. When the grid operates in an islanded mode,
the VF DG will provide the necessary active and reactive power to the grid to make it
stable. When there is a shortage of power, the grid voltage and frequency will be down.
Simultaneously, the instantaneous power injection from the VF DG pushed grid frequency

and voltage to a higher range.

When the demand power decrease, the grid frequency, and voltage increase. In this
situation, the VF DG withdraws the grid's power instantaneously and decreases the grid

frequency and voltage to a system rated label.
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We took the idea from droop control P-V/Q-f in V/F DG as the transmission line is
resistive. The second layer of the hierarchical control unit in VF DG will ensure the power-

sharing without measuring the demand power.

4.3.1 VF Controlled Distributed Generator Flowchart in Grid
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Figure 4.8: Two-layer VF control DG model

Inside the MATLAB/Simulink Model of VF DG
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Figure 4.9: Inside the MATLAB/Simulink Model of VF DG

First layer is the P-V/Q-f droop control as transmission line is resistive. Active power droop
coefficient is Vrer /9000, here 9000 is the maximum power capability. Here, 2000 in Figure

4.9 is the V/F control DG rated capability. Same reference setting goes for reactive power.

The second layer of the droop control will determine the gradient descent of the supplied
power of V/F controlled DG into the grid. Later, this power supply will be provided by
other PQ controlled DG. This second layer will determine the power shortage divergence.
The portion of "ThetaP" in Figure 4.9, which will send back to other PQ controlled DGs
based on fixed or dynamic weight, depends on the PQ DG design and its maximum

capability.
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4.3.2 PQ Controlled DG Designing

From chapter 3 equations 3.1.7-8, we can derive the power equations for resistive

transmission line impedances as following

Px§ (4.3)

Q < Vpcc (4.4)

Here, by using the equation of 4.3-3.4, the design of PQ DG is adopted. Two active and
reactive power Pl controller is used to maintain the constant power production, which

create A§ and AV based on the difference between the generation and reference power.

The PQ DG from Figure 4.10 is the same as before; only this time, we put dynamic power

references to get the stable grid and proper power-sharing in islanded mode.
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Figure 4.10: PQ Controlled DG Designing
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4.3.3 Decentralized Two-layer VF DG integrating PQ DG
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Figure 4.11: Decentralized Two-layer VF DG integrating PQ DG
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Figure 4:11 illustrates the total flow chart of the decentralized islanded microgrid design

using one VF DG and two PQ DG.

As described before, the power references for two PQ DGs will be slightly different from

the previously adopted. In the islanded mode of microgrid, the power equations for two PQ

DG will be,

szpl_Klp*SPf

P§:P3_K2p*6p3*

Q1 =04 — Kiq * 8Q]

Q3 = Q3 — Kyq * 5Q3

In a stable grid with the following relation should maintain

Kip + Kpp = 1

Kig + Kzqg =1

8P} + 8P} = P;

6Q1 +6Q3 = Q;

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

Where P; is the supplied/withdraw active power of V/F DG. In case of the power injection,

the value of the P; will be positive. When V/F DG withdraw the power from grid, then the

value of P; and subsequently both § P;, 6 P; will be negative.
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Besides P, and Q3, other grid parameters wt,, wts, Vi, Vs pass through different DGs
to ensure the grid stability. Here, wt will ensure the zero crossing when connect to the

grid and reconnect to the grid.

Two typical cases were implemented in the MATLAB/Simulink for verifying the power

sharing.
Casel:

In case of the value of K;,, = 0.4, K, = 0.6, we will get following output as shown on

Figure 4.12.

Figure 4.12: Output In case of the value of K, = 0.4, K,, = 0.6
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Case 2:

When we put same power sharing ratio between two PQ DG, K;,, = 0.5, K, = 0.5, then

will get the following scenario as Figure 4.13 shown
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Figure 4.13: Output In case of the value of K;, = 0.5, K, = 0.5
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Active Power Distribution in different DG under Islanded Mode
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Figure 4.14: Explaining the power sharing in various intermittent nature of DG
Demand power or connected load (yellow line) change over the time to investigate the

grid stability. Green is considered VF1, whether blue is PQ1 and red is PQ2.

To minimize the initial fluctuations, the load should connect to the grid few seconds later

after DG availability to the grid.

The simulations were conducted in the following sequences.

(1) at t=0s, only VF1 DG was connected to the grid at the beginning of simulation;
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(2) at t=0.2s, PQ2 was connected to the grid

(3) at t=1.5s, PQ1 was connected to the grid

(4) at t=5s, PQ2 was completely shut down, VF1 provide the power

(5) at t=6s, PQ2 is turn on, VF1 withdraw the power from the grid

(6) at t=8s, PQ1 was completely shut down, VF1 provide the power

(7) at t=10s, PQ1 is turn on, VF1 withdraw the power from the grid
In Figure 4.14, we observe the maximum overshoot caused by the shutting down of DG.
In maximum overshoot, the VF DG injects or withdraws about 2000 watt, which is the
same as the VF DG's rated power. Using high power density ESS, system stability, and

power-sharing will be ensured in a short time.

The microgrid voltage and frequency simulation results are shown in Figure 4.15-16
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Figure 4.15: Grid Voltage

In figure 4.15, we have found a stable grid voltage even under extreme condition where

one distributed generator completely shut down.
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Grid Frequency in Islanded Mode

Frequency Change Under Islanded Condition
T T

Figure 4.16: Grid Frequency

Grid frequency change from the range of 59.9-60.08 under various demand power and
intermittent nature of DG. This grid frequency is extremely stable even one DG is
completely shut down. We have found the maximum frequency deviation when DG1 is

completely disconnected from the grid in figure 4.16.

4.4 Synchronizing two inverters using PLL

In controlled inverter synchronization scheme, the second inverter will get the phase and

voltage magnitude as illustrated in figure 4.17.
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Figure 4.17: Inverter Synchronization Transient Response

As the second inverter might need both voltage magnitude and phase of the first inverter,
we first transmit the positive and negative voltage references from the first inverter to the
second inverter. Then we reconstruct the first inverter's output voltage in the second
inverter to get the initial reference voltage (to minimize initial circulation current) and
phase angle. This regenerated voltage passes through a phase-locked loop to extract the

phase.

We might provide the same voltage references of different distributed inverters to minimize
the initial turbulences when the inverter connects to a grid. In the case of voltage mismatch
between DG, the circulation current tends to develop, ultimately increasing the grid's

turbulences.



66

4.5 Power Sharing using Conventional Droop Control

After synchronizing inverter voltage, we implement the conventional droop control

method to get the power sharing using the equations 3.1.11-12 between two DG inverters.

Measure PLms(CT) P2.rms(C2) P3.rms(C3) P4.rms(C4) P5:.mns(F1) P6.rms(F2) PT--- P8---
vaiue 2312V 5345 mA 23138V 617.3mA BHBW 1686 W
status v v v

s

C1

Figure 4.18: Two DG’ inverters current and voltage by using conventional droop control

In Figure 4.18, we observe a phase shift of current in case of transmission line impedance
mismatch between DG inverters and this phase shift depends on the line impedance

difference. As discussed before in chapter three, we will be able to get the active power
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sharing as shown in Figure 4.18, but a phase shift of inverter current will create the

circulation current into the grid.

v A Power

/ --\‘ X

Measure P1ms(C1) P2 rms(C: PS5 rms(F1) P ms(F2) P7--- P3---
value 16.03W 1448 W
status
£l (C1°C2) FRCICA]
10.0 Widky
10.0 ma/div

Figure 4.19: Power sharing between two DG’ inverters in conventional droop control

From Figure 4.19, we observe instantaneous active power-sharing for resistive load. We
have obtained the r.m.s value of these two inverters' active power generation is about 50W;

by using the proper droop control coefficient, we can get ensure active power-sharing.
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4.6 Power Sharing using Virtual Droop Control

Due to grid turbulences created by circulation current using conventional droop control,
we implement the virtual droop control to get the power sharing. By using virtual droop

control, we are able to synchronize both inverter current and voltage in case of transmission

line impedance mismatch as shown in Figure 4.20.

Y
/ / / ¢
\/ X \ \/ \,’ \ /
Measure P1:rms(C1) P2.rms(C2) P3.rms(C3) P4 rms(C4) PS5 msiF 1) P6 msiF2) P7... P8...
value 23328V 564.5 mA 23128V 516.0 mA 1603W 1448 W
v v v v

status

1.00 Aldiv] w0ovidy|
0.00mAl 0.0 mVofst

Figure 4.20: Two DG’ inverters current and voltage by using virtual droop control

10.0 Vidi|
0.0 mV ofst
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By using this virtual droop control, the circulation current is minimized as well as proper

power sharing among DG inverter as shown in Figure 4.21
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Figure 4.21: Power sharing between two DG’ inverters in virtual droop control
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4.7 Power Quality in Inverter Transient Response and Analyzing Third
Harmonic Distortion

Maintaining the power quality during the inverter transition is important in microgrid. This
section will analyze power quality inform of measuring the power sharing pattern and THD

of current in transient response when the second inverter added in microgrid.

P1.ms(C1) ms(C2) P3.ms{(C3) P4 rms(C3) P5.rmsiF1) P8.ms(F2)
23663V r 2505V 8453 mA 957w
v v v

ure
! ; ca |
Idv| 1.00 A/div 10.0 Vidw,
WV 0 0.00 mA| 0.0 mV ofst

Figure 4.22: Transient response when Inv A added in microgrid.

In Figure 4.22 shows the transient response of both Inv A, B current and voltage, when
inverter A is added into the microgrid. According to this figure, the microgrid maintain an
smooth power sharing transition between these two inverters without disrupting both

inverter current and voltage.
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Figure 4.23: Power sharing under transient response
Figure 4.23 illustrates the power sharing pattern when Inv A is added to the microgrid.

According to this figure, the microgrid almost instantaneously maintain smooth power

sharing transition between two inverters.
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Total Harmonic Distortion of Inv B Current

Figure 4.24: Third Harmonic Distortion of Inverter A Current.
Figure 4.24 illustrates the third harmonic distortion pattern of Inv A current. According to
this oscilloscope spectrum analyzer figure of Inv A current, the third harmonic distortion

current is almost minimized and under control for smooth power operation of microgrid.
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Chapter 5. Conclusion and Recommendation for Future Work

This thesis exerted the concept from virtual impedance droop control, hierarchical
secondary droop control for microgrid. The extensive communication used in the
secondary control is mitigated, which measures the voltage and frequency fluctuation in
terms of active and reactive power provided from the V/F controlled microgrid.

At first, the different operational modes of the microgrid is studied. In the grid-connected
mode, the microgrid inertia is provided by the utility grid. With constant DG generated
voltage and frequency approaching to grid frequency and voltage will maintain the grid-
injected power quality and power-sharing among connected loads. In the islanded mode,
several microgrid control approaches such as conventional droop control, large virtual
impedance droop control, and decentralized VV/F controlled microgrid are investigated.
There are some issue of the conventional droop control, one is the tradeoff between the
active power-sharing and grid point of common coupling voltage (Vecc) in conventional
droop control, the other is the reactive power sharing could not obtain the transmission line
impedance mismatch between the DGs. To overcome the limitation of conventional droop
control, we investigate the virtual impedance droop control.

The active-reactive or PQ controlled distributed generators are simulated in
MATLAB/Simulink. In grid connected mode, there is one DG controlled by a VF

controller and the rest operate as a PQ controlled mode.
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The simulation results show an active power and reactive power sharing while maintaining
the grid frequency and voltage stable. When the connected-load power factor changes, the
droop coefficient needs to be adjusted to maintain the proper power-sharing ratio. When
the number of distributed generators is more than three, it is hard to obtain power-sharing
as the connected load's power factor might change with time. Moreover, in the negative
virtual impedance, the transmission line impedances need to be tracked, which is difficult
as we know that the transmission line impedances change over time and depend on
temperature or season changes. In this virtual droop control, the reactive power-sharing
disrupts when we change the power factor of connected load unless we change the reactive
power coefficient.

To overcome virtual droop control shortcomings, the decentralized two-layer V/F
controlled microgrid is developed. In this microgrid communication network, the DG only
exchanges the information with its neighbor DGs. In this decentralized communication
network, a DG communicates with its neighbor DG to get the information such as voltage
and phase angle. Using the first layer of V/F controlled, the proper power-sharing can be
achieved under stable demand power. When we use the only first layer of VV/F controlled
DG, the grid has to exchange extensive information between DGs such as connected load,
power generation.

The second layer of V/F control is developed to deal with the communication delay and
data loss issue, i.e., the instantaneous power is measured and is sent to other PQ controlled

DGs to update the power references based on their capability, which would take high
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variation in various form of voltage, frequency, demand power, power fluctuations. The
V/F DG provides the necessary power even one of the DG power is not available.

In the experiment, we observe a circulation current when we implement the conventional
droop control to get the power sharing. But by using virtual droop control, this circulation

current is minimized as well as proper power sharing among DG’ inverters.
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