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Abstract

A microgrid system with a power system grid connection is advantageous because it can
depend on the power grid when additional power is needed. Alternatively, it can also feed the
grid with its excess generation. This project looks into the dynamic behavior of a microgrid
when it switches from non-autonomous to autonomous mode. Non-linear dynamic model of
non-autonomous as well as autonomous systems for a PV-wind-microalternator-STATCOM
integrated microgrid system has been developed. Non-linear state equations for the various
components of microgrid are modeled in terms of a 28" order dynamic model. The performance
of the system is also evaluated by solving the differential equations through MATLAB ode
programs. The power generated by three different generating sources are fed to the point of
common coupling (PCC) so that the excess generation can be supplied to the main grid. The
effect of temporary and permanent fault in the system network has been investigated. A
STATCOM controller connected to the microgrid gives voltage support to the system during
contingencies. Simulation results suggest that the proposed model can effectively operate in
non-autonomous mode until severe disturbance is encountered in the main grid. It also shows
that it is capable of switching to the autonomous mode once the disturbance is found to be
severe or if it persists for a longer time. The results also shows that the fluctuation in the output

waveform is minimum during the period of transition.

Keywords: Microgrid, STATCOM, autonomous microgrid, non-autonomous microgrid,

storage device.
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Chapter 1

Introduction

1.1 Background and Motivation: Distributed Generation and Microgrid

The increasing energy crisis, environmental issues, and ecological disruptions are signs of more
power demand and an increment in global warming in the near future. Many organizations are
collaborating with local and governmental bodies to reduce these environmental-related issues

and to increase the generation of green and clean power.

Since 1950, the amount of carbon dioxide in the atmosphere has increased by 30%. Coal,
natural gas, and oil are the three most frequent types of fossil fuels that were being used with
coal accounting for 45%, natural gas for 20%, and oil for 35% of carbon dioxide emissions in
2015 [1]. These days, the interest in utilizing renewable energy sources for minimizing the
energy crisis and global warming has been increasing. Various types of distributed generation
(DG) units with different power conversion and power transfer techniques are being
implemented for generating power on a small or medium scale. The small-scale generators are
linked to facilitate power transfer to the main grid and to supply local load connected to the

microgrid during normal/abnormal conditions in the system network.

DGs are divided into two different types: inertial and non-inertial. DGs such as internal
combustion engines, and gas turbines fall under inertial DGs; while DGs such as wind systems,
photovoltaic (PV) systems fall under the non-inertial category. Inertial machines are rotating
in nature and can provide physical inertia, low sensitivity to parameter variations, and
switching harmonics during disturbances. This helps in retaining the system back to a steady-
state when temporary disturbances or faults are encountered in the power system network. On

the contrary, non-inertial systems require various power electronic devices such as converters,



capacitors, and inverters for converting obtained power into AC at a desired voltage level and
frequency. Due to a lack of physical inertia, this type of DG system has limited load capacity

and is much more sensitive to parameter variations and switching harmonics [2].

Besides DG systems, there are microgrids which are long been used to power off-grid villages,
military operations, and industrial enterprises in remote places; and are defined as a cluster of
loads and distributed generators operating under a unified controller within a certain local area
either in a grid-connected (GC) or isolated/islanded (IS) mode. These days, they are rapidly
being employed in cities, urban centres, universities, hospitals, and data centres. It is directly
or indirectly assisting communities to become more energy independent and to reduce
environmental pollution. It also helps to improve grid resiliency and to alleviate grid
disturbances by serving as a grid resource for quick system response and recovery. Because of
various advantages and due to the abundance of high-potential renewable energy supplies, the
focus of current power system experts have been shifted from centralized power generation to

microgrid systems.

Around 800 million people do not have access to electricity, and 2.7 billion have only limited
access. The cost of establishing microgrids is a major concern, as the World Bank estimates
that 200,000 microgrids would be required in emerging nations by 2030. According to a survey
by the National Renewable Energy Laboratory (NREL) in 2018, microgrids for commercial
and industrial consumers in the United States cost around $4 million per MW, with
campus/institution microgrids costing $3.3 million per MW, utility microgrids costing $2.5
million per MW, and community microgrids costing $2.1 million per MW [3]. However, with
the advent of new technologies, the cost of power converters and inverters has been decreasing,

leading to the overall decrement in the generation cost of electricity from DGs.



As a microgrid is specially designed to improve grid resiliency and to power local loads, the
modeling and controlling of a microgrid is a significant part of proper power management. The
well-modeled microgrid system properly regulates the active and reactive power flow in the
network. This activity is essentially carried out by STATCOM (Static Synchronous
Compensator) with energy storage devices. At a higher system voltage, the STATCOM absorbs
reactive power behaving as an inductor; but at a lower system voltage, it generates and injects
reactive power into the system behaving as a capacitor [4]. Thus, the voltage and frequency of

the entire system can be improved by altering the STATCOM's active and reactive power flow.

The DG sources that need the use of power electronic converters encounter various operational
and stability related issues in a microgrid. As the microgrid contains synchronous sources,
maintaining rotor angle and voltage stability is very important. During both normal and
emergency settings, the voltage at the point of common coupling (PCC) must be kept within
permissible ranges. Large amounts of renewable energy in the system network may have an
impact on the voltage at the PCC and also on the rotor angle stability. Other issues that develop
as a result of renewable energy integration include the generation of switching harmonics,
voltage and frequency fluctuations etc. To reduce these instability issues, microgrid needs
control techniques for controlling the power supply. So, all these factors need to be considered

for dynamic modelling and controlling of the microgrid system.

1.2 Types of Microgrids

The microgrid can operate in two different modes: non-autonomous (grid-connected) and
autonomous (islanded/isolated) modes. The main grid maintains the voltage and frequency of
the microgrid, supplies deficit energy, and extracts excess energy in non-autonomous mode;

however, in an autonomous mode, the overall renewable energy system (RES) and/or energy



storage system itself supplies the necessary deficit energy to maintain the power supply balance
[5].

The ability to shift from non-autonomous to autonomous mode, either intentionally (due to
switching for maintenance or any other purposes) or unintentionally (due to sudden fault or
disturbances) is the main idea of the microgrid. It has the capability of both generating enough
power to deliver to the local load and dumping the excess power using an electronic load

controller (ELC) after the transition to the autonomous mode from non-autonomous mode [6].

Micro Grid Main Grid
- ] -
iDG1 grid
T . {——}
DG-1
ipG2 y ilgcal
— Main Load
DG-2 ‘
Local Load
iDG3
e
DG-3

Fig. 1. 1 Non-autonomous mode of operation in microgrid

In the non-autonomous mode of operation of a microgrid, one or more DGs as shown in fig.
1.1 are connected either directly in case of inertial machines or indirectly through power
electronic converters and inverters in case of non-inertial machines; and then are fed together
to the common grid, commonly known as microgrid or point of common coupling (PCC). In
this case, the PCC is connected to the utility grid via a transmission/distribution line. Here, the

system voltage and frequency at PCC and grid need to be matched before making the



connection for reliable operation of power flow. The local loads and main loads are connected

to the PCC and main grid respectively as shown in fig. 1.1.

MMicro Grid

ipG1
.
DG-1
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DG-2
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e
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Fig. 1. 2 Autonomous mode of operation in microgrid

In the autonomous mode of operation, one or more DGs as shown in fig. 1.2 are connected
together to the PCC in a similar way as in the case of non-autonomous mode. The one
difference here is that the PCC is not connected to the utility grid, and the power generated is
solely fed to the local loads connected to it. The generation of power also changes according

to the demand of the load.

1.3 Control of Microgrid

Though microgrid design seems to be easier and less time-consuming, its overall control is
more challenging than it is expected to be. It is necessary to develop some microgrid control
techniques for ensuring a smooth transition between autonomous and non-autonomous modes
of operation. During the transition process, the control technique used should be able to reduce

the voltage/current variations caused by frequency/phase misalignment [7].



Microgrid characteristics alter with generation and system loading, resulting in varied system
behavior under different operating conditions. Due to the complex change in the controller
parameters, the controller settings that stabilize the system under normal operating conditions
may not give adequate results when there is a significant change in the power system operation
parameters. Finely tuned controller parameters are needed for ensuring the desired control

performance and power quality at varying operating conditions.

The control of microgrid includes both mechanical and electrical controls [8]. Mechanical
controls include the control related to the adjustment of input torque pulse. For example, in
micro-hydro, it is adjusted by regulating the water flow to the turbine. Similarly in WECS, it
is adjusted by controlling the pitch angle and tip speed ratio of the blade. But as there is no

rotating parts in PV system, no mechanical control is needed.

As the disturbances and faults in the microgrid system need to be cleared within a few seconds,
mechanical-based controlling is not efficient for responding to emergencies. Hence, electrical
controls are needed for it to restore the system to a steady state. Different excitation systems,
VAR compensators, and energy storage devices are employed for ensuring the proper

functionality of the system network during contingencies.

The power flow in a microgrid is controlled using a variety of control techniques. Maximum
power point tracking (MPPT) is one of the techniques for extracting the maximum possible
power from renewable energy sources. MPPT is performed by ensuring the proper positioning
of the main component of the generating sources. For instance, the best positioning of turbine
blades in WECS and PV modules in PV systems generates maximum power based on their
capability/rating. Also, STATCOM is used for regulating the reactive power for grid resiliency;
which thus also helps in regulating the overall power generation. The voltage of the entire

system can be improved by controlling the STATCOM's reactive power flow [9].



During a grid fault, the microgrid must withstand voltage dips if within a certain percentage of
nominal voltage for a specified period for fulfilling the LVRT criterion. After encountering
such voltage dips, it then need to provide quick active and reactive power restoration to pre-
fault values. During fault, reactive power support plays much more importance than active
power support. Depending on the level of a voltage dip, a reactive current is to be injected into
the grid to avoid excess current in the inverter and to regulate the smooth power flow during

that time.

The power output of DGs need to be controlled. They are usually set to their rated power, and
their steady state frequency is locked to the grid frequency for reliable operation. As a result,
an individual DG's active and reactive power requirements need to be determined depending
on their rating. Normally, power and voltage references are used to determine the output current
reference. The reference value must be re-initialized when shifted from non-autonomous mode
to autonomous mode and vice-versa; which then ensures the quick shifting of the system to

new steady-state values [11].

The required number and size of compensators need to be used to neutralize the effects of
harmonic components produced by local loads while supplying a predetermined amount of
active and reactive power. The DG's current and voltage will then get balanced [11]. To reduce
the harmonic distortion induced by the inverter switching process from DC to AC, LCL filters
are need to be used. The voltage ripple produced by pulse width modulation (PWM) switching

is then reduced by this LCL filter [12].

1.4 Statement of Problem
Voltage and frequency management, demand and supply balance of power, power quality, and
communication among various components of microgrids are all difficulties that may arise

when a microgrid operates in an autonomous mode; while energy security and power flow



management are some major difficulties that a microgrid in non-autonomous mode may face.
With all these issues, voltage and current harmonics, voltage sags/swells, voltage and current
unbalance, and circulation of neutral currents are some common issues that can occur in both

the operating modes [13].

Because of backward power flows from DG units, oscillations in local loads, transient modes
in microgrid, demand-supply uncertainties in the network, significant frequency deviations in
an autonomous mode, these days the microgrid’s main concerns are in stability, protection, and

reliability [14].

Due to the high penetration of distributed energy resources (DERS), a reduction in synchronous
inertia is prominent as most of DERs are non-inertial in nature. In other words, when compared
to systems with solely conventional synchronous generators, the microgrid’s resilience to any
kind of disturbance is weakened, resulting in a higher rate of change in frequency. In the case
of a sudden mismatch in the injected and/or absorbed power, a significant deviation in
frequency occurs in the microgrid [15]. This could also influence both rotor angle and
frequency stability; while a reduction in short-circuit strength and reactive power reserve could

create voltage and rotor angle stability problems in the power system network [16].

Due to the irregularity of generation from DERSs, the transition from a synchronous generator-
based conventional power generation to converter-based RESs degrades the frequency stability
of the power system [17]. The lack of rotational inertia, in contrast to conventional power
generation, thus becomes the principal issue in connecting RESs to the electrical grid via power

electronic converters.

Among many problems, the dc-link voltage regulations of RESs to some constant is one of the

challenging problems in a microgrid. If no action has been performed in the regulation of the



dc-dc converter during a voltage sag, the power from the DGs is not reduced, and the dc-link

voltage keeps on rising continuously exceeding the higher permissible limit [18].

In a non-autonomous mode of operation, the droop control relations P-f and Q-V operate
effectively only when the X/R ratio of the distribution lines is significantly higher than unity.
When the microgrid shifts from non-autonomous mode to autonomous mode, the X/R ratio of
linked lines approaches to unity or less than it. This has a major impact on droop power-sharing
relationships and increases the active and reactive power coupling, lowering controller

performances [19].

On smooth transitioning of a microgrid from non-autonomous mode to autonomous mode and
vice-versa, fluctuation in frequency may occur and may also distort the power angle [19]. Also,
due to the switching operation in operating modes, the deviation in inverter outputs may be

large leading to a complete shut-down of power flow to the consumer end.

Among all these issues, the major problems which motivated to start this project are the
switching harmonics and flickers seen in the output waveform during the transition from non-

autonomous mode to autonomous mode.

1.5 Objectives of the Project

This project primarily focuses on mathematical modeling and effective ensurance of
performance of a microgrid with both conventional power generation based (microalternator)
and power-converter based DERs (PV and wind) in integration with STATCOM. The system
is aimed to be designed in such a way that it can effectively work in both autonomous and non-

autonomous modes.
Some additional aims and objectives of this project are listed below:

= To reduce voltage-frequency fluctuations at the PCC and main grid.



= To use the STATCOM for reactive power support in both autonomous and non-

autonomous modes.

= To analyze the steady state and transient performance of the microgrid through the

MATLAB ode program.

= To ensure the dc-link voltage of the power-converter to remain constant or within a
certain specific range throughout the operation of the microgrid during

normal/abnormal conditions.

= To ensure effective transition from non-autonomous mode to autonomous mode during

severe fault in the main grid.

= To see the individual and overall performance of the system model under the condition

of faults/disturbances in both autonomous and non-autonomous modes.

1.6 Project Outline

The project report is organized as follows:

Chapter 1 introduces the overall work done in this project. The background details of
microgrids and DGs are presented with their different types and control mechanisms used. The
common issues related to the microgrids are figured out, and various aims and objectives set

for its solutions are also included here in this chapter.

Chapter 2 includes the literature review performed throughout the project. The research papers,
journals, and articles that were referred for the detailed study of various components of
microgrid, its stability related issues; and the suitable control measures currently being used

are included in this section.

10



Chapter 3 presents the non-linear models of various components of PV-wind-microalternator-
STATCOM integrated microgrid. The state variables and thus state equations are determined

for using it in the MATLAB ode program.

Chapter 4 illustrates the overall system model taken into consideration for the project. The non-
linear system operating in an autonomous and non-autonomous modes is presented here.

Necessary calculations performed are also included in this chapter.

Chapter 5 presents the various system responses obtained by simulating the non-linear state
equations of the microgrid models. The analysis made on the obtained plots is also included

here in this chapter.

Chapter 6 illustrates the main findings and conclusion of the project. It also includes the future

work that can be done in this area.

11



Chapter 2

Literature Review

In this chapter, the literature survey done for the successful accomplishment of the project is
summarized. This chapter is categorized into four major sections. The first section compiles
the related studies done on different components of a microgrid system taken into
consideration; i.e. photovoltaic (PV) system, wind energy conversion system (WECS),
microalternator system, and static synchronous compensator (STATCOM). The second section
is related to the study of the integrated microgrid and its operation in autonomous and non-
autonomous modes. In the third section, the stability issues mainly seen in the microgrid system
are focused on. Finally, in the fourth or the last section, the various controlling measures that

can be implemented for the proper operation of the microgrid are summarized.

2.1 Components used in Microgrid Model

Various generating sources, power converters, filters, etc. are needed for forming the
microgrid. All these components are necessarily used in both the autonomous and non-
autonomous modes of microgrid operation. The major component here in the microgrid is
distributed energy resources (DERS) for power generation. Microgrid basically consists of two
major types of DERs, namely inertial or rotating type DERs, and non-inertial or stationary or
inverter type DERs. Rotating type DERs do not require power-converters as they can directly
generate and connect AC power to the grid; but stationary type DERs need power-converters
for proper coupling to the grid [20]. Microalternator used in this project falls under rotating

nature while PV and WECS fall under inverter type DERSs.

Besides DERs, power converters such as AC/DC or DC/AC converters are used as an

intermediate component for connecting the power generated by DERs to the grid at the desired

12



level of voltage and frequency. The harmonics in the output current are then filtered by LC or

LCL filter placed in between the inverter and the grid.

2.1.1 Photovoltaic (PV) System

A PV system is formed by the grouping of the number of solar cells. The solar cells are
connected in series forming PV modules and these modules are then connected together in a
series-parallel arrangement to form a PV array. PV system is defined as any system with a p-n
junction that can convert solar energy into electric charge and thus into a usable form of
electricity [21, 22]. When the sun rays incident on the solar panel, and when these incident
photons pass the threshold to remove the electrons from the valence band breaking its covalent
bond, then these charge carriers start to transport at the p-n junction, which then generates

electricity [23, 24].

In the literature, different research papers, journals and articles followed show that the
mathematical modeling and controlling of PV modules is not an easy task as many parameters
are needed to be considered. Besides providing theoretical methods for modeling of PV, some
researchers have also offered a practical method for its modeling. However, a strategy needs
substantial testing at five different discrete operational points. Because of all these
complexities, these types of models are rarely used [25]. So, for ease of work in this project,
the model of PV cell obtained from the manufacturer’s datasheets has been taken into

consideration. The model used here is named BP Solar Corporation’s BPSX-150 [26].

A PV model with power-electronic components is also studied in the literature [27, 28]. The
thorough model investigates the overall system and its control measures; however, it is
complex in real implementation [29, 30]. These models are suitable for steady-state analysis,

but cannot be adopted for dynamic studies.
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To match the experimental data collected from a specific PV module with a voltage source
converter, a PV transient model has been studied [18]. The control action was found by deriving
mathematical relations that demonstrate the model equations’ independency from the PV
system considered. The NREL produced simple model of a PV system in which the PV system
was treated as a regulated current source, considering the current and phase angle are also

studied [31].

2.1.2 Wind Energy Conversion System (WECYS)

In recent years, the use of wind energy for power generation has been increasing rapidly due
to its many financial and environmental benefits. WECS incorporates two sequential
conversions; i.e. one direct conversion into mechanical power and another indirect conversion
into electricity or electrical power by the use of various mechanical and electrical components

[32].

In WECS, the kinetic energy from the wind when passes between the turbine blades, it makes
turbine blades to rotate with a very high speed. As the shaft of the turbine and generators are
coupled together, this rotation of turbine blades makes the rotor of the generator to rotate at the
same speed. The energy generated by the generator is then connected to the microgrid or to the

main grid by using various power electronic equipments.

There are various types of generators that can be used in WECS. Among all, the most
commonly used generators are permanent magnet synchronous generator (PMSG) and doubly-
fed induction generator (DFIG) as they are much more efficient for generating huge power
even at the variable speed of wind [33]. PMSG is a self-excited ac generator used in WECS. It
has its own permanent magnet, which is responsible for generating a magnetic field, and hence
they do not need any dc source for excitation [34]. DFIG is also another commonly used

generator in WECS. Here in DFIG, the transformer is employed between its stator and grid;
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and the harmonic filter is used between the rotor and the grid. To gain variable speed, its rotor
is supplied with an external varied voltage via slip rings [35]. The power converters and other
power-electronic devices are used in WECS for reducing the overall mechanical stress in the
system; which thus helps on making the system more reliable and efficient [36]. The power
electronic components plays a significant role in both fixed and variable speed wind turbine
systems. The use of these components also assists in eliminating the use of gearbox in the

WECS, which can ultimately decrease the losses and damages in the overall system.

In WECS, three different systems are needed to be controlled together for the control of overall
system. They are pitch angle control, machine side (MS) control, and grid side (GS) control
[37]. In pitch angle control, the turbine blade speed and aerodynamic power generated are
controlled by changing the angle of turbine blades. In MS control, the machine side controller
(MSC) plays a significant role in extracting the maximum power by the principle of MPPT,;
i.e. by changing the blade angle to gain maximum power. In GS control, the grid side controller
(GSC) does not play any specific role in the conversion of power but it is needed for improving

the power quality before synchronizing it to the grid.

2.1.3 Microalternator System

Microalternators are the DERs that are made for consuming low power in a highly efficient
way. They are known for their great performance, dependability, and long life [38]. Some
commonly used microalternators are diesel generators, gas turbine systems and so on. They are

commonly employed in agriculture, and construction sites.

In most of the literature, the microalternator is represented by a fourth-order model consisting
of power angle, angular frequency, generator internal voltage, and field excitation voltage

along the d-axis [39].
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Microalternators are easier to control as regulating fuel such as diesel or gas can regulate the
overall generated power. They can also directly be connected to the grid without using any
intermediate power-converters so the inter-transmission loss is less in microalternator systems

than in other commonly used DERs.

2.1.4 Static Synchronous Compensator (STATCOM)

As most of the industrial loads are inductive in nature, the power factor of the system usually
goes below unity. So, to maintain the power factor close to unity, extra reactive power support
is needed for the system. The reactive power support to the power system network can be
provided through various flexible alternating current transmission system (FACTS) devices.
There are two major ways of compensating reactive power; i.e., by the use of traditional
reactive power generators or by using static reactive power generators. By using shunt
capacitors, synchronous alternators and phase-modulation machines, the traditional reactive
power compensation is performed. The major disadvantage of this type of compensation
technique is that they are not able to track frequent changes in the reactive power of the load.
With this disadvantage, they are also noisy and bulky in nature. Another method of reactive
power compensation is by the use of a static VAR compensator. In this method, the
compensator have a reactor (or static switch) capable of absorbing and emitting reactive current
for power factor improvement, voltage stabilization and frequency suppression. In past, these
types of compensation devices were slow operating; but now due to the advent of new
technology in power-electronic sectors, they are made fast operating; thus can compensate

reactive power within one or two cycle [40].

Among many FACTS devices being used in power plants or substations, STATCOM is the
most commonly used FACTS device for reactive power support of the system network.

Generally, STATCOM have continuously varied capacitive or inductive impedance. To
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determine the direction of flow of reactive power (i.e., whether flowing inside or outside) of
the system, the impedance value is calculated by controlling the firing angle. As there is the
absence of moving parts in the STATCOM, they fall under the category of static VAR

compensator.

Different models of STATCOM are studied and analyzed for proper modeling of PV-wind-
microalternator integrated microgrid system taken into consideration. Based on DC voltages
[41, 42], STATCOM controller [43], type of converter used [44], and switching devices [45],
well-suited STATCOM has been modeled. Besides compensating the reactive power need of
the system, STATCOM also assists in maintaining the voltage of the system by reducing the
voltage flickers. Thus, STATCOM is one of the core parts of the microgrid for ensuring system

stability [40].

2.2 Integral form of Microgrid

One or more than one locally available RESs like PV, wind, microalternator, fuel cells etc. can
be integrated together to form a microgrid [46]. The microgrid system could operate in both
autonomous and non-autonomous modes depending on the need, amount of power generation
and the distance from the nearest utility grid or substation. Though the basis for operating the
system in both autonomous and non-autonomous modes are almost similar, the level of

difficulty and common issues encountered in these two modes are a bit different.

2.2.1 Operation in Non-autonomous or Grid-connected Mode

In present days, due to the advancement of power converters and switches, the microgrid can
be effectively coupled to the utility for supplying power to the main grid or receiving from it.
When the demand of local load at the PCC is less than the power generated by DGs, then in
such a case, the local frequency increases and the excess power is needed to be supplied to the

main grid. In contrast, when the local load demand exceeds the total amount of power
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generation by DGs, the local frequency decreases; and the power for the local load need to be

received from the main grid [47].

In a non-autonomous microgrid, the synchronous grid-connection strategy is implemented for
the control of the switch placed between PCC and the main grid. The control strategy helps on
frequency and phase angle detection. Here, separate detection of inverter output voltage and
frequency is performed. On comparing these values with the references, frequency and phase
deviation are determined and if it meets the grid code, the grid-connection signal as output

makes the switch to close [48].

When there is any large disturbances in the utility grid or when the microgrid needs to run
independently, the microgrid should be separated from the utility grid and allowed to operate
in an autonomous mode as soon as possible [49]. In literature [50], a control strategy for
controlling the current harmonics of the inverter is proposed. P-f and Q-V control techniques

is also stated in this literature.

2.2.2 Operation in Autonomous or Isolated/Islanded Mode

The grid formed by locally generated renewable power from different power producers has
been replacing the conventional centralized grid these days [51]. The grid thus formed is
commonly known as an autonomous or isolated or islanded or standalone microgrid. In this
type of operating mode, the microgrid itself needs to generate and manage its voltage,
frequency and power. So, a well-suited voltage, frequency and power control strategy is needed

to be implemented for its proper operation [52].

The autonomous microgrid control techniques are divided into three major steps; namely,
primary control, secondary control and tertiary control. The primary control is also called local
control as it only focuses on controlling voltage and frequency locally. Still after primary

controlling, as there might be a chance of obtaining voltage and frequency deviation, it is then
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compensated by the secondary controller. This control ensures desired quality of power and
makes energy management of the microgrid. The tertiary control takes place in the case of
multiple microgrids and is used between multiple microgrids and the main grid to regulate

power quality by managing energy between microgrids and the main grid [53].

2.3 Stability Issues in Microgrids

Different stability related issues can be encountered during the operation of microgrid. The use
of electronically connected DG units causes problems like network disruptions, generation of
switching harmonics, DG overloading, flickers in distribution transformer, decrease in fault
ride through capability and so on. Due to these disturbances, the overall stability and its control
are severely harmed. Unlike regular power generating units, the majority of DG units used in
microgrids do not contain rotating parts and thus do not respond to frequency change when the
load changes. The connecting inverter thus need to be programmed in such a way that it can

mimic the inertia of the synchronous generator [54].

The various power quality problems seen in microgrids are frequency and voltage deviation
due to reactance, charging and leakage currents, low power factor and so on [55]. For
accommodating the components of switching frequency, a well-designed filter can be used;
making the impact on the control bandwidth to a minimum. [56] provide a filter with an
isolating transformer and a complementing controller to reject various disturbances. The
literature [57] presents the harmonic disturbances obtained due to the interactions of a number
of inverters in parallel. The solution measures is also proposed here. The voltage fluctuation is

settled here by the use of various VAR compensating techniques.

2.4 Control of Microgrids

For the reliable operation of power system network, it needs to be properly controlled.

Controlling of microgrid normally deals with reactive power control; as it need to have the
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capability of LVRT. The topic of reactive power compensation is generally approached from
two perspectives: load compensation and grid-voltage support. The main goal of load
compensation is raising the system power factor and balancing the active power drawn by the
connected load from various DGs. Similarly, the goal of providing voltage support is to reduce
voltage fluctuation at a transmission/distribution line’s terminal. By raising the generation of
active power by any of the techniques available, reactive power compensation in power

systems can be done; which then helps on increasing the system stability [13].

The reliability of supplying continuous power and resiliency to various power quality (PQ)
issues are the most desirable aspects of today’s power system with DGs. PQ issues coming
from the introduction of DGs, as well as due to high penetrating diverse loads are also
investigated in literature [58]. The virtual synchronous generator (VSG) systems can be utilized
as effective active and reactive power control units to compensate the lack of physical inertia;

which thus helps on maintaining the microgrid voltage and frequency [59].

In literature [60], a method of controlling the inverter’s operation for the effective integration
of DGs into the electrical system is presented. Here, the network’s power demand is monitored,
and on its basis, the control signal has altered the inverter’s voltage angle and magnitude for

the desired amount of power transfer.
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Chapter 3

Modeling of Microgrid Components

In this chapter, the detailed dynamic model of various DG units and the power-electronic
components used to connect to the grid has been presented. The DGs used in this project are
photovoltaic (PV), wind energy conversion system (WECS) and microalternator. As non-
inertial DGs need a power conditioning unit (PCU), the modeling of interconnecting power-
electronic devices like DC/DC boost converter, AC/DC rectifier, DC-link capacitor, DC/AC
inverter and the output LCL filter circuit is also performed. For control of microgrid,
STATCOM with capacitor energy storage system is also modeled. These developed models

are thereafter used as a non-linear system equation in MATLAB ode program.

3.1 Microgrid Configuration

The schematic diagram of the microgrid system considered for this project is shown in fig. 3.1.
The system model consists of three DG units for generating electrical power, one STATCOM
for central supervisory control, and one lumped (or local) load for consuming generated power.
In an autonomous mode of operation, all power produced are consumed by the local loads
while in a non-autonomous mode of operation, the generated powers when excess is

transmitted to the main/utility grid.

Here, two non-inertial DGs, PV and variable speed PMSG-based WECS are indirectly
connected to the microgrid through sequentially placed PCU and filter circuitry; while
microalternator system like gas-turbine or a diesel generator is directly connected to the
microgrid as it is able to generate power at the required frequency and voltage level. In addition,
for supervising and controlling the overall system operation, a STATCOM with a capacitor
energy storage device is also interfaced to the system in both an autonomous and non-

autonomous modes.
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Fig. 3. 1 Microgrid configuration

3.2 Photovoltaic (PV) System

To form a complete PV system, a combination of PV or solar cells made up of n-type or p-type
semiconductor is used. Similar solar cells are incorporated together to form PV module; and
integration of such modules forms PV panels. The electrical connection of such individual PV
panels in series-parallel arrangement ultimately forms the PV system to power the electrical

loads.

When sunlight of a suitable wavelength strikes the PV array (particularly, striking on each solar
cells), the electrons are ejected and travels to the n-type layer; while the holes formed are
collected to the p-type layer. This creates an electric field and when connected to a battery, it
stores the electric charge on it; which can later be connected to the microgrid by the use of
various PCU and filter circuitry. The working principle of an ideal PV cell and an ideal diode
is almost same. The PV output power and current mainly depends on the irradiation level and
cell temperature [61]. The effect of irradiation level is proportional to the power output. But
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with the increment in cell temperature, the output current is only moderately increased. The
increased output current reduces voltage level, which ultimately lowers the output power of the

PV system.

For modeling of a PV cell, various components related to it need to be considered. The simple
electrical equivalent model of a PV cell consists of a photo current source, a diode, a shunt
resistor and a series resistor. The shunt and series resistors are used to represent the leakage

current and internal resistance to the flow of electric current respectively [62].

In a PV cell, the incident photon from the sunlight produces a current known as photovoltaic
current (ipn). This generated current cannot be fully supplied to the microgrid because of

leakage and current flow in the diode.
The net output current of the PV cell (ipy) can be expressed as;
ipv = iph - iD - iSh (31)

(3.2)

Vpp+ipyR
pvTpvhs .
G 1) _ VoutipoRs

, , G ,
lpy = isc[1+ a(T —T,)] Go Lrsc (6 wT

+
in icp
jP‘h R:n ‘_p\'
L ]

Fig. 3. 2 Simple equivalent electrical model of a PV cell

where, i is the PV cell’s short-circuit current at 25°C and 1 kW/m?, « is the temperature

coefficient of i ., T, is the reference temperature of the PV cell, Gis the irradiation of incident
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photon in kW/m?, G, is the reference irradiation of incident photon in kW/m? i, is the reverse

saturation current, V,,,, is the output voltage of the PV cell, n is an ideality factor, R, is a series
resistance, Ry, IS a shunt resistance, V; = kq—T is a thermal voltage, k = 1.380649 X

10723 m2kgs~2K~'is a Boltzmann constant, 7 is a cell’s operating temperature and q =

1.6022 x 10719C is the electronic charge.

Here, the reverse saturation current (i,.s.) at any temperature 7'is given by;

rye TfEs(i 1)

lrsc = lrscr (_) e nk AT Tr (3.3)
Ty

where, i, IS the reverse saturation current of a PV cell at a reference temperature and solar

irradiance, and Ej is the band-gap energy of the semiconductor used in the PV cell.

As the leakage current from the source is inversely proportional to the shunt resistance (Rgy)
and output power is directly proportional to the series resistance (Ry), the electrical equivalent
circuit of a PV cell shown in fig. 3.2 can be reduced to an approximate model by eliminating

the shunt resistance. Such a reduced model is presented in fig. 3.3.

ipr R
—\\NV\VN\—o
+
in
MM
iph C) Vv
—o
Fig. 3. 3 Approximate model of a PV cell
The net output current for this reduced model is thus obtained as;
lpy = lpn —ip 34)
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Vpv+ipuRs
o =
lpy = lpp —lrsc|€ ™7 1 (3.5)

In practice, the number of PV cells are connected together in series-parallel arrangement for
getting a high amount of power from each PV module. In such a case, if the number of series

and parallel modules are Ns and Np respectively, then the equation (3.5) becomes as;

Vpu/Ns+ipyRs/Np
- 1) (3.6)

T v
lpy = Nplpp Nplrsc<e nvr

From (3.6), we observed that the current-voltage relationship of a PV module is non-linear in

nature and can be solved by the Newton-Raphson method.

For the PV module, the voltage-current relationship can be expressed as;

V,w=N [ln (M + 1) nVy — %] (3.7)

plrsc P

Above equation can be written as;

FV) =V = N, [ln (N”"”"‘i”"“v””“) X nVy — iPI‘V’RS] =0 (3.8)

Np irsc p

As f'(V) = 1, the recursive formula for (n + 1)" iteration is;

Vs = W, o (o), ] 69)

Np irsc 1

3.2.1 Power Conditioning Unit (PCU)

As PV system power output is dc, it needs to be converted into the desired ac power level
before connecting it to the grid. For this, a PCU is needed to be used between the PV system
and the grid. The dominant components used in PCUs are DC/DC boost converter, DC-link
capacitor and DC/AC inverter. With this, LCL filter circuitry having coupling inductance is

also used at the output terminals of the inverter.
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The DC/DC boost converter connected to the output of the PV array boosts the voltage to a
certain level. For making this voltage to remain constant throughout the operation, a DC-link
capacitor is used in parallel between the boost converter and an inverter. The dc power stored
in the DC-link capacitor is then converted to the ac of desired voltage and frequency level by
the use of an inverter. But still there might be a chance of getting harmonics and resonance in
the power output. In order to reduce it, LCL filter having coupling inductance is incorporated
into the system. The complete model of a PV system with various PCUs is presented in fig.

3.4.
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Fig. 3. 4 Interconnection of PCU in a PV system
I.  DC/DC Boost Converter
The main function of DC/DC boost converter in a PV system is to increase the output voltage
generated by PV with minimum losses during the conversion. It incorporates
inductor/capacitor, insulated-gate bipolar transistor (IGBT) switches and a diode to act as a
DC/DC boost converter. Here, the inductor/capacitor behaves as a storage element for
delivering output voltage with low ripple. This can only be obtained by forming a low bandpass
filter [63]. Depending on the duty cycle of the converter, IGBT switches and diode operates to

deliver desired dc output voltage.
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A DC/DC converter can operate in two modes; namely, continuous conduction mode (CCM)
and discontinuous conduction mode (DCM). For continuously supplying power to the grid
without any disturbances, here in this project, CCM is implemented. This also ensures that
during the fluctuation, the current never reaches to zero.

The basic circuitry of DC/DC boost converter is presented in fig. 3.5. As shown in this circuit,

to smoothen the output voltage from the converter, capacitor is used at the output terminal.

Ld:pv

idcin

>

ip

+
iE-“' {
Vaw ] Switch T Caepr

Fig. 3. 5 DC/DC boost converter circuitry model

On considering the output current from PV (i,,,) as a state variable; let us apply Kirchhoff’s

voltage law (KVL) in the first loop of the circuit shown in fig. 3.5. Hence, we get,
v dipy

pv — depv T Vew =0 (3.10)

where, Ly IS the inductance of the DC/DC boost converter and V;,,, is the voltage across the
IGBT switch . This I, can be expressed in terms of duty ratio of converter (d,,,) and capacitor
output voltage (Vgcpy) as;

Vow = (1 = dpu)Vacpw (3.11)
Combining (3.10) and (3.11); the state equation for the DC/DC boost converter becomes as;

v dipy

v depv? -(1- dpv)Vdcpv =0
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dipy 1
dt depv

ie. [Vpy — (1 = dpy)Vacpp] = 0 (3.12)

Il.  DC-link Capacitor

The DC-link capacitor by name is an energy storage device linking DC/DC boost converter
and DC/AC inverter. It filters out DC output voltage from the rectifier and helps on ensuring
constant voltage at the input side of an inverter. Fig. 3.6 shows the DC-link capacitor connected

between the DC/DC bhoost converter and DC/AC inverter.

1dcin idcout
» »-
From DCDC 1 DC/AC To
PV Boost __qun- Inverter Filter
Converter Circuit

Fig. 3. 6 DC-link capacitor circuitry model

In fig. 3.6, applying Kirchhoff’s current law (KCL) at the DC-link junction; we can get the

state equation for the DC-link capacitor as;

dVdcpv
dt

lacin = ldcout T Cdcpv

dvdcpv _ 1

ie. =
dt Caqcpv

(idcin - idcout) (3-13)

where, igcin = (1 — dpy)ipy IS an output current from the DC/DC boost converter and igeoy;
is an input DC current to the inverter. Here, V., is a voltage across the terminal of the DC-
link capacitor.

111, Inverter

The inverter connected between the DC-link capacitor and filter circuit transforms the dc power
into ac power with suitable voltage level and frequency. In this project, for modeling the

inverter to make it operate as a synchronous generator, the voltage gain model of an inverter
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operating in the pulse width modulation (PWM) mode is used. Fig. 3.7 shows the model of an

inverter operating in PWM mode.

Inverter
idcin idcout ifp"-‘
O > > > O
+ +
1"_|:I|:p1' - cﬂtp\' "-_invp*r
O O
Mpr  ¥pv
Fig. 3. 7 Inverter circuitry model
Referring fig. 3.7, the power input to the inverter can be expressed as;
Pdcpv = Vdcpvidcout (3.14)
Similarly, the power output of the inverter can be expressed as;
Pacpv = Re[Vinvpvi;pv] (3.15)

where, Vin,pp and ir,,,, are the output voltage and output current of an inverter respectively.

In d-q axes frame, (3.15) becomes as;

Vinvpy = Vinvapy + JVinvgpv (3.16)
lrpv = lrapy T Jirqpv (3.17)

Substituting the values of Vi, and if,,, from (3.16) and (3.17) into (3.15); we get,
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Pacpy = Re[(Vinvapy + JVinvgpv) X (rapy + Jifqpv)’]

1.8. Pacpy = Vinvapvirapy + Vinvgpvifqpw (3.18)
Considering the lossless inverter, we can equate (3.14) and (3.18). Hence,

Picpv = Pacpw

.. Vacpvlacout = Vinvapvirapy + Vinvgpvirqpv (3.19)

As an inverter here is assumed to be operating in PWM mode; the inverter output voltage in
terms of DC-link voltage, modulation index m,,, and phase angle of the inverter ,,,, can be

expressed as;

Vinvpv = mvadcpvé'l/)pv (3-20)

In terms of d-q axes;

Vinvdpv = mvadcvaOS(l/)pv +0) (3-21)
and,
Vinvqpv = mvadcvain(lppv +0) (3.22)

Substituting the values of Viyyapy aNd Vipygpy from (3.21) and (3.22) into (3.19); we get,

idcout = mpvifdpvcos(lppv + 9) + mpvifqvain(d}pv + 9) (323)

V. LCL Filter

In this project, a low bandpass LCL filter is used for attenuating higher-order harmonics
received from the inverter. The filter is designed in such a way that the LR section is tapped
somewhere in the middle by a capacitor. Here, the inductor allows passing signals with low
frequencies and blocks higher frequency harmonics; while a capacitor only allows higher
frequency signals to pass and block low frequency harmonics. In this way, these energy-storing
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devices incorporate together to deliver ripple free power to the grid [64]. For avoiding the
resonance due to the inductor and capacitor in the filter circuitry, a passive damping resistor is

added in series to a capacitor.

Now, using KVL in the path starting from the output of the inverter and ending at the damping

circuit; we get,

. di . ,
Vinvpv = lfpvapv + prv % + chv + (lfpv - lcopv)Rdrpv

. dif 1 . . .
1.e. ?pv = % [Vinvpv — lrpuRepy — Vepy — (lfpv - lcopv)Rdrpv] (3.24)

where, Repy, Lepy, Rarpy and V,,,, are filter resistance, filter inductance, damping resistance

and capacitor voltage of filter respectively.

In terms of d-q axes; (3.24) becomes as;

di;'i'm = _a;j: Pitipy + @oWifgy, + womvadc::::S('/’pV"'e) B wi:;ipv - wOLIj:’pv (Lpapy —
icodpv) (3.25)
and,
difqp,, _ —woRfpy i _ wnti n @WoMpyV gepy sin(t[)pv+0) _ woVeqpy _ @oRarpy (i _

de Lepy favv 0™ rdpv Lepy Lepy Lpy fapv
Lcogpv) (3.26)

Similarly, using KVL in the path starting from the microgrid and ending at the damping circuit;

Wwe get,

. . . dicopv
chv + (lfpv - lcopv)Rdrpv - lcopchopv + Lcopv dt + Vmg

- dico v 1 . . .
1.€. d_tp = @ [chv + (lfpv - lcopv)Rdrpv - lcopchopv - Vmg] (3-27)
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In terms of d-q axes; (3.27) becomes as;

dicoapy __ —woRcopy .
dt L lcodpv + wowlcoqpv (Vcdpv
copv
and,
dicogpy —woRcopy . . W
= i + wowl +—V
dt Leopy coqpv 0W%codpv pr”( cqpv

coqpv) (329)

where, Ro,, and L, are coupling resistance and inductance of LCL filter respectively.

The current flowing through the filter capacitor is given by;

; ; AVepy
Lrpv = leopy = Ccpv dt

AVepy _ wg
dt

i.e. - icopv)

where, C.,,, is the capacitance of filter.

In terms of d-q axes; (3.30) becomes as;

chdpv _ wWo (- -

dt Cepw (lfdpv - lcodpv) + wOchqpv
and,
chqp,, _ .

dt Ccpv (‘fqpv icoqpv) — @@V capy

Thus, the PV system model can be represented by 8 non-linear differential equations (3.12),

(3.13), (3.25), (3.26), (3.28), (3.29), (3.31) and (3.32). Hence, the state variables associated

with the PV system are;

X
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3.3 Wind Energy Conversion System (WECS)

To form a complete PMSG-based WECS, a sequential combination of gearless drive-train,
PMSG, full frequency converter and LCL filter model is used as shown in fig. 3.8. The rotor
of a wind turbine placed in an open area couples the rotor of a PMSG by means of a gearless
drive-train. As PMSG has its own exciter for field excitation, it not necessarily need any
separate exciter for excitation. The stator of the generator is fed to the full-scale converter for
getting AC power of constant frequency. The full-scale converter used constitutes of AC/DC
rectifier, DC-link capacitor and DC/AC inverter. The AC power of variable frequency received
from the stator of PMSG is transformed to DC power with the help of the rectifier. This DC
power is stored by the DC-link capacitor at some constant values; which is then converted back
to the AC power of suitable frequency by the use of an inverter. As there might be a chance of
getting harmonics and ripples at the output side of an inverter, it is further connected to the

LCL filter circuitry for getting AC power of desired grid frequency and voltage level.

Ylng
Ypmsg‘.\'
Two-mass i . e -
27 pmsgw fiy Leow
Gearless N \, LCL Filter
Drive Train U |
PMSG Full Frequency
Converter Micro
Grid
Wind
Turbine

Fig. 3. 8 PMSG based WECS model

3.3.1 Wind Turbine

By utilizing the available wind, blades of wind turbine rotates and generates mechanical power;

which is then transferred to the drive-train to run the synchronous generator. The mechanical
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power output of the turbine depends on air density, the area swept by the turbine, wind velocity
and power coefficient. This mechanical power generated by the wind turbine can be

mathematically expressed as;
1
Prw = E.DSVVECp(,Br ) (3.33)

where, p is the air density, S is the area swept by the turbine, V,, is the wind velocity and

Cp(B, A) is the power coefficient depending on the tip speed ratio A and blade pitch angle 5.

As the tip speed ratio A is the ratio of tangential speed of the tip of a blade to the wind velocity;

it can be expressed as;

A=k (3.34)

Vw
where, w, is the speed of turbine and R is the radius of the blades of a turbine.
Also, the power coefficient Cp (B, 1) can be expressed in terms of 5 and A as;

21
Cp(B8,2) = 0.5176 [% — 048 — 5] e % +0.00681 (3.35)

1 _ B3+1-0.035(1+0.08B)
where, o = = oem D)

In this project, a two mass drive-train is used as shown in fig. 3.9. Here, the higher inertial
turbine rotor is coupled to the lower inertial PMSG rotor through a drive-train having stiffness

of K.

The electromechanical equations of such two mass drive-train in terms of torsional angle 6,

and turbine speed w; can be expressed as;

dog
I = Wy ((A)t - (A)W) (336)
dw 1

d_tt Z_Ht [me - Kses - Dt(wt - 1)] (337)
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where, w,, is the PMSG rotor speed, H, is the inertial constant of the turbine and D; is the

damping coefficient of the turbine.

. Rotor of PAMSG

W

Turbine-
Generator
Shaft

e Hy Wind Tarbine

T mw

Fig. 3. 9 Two mass drive-train model

3.3.2 Permanent Magnet Synchronous Generator (PMSG)

The equivalent electrical circuit model of PMSG having sinusoidal flux distribution is as shown

in fig. 3.10.
Law Eaw ipmsgw
+
Epmegw Vpmsgw

Fig. 3. 10 Equivalent electrical circuit model of PMSG

The d-g axes current-voltage-flux relationship in armature and field circuit of PMSG-based

WECS can be expressed as;
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Vaw = ~Xawlpmsgaw + Xagawiraw (3.38)
L|qu = _quipmsng (3.39)
Vraw = —Xarawlpmsgaw + Xrrawiraw (3.40)

Hence, the armature voltage can be decomposed into d-q axes as;

. 1 dygw

mesgdw = _Rawlpmsgdw - ‘qujqw + 00—0 d? (3-41)
. 1 dygw

Vomsgqw = —Rawlpmsgqw T Wy Waw @y dz (3.42)

As there is permanent magnet in the field for excitation; we can assume that,

Xafdwifdw = lljo
Hence, (3.41) and (3.42) can be rewritten as;

Xaw Alpmsgdw

mesgdw = _Rawipmsgdw + “)wquipmsng - wo dt

1€ dipz%dw = )% [_Rawipmsgdw + waqwipmsng - mesgdw] (3-43)

and,

mesng = _Rawipmsng - “)Wdeipmsgdw + ww‘l}o - %%Z#

j.o, Lpmsgaw _ Wo 1 _p — @y Xawipmsgaw + OwEraw — V. ] (3.44)
dt Xqw pmsgqw wodwpmsgdw whtfdw pmsgqw

where, R,,, is the armature resistance, Xy, and X,,, are the armature reactances in d-q axes

and Eyg4, is the field-excitation voltage along d-axis of PMSG-based WECS.

The electromechanical torque produced by the generator can be expressed as;

Tew = Efdwipmsng + (qu - de)ipmsgdwipmsng (3-45)
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Thus, the power output of the generator becomes as;
Py = 0y X Tpy,
i.e. Pew = Wy [Efdwipmsng + (qu - de)ipmsgdwipmsng] (346)

The electromechanical equation of the rotor can be expressed as;

- = Wo(wy, —1) (3.47)
and,

dow — 1 1K.0,—P,, — D —1)] (3.48)
dt _ZHg[ sYs ew g(ww ) .

where, §,, is the rotor angle and H, is the inertial constant of the PMSG.

3.3.3 Full Frequency Converter

As power output of PMSG-based WECS may not be equal to the desired ac power level, it is
needed to be converted into the desired level of voltage and frequency before connecting it to
the grid. For this, full frequency converter is needed to be employed between the PMSG and
the grid. The dominant components used in full frequency converter are AC/DC rectifier (MS
converter), DC-link capacitor, DC/AC inverter (GS converter). With this, LCL filter circuitry

having coupling inductance is also used at the output terminals of the inverter.

The rectifier connected to the output of the PMSG converts AC into pulsating DC. For keeping
this voltage level to remain constant throughout the operation, a DC-link capacitor is used in
parallel between the rectifier and an inverter. The dc power stored in the DC-link capacitor is
then converted to the ac of required voltage and frequency level by the use of an inverter. But
still there might be a chance of getting harmonics and resonance in the power output. In order

to reduce it, LCL filter having coupling inductance is incorporated into the system. The
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complete model of a PMSG-based WECS with various full frequency converter is presented in

fig. 3.11.
AC/DC
Wind Rectifier DC-link DC/AC Inverter
Turbine Micro
Lc{)“.' Grid
Drive LfwRpw  LCL Reow,,
Train Filter 2
PMSG —Hiter M—MWE
AAAA =
~, \ Cdcw MWy T-AWy =
— T Lr“-‘\ AAAA =
I o == = vy —
- -— _—— == e —>
ipmsgw lf\g icowy M0
ew_L L L
Rarw ===
VinvwA(Winvw+0) =

Fig. 3. 11 Interconnection of full frequency converter in a PMSG-based WECS

I.  Rectifier or Machine Side (MS) Converter

The voltage at the ac side of the rectifier (i.e. at the output terminal of the PMSG) can be

expressed as;
I/;omsgw = My Vaew s a (3.49)

where, m,., is the modulation index of the rectifier, V., is the DC-link voltage, @ = 90" —

& 1S the firing angle and 6,,, is the rotor angle of the PMSG.
In terms of d-q axes; (3.49) becomes as;

mesgdw = erVdCWCOS(g()O = 6rw)

.. Vpmsgaw = MywVacwSind, (3.50)
and,

Vomsgqw = MywVacwsin(90" — 8,,)

1.e. Vomsgqw = MywVacw €08y (3.51)

Using (3.50) and (3.51), the power input to the rectifier can be expressed as;
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Bomsgw = Vomsgawlpmsgaw + Vomsgawipmsgqw

.. Pymsgw = MywVacwSiNGrwipmsgaw + MrwViaew €08y bpmsgqw (3.52)
I1.  Inverter or Grid Side (GS) Converter

The output voltage at the ac side of an inverter can be expressed as;

Vinow = MinvwVacw 3 W inpw + 6) (3.53)

where, m;,,,,, 1S the modulation index of the inverter, V., is the DC-link voltage, a =

Yinww T 0 1s the firing angle of the inverter and 6 is the phase angle of the microgrid voltage

Ving-

In terms of d-q axes; (3.53) becomes as;

Vinvaw = mianVdcwCOS(lpinvw + 6) (3-54)
and,
Vinvqw = MinpwVaewSIN(Qinpw + 0) (3.55)

Using (3.54) and (3.55), the power output of the inverter becomes as;

Pinow = Vinvawlfaw + Vinvgwirqw

1. Pinyw = MinpwVacewCOSWinpw + )iraw + Minpw VacwSIN(Winpw + 0)ifquw (3.56)
I11.  DC-link Capacitor

The DC-link capacitor by name is an energy storage device linking AC/DC rectifier or MS
converter and DC/AC inverter or GS converter. It filters out DC output voltage from the
rectifier and helps on ensuring constant voltage at the input side of an inverter.

The power consumed by the DC-link capacitor can be expressed as;

Picw = Vacwlaew
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where, i4., IS the current flowing through the DC-link capacitor and can be expressed as;

. _ aVaew
ldew = Cdcw dt

Thus, we get,

aVacw

Picw = VacwCacw dt (3-57)

For this case, let us consider the capacitor to be lossless. Thus, we get,

Picw = Ppmsgw — Pipyw (3.58)

Using (3.57) and (3.58); we get,

AVacw _
Vdcdecw at Ppmsgw - Pinvw

. dVcw _ 1
1€ ddt - [Ppmsgw - Pinvw] (3-59)

VacwCdcew

Substituting the values of P54y and Py, from (3.52) and (3.56) into (3.59); we get the state

equation for the DC-link capacitor as;

. dvy 1 . , .
1.€e. TCW = Caew [mrwSInarwlpmsgdw + mrwcosarwlpmsng - minvwcos(winvw +
0) ifdw - minvwsnl(lpinvw + 0) iqu] (3-60)

V. LCL Filter

In this project, for PMSG-based WECS, a low bandpass LCL filter is used for attenuating
higher-order harmonics received from the inverter. The filter is designed in such a way that the
LR section is tapped somewhere in the middle by a capacitor. Here, the inductor allows to pass
signals with low frequencies and blocks higher frequency harmonics; while a capacitor only
allows higher frequency signals to pass and blocks low frequency harmonics. In this way, these
energy-storing devices incorporate together to deliver ripple free power to the grid [64]. For
avoiding the resonance due to the inductor and capacitor in the filter circuitry, a passive

damping resistor is added in series to a capacitor.
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Now, using KVL in the path starting from the output of the inverter and ending at the damping

circuit; we get,

. dify . .
Vinow = lwafw + wa dr + Vew + (lfw — lcow) Rarw

dify 1

i.e. ar Lf_w [Vinow — iwafw —Vew — (ifw — lcow) Rarwl (3.61)

where, Ry, Lsw, Rarw and 1, are filter resistance, filter inductance, damping resistance and

capacitor voltage of filter respectively.
In terms of d-q axes; (3.61) becomes as;

difdw _ —woRfy .

. ®oMinywV dew €0SWinpw+6) woVcdw woRgrw
lfdw + wowlqu + - -

(ifdw - icodw)

dt wa wa wa wa
(3.62)
and,
difqw _ —woRyfw . - @WoMinpwVdcw SINWPinpw+0)  @oVeqw  @woRarw .
dt Lw lqu wowlfdw + Liw Liw Liw (lqu lcoqw)
(3.63)

Similarly, using KVL in the path starting from the microgrid and ending at the damping circuit;

we get,

. . . di
Vcw + (lfw - lcow)Rdrw = lcochow + Lcow ;zw + Vmg

. digow 1 ) ) .
1.e. l‘;_;, = m [Vcw + (lfw - lcow)Rdrw - lcochow - Vmg] (3-64)

In terms of d-q axes; (3.64) becomes as;

dicogw _ —WoRcow - . w( WoRarw /. .
- Leodw + WoDlcogw + (Vcdw - Vmgd) + (lfdw - lcodw) (3-65)
dt Leow Lcow Leow

and,
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woRq

dicoqw —wonW - . wo
= Lcoqw + WoWicoaw + 1~ (Veqw = Vngq) + ;
cow

dt Leow

= (iqu - icoqw) (366)

cow

where, R.,,, and L,,, are coupling resistance and inductance of LCL filter respectively.

The current flowing through the filter capacitor is given by;

. . _ Ve
lrw — leow = ch dt

. dVew . .
e — = C“’—; (ifw — Bcow) (3.67)

where, C,,, is the capacitance of filter.

In terms of d-q axes; (3.67) becomes as;

avcaw w . .

d: - é (lfdw - lcodW) + wowchw (3'68)
and,
dVC w - -

ol :)T(:V (ifqw = Tcoqw) = @o®V caw (3.69)

Thus, the PMSG-based WECS model can be represented by 13 non-linear differential
equations (3.36), (3.37), (3.43), (3.44), (3.47), (3.48), (3.60), (3.62), (3.63), (3.65), (3.66),

(3.68) and (3.69). Hence, the state variables associated with the PMSG-based WECS are;
Xw = [051 Wy, 6w: Wy, ipmsgdw' ipmsng: Vdcw' ifdwr iqu' icodwr icoqw' Vcdw; chw]T

3.4 Microalternator System

The microalternator used in this project can be modeled as a synchronous generator as they can
directly be coupled to the grid. Thus, the microalterator can be represented by the fourth order
model consisting of the swing equation, internal voltage equation and field voltage along d-

axis [39].
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The rotor of the microalternator can be represented by the swing equation as;

2H, d?6,
w, dt?

= Png = Pea — Da(wq — w,) (3.70)

where, H, is the inertial constant of the rotor, &, is the rotor angle, w, is the rotor speed, D, is
the damping coefficient, B, is the mechanical power input and P,, is the electrical power

output of the microalternator.

On decomposing (3.70) into two first order differential equations; we get,

sy

Ba_ gy(@g — 1) (3.71)
and,

dwg 1

dr = 2Ha [Pma — Peq — Da(wa - wo)] (3-72)

The internal voltage e’ of the generator can be expressed as;

de,’ 1 .
o |Efa — €' — (Xda — X' da)itdal (3.73)

where, x4, is the d-axis synchronous reactance, x,,, is the d-axis transient reactance and T, is

the open-circuit field constant of the microalternator.

The field voltage along d-axis can be expressed as;

dE 1
d—’;d = [Ka(Viref — Vi) — (Efa — Efao) | (3.74)

where, K, is the gain and T, is the time constant of the exciter.

Thus, the microalternator system can be represented by 4 non-linear differential equations
(3.71), (3.72), (3.73) and (3.74). Hence, the state variables associated with the microalternator

are;
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Xqg = [aw Wq, eq,J Efd]T

Let us consider that the microalternator is connected to the microgrid for both autonomous and

non-autonomous modes as shown in fig. 3.12.

Vta "mg

Lea Fia ita

Alicro Adicro Grid

alternator

Fig. 3. 12 Microalternator interfaced to the microgrid

Using KVL between the terminal of microalternator and microgrid; we get,
Via = (Reqg + JXta)ita + Ving
where, x;, = L;qw, 1S the reactance of the line.
ita = ltaa T Jitqa
Ving = Vamg + jVgqmg
1.6. Vig = (Reaq + jXta) (itaa t Jitga) + Wamg + jVgmg)
.. Via = (Vamg + Rtaltaa — Xtaltqa) T J(Vgmg + Realtqa + Xtaltaa)
In d-q axes; the terminal voltage of the microalternator can be expressed as;
Via = Vida +thqa
where, Vigq = Xqaltqa
Viga = eq’ — Xaa'ltda
i.8. Vig = Xqaitqa +j(eq" — Xaq'ltaa)

Thus, from (3.75) and (3.76); we get,
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(Vdmg + Rtaitda - xtaitqa) +]( qug + Rtaitqa + xtaitda) = xqaitqa +j(eq, - xda’itda)

On equating real and imaginary parts; we get,
Xqaltga = Vamg + Rtaltda — Xtaltqa

.. (Xqq + Xta)itga — Rialtaa = Vamg

and,

eq, — Xqq'ltga = qug + Reqlitga + Xtaltda
i.e. Rtaitqa + (xda, + Xta)ltda = eq, - V:zmg
On solving (3.77) and (3.78); we get,

_ _Rtanmg"‘(eq, —Vgmg)XqatXta)

i =
tda Rta2+(xda’+xta)(xqa+xta)
and,
’ '
i _ Vdmg(xda+xta)(xqa+xta)+Rta(eq —Vgmg)(Xqa+tXta)
tqa —

2
(xqa +xta) [Rea“+(xda'+Xta) (XqatXta)]

The terminal voltage of the microalternator can be expressed as;

Vta = Vtzda + Vtzqa

i.e. Vta = \/(xqaitqa)z + (eq, - xda,itda)2

The mathematical expression for the electrical power output can be written as;
Pea = Vidaltaa + thaitqa

i.e. Py = (xqaitqa)itda + (eq, - xda,itda)itqa

ie. P, = (eq'itqa) + (an - xda’)itdaitqa
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On substituting (3.79) and (3.80) into (3.81) and (3.82); we can get the terminal voltage and

power output of the microalternator in terms of microgrid voltage components Vg, g and V.

3.5 Static Synchronous Compensator (STATCOM)

The STATCOM with capacitor energy storage system is used in this project for regulating the
system voltage and frequency. The STATCOM fulfills the reactive power demand of the
system while the capacitor energy storage system fulfills the active power demand of the

system for a short time.

Voltage Source

DC/DC Boost Converter
Converter DC-link (WVsIC)
[ T — 1
SWy Vtat Micro Grid
Capacitor —_ istat Lstat Riiat
Energy Cdcstat
Storage
Vstat
S5WWa
Mgjqi Wstat

Fig. 3. 13 Central controller model

Fig. 3.13 shows the STATCOM with capacitor energy storage device as a central controller.
Here, the STATCOM is modeled as a voltage source converter (VSC) and is capable of
supplying reactive power by changing the modulation index (mg.,.) of the controller.
Similarly, the energy storage device delivers active power by changing the phase angle (¥s:4t)

of the converter.

Using KVL at the output side of the STATCOM; we get,

_ distat .
Vstat - Vmg - Lstat dt + Rstatlstat

. distq 1 .
1.e. # = Lstat [_Rstatlstat + Vstat - Vmg] (383)
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where, R4 IS the resistance, Lg;4; IS the inductance, V., is the output voltage and i, is the

output current of the STATCOM.

The output voltage of the STATCOM can be expressed as;

Vstar = mstatVdcstatA(lpstat + 6) (3-84)

where, mg,¢ 1S the modulation index, Vygsqr 1S the DC-link voltage, a = Y44 + 0 1S the

firing angle of the STATCOM and @ is the phase angle of the microgrid voltage V,,,,.

In terms of d-q axes; (3.84) becomes as;

Vastat = MstatVacstarCOSWstar + 6) (3.85)
and,
Vqstat = MgtatVacstarSIN(Wstar + 0) (3-86)

Using (3.85) and (3.86) after expressing (3.83) in terms of d-g axes; we get,

digsiar —woRstat . . @oMstarVdcstar COS(Psear+6) woVgstat
= i + wowi + — 3.87
dt Letat dstat 0 gstat Lstat Lgtat ( )
and,
di —woR . . woMgiatV, sin(Pgpqe+0) oV
qstat 0Rstat 0MstatV dcstat stat qstat
= i — Wowi + - 3.88
dt Lstat qstat 0 dstat Lstar Lstat ( )

The current output of the storage capacitor (i ) is given by;

. dEs
lges = Cdcstat? (389)

where, C;.5¢q¢ 1S the capacitance of storage capacitor and Ej is the voltage of the capacitor.

Using KCL at the DC-link; we get,

. . _ AVdcstat
lacstat — ldes = Cdcstat dt
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. d . .
l.e. Vdestar - [ldcstat - ldcs] (390)

dt Cdcstat

where, Vycsrqr 1S the DC-link voltage and i, s;q: 1S the DC-link current of the STATCOM.

Let us consider the controller to be lossless. In such a case, the power input and output of the

STATCOM needs to be equal in magnitude. Hence,

Pacstat = Pacstat

i.e. lacsVacstat = Vstatlstat (3-91)

In terms of d-q axes; (3.91) becomes as;

lacsVacstar = Vastatlastar + Vqstatiqstat (3-92)
Using (3.85) and (3.86) into (3.92); we get,

LacsVacstat = [MstatVacstat€0SWstar + 0)liastar + [MstatVacstarSINWstar + 0)]igstar

i.e. idcs = mstatidstatcos(lpstat + 9) + mstatiqstatSin(ll)stat + 9) (3-93)

Substituting (3.93) into (3.90); we get,

dVdcstat — 1
dt Cdcstat

[idcstat - {mstatidstatcos(wstat + 0) + mstatiqstatSin(lpstat + 0) }] (3-94)

Thus, the central controller system with STATCOM and capacitor energy storage can be
represented by 3 non-linear differential equations (3.87), (3.88) and (3.94). Hence, the state

variables associated with the STATCOM are;

— Iy ; T
Xstat = [ldstatl lqstat: Vdcstat]
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Chapter 4

Microgrid System Composite Model

In this chapter, different components of microgrid considered in this project; i.e. photovoltaic
(PV), wind energy conversion system (WECS), microalternator and static synchronous
compensator (STATCOM) modeled by the non-linear differential equations are combined
together to form a common microgrid system capable of operating in both autonomous and

non-autonomous modes.

Fig. 4.1 presents the overall circuitry diagram of the microgrid model. The PV, WECS,
microalternator, STATCOM and load are connected together at the point of common coupling
(PCC). Here, as microalternator behaves as a synchronous generator and is capable of
generating ac power of required voltage and frequency level, it is connected directly to the PCC
without any intermediate converter; while the PV and PMSG are interfaced to the PCC via
power conditioning unit (PCU) and full frequency converter respectively. Additionally, LCL
filter circuitry is also included between the generating sources and the PCC for getting the
desired ac power at constant level of voltage and frequency. For active and reactive power
support at the time of temporary disturbances or during the disconnection of the grid,
STATCOM with capacitor energy storage system is also connected to the grid. The
combination of all these power generating units and compensator supplies power to the
constant power loads. In case of non-autonomous mode of operation, power if excess may be

transmitted to the main grid as shown by the arrow-head ‘ig’ in the figure.
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Fig. 4. 1 Microgrid system model for both autonomous and non-autonomous modes of operation

4.1 Non-Autonomous Mode of Operation

Applying KCL at the PCC; we get,
icopv +icow tita + istar = i + ig (4.1)

In terms of d-q axes; (4.1) becomes as;

icodpv + icoaw T itaa T lastar = lar T idg (4.2)
and,
icoqpv + icoqw + itqa + iqstat = iql + iqg (4.3)
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Let us model the load at the PCC by an admittance Y = g — jb. The load current then can be

expressed as;

i) = VipgY

Le.ip = Vng(g —Jjb) (4.4)
In terms of d-q axes; (4.4) becomes as;

lat + Jiqt = Vamg + iVqmg) (g — jb)

.. igi + jigt = 9Vamg — JbVamg +J9Vgmg + bVymyg

1.e. ig; + jigt = (GVamg + bVamg) + J(GVgmg — bVamg) (4.5)

Equating real and imaginary parts; we get,

g = ngmg + demg (4.6)
and,
iqt = 9Vgmg — bViamg (4.7)

The current flowing from PCC to the main grid can be written as;

_ Ymg—Vg
tg = Rg+jXg (4.8)

In terms of d-q axes; we get,

_ Vamg+JjVqmg)—(Vgsinda+jV4cosé,)

tag +Jlqg = Rg+jXg

e i, +ii = [((Vamg—Vgsinéa)+Jj(Vgmg—Vgcos6a)l(Rg—jXg)

©-lag T Jlag = (Rg)2—(jXg)?

e i 4l = Rg(Vamg—Vgsinda)+Xg(Vamg—Vgcos8a)+JjRg(Vamg—Vgcos8a)—jXg(Vamg—Vgsinda)
& tdg ] qg Rgz+Xg2

Equating real and imaginary parts; we get,
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_ Rg(Vamg—Vysindg)+Xg(Vamg—Vycosbda)

ag — Ry%+X,? (4.9)
and,

) Rg(Vgmg—Vgc0584)—Xg(Vamg—Vgsindy)

iqg = g9 (4.10)

2 2
Rg“+Xg4

Substituting the values of i;4q, iy and iy, from (3.79), (4.6) and (4.9) respectively into (4.2);

we get,

—RtaVamg +(eq’ —Vgmg)(Xqa+tXta)
2
Riq“+(xda'+xtq) (Xqat+Xta)

icodpv + icoaw T + lgstat = (ngmg + demg) +

Rg(Vamg—Vgsinda)+Xg(Vamg—Vgcosda)
2 2
Rg%+Xg4

(4.11)

Let; X; = x4 + Xtq

Xy = Xgq + Xtq

7y = Ri* + X1X,

Zy = Ry% + X,°

Using these variables in (4.11); we get,

—RtaVamg +(eql —Vgmg)X2
Z

icodpv + icodw + + idstat = (ngmg + demg) +

Rg(Vamg—Vgsinda)+Xg(Vamg—Vgcoséa)
Zg

i-e-Zgzl(icodpv + lcoaw T idstat) - RtaZngmg + ZgXZeq, - ZgXZqug = ngzlvdmg +

bZyZ1\Vamg + Z1RgVamg — Z1RgVysind, + Z1 Xy Vgmg — Z1X4V4c058,

i.6.(9Z,Z, + ZiRy + ZyRyo Wamg + (DZyZy + Z1 Xy + ZyX2)Vimg = ZgZ1 (icoapy +

icoaw + lastar) + ZgXaeq' + Z1X4V,c058, + Z, R,V sind, (4.12)
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Similarly, substituting the values of i, i and ig, from (3.80), (4.7) and (4.10) respectively

into (4.3); we get,

’
Vamg (xda+xta)(xqa+xta)+Rta(eq’ —Vagmg) Xqat+Xta)
(xqa +xta) [Rtaz +(*da!tXta) (xqa+xta)]

icoqpv + icoqw + + iqstat = (qumg - demg) +

Ry (Vgmg—Vgc0584)—Xg(Vamg—VySinda)
2 2
Rg%+Xg

(4.13)

In terms of X1, X,, Z; and Z, as in the case of d-axes current; (4.13) becomes as;

. . X1X2Vdmg+Rta(eq’—qug)X2 , _
Leogpy + leogw + 71X, + lgstat = (qumg - demg) +

Rg(Vgmg—Vgc058a)—Xg(Vamg—Vgsinda)
Zg

i-e-Zgzlxz(icoqpv + icoqw + iqstat) + ZgX1X2Vdmg + ZgXZRtaeq, - ZgXZRtaV;]mg =
92521 X Vomg — bZyZ1 XoVamg + Z1XaRgVymg — Z1XaRgVyc0584 — Z1 Xy XoVamg +

Z1X4X,Vysind,

i.6.(bZ,Z1 Xy + Z1 Xy X5 + ZyX1X2)Vamg — (9Z24Z1X2 + Z1XoRy + ZyXoRea Wymg =

_ZgZ1X2(iC0qu + icoqw + iqstat) - ZgXZRtaeq, - ZIXZRgI{qCOS(Sa + legXZVqSin6a(4l4)
Let (4.12) and (4.13) be expressed as;
AVamg + BVymg = Z5Z1(icoapy + lcoaw + lastar) + ZgXzeq' + Z1Vy(RysinS, + X 4c0568,)

i..Vamg = = [ZgZ1(icoapv + icoaw + lastar) + ZgXaeq' + Z1Vy(RysinS, + Xgcos8,) —
BVymg] (4.15)
and,

CVamg — AXoVymg = —Z5Z1 X5 (icoqpy + icoqw T igstar) — ZgX2Rea€q' —

Z1X;Vy(Ryc0s6, — X4sind,) (4.16)
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where,

A=gZyZy + Z1Ry + ZyRy,

B =bZyZ1 + 71Xy + ZgX,

C =bZyZ, X, + Z1 Xy X0 + ZyX, X,

Putting the values of V,,, from (4.15) into (4.16); we get,

1 . . . ] .
Cx~ [Z,Z1 (icoapy + icoaw + lastar) + ZgXzeq" + Z1Vy(Rysind, + X5c058,) — BVymg] —

AXZVEImg = _Zgzlxz(icoqpv + icoqw + iqstat) - ZgXZRtaeq’ - ZIXZVg(RgCOS(Sa -

Xg4sind,)

. C . . . c c . c
l.e. ZZng(lcodpv + icoaw T+ ldsmt) + ZZngeq’ + ZlengSlTl5a + ZZngI{qcos&l —

BC

Tqug - AXZVZImg = _Zgzlxz (icoqpv + icoqw + iqstat) - ZgXZRtaeq’ -

Z1X3R4V 086, + 21Xy X,V sind,

. C . , , C , s ,
1.€e. ZZgzl(lcodpv + Leodw + ldstat) + (Z + Rta)ZgXZeq,-l'ZngXZ (lcoqpv + lcoqw + lqstat) +

Cc . Cc BC

BC+A?X. c . . . C+AR¢q .
e-(Tz) Vamg = ZZgzl(lcodpv + icoaw + lastar) + (Tt) ZgX2eq'+ZgZ1 X3 (icoqpy +

CZ1Rg—AZ1XgX,

icoqw T igstar) + (f) V,sind, + ( V

C21Xg+A21X2Rg) 05§
g a

. 1 . . ,
1.8 Vg = 5oy [CZgZ1 (coupy + icoaw + lastar) + (€ +

AR Z X6y +AZyZ1 X5 (icoqpy + icoqw + igstar) + (CZ1Ry — AZ1 XX, )V, sind, +

(CZ Xy + AZ1X,R ) Vyc056,]

Let; BC + A%X, = Den
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So qug CZ Zl(lcodpv + lcodw + ldstat) + (CZ XZ
AZgXsRia)eq'+5—~AZ 3Z1X2 (icogpy + icoqw + igstar) +— (CZlX + AZyX,R,)cosb, +

i.e. qug = D(icodpv + icodw + idstat) + Eeq’ + F(icoqpv + icoqw + iqstat) + GVg (4-17)
where,
D= L CZy4Z

Den !

1

1
F = D_eylAZgZ:lXZ

1
G = oo [(CZ,X, + AZyX,Ry)cos8, + (CZyRy — AZ1X;X5)sind,]

Using these values; V4 and V;,,,, can be determined while operating non-autonomous mode;

and then can be used in the state equations of different component models. Thus, the state

equation takes the form of;

X =fXuw

where, X is the state vector and u is the control vector. This can be expressed as;

X = [ipw Vdcpw ifdpw ifqpv' icodpv: icoqpv' Vcdpv' chpv' 05: Wy, Sw' Wy, ipmsgdwr ipmsng'

. . . . ’ . . T
Vdcw: lfdw' lqu: Leodws lcoqw: Vcdw’ chw» Sw Wgq, eq ’ Efd' ldstat lqstat' Vdcstat]

and,

— T
u= [mpv' wpv' myy, Minyw, ¢invw' Mgiqt, 1I)stat]
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4.2 Autonomous Mode of Operation

Applying KCL at the PCC; we get,
icopv +icow + lta + lstar = U (4-18)

In terms of d-q axes; (4.18) becomes as;

icodpv + icoaw T ltda T lastar = lar (4-19)
and,
icoqpv + icoqw + itqa + iqstat = iql (4.20)

Let us model the load at the PCC by an admittance Y = g — jb. The load current then can be

expressed as;

i) = VingY

i.e. iy = Vng(g — jb) (4.21)
In terms of d-q axes; (4.21) becomes as;

lat +Jiqt = Vamg + iVqmg) (g — jb)

1.e. ig + jigt = 9Vamg — JbVamg + j9Vgmg + bVymg

1.e. ig + jigt = (GVamg + bVamg) +J(GVamg — bVamg) (4.22)

Equating real and imaginary parts; we get,

idl = ngmg + demg (423)
and,
iq = GVqmg — bVamg (4.24)

Substituting the values of i;4, and iy; from (3.79) and (4.23) respectively into (4.19); we get,

56



’
—RtaVamgt+(eq —Vgmg)(*qatXta)
2
Riq”+(xda'+xtq)(Xqat+Xta)

icodpv + icodw + + idstat = ngmg + demg (4-25)

Let; X; = xqq" + Xta

Xy = Xgq + Xtq

7, = Ri* + X1X,

Using these variables in (4.25); we get,

_Rtanmg+(eq’_qug)X2
Zy

iCOde +icoaw T + lgstar = ngmg + demg

i-e-Zl(icodpv + lcoaw T idstat) - Rtanmg + Xzeql - XZqug = ngvdmg + bZIVZng
i.e.(g21 + Rta)Vdmg + (bZ1 + XZ)qug = Zl(icodpv + icodw + idstat) + Xzeq’ (4-26)

Similarly, substituting the values of i, and iy, from (3.80) and (4.24) respectively into (4.20);

we get,

’
Vamg (xda+xta)(xqa+xta)+Rta(eq’ —Vgmg)(Xqa+Xta)
2
(xqa +xta) [Rta”+(xaa’+Xta) (Xqa+Xta)]

icoqpv + icoqw + + iqstat = qumg - demg

(4.27)
In terms of X;, X, and Z, as in the case of d-axes current; (4.27) becomes as;

X1X2Vdmg+Rta(eq,_qug)X2
Z1X2

lcoqpv + lcoqw + + lqstat = qumg - demg

i-e-Z1X2 (icoqpv + icoqw + iqstat) + X1X2Vdmg + XZRtaeq’ - XZRtqumg = QZ1X2qug -

bZ1X;Vamg

i.e.(bZle + X1X2)Vdmg - Xz(gzl + Rta)vzymg = —Z1X2 (icoqpv + icoqw + iqstat) -

X,Reqeq (4.28)

Let (4.26) and (4.28) be expressed as;
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AVdmg + Bqug = Zl(icodpv + icodw + idstat) + Xzeq’

1.6.Vamg = 7 [Z1(icoapw + Lcoaw + lastar) + X2€q" = BVqmg] (4.29)
and,

CVamg — AX2Vamg = —Z1X2(icogpy + icoqw t lgstar) = X2Reaq' (4.30)
where,

A=gZ+ Ry

B=bZ +X,

C =bZ, X, + X1 X,

Putting the values of V,,,, from (4.29) into (4.30); we get,

1 . . . .
C X% Z [Zl(lcodpv + leoaw T+ ldstat) + Xzeq’ - B]/;Img] - AXZqug = _lez(lcoqpv +
icoqw + iqstat) - XZRtaeq,

. C , , , c BC , ,
I-e-zzl(lcodpv * leoaw T ldstat) + ZXZeq, - T%mg - AXZqug = _ZIXZ(lcoqpv + Lcoqw +

iqstat) - XZRtaeq,

. C , . . c . , .

1.e. Zzl(lcodpv + leoaw + ldstat) + (Z + Rta) Xzeq’ + lez(lcoqpv + leogw + lqstat) -
BC

. BC+A?X, c . . . C+AR; ,
I-e-( A 2) qug = Zzl(Lcodpv + lecodw + ldstat) + ( A a) Xzeq, + lez (lcoqpv +

lcogw + qutat)

ie !

qmg = m [Czl(icodpv + icodw + idstat) + (C + ARta)Xzeq, + Alez (icoqpv +

icoqw + iqstat)]
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Let; BC + A%X, = Den

1 . . . 1 1 .
SO,qug = Eczl(lcodpv + leoaw T+ ldstat) + D_ (C + ARta)Xzeq’ + EAZPXZ (lcoqpv +

en

leogw + lqstat)

i.e. qug = D(icodpv + icodw + idstat) + Eeq’ + F(icoqpv + icoqw + iqstat) (4-31)
where,
D= ! CzZ
" Den
E= ! (C+ AR, )X
F = = AZ X
"~ Den” M7

Using these values; Vg and V.4 can be determined while operating in autonomous mode;

and then can be used in the state equations of different component models. Thus, the state

equation takes the form of;

X=fXuw

where, X is the state vector and u is the control vector. This can be expressed as;

X = [ipv: Vdcpv: ifdpv: ifqpv: icodpv: icoqpv: Vcdpv: chpv' 95, Wy, 6w' Wy, ipmsgdwr ipmsng;

. . . . ] . . T
Vdcwr lfdwr lfqWJ Leodws lcoqw: Vcdw' chw: 8a: Wq, eq ’ Efd' ldstat lqstat' Vdcstat]

and,

u= [mpw ll)pvr myy, Mipyw, lpinvw' Mgiqe, l/)stat]T
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Chapter 5

Simulation Results and Analysis

In this chapter, the dynamically modeled microgrid system with photovoltaic (PV), wind
energy conversion system (WECS), microalternator and static synchronous compensator
(STATCOM) operating in both non-autonomous and autonomous modes has been considered
for heuristically analyzing the system performance. Initial values for running the system at the
steady state has been calculated by using the general law of power systems. This is then used
in the MATLAB ode program for running the system in both non-autonomous and autonomous
modes. In this study, at first the observed system is allowed to run in non-autonomous mode;
and has been switched to autonomous mode after encountering permanent fault in the main
grid. Temporary disturbance has been given and the system performance has been observed.
The system performance has also been observed when permanent fault is encountered. It is
expected that during temporary disturbances, the system must continue to operate in non-
autonomous mode but during permanent fault it is to be shifted to the autonomous mode by

opening the circuit braker and isolator between the microgrid and the main grid.

For both the cases, here in this section, various system performances such as microgrid voltage,
total active and reactive power of microgrid, PV array current, PV DC-link voltage, net output
PV current, PMSG current, WECS DC-link voltage, net output WECS current, synchronous
generator field voltage along d-axis, internal voltage along g-axis, microalternator rotor speed,
STATCOM DC-link voltage, reactive power supplied by STATCOM and STATCOM current

has been observed and heuristically analyzed.

5.1 Overall Microgrid Response

Fig. 5.1, 5.2 and 5.3 shows the plots for voltage, total active power and total reactive power of

the microgrid or point of common coupling (PCC) respectively for the microgrid system
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operating in non-autonomous and autonomous modes. Here, temporary disturbances in the
main grid is simulated from 1 sec to 1.1 sec; which the system itself clears out by the use of
the controller and make it to return back to the steady state. But when a permanent fault for 0.5
sec is simulated from 8.4 sec to 8.9 sec, the system could not return back to the steady state
and kept on oscillating. Hence, the system is switched to an autonomous mode. Then, within
0.5 sec to 1 sec, the system is found to deliver power to local loads efficiently by operating in
an autonomous mode. Here, at steady state, before and after the fault; the microgrid voltage,
active power and reactive power has been found to be maintained constant at about 1 p.u, 1.3

p.u and 0.02 p.u respectively.
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Fig. 5. 1 Microgrid voltage vs time
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5.2 PV System Response

Fig. 5.4, 5.5 and 5.6 shows the plots for PV array current, PV DC-link voltage and net output
PV current respectively for the microgrid system operating in non-autonomous and
autonomous modes. Here, during the temporary disturbances, the PV array current varies from
0.65 p.uto 0.7 p.u and PV DC-link voltage varies from 0.99 p.u to 1.06 p.u. But the net output
PV current shortly spikes due to the distortion in transmission to the main grid. As controller
is used in the network, this increased current settles down to some steady state value quickly.
But for example, if permanent fault for 0.5 sec from 8.4 sec to 8.9 sec is encountered in the
main grid, the system could not return back to the steady state and kept on oscillating. Then,
once the system is switched to an autonomous mode; within 2 to 3 sec, the system is found to
deliver power to local loads efficiently. Here, at steady state, before and after the fault; the PV
array current, PV DC-link voltage and net output PV current has been found to be maintained

constant at about 0.696 p.u, 1 p.u and 0.57 p.u respectively.
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5.3 WECS Response

Figure 5.7, 5.8 and 5.9 shows the plots for PMSG current, WECS DC-link voltage and net
output WECS current respectively for the microgrid system operating in non-autonomous and
autonomous modes. Here, during the temporary disturbances, the PMSG current varies from
0.53 p.u to 0.62 p.u and WECS DC-link voltage varies from 0.99 p.u to 1.06 p.u. But the net
output WECS current shortly spikes due to time lag in controller action; and settles down to
some steady state value quickly. Similar to case of PV system, if permanent fault for 0.5 sec
from 8.4 sec to 8.9 sec is encountered in the main grid, the system could not return back to the
steady state and kept on oscillating. Then, once the system is switched to an autonomous mode;
within few seconds, the WECS is also found of contributing power to the local loads. Here, at
steady state, before and after the fault; the PMSG current, WECS DC-link voltage and net
output WECS current has been found to be maintained constant at about 0.6 p.u, 1 p.u and 0.57

p.u respectively.

0.66 ; . . . . . : .

0.64 - 1

e
[
\®)
T
!

o
(o)}
T
1

S
|9
o0
T
I

PMSG current (p.u.)
%
(@)}

0'52 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

time (sec.)

Fig. 5. 7 PMSG current vs time

65



1.12

—_—

'o i

(@ o] —
T T

1.06 1
1.04
1.02 1

[

WECS dc-link voltage (p.u.)
o
o0

0.96 -

0.94

()
(9)]

4 6 8 10 12 14 16 18
time (sec.)

Fig. 5. 8 WECS DC-link voltage vs time

W
T

N
(W)}
T

\O]
T

—_—
(9)]
T

[S—
T

net output WECS current (p.u.)
)
(o)

4 6 8 10 12 14 16 18
time (sec.)

Fig. 5. 9 Net output WECS current vs time

66



5.4 Microalternator System Response

Fig. 5.10, 5.11 and 5.12 shows the plots for synchronous generator field voltage along d-axis,
internal voltage along g-axis and microlaternator rotor speed respectively for the microgrid
system operating in non-autonomous and autonomous modes. Just like in PV system and
WECS, during temporary disturbances, the voltages and rotor speed of microalternator system
oscillates for few seconds and gets back to the steady state by its physical inertia. Here, rotor
speed varies between 0.98 p.u to 1.01 p.u. But once a permanent fault is encountered, the
system cannot get enough inertia by itself to bring the whole power system network into steady
state. Then, once the system is switched to an autonomous mode; within few seconds, the
microalternator system is also found of contributing power to the local loads. Here, at steady
state, synchronous generator field voltage along d-axis, internal voltage along g-axis and
microlaternator rotor speed has been found to be maintained constant at about 1.18 p.u, 1.06

p.uand 1 p.u respectively.
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5.5 STATCOM Response

Fig. 5.13, 5.14 and 5.15 shows the plots for STATCOM DC-link voltage, reactive power
supplied by the STATCOM and STATCOM current respectively for the microgrid system
operating in non-autonomous and autonomous modes. As STATCOM acts as a central
supervisory controller, it supplies reactive power during contingencies in the grid. Here, during
both temporary and permanent disturbances; though the STATCOM DC-link voltage
decreases, the STATCOM reactive power and current increases to support the microgrid
voltage. From the plots, it can also be observed that during steady state, the STATCOM DC-
link voltage remains constant at about 0.97 p.u. But at the same time, the STATCOM reactive
power and STATCOM current has been found to be zero as STATCOM normally do not play

any major role in normal operating state.
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From the plots for different mcirogrid components, it is observed that the system can efficiently
run in both non-autonomous and autonomous modes depending on the level of disturbances.
Here, in this dynamically modeled microgrid system, when disturbance or fault is encountered
for upto 0.2 sec (here, 0.19 sec) between the main grid and the microgrid, it is seen that the
system can settle down itself to return back to the steady state. But when the disturbance is not
cleared within few cycles; then in such a case, the system is found to be shifted to the
autonomous mode. The mode transition is performed by the set of circuit breaker and isolator
placed between the microgrid and the main grid. Though spikes are encountered during the
transition, it is seen that they are slowly settled down to the steady state value. The quick
settlement of the fluctuating waveform is because of the use of STATCOM with capacitor

energy storage based central controller.
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Chapter 6

Conclusion and Future Work

6.1 Summary

The dynamic modeling and performance analysis of a microgrid system with photovoltaic
(PV), wind energy conversion system (WECS), microalternator and static synchronous
compensator (STATCOM) has been performed in this project. The inertial type of DG; i.e.
microalternator has been directly coupled to the microgrid while the non-inertial type of DGs;
i.e. PV and WECS has been connected to the microgrid via power conditioning unit and filter
circuitry. The STATCOM here is connected to the microgrid via capacitor energy storage

device.

Non-linear state equations for all the components in use has been dynamically modeled; and
they were combined together to form a complete system capable of operating in both
autonomous and non-autonomous modes. 28 different state equations from different system
components; i.e. PV, WECS, microalternator and STATCOM has been used here for modeling
the microgrid system. The system has been modeled by using MATLAB ode program; and has

been solved by ‘ode 45’ solver.

Different types of disturbances; i.e. temporary and permanent disturbances has been simulated
to heuristically analyze the system performances. The resilency to continue in the same
operating mode; and the successful transition between the modes during abnormal condition
has been analyzed. The role of STATCOM in maintaining microgrid voltage during

contingencies has also been analyzed in this project.

Finally, it is ensured that the load connected to the microgrid could always get power of desired

voltage and frequency irrespective of duration of contingencies and mode of operation.
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6.2 Conclusion

From non-linear analysis, it was observed that the designed system can operate in both
autonomous and non-autonomous modes depending on the need of the system. When the
system itself can run at steady state after the disturbances, the system continues to run in non-
autonomous mode. But, if the inertia of the system could not bring the whole system back to a
steady state; then in such a case, it detaches itself from the main grid to run in an autonomous

mode.

It was also observed that the properly modeled STATCOM with capacitor energy storage
system can support the grid voltage and frequency during contingencies. In this project, they
were used for supplying active and reactive power to the microgrid during contingencies. It

thus assists on maintaining the microgrid voltage level and frequency.

In overall, the dynamically modeled microgrid system has been observed and found that the
designed system model is well-efficient to operate in both autonomous and non-autonomous
modes. The simulation result also shows that the transition of operating modes is smooth and

does not create fluctuation in output power for a longer time.

6.3 Future Work

The work that can be carried out in this area are illustrated as:

e The hybrid microgrid consisting of both AC and DC networks linked together can be

designed by using multi-bidirectional converters.

e Different energy storage devices such as supercapacitors, superconducting magnetic
energy storage (SMES) devices can be used for regulating the active power flow in the

microgrid.
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Different FACTS devices other than STATCOM can be used for regulating the reactive

power flow during the transients.

Various control and optimization techniques can be implemented for controlling the

overall power system network.
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Appendix A.

N

Lacpy
Ripy
prv
Cepv
Rarpy
Reopy

Lcopv

Number of PV modules connected in series
Power generated by the PV system

Power generated by the PMSG-based WECS
Power generated by the microalternator
Active power consumed by local load
Reactive power consumed by local load
DC/DC boost converter inductance of PV system
Filter resistance of PV system

Filter inductance of PV system

Filter capacitance of PV system

Filter damping resistance of PV system
Coupling line resistance of PV system
Coupling line inductance of PV system
Modulation index of inverter of PV system
Inertial constant of rotor of PMSG

Inertial constant of wind turbine

d-axis synchronous reactance of PMSG
g-axis synchronous reactance of PMSG
Filter resistance of WECS

Filter inductance of WECS

Filter capacitance of WECS

Filter damping resistance of WECS
Coupling line resistance of WECS

Coupling line inductance of WECS
Modulation index of inverter of WECS
Stiffness constant of a two mass drive-train used in WECS

d-axis synchronous reactance of microalternator

84

72

0.6 p.u.
0.2 p.u.
0.6 p.u.
0.8 p.u.
0.2 p.u.
0.2 p.u.
0.05 p.u.
0.2 p.u.
0.2 p.u.
0.02 p.u.
0.05 p.u.
0.2 p.u.
1.02

0.3

1p.u.
0.7 p.u.
0.1p.u.
0.2 p.u.
0.2 p.u.
0.1p.u.
0.1p.u.
0.2 p.u.
1.02
0.2

1.3 p.u.



Xda d-axis transient reactance of microalternator 0.3 p.u.

Xqa g-axis synchronous reactance of microalternator 0.47 p.u.

Tyo' Open-circuit field constant of microalternator 5

Riq Line resistance between microalternator and microgrid 0.1p.u.

Xta Line reactance between microalternator and microgrid 0.2 p.u.
Rgiat Resistance of STATCOM 0.02 p.u.
Lgtat Inductance of STATCOM 0.2 p.u.
Mgrar Modulation index of STATCOM 1.02

Ry Line resistance between microgrid and main grid 0.15 p.u.

Xg Line reactance between microgrid and main grid 0.26522 p.u.
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