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Abstract

Energy supply security is arguably one of the most pressing challenges for both emerging and
established countries around the world, as technology grows increasingly reliant on reliable
energy. With the increase of Renewable Energy Sources (RES), low maintenance costs in
comparison with utility grids, and low energy losses, microgrids are a preferred solution for
addressing energy security. Microgrids are not without their challenges, therefore, a lot of

research is focused explicitly on the voltage and frequency stability of a microgrid.

This study aims to compare the performance of a centralised and decentralised controller for
an island multi-inverter microgrid. Microgrid control is frequently complex, financially and
computationally expensive, and difficult to scale as the microgrid grows, therefore, a simple
control technique (PI controller) will be used in both configurations to determine if it can
be used to maintain stability within a microgrid after being subjected to various types of

disturbances.

The current challenges in microgrid control are firstly identified from literature. A simulation
model from the literature is retrieved, however, due to model constraints, a mathematical
model must be derived that can be used to approximate the simulation model before any
sort of control can be implemented. The mathematical model is used to design the control

systems, which are then applied to the simulation model in the Simulink environment.

To compare the centralised and decentralised control strategies, an experimental design is
created in which scenarios are built to assess the performance of the control systems under
extreme conditions derived from the literature. The results of each scenario will be analysed
to determine the best performing approach for each scenario/application, and the techniques

will be rated based on their capacity to minimise disruptions.

This work underlines the importance of simplicity; the fact that a basic PI controller can
sustain stability in a multi-inverter microgrid demonstrates the effectiveness of resilient control
techniques. Future research may include the integration of Neural Networks into the control
system to allow for approaches such as load forecasting, although this will significantly increase

the control system’s complexity.

Keywords: Islanded microgrid, decentralised control, microgrid stability, low-voltage, load

management
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Chapter 1

Introduction

This chapter will provide some background on microgrids, their operation, and control. The
problem statement is discussed along with the research objectives and research methodology.

This chapter will conclude with an outline for the rest of this dissertation.

1.1 Background

Energy supply security is currently a major concern for both developed and developing coun-
tries worldwide, as extensive disruptions could have a huge impact on global economies. En-
ergy security can be defined as reliable, adequate, and affordable energy for both private and

industrial consumers [1].

Various factors might jeopardise the security of energy in every country; consequently, these
problems should be noted to ensure that they are addressed in future solutions to this chal-
lenge. One of the known energy security risks includes physical security threats such as
sabotage, natural disasters, and theft. Another risk is the technical failures of systems such

as power outages caused by malfunctions [1].

The rest of this chapter will provide some background on microgrids and their control. This
is not an in-depth discussion since the detail will be covered in chapter 2, but it will provide a
broad overview of microgrids and their control. The problem statement is also present in this
chapter, although the literature supporting the problem statement is discussed in chapter 2.

This chapter will conclude with the research objectives and methodology of this study.



1.1.1 Microgrids

Some solutions have been implemented to try and mitigate the risks associated with energy
security; one of which is the introduction of Renewable Energy Sources (RES). RES are widely
used for electricity generation since they can minimise both transmission losses and overall
costs when they are located close to the consumers [1]. A typical configuration of multiple RES
is also known as a microgrid, which is described by [2] as a localised collection of interconnected
energy sources and loads that operate as a single controllable unit which is synchronous with
the main grid in grid-tied operation. One of the main advantages of microgrids is the fact that
they can disconnect from the utility grid and function autonomously (also known as islanded
mode) as the physical and/or economic conditions dictate [2]. The grid-tied mode of operation
of a microgrid refers to the operation in which energy can be exchanged with the utility grid,
whereas in islanded mode, the microgrid does not have any connection with the utility grid
[3]. The typical microgrid primarily consists of five main elements, which can be derived from

figure 1.1 [4]:

e Distribution network (Electrical feeder)

Distributed generation units (Wind/PV/Synch. Gen.)

Energy storage units (ESS)

Controllable and uncontrollable loads (Load)

Control system (Primary control)
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Figure 1.1: Typical configuration of a microgrid. From [4].

Distributed Generation (DG) in microgrids refers the power generation at close proximity to
the consumption sites [2]. When comparing DG to central generation, it is clear that DG can
eliminate some of the transmission, distribution, and generation costs while increasing the

overall efficiency by removing elements of inter-dependency [2].

From all the above it becomes clear that microgrids consist of multiple individual units that
are interconnected to operate together to ensure energy security. The problem with such a
diversified system is it is quite hard to control so many individual components effectively such
that the entire system is within voltage and frequency standards, as depicted by the National
Energy Regulator of South Africa (NERSA) in [5]. If the microgrid does not comply with the
standards of the utility grid, it will not be allowed to operate, therefore, the control system

in a microgrid is one of the most important elements.



1.1.2 Microgrid control

A microgrid, in its grid-tied mode, is relatively stable and the control of such a system is
effortless in comparison to the islanded microgrid. Whenever it is required of the microgrid to
disconnect itself from the utility grid, it is required of the microgrid to establish the system bus
voltage and frequency while, at the same time, providing the demanded active and reactive

power to the loads within the set of IEEE standards [6].

The islanded operation of the microgrid is where the most challenges originate since the bus
voltage and frequency are dependent on the load connected to the microgrid. If the load is
small, the microgrid will be able to supply the load with the required power, but as the load
increases, the microgrid may not be able to keep supplying the load with the adequate amount
of power, which may lead to voltage and frequency deviations [6]. The variation of voltage and
frequency within a microgrid is also dependent on numerous factors such as the short circuit
capacity of the system, the inertia in the microgrid, and the active-reactive power balance in

the system [4], [7], [8].

The configuration used in a microgrid will often determine whether or not the microgrid can be
expanded. Since a microgrid is usually a cluster of individual units connected, it is possible to
increase the capacity of a microgrid by adding components/units. This is highly useful in most
microgrids; however, the control system of such a microgrid must be robust to withstand the
disruption induced into the system. This is because one of the primary issues in a microgrid
setup is the interaction between Distributed Energy Resources (DERs) [9]. The interaction

between the DERs in this context refers to the adding and removing of elements in the system.

There are several different control strategies developed over the years to try and maintain
the bus frequency and voltage at the required reference values, but since there is not a single
microgrid configuration, the control system implemented may have to be adapted to fit each
configuration. Therefore, one needs to assess the configuration of the microgrid before choosing

a control technique to apply.



1.2 Problem statement

The load connected and interaction between inverters in a multi-inverter microgrid is currently
a major cause of voltage and frequency instability in a microgrid. To find the best suitable
controller for each application and configuration, centralised and decentralised control strate-
gies must be tested on a multi-inverter microgrid with ideal sources to determine the impact

of different disturbances.

1.3 Research objectives

To ensure this study is done using a systematic approach, four milestones, or objectives,
were identified; the model development of an islanded microgrid, sensitivity analysis, control
strategy development, and the evaluation of the developed control system. This section will
describe these objectives after which the methodology to complete each objective will be
discussed in section 1.4. An overview of the storyline of this dissertation, which includes the

following objectives, is shown in figure 1.2.

1.3.1 Model development of an islanded microgrid

This study will be done in a simulation environment only, therefore, a representative model
of an actual microgrid is needed. The model should include a load that can be connected or
disconnected from the microgrid. The microgrid model should also contain multiple inverters
that can be added or removed from the system at any given time, as dictated by the conditions.
These conditions refer to the scenario in which the capacity of the microgrid is not large enough
to supply the load in which case more inverters should be added to the microgrid to increase
the capacity. Should one of the inverters fail or require maintenance, the inverter should be
removed from the microgrid. The final element that should be included is an Energy Storage
System (ESS). The model should allow for adjustments in the load’s characteristics as well as
the characteristics of each inverter in order to create different scenarios for which the control

system can be tested.



1.3.2 Identification of instability contributors

Once the model is developed, a sensitivity analysis should be performed. The sensitivity
analysis aims to identify factors (with regards to the sizing of the system components as
well as operation of the system) that will contribute significantly toward the voltage and
frequency stability of the microgrid. These factors may include the size of the load, how and
when different inverters are connected and disconnected from the microgrid, the size of the
ESS, and the size of each inverter. Different scenarios should be evaluated to determine the
characteristics of an unstable system and also to determine the sensitivity of the system to

the different sizing and operational factors.

1.3.3 Control strategy development

The two control techniques that will be evaluated are centralised and decentralised PI control.
Centralised control will be used to control all the inverters in the same microgrid with the
same control loop. Decentralised control will also control all the inverters in the microgrid,
but in this control technique, each inverter has its control loop instead of one control loop
for all the inverters. These separate control loops all form part of the decentralised control

system. The verification of the control system will be completed in this objective.

1.3.4 Evaluation of control systems

Once the control systems are developed, they will be implemented on the microgrid model
in the simulation environment. Different scenarios will be created in which the control tech-
niques’ performance will be measured against stability criteria. The stability criteria will be
derived from literature and microgrid simulations without control techniques implemented.
The controllers’ performance under different circumstances will then be evaluated. The vali-

dation of the control system will be completed in this objective.

1.4 Research methodology

This section will describe the methodology that will be used to address the different objectives

described in the preceding section.



1.4.1 Model development for an islanded microgrid

The modelling of an islanded microgrid requires extensive knowledge of fundamental electrical
systems, which can make the modelling process difficult. The literature will be consulted to
find adequate knowledge on the elements needed to understand and model the microgrid
in Simulink. Previous studies will also be consulted to find information as well as existing
building blocks for a microgrid. Since this study aims to investigate the different control
philosophies, it is not required to develop the model from first principles, but previously

developed and verified blocks can be used to compose the Simulink model.

Simulink is the choice of simulation software since it has great support and a good database
of existing building blocks that can be used to construct any simulation model. There are
also electrical toolboxes that will be used to simplify the process. Simulink also simplifies the
process of adding and removing inputs and/or disturbances which ensures a good and reliable

simulation environment.

Since the goal is not to develop the microgrid model from scratch, it will be necessary to
ensure that the system dynamics are accurate. This will be accomplished by developing a
mathematical state-space model of a single inverter and comparing it to the Simulink model
to verify the dynamics of the microgrid. Once this is done, it can be assumed that the model

is valid and the next step can proceed.

1.4.2 Identification of instability contributors

The simulations for the sensitivity analysis will also be done in the MATLAB/Simulink en-
vironment. This analysis will only commence once the model is operating according to spec-
ification. At this stage, the control development/implementation will not be done as this
sensitivity analysis aims to find the sensitive parameters in the microgrid which will later be
used in the control development. There are specialised analysis techniques such as Analysis of
Variance (ANOVA) and Monte Carlo, but these methods are not used in this sensitivity analy-
sis since ANOVA models apply best to data that is presented in groups [10], while the Monte
Carlo method is optimised for mathematical problems which make use of random samples
[11]. Neither of these methods can be applied to this sensitivity analysis without adjustments

to the model.



The sensitivity analysis entails that different predefined scenarios are simulated to observe the
behaviour of the microgrid subjected to different disturbances related to the load’s magnitude
and the number of inverters connected. These scenarios will test the durability of the system;
for example, different disturbances will be introduced into the system which may cause the
system to become unstable. Some of these scenarios will originate from literature in which the
output of the simulations will be compared to the results in literature as another verification
step to ensure the model is operating as expected. The results from these simulations will be

carefully analysed to discover which system characteristics are critical for system stability.

1.4.3 Control strategy development

The control of the microgrid will also be done in the MATLAB/Simulink environment. As
discussed in the preceding sections, centralised- and decentralised control will be examined as
control approaches. The data extracted from the sensitivity analysis will be used to choose
the suitable design technique to design/develop the PI controllers for the centralised- and

decentralised control systems.

These controllers will then be implemented on the simulation model and the same scenarios
will be used to test the effectiveness of each controller as was used in the sensitivity analysis.
The system will also be tested in a few extra scenarios to test the robustness of the control
system under extreme circumstances. The centralised controller will be developed first. This
controller will receive the desired reference voltage and frequency values as input. It will then
calculate the error signal from the measurements at the Point of Common Coupling (PCC)

and the given reference input.

The decentralised controller will also receive the desired voltage and frequency values as inputs,
but the error signals will be calculated from the measurements at the output of each inverter.
The result being each inverter has its control system that will maintain that inverter at the
desired reference point. This would result in a small steady-state error for each inverter, but

the bus voltage and frequency may deviate from the reference point.

The results of these simulations will be used in the control system’s verification process. To
ensure that the control system is influencing the inverters in the desired way, the output

waveforms of the Simulink model will be compared to a reference.



1.4.4 Evaluation of control systems

The evaluation of the control systems will entail that the performance of each controller is
compared to the other control system as well as to the benchmark (microgrid with no control).
Since the performance of each controller cannot simply be measured by output graphs alone,

methods found in literature will be used to quantify the performance of each control technique.

The controllers will be evaluated on their ability to withstand disturbances and configuration
changes. The error- and control signals of each controller alongside the output voltage and
frequency values of the entire system will be used to calculate the performance of the con-
trollers. The performance measures that will be used in this study are provided by the South

African grid code [5]:

e Voltage
— Can the control system maintain the voltage within the specified range?
— Range: 218.5 V < Voltage < 241.5 V.
e Frequency
— Can the control system maintain the frequency within the specified range?

— Range: 49.5 Hz < Frequency < 50.5 Hz.

Once the comparison is done, the best controller for each application and configuration can
be decided. The validation of the control system will be completed by determining the per-

formance of the control system after being subjected to various undesired circumstances.

The storyline of this study is presented in figure 1.2. The first two objectives are completed
in chapter 3, since the modelling and sensitivity analysis are done in this chapter. The third
objective is completed in chapter 4 where the control system is designed and implemented on

the Simulink model.

The verification of the control system is also done in chapter 4. The verification of the control
system is done by examining whether or not the influence of the control system is as specified
by the design requirements. The final objective is done in chapter 5 in which the control system
is evaluated. The validation of the control system is also done along with the evaluation. The
validation of the control system is done by determining whether or not the control system
is able to maintain stability within the microgrid without violating the specified operating

ranges.
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Figure 1.2: Storyline for this dissertation
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1.5 Dissertation outline

Chapter 1 discussed the problem statement along with the research objectives for this study.

The research methodology is also discussed in chapter 1.

Chapter 2 focuses on the literature on microgrids and the challenges associated with microgrid
stability and control. The current challenges are highlighted in this study and the possible

control techniques are also discussed from literature and previous studies.

Chapter 3 describes the modelling process that was followed to obtain a representative math-
ematical state-space model of an inverter in the Simulink model. The state-space model was
derived in a symbolic format before it was converted to a numerical state-space model using

the parameters obtained from the Simulink model.

Chapter 4 depicts the design procedure of an adequate PI control system. All the design as-
sumptions and choices are explained and the implementation of the control system in Simulink

is detailed as well. The verification of the PI control system is also done in chapter 4.

Chapter 5 discusses the results obtained from the simulations performed to asses the perfor-
mance of the control system. An experimental design is developed in which different scenarios
are identified that will test the overall performance of the centralised and decentralised control

system. The validation of the control system is done in chapter 5.

Chapter 6 concludes this dissertation. A final overview is provided of the results obtained
during the dissertation, along with some of the shortcomings. The possibilities for future

research are also discussed in this final chapter.
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Chapter 2

Literature Study

This chapter will describe some of the phenomena, challenges, and control strategies commonly
found in microgrids. First, some of the technologies used in microgrids are discussed after
which the different modes of operation for microgrids will be explained. The stability concerns

will be detailed and some control solutions will be discussed from literature.

2.1 Introduction

This chapter aims to provide enough information from the literature on microgrids to identify

some flaws in microgrid control and operation.

This chapter opens with microgrid technology sections in which Photovoltaic (PV) generation,
energy storage, and load management are discussed. The section on PV is a summary of how
this technology works and how it is typically implemented in the conventional microgrid. The
energy storage is then analysed in which the options for energy storage are discussed, and the
expectations from the energy storage are also listed. Load management is the final element in
the technology section that will be considered. Load management proof to be a powerful tool
when considering microgrid control. This is discussed and explained along with the possible

forms of load management in a microgrid.

12



The next section is on the grid-tied and islanded operational modes of a microgrid in which the
differences, advantages, and disadvantages are listed. This is followed by microgrid stability,
which is quite significant in the context of this study. The stability covers voltage stability

and frequency stability while the effect of power sharing on the stability is also discussed.

The chapter concluded with the control of a microgrid. In this section, the different control
techniques, namely droop control, centralised- and decentralised control, multi-agent system
control, and PID control are discussed and compared with one another. The interaction

between different DERs in a microgrid is also listed, which is also significant for this study.

2.2 Microgrid Technology

The typical microgrid consists of an ESS, a Distributed Energy Resource (DER), and a load
connected to the microgrid. The DER is responsible for the generation of energy while the
ESS is responsible for the storage of energy. There are numerous renewable sources used in
microgrids such as wind, fuel cells, Combined Heat and Power (CHP), etc. but they are not
relevant to this study. The sections to follow will elaborate on the basic technologies of a

microgrid relevant to this study.

2.2.1 Photovoltaic generation

The typical microgrid configuration will consist of a PV array that will convert the photovoltaic
energy to Direct Current (DC) electric energy. Since the output energy of the PV array is
not constant, a DC-DC converter with a Maximum Power Point Tracking (MPPT) scheme
is added to the output of the PV array. This will ensure that the PV array is operating at
maximum capacity while maintaining a stable voltage to the DC-AC inverter that will convert
the DC voltages into Alternating Current (AC) voltages that can be introduced to the PCC
[12], [13].

A PV cell can be considered a current source, as illustrated in figure 2.1. The series resistance
R accounts for the voltage drop observed in PV cells due to the structural resistance while

the shunt resistance R, represents the voltage loss due to the diode leakage current [12].
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Figure 2.1: Equivalent circuit of a PV cell. From [12].

The fact that the PV cells can be considered current sources will introduce some non-linear
behaviour. The output voltage is dependent on the output current, which in turn is dependent
on elements such as irradiance and cell temperature [12], [14]. When the I-V (current-voltage)
characteristics of the PV are examined, as shown in figure 2.2, the relationship between voltage

and current is non-linear, as expected.
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Figure 2.2: I-V characteristics of PV cell. From [12].
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The I,. and V,, values represent the short-circuit current and open-circuit voltage respectively.
The variation in output due to changes in temperature and irradiance is evident which com-
plicates the control of such a cell. To ensure a more stable output from the PV array to the
next stage in the microgrid, an MPPT system is implemented to optimise the efficiency of the
PV energy conversion [12]. By using the MPPT controller, the voltage of the PV array can
be adjusted to obtain maximum real power despite the natural variability while the reactive

power is controlled by the constant power factor using an inverter controller [12].

2.2.2 Energy storage

The energy storage devices/technologies is a crucial factor to legitimise RES as a reliable
contributor to main sources and to provide a successful operation of a microgrid [2]. Energy
storage technologies are classified into three types: electrochemical systems (batteries and
flow cells), kinetic energy storage systems (flywheels), and potential energy storage (pumped
hydro or compressed air storage) [2], [15]. Although all the before-mentioned technologies can
be used, batteries constitute the best solution to ensure the sustainability of fixed voltage and

frequency operation while using RES in a microgrid [2], [15].

The requirements of the ESS in a microgrid, as described in [2], [16], can be summarised as

the following:

e The most important aspect of the ESS is to provide a balance between the power gen-
erated by the RES and the power demanded from the load connected to the microgrid.

e The ESS must store all excess energy during off-peak hours to be able to supply all loads
when needed.

e The ESS must be able to help meet the unpredicted and sudden demands from the loads.

e The ESS must provide smooth transition conditions from grid-tied operation to islanded
operation and vice versa.

e The ESS must have the capacity to be able to accommodate the minute-hour peaks in

demands during a normal day.

The design of an ESS should consider the above-mentioned requirements, but it should also
consider the charge- and discharge rate, the number of charge/discharge cycles in the ESS’s
lifetime, and the State of Charge (SoC) [17]. The SoC refers more to the control system since
the control of the ESS should maintain the ESS at a healthy SoC to ensure not shortening its

lifespan.
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2.2.3 Load management

There are various kinds of loads connected to a typical microgrid and they will contribute
significantly toward the system’s operation, stability, and control [2]. The loads connected to
the microgrid can be divided into two categories: Type I controllable loads (Passive load),

and Type II controllable loads (Active load) [18].

Type I controllable loads, or passive loads, largely comprise residential loads that include
fridges, washing machines, air-conditioners, and water heaters [18]. One of the characteristics
of these types of loads is that they cannot inject power into the grid at any time, they can

only absorb power.

Type II controllable loads, or active loads, include battery storage, Vehicle-to-Grid (V2G), and
Combined Cooling Heating and Power (CCHP). Unlike Type I loads, the Type II controllable
loads can supply energy to the network, hence, active controllable loads [18]. According to [18],
battery storage is one of the best ways to reduce renewable energy fluctuation and enhance
system stability due to the battery’s ability to store excess energy and inject energy into the

power system during power shortage.

The development of smart meter technology has grown tremendously in the last decade which
allowed the communication between the distributor operation company and the smart de-
vices (controllable loads) to be in real-time. Therefore, the customer can also participate
in Demand-Side Management (DSM) with the assistance of an Energy Management System
(EMS) [18]. The DSM can only be implemented if the characteristics of a controllable load

are known. The authors of [18] and [19] summarised some of the characteristics as:

e Most controllable loads that are found in a microgrid usually are small-scale and dis-
persed. There are also numerous types of loads connected to the microgrid, which will
complicate the management of these loads using traditional control methods.

e There is always real-time information about the load available. In the typical configu-
ration, the controllable load will receive the control demand from the upper controller
and send back the measured information in real time.

e The active demand-side response by the end-user will be more beloved. With the devel-
opment of smart homes and smart grids, the end-user will have more control to schedule

the controllable loads to avoid having a shortage of supply.
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e The controllable loads in a microgrid can usually be controlled together with distributed

renewable energy.

The concept of DSM embraces all of the measures implemented by the utility grid operators
to directly modify the power profiles of electricity consumers to ensure a more reliable and
efficient operation of electrical grids [20]. According to [20], DSM can be classified into six

separate categories, as depicted in figure 2.3:

Peak clipping

Valley filling

Load shifting
Flexible load shape
Strategic load-growth

AR AN el o S

Strategic conservation

Categories 1-4 above are considered to be part of load management, whereas categories 5 and

6 are part of strategic conservation actions.

o f /:\ Strategic
Peak Clipping = 7 N\ conservation
. Strategi
valley filling m Demand-Side //k IO;Z_ZEEMh
- Management
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Load Shifting ﬂ |/; O\ load shape

Figure 2.3: Classification of the objectives of DSM. From [20].

Peak clipping, also known as peak shaving in DSM, is the process of reducing the system
peak loads which is generally required in the case of limited power capacity. Peak shaving can
be obtained by either direct or indirect reduction of the power consumption of the customer
where the direct reduction refers to control signals and the indirect reduction refers to price
signals [20], [21]. The direct method entails that the loads are reduced by the control system
after it received the control signal from the supervisory controller. The indirect method entails
that the price of the electricity supplied is different during different times of the day, which

will encourage the customers to limit their power usage during that time of day.
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The next form of load reduction of system peak loads is known as load shifting, which aims
to shift the power demand of end-users from peak times to off-peak times. This can be done
by either price signals or through ESS [20]. Valley filling is the increasing power demand of
customers in periods where long-run incremental costs are less than the average electricity
price [20]. The final category, flexible load shape, can be considered as the combination of
the three mentioned load management techniques, and aims at a more complex and flexible

modification of the power demand patterns [20].

2.3 Microgrid operational modes

Depending on the present state of the electrical system, microgrids can operate in either grid-
tied or islanded mode. Grid-tied operation is desired in most circumstances, however, it is
not always possible, resulting in utility grid disconnection. The sections that follow will go

over the problems and benefits of each style of operation.

2.3.1 Grid-tied operation

The microgrid will, in ideal circumstances, stay connected to the utility grid to operate in
grid-tied mode. During the grid-tied mode of operation, the microgrid will supply the utility
grid with reactive power while the bus voltage and frequency are determined by the utility
grid. If the DG is reduced for any reason, the utility grid will compensate for the lack of active

power in the microgrid which will result in no voltage deviations [22].

The fact that the utility grid is responsible for the bus voltage and frequency reduces the
burden on microgrids, but it also contributes to the stability of a grid-tied microgrid. Since
stability is usually related to voltage and/or frequency deviations/oscillations, a grid-tied
microgrid cannot become unstable in this sense. The instability of a grid-tied microgrid is
then reliant on the stability of the individual components in the system. Therefore, if a
component such as a DER malfunctions, it may cause instability, but that is not necessarily
related to a certain operating circumstance [4], [22]. Thus, the stability challenges for a

grid-tied microgrid are not as severe as for an islanded microgrid.
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2.3.2 Islanded operation

The microgrid will island itself when a fault occurred which means that the utility grid will
not be connected to the microgrid. This will require the DGs to form the bus voltage and
frequency in accordance with consumer constraints [22]. The DGs utilised in a microgrid
which will operate in islanded mode are referred to as grid-forming DGs whereas DGs used

when the microgrid is in grid-tied mode are referred to as grid-following DGs [23].

The stability concerns in an islanded microgrid are much more in comparison with a grid-tied
microgrid. One of these concerns in islanded microgrids, especially in microgrids with small
distribution systems, is their relatively low short-circuit capacity. In such systems, any small
change in microgrid configuration (the start-up or shut down of a diesel generator) may result

in relatively large voltage and frequency deviations which, in turn, may lead to instability [4].

Another concern of an islanded microgrid is that they have little or no inertia in the sources,
meaning they cannot instantly supply large load changes [8], [22], [24], [25]. This creates
challenges for achieving power balance and power sharing amongst the sources because the
system frequency in the microgrid will vary until the power sourced by the microgrid and the

power consumed by the load are balanced [4], [8], [3].

Load shedding is defined by [3] as a coordinated set of controls which results in a decrease of
the electrical load in a power system or microgrid. As mentioned earlier, the balance between
the power supply and power demand is crucial for microgrid stability. In the case of a surplus
supply, the generation output can be decreased and/or the distributed storage in the microgrid
can be charged to solve the imbalance between supply and demand [3]. In the case of supply
shortages, generation output can be increased by adding more DGs to the microgrid and/or
the distributed storage can be discharged to assist the DGs. In the case of critical supply
shortages, load shedding should be applied if all other measures failed to compensate for the

imbalance in the microgrid [3].

The stability of a microgrid can also be measured by means of the Critical Clearing Time
(CCT), which is defined as the maximum time between initiation of the fault and the isola-
tion/clearing of the fault such that the microgrid remains stable [4]. When considering control
system stability, the CCT can be measured; if it falls below a set threshold, the system is said
to be stable. [26]. Thus, the larger the CCT in a microgrid, the better the transient stability

in the microgrid will be, i.e. the more stable it will be [27].
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2.4 Microgrid stability

The characteristics of a microgrid mentioned in section 2.3 can be further investigated to
analyse the different types of stability challenges a microgrid may encounter. The reason
is that some of the stability challenges observed in large interconnected systems have not
been observed in microgrids, therefore, stability in a microgrid needs to be classified [4].
In conventional grid-tied microgrids, the transient and voltage stability problems typically
occur more frequently than frequency stability, whereas in islanded microgrids, the frequency

stability is of higher concern due to low system inertia and the high penetration of RES [4].

Voltage and frequency are firmly coupled in microgrids, therefore, contrary to some instability
phenomena in the conventional utility grid, fluctuations in all system variables will cause
instability in a microgrid [4]. This makes it rather difficult to classify instability in a microgrid
as “voltage instability” or “frequency instability” based solely on measurements taken of the
respective variables [4]. Due to this difficulty, [4] presented an alternative classification of a

microgrid, as seen in figure 2.4.

| Microgrid Stability |
|

Control System Power Supp])-' and
Stabﬂity Balance Stablhry

Voltage Frequency
Stability Stability

| System Voltage } [ DC-Link ]

Electric Machine

Stability

Stability Voltage Stability
I—'—I
—
Small Large Sma]] Large
Dlsturbﬂnoe Disturbance Distu rbﬂn Disturbance
[ Short Term ][ Long Term ] [ Short Term H Long Term ]

Figure 2.4: Classification of stability in a microgrid. From [4].
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The classification in figure 2.4 can be divided into two categories; instability due to the
equipment control systems, and instability due to active and reactive power sharing and
balance. The instability in either category can be a short- or long-term phenomena in which
short-term refers to a time frame of a few seconds, and long-term refers to a time frame of

larger than one second [4].

2.4.1 Power sharing and balance

Power supply and balance stability pertain to the ability of the microgrid to maintain a power
balance between power supply and demand and to effectively share the demanded power
among DERs such that the system satisfies the operational requirements [4]. The concept of
power sharing is known as Droop Control, which will be discussed later in this document [28].
These types of instability challenges are usually associated with the loss of a generational unit,

violation of DERs limits, or poor power sharing among the DERs in the microgrid [4].

2.4.2 Frequency stability

The frequency regulation in a microgrid is of high concern as explained in the preceding
sections. Due to the limited number of generation units in microgrids, the system is at risk
of large disturbances for such disturbances can cause large frequency excursions at a high
rate of change, jeopardising the system frequency stability [4], [22], [29]. In this context, the
conventional control techniques may not be fast enough to overcome the rapid change in the
system, especially in systems with low inertia, which will ultimately cause a change in output
frequency. This can be due to the control architecture that is not optimal for the system
configuration, or the control system might experience network delays which can also reduce

the reaction speed of the control system [21].

Frequency instability is not always caused by frequency-related elements in the microgrid. For
instance, due to the relatively small size of the microgrid, voltage changes at the terminals of
the DERs in the system are almost instantaneously reflected on the load side, which can also

cause variations in the output [4], [22].
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2.4.3 Voltage stability

In microgrids, the limits of DERs and the sensitivity of load power consumption to supplied
voltage are crucial elements in voltage instability. Thus, voltage instabilities may occur in the
form of unacceptable low steady-state voltage or dynamic voltage in which the voltage rapidly
changes [4], [22]. Since the power-sharing among different DERs in the system is also a known
cause of voltage instability, droop control methods are being implemented in microgrids to
mitigate the effect of poor power sharing since droop control will manage the output power

of each DER in the microgrid [4], [22], [30].

Depending on the type of DER in the microgrid, the voltage across the dec-link capacitor
is typically maintained via a buck-boost converter. This voltage may change as the power
demand of the system changes, resulting in fluctuations in the active- and reactive power, as
well as the output voltage of the microgrid [4]. Depending on the system response and load
characteristics, voltage instability may occur following a large disturbance such as the sudden
change in demand and/or output of a RES. Small disturbances such as an incremental change
in the demand may also result in voltage instability, especially in microgrids that already

operate close to their limit [4].

2.5 Microgrid Control

The preceding sections presented some of the stability challenges in a microgrid, but those
challenges should be addressed with a suitable controller. The sections to follow will discuss
control schemes which can be used to ensure voltage and frequency stability in an islanded

microgrid.

2.5.1 Droop control

The droop control technique is generally used in conventional generators of power plants. In
autonomous operation of converter based DG systems, droop control can be utilised to share
the total load of the system between the different DGs along with controlling the voltage
magnitude and frequency within the specified range [30], [31], [32].
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Droop control does, however, have some shortcomings such as voltage and frequency offsets.
Thus, a second layer of control needs to be implemented along with droop control to ensure
a zero steady-state error in the microgrid’s output [33]. This second layer of control can be

realised by a Proportional-Integral (PI) controller due to their robust performance [33].

In the droop technique, the active power of the total load can be shared by drooping the
frequency as a function of the output active power of the converter. The total reactive power
can also be shared by drooping the voltage as a function of the output reactive power [32],
[34]. As all DGs in the microgrid are integrated via inverters, an islanded microgrid can be
considered equivalent to a microgrid comprising multiple inverters connected in parallel. The

active and reactive output of the individual inverters can then be represented by [34]:
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e U : Integration voltage
e U, : Output voltage of the inverter power supply
e X, : Output impedance of the inverter power supply
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Figure 2.5: Principle of droop control. From [34].

The output voltage of the inverter can be regulated by regulating the reactive power output,
while the frequency of the inverter can be regulated by controlling the active power output,

as shown in figure 2.5 [34].
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2.5.2 Centralised, distributed, and decentralised control

The most common types of control systems installed in microgrids are centralised and de-
centralised control [35]. These two control techniques are also often found in EMS where
each technique has its own set of advantages and disadvantages for energy management, as

discussed in [36].

2.5.2.1 Centralised control

It’s first necessary to comprehend each control method’s communication capabilities in order
to comprehend how each will function. The centralised controller comprises a central controller
that will have control over every DER in the microgrid [33]. A fundamental topology of a
typical microgrid with a centralised controller is illustrated in figure 2.6. The centralised
controller will gather information from the individual DERs in the microgrid, the data will be

processed, and the necessary commands will be sent back to the individual DERs [33].

Centralized Controller
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| Unit1 | | Unit2 | it3 | @ @@ @@ | Unitk |
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Figure 2.6: Centralised control configuration in a microgrid.

From [33].

The centralised control technique is adequate to maintain a microgrid in a steady state despite
disturbances in the system, but there are also several challenges associated with centralised
control. This control technique is preferred for small microgrids in which low bandwidth is
required [33] since the requirements of the communication network for a centralised controller

are high [37].



The centralised control technique is also susceptible to a Signle Point of Failure (SPOF),
which will characterise this technique as less flexible and less reliable [33]. The centralised
technique will also add considerable computational overhead to the control system since all

of the decisions need to be made in a central location with one algorithm [38].

2.5.2.2 Distributed control

The strategy adopted in the distributed control technique is that each controller of the DERs
in the microgrid exchanges data with its neighbours using a Digital Communication Link

(DCL) [33]. The topology of the distributed control system can be seen in figure 2.7.

Digital Communication Link

Local Local Local Local
Controller Controller Controller Controller

Figure 2.7: Distributed control configuration in a microgrid.

From [33].

The main advantage of this system is that although some communication links may fail,
the system will remain functional provided that the overall communication network remains
connected [33]. This provides a benefit over the centralised controller since the chances of
SPOF are mitigated by its topology and operation strategy [33]. The distributed control
system also provides advantages such as dynamic flexibility and lower communication overhead

[39].
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2.5.2.3 Decentralised control

The decentralised control technique involves no communication between the different DERs
in the microgrid. The control process of individual DERs is accomplished by local controllers
installed at each DER [33]. The decentralised control technique is also considered the most
reliable control method for microgrids [33], [40]. The topology of the decentralised control

system can be seen in figure 2.8.

Local Local
Controller Controller

Local Local
Controller Controller

Figure 2.8: Decentralised control configuration in a microgrid.

From [33]

Although the decentralised control technique has the advantages of simplicity in control and
independence from digital communication technology, this control technique may suffer in
performance due to the lack of information from the neighbouring DERs [33]. The lack of
communication between the neighbouring DERs will complicate the process of adding more
intelligence to the control system, which will decrease the decentralised controller’s ability to

make optimal decisions at crucial times [40].

The decentralised controller does have several advantages over the centralised and distributed

control techniques. Some of these advantages, as highlighted in [40] include:

Reliability due to no dependency on a centralised controller or communication network

Low computational burden compared to the other techniques

Flexibility of the control system

Plug and play functionality can easily be achieved

In modern power systems and microgrids, the system must be able to be expanded on a
regular basis, which makes the decentralised controller ideal for such a microgrid, but the

control system will be lacking in complexity. [21], [40].
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2.5.3 Multi-agent control system

The application of Multi-Agent System (MAS) is becoming popular in power systems and
microgrids due to their inherent benefits like reactivity and increased autonomy [41]. MAS
is defined as a complex system composed of several autonomous agents with local knowledge
and limited abilities but can communicate with other agents to achieve a larger goal [3], [41],

42).

The agents referred to in the MAS are in a way like local controllers. They will make decisions
based on the data available from the sensors in the microgrid or system [42]. Thus, a MAS can
be considered both a centralised and decentralised system due to the operation of MAS. The
description of distributed control will fit the description of MAS better, but the fact that the
communication between agents are conditional will allow for a decentralised control system

2], [39], [43].
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Figure 2.9: Example of a microgrid with assigned MAS agents.
From [39].
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Figure 2.9 illustrates how the concept of MAS would work in a microgrid. The dashed lines
represent communication while the solid lines represent power flow in the microgrid. Each
unit in the microgrid has its agent assigned to that unit. The agent will monitor the unit
and obtain all the desired measurements and report back to the “Agent platform”, which
represents the next level of control. This new level is also known as the supervisory level
since it does not necessarily control the microgrid but supervises all the agents controlling the

microgrid [39)].

To explain the use of agents in a microgrid, consider the agents illustrated in figure 2.9. There
are three different types of agents; producer agents, consumer agents, and observer agents.
All of these agents are connected to the same microgrid and same centralised control system,
but the application of each is different. The producer agent will monitor the power generated
by the DER and it will also track the power available at any time. This agent is in full control
of that DER in the microgrid, so it can send the control command to shut down that DER
should it be necessary [39].

The consumer agent in the microgrid will monitor the amount of power consumed by the
customer. This agent is also in control of the unit assigned to it, therefore, one can, for
instance, install a load-management algorithm in the control system of this agent to control
the loads connected to the microgrid [39]. The third and final agent is the observer agent.
This agent will monitor specific parameters in the microgrid and communicate the results back
to the central controller [39]. This controller will typically monitor parameters such as bus

voltage and frequency, it may also be used to monitor energy storage levels in the microgrid.

The use of a MAS will hold several advantages from a control point of view, since each of the
agents is capable of acting in the environment, meaning that the agent is capable of changing
its environment by its actions [42].Because multiple individual agents can be connected to a
single central controller, it is possible to design complex dynamic control systems with minimal
effect. This will allow for the addition of intelligence such as neural networks to the control

system, but the control system will not be as flexible as a decentralised controller.
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2.5.4 PID control

The Proportional-Integral-Derivative (PID) controller is a family of controllers frequently used
in industrial applications as a control loop feedback mechanism. PID controllers accounts for
roughly 90% of control loops current installed in industrial applications [44]. It will calculate
the error value between the measured and desired set point continuously and adjust the input

to the controlled system to rectify the offset [44], [45].

The main function of the proportional (P) part of the controller is to minimise the present error
in the system. The output of the system may become excessively high for small changes in the
error if the proportional gain of the controller is high, therefore, the P-controller may cause
instability in many systems [44]. The proportional output of the P-controller is represented
by [44]

P, = Kpe(t). (2.3)

The function of the derivative (D) part of the controller is to predict the future in the controlled
system. The D-controller will have a slow rate of change due to the derivative part, therefore,
this controller may reduce the overshoot of the system [44]. The derivative output of the

D-controller is represented by [44]

d
Dout = Kda@(t) (24)

The final part in the PID controller is the integral (I) part. The function of this part is to
accumulate all the past errors observed in the control loop. This controller depends on the
magnitude as well as the time duration of error, which will all be integrated and multiplied
with the integral gain [44]. If the integral and proportional parts were added together, a
controller capable of accelerating the process being controlled while eliminating the steady-
state error will be obtained [44]. The integral output of the I-controller is represented by
44
t
J P Ki/o e(t)dt. (2.5)

The term e(t) in (2.3), (2.4), and (2.5) represents the tracking error, which is the difference
between the input r(¢) and the output y(t) of the system. The error e(t) is fed into the PID
controller after which the output y(t) is calculated [44]. The complete PID controller is the

sum of the three separate controllers and is represented by [44]
¢
d
y(t) = Kpe(t) + KZ-/ e(t)dt + Kdae(t)- (2.6)
0
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PID controllers can be used in a cascaded controller, in which the controller comprises two or
more individual PID controllers. The cascaded controllers are considered to be low cost and
highly efficient which may be suitable for most power systems in which stability is a concern

[44].

The performance of a closed loop system can be significantly affected by non-linearities caused
by signal saturation, which may originate in the controlled system [46]. These non-linearities
are typically contained using saturation limits in which the output cannot expand beyond
the saturation limits. This will ensure that the output is within an allowable range, but
the integral action of the PI/PID controller may be affected due to the windup integrator

phenomenon [46].

The integral component of the PID controller will continue to integrate the input error even if
the output is saturated. This can result in an extremely high output value which is clamped
by saturation, but as soon as the error signal changes its sign, the controller may not function
as expected since the integral component preserves the result of the unbounded integration.
Therefore, the time response of the controller will deteriorate and a specific time interval is
required to recover its operation [46], [47]. Thus, the use of a PID or PI controller usually

include a anti-windup controller, which can be seen in figure 2.10.

H(I | f Yma.\' },s(f)
Ymin
1

Saturation

x/f)

Integrator

Gain

Figure 2.10: Block diagram of PI controller with integral anti-
windup. From [46].

The structure of the PI controller with anti-windup in figure 2.10 includes three gain blocks
(Kp, K;, and KF), one integrator block (i), one saturation block, and three adders. The
input of the system is represented by u(t) while the output is represented by y(t).
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Consequently, the input signal to the saturation block can be defined as the sum of the integral
component and the proportional component. The output of the saturation is limited to the

following [46]:

Ip(t) + l’[(t> if Yoin < Ip(t) + .Z‘[(t) < Ymamy
y(t) = 4 Youin if 2p(t) +21(t) < YVin, (2.7)

Ymam if IP(t) + J7I(t) Z Ymaac‘

By using this anti-windup control system along with a PI or PID control system, the reliability

of the overall performance of the control system will be improved [45], [46], [47].

2.5.5 Interaction between DERSs

The typical microgrid typically consists of various DER units that are interconnected to supply
the load connected to the microgrid with an adequate amount of power. As mentioned in [4],
any change in microgrid configuration, which may indicate the start-up or shut down of certain
DERs, can result in voltage and frequency deviations. This is supported by the authors of [9]
which state that the interaction between DER units in a microgrid may cause instability in

an islanded microgrid.

According to [9], there are three main causes for instability in an islanded microgrid if one
considers a system where DER units can be added or removed at any given time. These causes

are:

e Sensitivity to DER design
e Sensitivity to DER control

e Interaction between different DER units

The sensitivity to DER design refers to the various selections of DER units available on
the market, each with its proprietary design and manufacturing process. This can result
in different units of the same type and same ratings in the same microgrid, therefore, the
microgrid needs to be robust enough to interface with all of these different DER designs while

maintaining stability [9].
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The sensitivity to DER control refers to the fact that each DER unit in a microgrid is devel-
oped with its internal controller and settings. The ability to change the controller settings of
the DER will vary depending on the manufacturer of that DER unit while access to controller
tuning is usually not available to the end user. This complicates the control system of the
microgrid because of the cascaded control. The cascaded control is realised when considering
the internal control system of the DER units and the control technique used in the micro-
grid. This presents the challenge of maintaining stability in an islanded microgrid comprising

different DER units with different control systems [9].

The third cause for instability, according to [9], refers to the cases in which the total available
power in the microgrid may not be enough to adequately supply the load with sufficient power.
In such a case, additional DER units may be required in the microgrid to meet the increasing
demand. Whenever the additional DER units are added to the microgrid, it is critical to avoid
adverse interaction between the DER units already in the microgrid, and the units added to

the microgrid [9].

2.6 Critical review

This section will extract the most important information from this chapter to determine the
significant elements that need to be addressed in this study. This review will focus on the
topology of the microgrid, what should be included in the modelling, and what to consider

during the design of an adequate control system.
The following challenges were extracted from the literature study in this chapter:

e Island operation presents more stability challenges than grid-tied operation (section 2.3).

e Power sharing and power balance in the microgrid can cause instability (section 2.4.1).

e Voltage stability (section 2.4.3).

e Frequency stability (section 2.4.2).

e Interaction between DERs in a microgrid may cause instability (section 2.5.5).

e Centralised control is simple to implement with high computational overhead (section
2.5.2.1).

e Distributed control is complicated to implement with relatively high computational over-

head (sections 2.5.2.2 and 2.5.3).
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e Decentralised control is simple to implement and robust with no complexity (section

2.5.2.3).

When considering the operation of PV in section 2.2.1, it is clear that it is not as simple to
control. When considering the modelling of PV in the Simulink model, along with other RESs
such as wind or fuel cells, the modelling of the microgrid model will become extremely complex
and add unnecessary elements to the model which may compromise the aim of this study.
The problem statement in section 1.2 states that this study focuses on the load connected and
interaction between the inverters in the microgrid, therefore, the modelling of the RES does
not have to be included in the microgrid. These sources can be considered to be ideal since
they will not affect the study, except for the limited capacity they will add to the system.
This will be neglected since each inverter will have a maximum capacity which will serve the
same purpose as the limited capacity of the sources. Therefore, the modelling of the islanded
microgrid (objective in section 1.3.1) is limited to the inverter itself and the connection of

multiple inverters in parallel.

The instability contributors (objective in section 1.3.2) are also limited to the power-sharing
(or the load connected to the microgrid) and the interaction between inverters. Therefore,
this objective will be completed by evaluating the effect of these two factors on the stability

of the microgrid.

The objective described in section 1.3.3 will be completed by means of a centralised and
decentralised controller. The final objective (section 1.3.4) will be completed by repeating the
simulations that were done during the sensitivity analysis to determine if the controller can

mitigate the challenges stated in the literature in this chapter.
Therefore, this study will focus on a microgrid limited to the following characteristics:

1. The microgrid will operate in islanded mode.

2. The microgrid will comprise several DERs (inverters in parallel) which can be added if
the load demand increases.

3. The DG and ESS of each DER will be considered “ideal”, meaning they will be able to
supply their rated power during operation.

4. The loads connected to the microgrid will change their demand frequently.

5. The centralised and decentralised control schemes will be implemented and compared

to one another.
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The centralised and decentralized methodologies will be evaluated in a PI controller config-
uration to identify which microgrid configuration each controller is best suited for. This is
done on this small-scale microgrid because centralised controllers are better suited for small
systems, and by utilising a simple PI controller, the centralised controller can be compared to

the decentralised controller, which is the optimal controller for microgrids (see section 2.5.2.3).

The change in load demand and the interaction between DERs (the adding of DERs in the
case of a power shortage) also proved to be contributors to stability challenges, therefore, the

control systems will also be tested on their ability to manage these kinds of disturbances.
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Chapter 3

Modelling

This chapter will detail the modelling of an islanded microgrid. Some background will be pro-
vided on the topology of the microgrid that will be used in this study, after which the Simulink
example, on which the study is based, will be discussed and explained. The mathematical
modelling of a state-space model representative of the Simulink example will be done in which
all the subsystems will also be discussed. This chapter will conclude with the mathematical
approximation of the Simulink model and a comparison between the mathematical model and

the Simulink model.

3.1 Introduction

This chapter aims to provide a comprehensive understanding of the modelling phase of this
study. This chapter will not include any control system design or implementation, but it will

provide the foundation for the control system design.

This phase is started with an overview of the microgrid topology that will be used in the
simulation model. All the components and connections in the microgrid are explained. Since
the simulation model is based on a MATLAB example, this example model is evaluated and
the shortcomings that should be addressed are highlighted. Thereafter, the modified Simulink
model is shown along with the operating parameters of the simulation. The subsystems of
the modified simulation model are then analysed to fully understand the model and all of its

components.
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Since a simulation model is available, but none of the said model’s dynamics are known, the
mathematical state-space model of an inverter is derived. This is accomplished by constructing
the state-space models for a current-, voltage-, and droop controller after which all of these are
combined to create a complete inverter model. The state-space model should be representative
of the simulation model, therefore, the numerical state-space model is obtained from the

parameters extracted from the simulation model.

The chapter concludes with a comparison between the numerical state-space model and the

simulation model to verify that the approximation is accurate.

3.2 Microgrid topology

The literature study in chapter 2 concluded that an islanded microgrid will encounter the

most severe stability challenges. For this study, these challenges are limited to

1. the power-sharing among DERs in the microgrid (the size of the load connected).

2. the interaction between the DERs in the microgrid.

Therefore, a microgrid model needs to be obtained in which these stability challenges can be

investigated. The microgrid topology illustrated in figure 3.1 will be used in this study.
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Figure 3.1: Microgrid topology that will be used in this study



The DC-source symbols next to the inverters on the left-hand side of figure 3.1 represent the
ESS of each inverter. These ESSs are considered to be ideal, meaning that the output voltage of
each ESS can be adjusted, but the capacity is considered to be infinite for this study’s purpose.
There can be as many inverters connected to the microgrid as the application desires, which
is represented by inverter n. The CB blocks represent the circuit breakers/switches that will

connect or disconnect the inverters from the PCC.

The control implementation for the microgrid has not been added to figure 3.1, but it will
be discussed later in this document. The topology in figure 3.1 will be used to investigate
the stability challenges, as discussed earlier, since it allows for investigating the effect when
inverters are connected and disconnected, as well as the behaviour of the system when different
size loads are connected. This model will be implemented in the Simulink environment, which

will be discussed in the following section.

3.3 Simulink model

This section will describe the Simulink model and how it works. It is vital to note that this
section does not yet feature microgrid control. All of the building blocks of the Simulink
model will be discussed to ensure a good understanding of how the model operates before

commencing to the next stage in this study.

3.3.1 Simulink model overview

The aim of this study is not to develop a model from first principles, therefore, if an already-
developed model can be obtained on which the control can be implemented, it would be
ideal. After consulting the examples of MATLAB regarding microgrids, a suitable model was
found in an example [48] (see figure 3.2). This islanded microgrid model comprises three
inverters connected in parallel to supply a common load. Simple centralised control was
implemented, but all inverters were connected all the time and no real disturbances were
introduced, therefore, it was hard to determine the effectiveness of the control system under

unfavourable circumstances.
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Figure 3.2: Simulink example model [48].

This model in the example already had all the electrical fundamentals built into the inverters
and they were operating according to the specified parameters. Each inverter already had its
internal voltage-, current-, and droop controller that will be used for power sharing. All of
these parameters can be changed should it be necessary. The load connected to the microgrid
consisted of a static load (a load that will not change), and a dynamic load of which one can
change the characteristics. As seen in blue text in the top left corner of figure 3.2, the load

can only change at t = 1s, which is not ideal for a dynamic load.

In this example, the inverters receive the desired voltage and frequency values as inputs after
which the internal control system will aim to rectify the error between the measured values
and the reference values. The droop control can also be enabled or disabled by means of a
logic signal (0 or 1). The model allows the measurements of numerous parameters at the
output of each inverter, which can be utilised should it be needed to implement a custom

control system.

Although the model contains a lot of the fundamentals and it is operating as expected, there
are some shortcomings which will need to be addressed. The main drawbacks of this example

include:

e There is no interaction between the inverters (inverters cannot connect and disconnect
from the PCC).

e There is only one type of controller that is not optimised for large disturbances.
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e The magnitude of the load can be changed only once, which does not allow for full
dynamic operation.
e The bus voltage and frequency are according to the standards in the United States of

America (USA).

The characteristics required of the microgrid model in this study (discussed in section 2.6) can
be used to test if the example model is adequate for this study. Table 3.1 provides a summary

to determine whether or not the example model satisfies the required characteristics.

Table 3.1: Characteristics obtained from literature vs Simulink

example

Microgrid characteristics for this study

Defined from literature Simulink example model

1. Islanded microgrid

2. Multiple DERs connected in parallel

which can be added and removed

3. The ESS of each DER is considered to

1. Yes

2. Does comprise multiple DERs, but can-

not add or remove DERs

3. Yes

be ideal

4. The load connected can dynamically | 4. No

change its demand

5. Centralised and decentralised control | 5. Only a centralised controller is present,

can be compared but it needs optimisation

The Simulink example model satisfies 2 of the 5 requirements, as seen in table 3.1, but the
remaining requirements can be added by adapting the example model. The adjustments of

the example model included:

e The parallel inverters were connected via a three-phase circuit breaker to the PCC,
meaning that inverters can be added or removed at any time as required by circum-
stances.

e The load connected was also altered to ensure it is fully dynamic. Now, the magnitude
of the load and its connection or disconnection can be controlled.

e The centralised control system was optimised and the decentralised controller was added

to the microgrid, but this is not covered in this chapter.
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The altered microgrid that will be used in this study can be seen in figure 3.3.
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Figure 3.3: Overview of Simulink model used in this study

The three blue blocks on the left-hand side of figure 3.3 represent the three inverters (DERs).
The two large blocks next to the bottom two inverters represent the circuit breakers which
will connect or disconnect those inverters. The first inverter does not have a circuit breaker
since this study assumes that at least one inverter should be connected at all times. The load
connected to the microgrid can be seen on the right-hand side of the PCC, where the label

connected to the variable load is the control signal which will control the magnitude of the
load.

External Load 1 Active
Power enable/disable

O
T

External Load 2 Active + >
Power enable/disable

> | 0 PQdyn
There is no Reactive
- component added with

the external load

Figure 3.4: Generation of dynamic load control signal
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The block diagram in figure 3.4 illustrates the way in which the control signal for the load in
figure 3.3 is generated. Two additional loads can be added, external load 1, and external load
2. Each external load has two step blocks attached to an add block. The top step block will
enable the external load with a magnitude of x, while the second step block will disable the
external load by neutralising the first magnitude. The time and magnitude of these step blocks
can be changed to simulate the adding and removing of loads. The output of the external
load is then fed to a mux block which will combine the active and reactive components. This
will then pass through a rate limiter which will create a steep slope for the output which
will ensure that the change in load is not instantaneous (the transition takes 0 s to complete,

which would be unrealistic).

The labels on the left-hand side of the inverters (figure 3.3) are the inputs to the inverter. The
top label for each inverter represents the frequency reference, the second label is the voltage
reference, and the third label is the droop enable signal, which will either enable or disable

the droop control for each inverter. The droop control is discussed in chapter 3.3.3.

The model was adjusted to comply with the prerequisites and the operating conditions that
will be used in this study, which can be found in table 3.2. Parameters such as the droop-
and PI constants, switching frequency, and sampling time were extracted from the existing
Simulink model. These parameters will be referred to in the sections to follow, where each

element in the model will be discussed and explained.

41



Table 3.2: Parameters for Simulink microgrid model

Parameter Value
Bus Voltage (Phase Voltage) 230 V
Bus Frequency 50 Hz
Base load (P) 3 kW
Base load (Q) 200 VAR
Dynamic load (P) 6 kW (adjustable)
Inverter power 5 kVA
DC link voltage 480 V
Voltage droop 4 %
Frequency droop 1%
Current controller constants [P, I] | [0.3, 20]
Voltage controller constants [P, I] | [2, 14]
Inverter switching frequency 2.7 kHz
Sampling time 50 ps

3.3.2 Simulink model of an inverter

This section will detail the model of an inverter as seen in figure 3.3. When the Simulink
block, also known as a mask in Simulink, is opened, the model shown in figure 3.5 is revealed.
All of the inverters in the microgrid are identical, therefore, the modelling of each inverter is

the same.
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The model in figure 3.5 represents the low-level model of the inverter and ESS of the inverter
while the control system can be seen in figure 3.6. The ESS of the inverter is represented by
the DC-source to the left-hand side of the Two-Level Converter. This ESS is considered to
be ideal, as discussed earlier, since the output voltage can be changed while assuming enough

capacity for each application. The Two-Level Converter is a Simulink block which is being
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Figure 3.6: Internal control system of an inverter in Simulink

The control system in figure 3.6 will control the output voltage and current of the inverter. This
is done by adapting the Pulse Width Modulation (PWM) signal to the Two-Level Converter,
which in turn will change the output voltage of the inverter. This control system receives the
reference values for the voltage and frequency, and the output measurements of the inverter as

inputs. The internal control system makes use of PI controllers to obtain a small steady-state

error.
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Figure 3.7: Output voltage of the Simulink model

The output voltage displayed in figure 3.7 is the measurement taken at the load when all the
inverters are connected. The load is within the capabilities of the microgrid and it does not
change for the duration of the simulation. The voltage is accurate and the internal control

system of the inverters can maintain the bus voltage at the reference value.
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Figure 3.8: Output frequency of the Simulink model

44



The frequency output depicted in figure 3.8 is from the same simulation as in figure 3.7. The
output frequency of the inverter is dependent on the input frequency reference and not an
internal control system as for the output voltage. Since this simulation is done without any
external control, the frequency reference remained at 50 Hz (the input reference is fixed if no
external control is present, as seen in figure 3.3). Thus, with no PI controller to manipulate
this input reference to the inverter, there is no rectification in the error observed in the output
frequency, hence a drift is observed. It is expected that this drift will be rectified with an
external control system. Other than the drift, the bus voltage and frequency prove to satisfy

the model parameters, as detailed in table 3.2.

3.3.3 Droop control of Simulink inverter

The droop control of the inverter is also embedded within the control system in figure 3.6 and

the block diagram in Simulink can be seen in figure 3.9.
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Figure 3.9: Droop control of Simulink inverter

The implementation in figure 3.9 is supported by the literature found in section 2.5.1, which
states that the total active power can be controlled by drooping the frequency, while the total
reactive power can be controlled by drooping the voltage. The voltage output is determined
by adding the voltage (pu) to the reactive power multiplied by the negative voltage droop
constant. This would imply that the voltage output would be a small margin less than the

reference voltage. The larger the voltage droop constant, the larger the difference will be.
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The frequency works similar to the voltage, where the output frequency is the sum of the per
unit (pu) frequency, the active power multiplied by the negative frequency droop constant,
and a constant. The output frequency (which is still pu) is then multiplied by the nominal
frequency to obtain the new reference frequency. These voltage and frequency reference values

are then fed into the rest of the control system such as the voltage and current PI controllers.

Each inverter in the microgrid has the same control system and droop control, therefore, the
droop control should be able to effectively share the load amongst the inverters connected in
the microgrid. The external control system may affect the effectiveness of the droop control

system, but it will be discussed later in this document.

3.4 Symbolic state-space model of an inverter

The microgrid model presented in section 3.3 will be utilized to test various control strategies
in the Simulink environment. The challenge, however, is to design an adequate external
control system for the microgrid. To successfully design a controller, information regarding
the dynamics of the system will have to be known. In this microgrid model, information
regarding the dynamics are not known, since a transfer function or state-space model cannot

be accurately obtained.

The step response of the system can be used to approximate some parameters, but it will still
not be enough to accurately design the control system. After consulting previous studies, it
became clear that a state-space model of a generic inverter can be derived and used along with
the Simulink model’s parameters to obtain a numerical state-space model of that inverter. This
will provide the best approximation in this application while having adequate information to
design the controller for a single inverter. It is important to note that the switching frequency
of 2.7 kHz (table 3.2) will be neglected in the modelling of the inverter since [49] states that

a high switching frequency of the inverters may be neglected.

3.4.1 Clarke, Park, and dq0 transformations

Transformations between the three-phase abc and dq0 reference frames were used to assist in
the modelling and analysis of electrical machines [50]. Nowadays, dg0 based models are widely

used in applications such as modelling and control of multi-inverter systems [50].

46



The diagram in figure 3.10 illustrates the transformations between the different reference

frames.

Park

Figure 3.10: Relationship between the Clarke and Park trans-

formations. From [50].

The Clarke transformation converts the three-phase (abc) quantities to a50. The Park trans-
formation converts the abc quantities to dg0. The dgO-transformation (Ty40) is not equivalent
to the Park transformation, but it is used in figure 3.10 to indicate the transformation between

a0 and dq0 [50].

3.4.2 State-space model of droop controller

The state-space model of the entire inverter will be derived in the following sections with the
assistance of [49] and [51]. In these articles, an inverter is modelled using a state-space model
after which the numerical state-space model is obtained. A summary of the variables that

will be used in this section can be found in appendix A.

The comparison in figure 3.11 supports the idea of obtaining a generic state-space model for the
Simulink model which can be used in the controller design process. The two images in figure
3.11 both have three blocks numbered from “1” to “3”. The first block (block 1) represents
the inverter’s switching electronics. The second block (block 2) represents the output filter,

and the third block (block 3) represents the control system of the inverter.
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It is evident that the topology of both the inverters is the same with both inverters having a
voltage-, current-, and droop controller. Therefore, it can be assumed that the approximation

of the Simulink model will be accurate when using the generic model from the literature.

Current €~ Voltage | Yo Droop
control iz‘ control control
1
(a) Inverter model in literature (b) Inverter model in Simulink

Figure 3.11: Comparison between the Simulink model and the

model presented in literature [49], [51].

Refer to figure 3.12 for a representation of how the inverter can be presented with all the in-
ternal control systems; the droop controller, voltage controller, and current controller. Figure

3.12 also present the low-pass filter (L; and C}) and coupling inductance (L.).

v
de Lf Lc (U
Micro- Vi YYN Vo

source | [ L Lo
| 1 Cy ro %o

5 ' -

PWM | | e -

vi 4 P

\ 4 \ 4 v VY

' *

Current [€- Voltage | Yo Droop
control z; control control

Figure 3.12: Block diagram of inverter with internal control

systems. Adapted from [49] and [51].
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According to the relationships between the active power and frequency, and the reactive power
and voltage in section 2.5.1, these relationships can be used to realise the droop controller. The
block diagram in figure 3.13 illustrates how the droop controller will control the voltage and

frequency. Note that the inputs and outputs of the droop controller are in the dq0 reference

frame.
Vod —> . . D We P » 1 ;
Vodtod + Voglog [~ st+w T Wn T My s
Voq —>| P c
i n . |
i Vodlog — Vogl 9 We Q. Vi, — n,Q 5 *
ioq odboq oqlod T S + we n q od
Power Calculation | Filter K | Droop ; 0 v
,,,,,,,,,,,,,,,,,,,,,,,,,,, . - L e V)

Figure 3.13: Block diagram of droop controller. Adapted from
[49].

From figure 3.13, the instantaneous active and reactive power components are calculated from

the measured current and voltage:

ﬁ = Vodlod + quioqa (3 1)

q Vodloqg — Voqlod-

To obtain the real and reactive power components, the instantaneous power components are

passed through the low-pass filter, as illustrated in figure 3.13, which will yield:

p=—"j

T (3.2)
Q=—"—q

s+we’

where w,. represents the cut-off frequency of the low-pass filter. Next, the droop gains for the

voltage (n,) and frequency (m,) will have to be calculated:

Wmax — Wmin

my = R
Pmax
V;)dmax - ‘/odmin (33)
Ng = Q .
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By introducing an artificial droop in the inverter frequency, (3.3) can express the true power
sharing amongst different inverters. This is expressed in terms of the nominal frequency (w,,)
and droop gain (m,):

w = w, —m,P. (3.4)

Similar to (3.4), the reactive power sharing among multiple inverters can be achieved by

introducing a voltage magnitude given by:

*
vy = Vo —ngQ,

* j—
Vo =0,

(3.5)

where V,, represents the nominal voltage set point of the d-axis output voltage. The output
voltage magnitude reference is aligned to the d-axis of the inverter reference frame, therefore,

the g-axis can be set to zero (see figure 3.16).

Now that all the required parameters are calculated, the complete symbolic state-space model
for the droop controller can be constructed. The outputs of the droop controller are the small
signal variation in the output voltage (represented by Av¥) and frequency (represented by
Aw), as seen in figure 3.13. For simplicity, the D and Q axis components of the voltage and

current are combined to form vectors as in (3.6)

Uodq = ’U:q y Udg = ilq
=0 u (3.6)
v | Vod i o iod
odq — Vog y bodg — Z.Oq .
The state-space model of the droop controller can then be presented by
Ad | A Adygq
AP :Ap AP +Bp Avodq
AQ AQ Alpgq
. A5 (3.7)
Aw pr
. | = AP,
Avodq- CP’U AQ
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where

0 -m, 0
AP = |0 —We 0
0 0 —We

0 O 0 0 0
0 We ]od Wcqu We ‘/od We ‘/oq 3.8
0 choq chod O.)CV q wc‘/od ( . )

Cpy= [0 —m, 0|
pr

3.4.3 State-space model of voltage controller

The block diagram in figure 3.14 illustrates the voltage controller of the D and Q axes voltage,
including the feed-back and freed-forward terms. The output voltage control is realised with

a standard PI controller, where the proportional term will speed up the response speed of the

system and the integral term will eliminate the steady-state error.

'qu

£

=

i

SN
P

Figure 3.14: Block diagram of internal voltage controller of

the inverter. Adapted from [49].
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The state equations can be derived from figure 3.14 as

dgbd —* Vod
7 = Vod — Vo
dt (3.9)
d¢q *
% = 'qu — qu.
The dynamic characteristics of the voltage controller can be expressed as
i?d = Fiod — u}anvoq + Kpﬂ(”jd — Uod) + Kiv¢d (310>

iqu = Fioq + wncfvod + KPU(U:q — ’qu) + Kiv¢q-

For the state-space model, the input to the system can be divided into two terms: the reference
input (By1) and the feedback inputs (Bys). Therefore, the state space model for the voltage

controller can be written as

- ] ] [ Ay, |
Ady,| = M [A%} + By [ Avi| + Bua | Avog,
- - - - AZ.ad
S (3.11)
- - _ _ Alldq
Aijy, | =Cv |:A¢dq:| + Dvi1 |Avjy, | + Dva | Avodq |
- - - - AZ.oclq
where
T 10
A= |Aba Ady| Bri=| |
00 -1 0 00
B =
V2 [0 0 0 —1 0 0]’
(3.12)

Cy =

K, 0 K, 0
7DV1: )
0 Kiv 0 KPU
00 Ky —w.Cp F 0
00 wC; —-K, 0 F

DV2:[

3.4.4 State-space model of current controller

The block diagram in figure 3.15 illustrates the structure of the current controller, also com-

prising a standard PI controller.
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il Ky + Ksic 0:‘ Vig

ilq wL

i;q K, + Iiic 02‘ 'qu

Figure 3.15: Block diagram of internal current controller of

the inverter. Adapted from [49].

The state equations of the current controller are

D _ e

3.13
%:i* N (3.13)
e~ o

and the dynamic characteristics of the controller are

Vg = —wnLyitg + Koe(iy — ta) + Kicva (3.14)

U;kq = wanZ.ld + Kpc(ifq - 'l.lq) + Kic’yq-

Now that the state equations are defined and the controller’s characteristics are known, the

state-space model of the current controller can be expressed as

Aildq
[qu} - [o} [A’ydq} + Bey [Az’;dq] + Bes | Aveg,
:A%dq: (3.15)
Aildq
v, | = Co || + Den [Aiy, | + Doz | Aty |
N
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where

r T
Avag = [Ava Ax,)

1 0
B —
C1 O 1]7
1 0 0000
B —
o2 0 —1 00 0 0]’
(K, 0
C — ’c
C 0 Kic]’

(K. 0
Dey = Op ],

(3.16)

3.4.5 State-space model of output LC filter and coupling induc-

tance

The state equations for the output LC filter and coupling inductance can be obtained by

presuming that the inverter produces the demanded voltage, i.e. v; = v}. By this assumption,

the state equations can be represented by:

diq Vr , 1
_° 1 + —v;g —
di Lf g + Wig Lfv d
dilq 7f . . 1
7 _Lf lg — Wig + I Vig
dvod + 1 . 1 .
= W, — g — — 1,
dt e o
dvoq . 1. 1.
= —w, — Ay — —
dt ‘e o
diod Ye . .
= ——1oq + Wi, —Vpg —
TR S
diog Ve . , 1
= — 7 log — o 7 Vo
7 ch g — Wlog + I q

o4

Ly

1
Vod

1

L

1
—v
L. bd

1

L q

c

(3.17)



The state-space model for the output LC filter and output inductance can then be expressed

as
Aildq Aildq
Avogq | = Arcr | Avoaq | + Brem [Avidq} + Brore [Avbdq] + Brcrs [Aw} (3.18)
AZ'odq Aiodq
where
—L _ 7]
Lowe 0000
—YL _
—wo 4+ 0 7 0 0
1 -1
Apcr = | ©r (1) oo g _01 :
0 0 £ 0 F= w
| 0 0 0 Ll —wp _zf"_
& 0] [0 0] (3.19)
1
Sl
Brer = 8 8 ,Brere = 0 E
0 0 -+ 0
0 0] [0 -]

T
BLCLSZ Ug —Ud Voqg —Vod log _Zod] .

In the above state-space model, wy represents the steady state frequency of the system at the

given operating point.

3.4.6 State-space model of entire inverter

Since every component of the inverter has been defined in the sections above, it is now possible

to combine the state-space models in (3.7), (3.11), (3.15), and (3.18) to obtain the state space

model for the entire inverter.

To connect the inverter to the microgrid, the output variables of the inverter need to be
converted to the common reference frame. The common reference frame refers to the reference
frame of a single inverter. All the other inverters in the microgrid will have to be translated
to this common reference frame before the modelling of those inverters can be done, but since

this modelling is only for a single inverter, the other inverters will not be considered.
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3
>

qi

q;

Figure 3.16: Reference frame transformation. Adapted from

[49].

Figure 3.16 illustrates the transformation of the reference frame. In this figure, the axis set
(D and Q) is referred to as the common reference frame rotating at a frequency weom,. The
axes (d — q); and (d — q); are the reference frame of the ith and jth inverters in the microgrid
rotating at w; and w; respectively. The transformation of the inverters to the reference frame

can be represented as:

foo] = 1] [ (3.20)
where
r] = sty o) aan)

In (3.20) and (3.21), §; is the angle of the reference frame of the ith inverter in the microgrid

with respect to the common reference frame.

In this state-space model of an inverter, the output variables are the output currents, as
represented by the vector Ai,q,. Now that the transformation to the reference frame is known,

the output of the inverter can be converted to the D — @ axis by using (3.20):

|Aiong| = | Ts| [ Aiea| + [To] [20]. (3.22)
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where

T pummy
s sin(dg)  cos(do)

cos(do) —sin(ég)]’

(3.23)
To =

—loq SIN(Jp) — G0q cOS(dp)
Toq COS(0g) — Togsin(dp) |

The input signal to the inverter is the bus voltage vypg, which is already on the common
reference frame. Therefore, the reverse transformation should be used to convert the bus

voltage to the individual reference frame:

|Av,| = |15"] [Aune] + 171 [Ad], (3.24)

where

T, = (3.25)

—Vip sin(do) + Vig cos(do)
—Vip c0s(80) — Vi sin(dp)

All the states, inputs, and outputs of the inverter are now known, therefore, the final symbolic

state-space model for the inverter can be described. The final state-space model of the inverter

is:
[Aiinw} = Amvi [Axinvi] + Bivvi [AUbDQi]
Aw; | | Cinvw [Ax- } (3.26)
Alypgi Cinvei e
where
T
Axinvi: |:A51 AP’L AQ’L A(Zﬁdqi Af)/alqi Ailalqi AUodqi AZ.oalqii| ; (327>
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and

Ap; 0 0 Bp;
By 1;Cpy; 0 0 By
e Bc1iDy1iCpu; Bec1iCvi 0 Bec1iDyai + Beai ’
BreriiDc1iDviiCpvi+ BreriiDc1iCei BreriiCes Arcrit
Brorai[Ty 0 0]+ Breorii(De1iDyai + Degi)
BrorsiCpu, i
0
0
Binvi = 0 , CINvwi = [pr 0 0 0} ;
BrerTy !

Cixvei = [[TC 00/ 00 [00 TS]].
(3.28)

3.5 Numeric state-space model of inverter

The complete symbolic state space model can be found in (3.26), which comprises a voltage-,
current-, and droop controller. This symbolic state-space model’s intended use is to approxi-

mate the inverters in the Simulink model, therefore, an accurate numerical state-space model

should be obtained.

The numerical values for the state-space model were obtained by studying the Simulink model.
The parameters used in the Simulink model were extracted where possible and fed into the
state-space model. Some of the parameters were not available for extraction, such as the
voltage and current outputs, therefore, those parameters were measured in the Simulink model.
The measurements were done by isolating a single inverter and completing a few simulations
with this isolated inverter. The output voltages and currents were then measured, converted

to the format required by the state-space model, and fed into the state-space model.
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Table 3.3: Numerical values for state-space variables.

Variable | Value | Unit | Variable | Value | Unit
Vod 380 \Y Wh, 314 rad/s
Vog 0 Vv K, 1 —
lod 5.5 A K, 2.35 —
Tog 0.2 A K. 400 —
We 31.41 | rad/s K, 250 —
Cy 50 uk my 1x10™* —
Ly 13.5 mH Ng 2 x 1074 —
L. 3.4 mH F 0.004 —

As seen in (3.26), the two inputs to the inverter are the D — (@) voltage components whereas the

outputs are the D — () current components along with the frequency. For this mathematical

approximation, only one input and one output will be used. The D-component of the voltage

will be used as the input and the D-component of the current will be used as the output.

Since the state-space model comprises all the inputs and outputs, only the data relevant to

the input and output can be extracted. Therefore, the s-domain state-space model describing

the inverter is given by:

where

—0.0001
—31.41
0

0

0

0

0

0
0.00055

0

0.038
1740 0
| 1.10x10° 0.00055

OO O0OOOOO0O0O OO

0 0 0

0 0 0

—-3141 O 0

—-0.0002 O 0

0 0 0

—0.00038 0.5 O
0 0 05

—7.037 9259 O
0 0 9259

0 0 0

0 0 0

0 0 0

0 0 0

Ai] = A|az] + B | Aup]

[ e e XenNen i e R en]

2.96x10%
0

[N e Xe ]

O OoOOoCoCOoCO OO

2.96x10%
0

0
0
0

%mﬂzc@ﬁ,

0 0 0
0 0 172.8
0 0 6.282
0 0 -1
0 0 0
-1 0 -1.9
0 -1 0.0157
—1.85x104 0 —3.52x10%
0 —1.85e+04  290.7
1.33x10% 0 0
0 1.33x10% —314
0 0 289.9
0 0 0

29

0
6.282
—172.8
0
-1
—0.0157
-1.9
—290.7
—3.52x10%
314

0
0
289.9

0
1.19x10%
0
0
0
0.21
0
3889
0
—1.33x10%
0
8.698
—314

(3.29)

0
0
1.19x10%
0
0
0
0.21
0
3889
0
—1.33x10%
314

—8.698

(3.30)




T
B= [0 000000O0O0OO0 —28.9 0} , (3.31)

O=ﬁ500()0000()0001] (3.32)

The pole-zero plot of this state-space model is illustrated in figure 3.17. Since some of the
poles and zeros are close to the origin, figure 3.17 was magnified to ensure that there are no

poles on the right-hand side of the origin, which will indicate instability.
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Figure 3.17: Pole-zero map of inverter’s state-space model.

The magnified plot can be seen in figure 3.18. As seen, all the poles and zeros are on the
left-hand side, therefore, this state-space model of the inverter will be stable. The state-space
model is of 13" order of which the order of the system may be reduced, but it was not done in
this study. The reason being all the calculations were done in a MATLAB script, therefore, it
is not needed to reduce the order. There is also a risk that the reduction is not done correctly,
which may compromise the model, therefore, all the calculations were done with the original

state-space model.
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Figure 3.18: Magnified pole-zero plot of inverter’s state-space

model

The stability of the model can also be confirmed by means of the step response of the state-

space model. The step response was plotted in MATLAB with the step function, as seen in
figure 3.19.

0.8 [ [| H'\ f T

E.E'l

Amplitude

0.4 |

E.Z'I

0 002 o004 006 008 01 012 014 016 018 0.2
Time (seconds)

Figure 3.19: Step response of s-domain state-space model
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The step response of the state-space model in figure 3.19 confirms that the model is stable. The
settling time of the system is fast, which is supported by the fact that an inverter system has
low to no inertia.The aim is to approximate the Simulink model with the mathematical model;
thus, the s-domain state-space model must be transformed to the z-domain. The sampling
time of the Simulink model is 50 ps, therefore, the sampling time of the discrete state-space
model will have the same sampling time. The transformation was done in MATLAB using
the c2d function along with the tustin (Bilinear method) argument. Due to the size of the
discrete state-space model, it will not be displayed, but the step response will be compared to

the continuous-time step response to determine if the discrete system and continuous system

are the same. This comparison can be seen in figure 3.20.
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Figure 3.20: Discrete vs continuous step response of inverter

model

The step response in figure 3.20 confirms the fact that the discrete and continuous state-space
models are the same since the plots are the same. The steps of the discrete step response are

not visible due to the small step size of the 50 ps sampling time. The state-space model is

now in the correct format to compare to the Simulink model.
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3.6 Mathematical approximation of the Simulink model

The preceding sections described the process by which the state-space model of an inverter
was developed. This inverter model was then converted to the discrete domain, where the
Simulink model is also used; thus, the two models can now be compared to determine whether

or not the mathematical model is valid for the design of an adequate controller.

The input to the inverter is the D-component of the voltage, and the output is the D-
component of the output current. Therefore, a single inverter in the Simulink model was
isolated to simulate only a single inverter. The inverter model was adjusted such that only
the voltage are provided as an input and the current was measured at the output. The output
current was then converted to the dq0 reference frame before it was used in the comparison.
The abc to dq0 Simulink block was used to do the transformation. The D-component was
then isolated and plotted in figure 3.21.

Step response of inverter in Simulink
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Figure 3.21: Step response of inverter in Simulink

The voltage was increased from 200 V to 230 V to simulate the step response in the input.
The current was then normalised such that the maximum amplitude is 1, and plotted as seen
in figure 3.21. The settling time of the step response is fast, as expected with an inverter with
low to no inertia. The Fast Fourier Transform (FFT) was done on the output current, which

is shown in figure 3.22.
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Figure 3.22: FFT of output current

The FFT was done using the FF'T Analyser App in MATLAB on the output current obtained
from Simulink. The Total Harmonic Distortion (THD) of the signal was calculated to be
0.92%, which is quite low. There were also several harmonics detected around the fundamental
frequency (50 Hz) and the switching frequency (2.7 kHz), which may be the cause for the ripple
in output current [50]. The ripple in the output current may also be the result of an unbalanced

three phase system, as described in [50].

A comparison between the Simulink model and the mathematical state-space model can be
seen in figure 3.23. There is a difference between the two models at the start, but other than
that, the two models are similar. The steady-state amplitude for both models is the same
and both have the same settling time, which is more significant than the small deviation at
the start. Since this is an approximation from which the controller will be designed, it can be

assumed that this approximation is adequate for its purpose.
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Step Response of state space vs simulation
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Figure 3.23: Step response of mathematical state-space vs

Simulink model

3.7 Conclusion

This chapter described the entire modelling process of an inverter in an islanded microgrid.
The mathematical modelling, along with all the assumptions, was described and explained.
The numerical mathematical model was also compared to the Simulink model to ensure they

are representatives of each other before the controller design phase can commence.

Some challenges presented themselves throughout this chapter, for example, the ripple in the
output current. This ripple was assumed to be from switching harmonics in the inverter, as
supported by the FFT done on the output current waveform. The mathematical model and
Simulink model did also not match 100% due to some high-frequency elements, therefore, this

will have to be considered in the next chapters in which the controllers will be designed.

The numerical state-space model proved to be an adequate representative of the Simulink
model. This state-space model will be used in the next chapter where an adequate PI controller
will be designed for this state-space model. The designed controller will be implemented on

the Simulink model to control the output of the inverter within the acceptable range.
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Chapter 4

Digital PI controller design

This chapter details the design of a PI controller for an inverter in Simulink. The design
method, calculations, and implementation in Simulink are discussed in this chapter. The

chapter concludes with the verification of the PI controller.

4.1 Introduction

The mathematical state-space model was developed in the preceding chapter and will be used
in this chapter to design an adequate PI controller for the Simulink inverter. This chapter
starts with a trade-off between the phase-lead and phase-lag controller. Once the desired
controller is chosen, the controller is designed using the frequency response method to comply

with the predefined criteria.

The implementation of the PI controller in the Simulink model is discussed for both the
centralised and decentralised configuration. The overload detection that was added to the
model to compensate for the dynamic load is also discussed and explained. The chapter
concludes with the verification of the controller by comparing the compensated step responses

to the original step responses to determine if the prerequisites were satisfied.
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4.2 Design methods

The control of the inverters in the microgrid will be realised with a PI controller since it is
simple to implement, cost-effective, and not computationally expensive. This means that this
control system can be installed in almost any inverter due to its simplicity. The challenge,
however, is to find the optimal configuration for each application, otherwise, this simple control

system will not affect the stability of the inverters.

For clarification, it should be noted that the term “compensator” and “controller” are per
definition two different concepts. A compensator is used to modify the performance charac-
teristics of a system such that the required characteristics are obtained. A compensator is
therefore an additional component that is added to the control system to alter the performance
of the closed-loop system and compensate for the deficient performance [52]. A controller is
a control system component that will react to the input of an error signal. This error sig-
nal is obtained from the difference between the reference signal and the output signal. The

controller will then use the error signal to modify the system’s output [52].

4.2.1 Phase-lead compensator

There are two main types of compensators widely used, namely a phase-lag compensator, and
a phase-lead compensator. The phase-lead compensator is known for its positive phase that
it will add to the uncompensated system [52]. The transfer function of a typical phase-lead

compensator, as described by [52], is of the form:

B 1+ars

D(s) = 7o (4.1)

where a > 1. The bode plot for a phase-lead compensator can be seen in figure 4.1. The added
phase can clearly be observed in the bode plot, but it will also increase the high-frequency

gain of the system.
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The advantages and disadvantages of a phase-lead compensator are summarised in table 4.1

[53].
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Figure 4.1: Bode plot of a phase-lead compensator. From [52].

Table 4.1: Advantages and disadvantages of phase-lead com-

pensator

Advantages

Disadvantages

The stability margins of the system

are improved.

All the high-frequency noise in the
system will be amplified.

The high-frequency performance of
the system is also improved. This in-
cludes the response speed of the sys-

tem.

Due to the high-frequency gain, large
signals may be generated which can
damage the system and/or result in
the non-linear operation of the com-

pensated system.
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4.2.2 Phase-lag compensator

The phase-lag compensator is the opposite of the phase-lead compensator. The phase-lag
compensator has a negative phase angle that it will subtract from the phase of the uncom-
pensated system. The transfer function of the phase-lag compensator can be expressed as

[52]
14+ 7s

D(s) = (4.2)

 1+ars’

where a > 1. The bode plot of the phase-lag compensator can be seen in figure 4.2. The phase
is subtracted, which is the opposite of figure 4.1, while the gain of the system is reduced, which

may result in a lower crossover frequency.
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Figure 4.2: Bode plot of a phase-lag compensator. From [52].

Similar to the phase-lead compensator, the advantages and disadvantages of the phase-lag

compensator are summarised in table 4.2 [53].
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Table 4.2: Advantages and disadvantages of phase-lead com-

pensator

Advantages Disadvantages

The low-frequency characteristics of | The reduced bandwidth can become
the system are maintained or im- | anissue in certain systems since it will

proved. slow the system’s response.

The stability margins of the system | The system transient response will

are also improved. gain one slow term.

The high-frequency elements are re- | There may exist some numerical chal-
moved, which means that the band- | lenges with filter coefficients.

width of the system is reduced. This
may be an advantage in many appli-

cations.

4.2.3 Controller trade-off

Because the PI controller and the phase-lag compensator are essentially the same [52], a PI
controller was chosen to be the controller that will be implemented on the inverters in the
microgrid. As seen in figure 3.23, the step response of the inverter does contain high-frequency
elements and it is known that the lack of inertia in inverters is one of the main causes of
instability. Therefore, if a PI controller was to be used, the high-frequency elements will be
removed while the bandwidth of the system will be reduced, which will slow the system’s
response. This can add a small amount of inertia to the inverter while maintaining stability

[54].

4.3 Design methodology

There are two popular design methods which can be used to obtain an adequate controller
for a system, namely the frequency-response design technique (also known as the bode-plot

technique), and the root locus technique [53].
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The root locus method will allow the addition of poles and zeros to the characteristic equation
of the system by means of the controller. This will allow the placement of the poles and zeros
of the system in a more appropriate location in the z-domain for the specific application.

Consider a characteristic equation of a system to be

14+ KD(2)G(z) =0, (4.3)

where K is the gain that is to be varied. If the value of K varies, the root locus of the system
will change which will allow for the poles and zeros of the system to move to the desired
location [53]. The downside of this is that the exact location of the altered poles and zeros

should be known in order to compensate for certain disturbances.

4.3.1 Frequency response

The design of the PI controller in this study will be done utilising the bode-plot technique.
The reason for this is that the bandwidth and high-frequency elements of a 13th order system
can be more easily controlled, whereas designing a controller for a 13th order system using
the root locus method can become extremely complex. [55]. The frequency response of the

state space model of the inverter, as expressed in (3.29), can be seen in figure 4.3.

Bode diagram of inverter
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Figure 4.3: Bode diagram of the state-space model of an in-

verter.
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The inverter does not have a high low-frequency gain, as seen in figure 4.3, but the system does
contain some high-frequency elements which are not excessively attenuated. The bandwidth
of the inverter is 431.63 rad/s (obtained from figure 4.3), which can be converter to Hertz
using:

43163

2 (4.4)
= 68.69 Hz.

fbw

Considering the step response in figure 3.23, the rise time of the state-space model is

tyss = 5.3 ms. (4.5)

Since the step responses of the state-space model and the Simulink model are similar, it can
be assumed that the rise time for the Simulink would also be close to 5.3 ms. Therefore, the
bandwidth of the system can be calculated using the relationship between the bandwidth and

the rise time. The relationship is presented in [56] to be

035

tr ;
BW

(4.6)

where ¢, and BW represent the rise time and bandwidth respectively. Thus, the bandwidth

of the system can be calculated using this relationship,

035

2frss (47)
= 66.04 Hz.

BW

This can be used as another verification that the state-space model is a representation of the
Simulink model since the bandwidth calculated from the state-space model (bode plot) and
the Simulink model (step response) are the same. According to [57], the bandwidth of the
system should be less than 1/10 of the switching frequency (which is 2.7 kHz) to mitigate
some of the switching harmonics. The bandwidth of the Simulink inverter is calculated to be
66 Hz, which is well below the threshold, therefore, the harmonics should be mitigated. As

seen in figures 3.21 and 3.22, the harmonics in the system are low, but not totally mitigated.
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4.3.2 Design criteria

In the preceding sections, it was decided that the PI controller would be used to control the
inverter in the microgrid. The bandwidth of the system was also calculated, which will be

used in this section to design the controller.

Inner loop

Outer loop

Figure 4.4: Cascaded control loops. Adapted from [52].

Consider the concept of cascaded control depicted in figure 4.4. This is the control setup
for the inverters in this study; Dy(z) is the internal controller of the inverter G(z) which is
embedded in the state-space model of the inverter. D;(z) is the external controller which is
designed in this chapter. Since only the external controller has to be developed, the bandwidth
of the inner controller can be used to determine the design parameters for the outer controller.

Therefore, the bandwidth of the outer controller should be:

(4.8)

where BW;,, and BW,,; is the bandwidth of the inner controller and outer controller respec-
tively [57]. By satisfying (4.8), the dual loop in the system can be decoupled, potentially
simplifying the entire control structure [57]. The bandwidth of the inner control loop in the
inverter (BWj,) was calculated to be 66.04Hz, therefore, according to (4.8), the bandwidth

for the outer controller should be

1.32 Hz < BW,,; <6.61 Hz. (4.9)

If the controller is designed in such a way that it satisfies (4.9), the system should be stable
with slightly more inertia, which will mitigate high-frequency elements and reduce the Rate

of Change of Frequency (ROCOF) [54].
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4.3.3 Bilinear transformation

The Bilinear transformation that was used in section 3.5 will be used for the design of the
digital controller. From [53] it is known that the Bode technique is based on the property
that the stability boundary in the s-domain is the imaginary axis, but in the z-domain, the
boundary is the unit circle. Therefore, by applying the bilinear transformation, the unit circle

in the z-domain can be transformed to the imaginary axis in the w-plane.

The bilinear transformation is described by [53] as

2z—1

— 4.10
v Tz+1’ ( )

where T is the sampling frequency. The transformation is realised by

2z2—1
W= —
Tz+1,—ger
2T -1
T ewT 4

2 gij/2 - g_jWT/Q

(4.11)

T T ciwT/2 { g—jwT)2
2 ) w
= j—tan —.
I
The mapping from the z-plane to the w-plane is illustrated in figure 4.5. This transformation

was done prior to the design of the controller to ensure working in the correct plane. This

transformation was also done by means of the c2d MATLAB function and not by hand.
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Figure 4.5: Mapping from the z-plane to the w-plane. From
[53].

4.3.4 PI controller design

The design of the PI controller will be done in the w-plane, as discussed in the preceding

section. The transfer function of a PID controller is given by [53]
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K
D(w) = Kp + ?I + Kpu, (4.12)

where the Kp element is set to 0 for a PI controller. The frequency response of the PI

controller is provided by [53]:

K

D(jww) = Kp + j(Kpwy — —)
W (4.13)
= |D(jww)|5j0‘
The design aims to choose D(w) such that
D(jwi1)G (jwwr) = 1/(—180° + ¢p), (4.14)

at chosen frequency w,,;. Therefore, from (4.13) and (4.14)

0 = —180° + Gy — LG (jwur), (4.15)

where ¢, represents the phase margin. The design equations for the PID controller can now

be written as [53]:

cos @
Kp = |D(jwy1)| cos) = ————,
e
(4.16)
K[ sin 6

Kpwyr — = g .
Pt = T G Gwan)]

By equating the real and imaginary elements of the design equations, (4.16) will become [53]:

Kpw?,(2/T) cos 6
K + w — - y 417
PR e, [Glwa)] (4.17)

and

Kwa1<2/T)2 _ K] . sin 6
/TP +wi  wur |Gwwn)|

(4.18)
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For calculating the constants for a PI controller, the D-component will be set to 0, therefore,

(4.17) and (4.18) can be used to calculate the Kp and K; components directly:

cos
Kp=—"' 4.19
P = 16wl (4.19)
and
W1 Sin 0
Ki=——1774——. 4.20
"= T GG (4:20)

All of the equations are now defined, allowing the controller design to proceed. To design this
PI controller, there are two inputs required for the design process, namely the frequency (wy)
of the controller, and the desired phase margin (¢,,). The frequency (w,1) is the frequency

(in rad/s) at which the desired phase margin is obtained.

The process described above can be iterative since there are better combinations for phase
margin and frequency than others, therefore, an algorithm was programmed into a MATLAB
script which will calculate PI controllers for a given range of frequencies and phase margins.
As per (4.9), the bandwidth of the system should be less than 6.61Hz, but more than 1.32Hz,

therefore, these frequencies were converted to rad/s and used as the input frequency range:

8.29 rad/s < BW,,; < 41.53 rad/s. (4.21)

It should be noted that the bandwidth frequency indicates the frequency at the —3dB point
whereas w,, refers to the point at which the gain is equal to 0 dB. The 0 dB point is the point
on the bode plot at which the phase margin is located, therefore, this range will not be 100%

accurate, but it is a good starting point.

The algorithm that was used can be seen in figure 4.6. This algorithm was implemented in
a MATLAB script in which possible options for controllers were calculated. The algorithm
started by reading the ranges for the frequency (F) and phase margin (PM) from the MATLAB
workspace. Frequency and phase margin local variables will then be created and set to the
first value in the frequency and phase margin range. Once the local variables are set, they

will be compared to the range’s end values to ensure they are still in range.
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Figure 4.6: Algorithm being used for PI controller design.
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Once it is confirmed that the phase margin and frequency values are still in range, the cal-
culation of the PI controller will commence. This is done by calculating the Kp and K
constants as discussed earlier in this section. Once the constants are known, the controller
D(z) is obtained which will be applied to the discrete state-space model of the inverter G(z).
The closed loop system of the compensated inverter C'(z) is then obtained by means of the

feedback function in MATLAB. The feedback is assumed to be unity in this design.

The step response of the closed-loop system C/(z) is then obtained by means of the step
function in MATLAB. The rise time and settling time data is then extracted from the step
response using the stepinfo function. The settling time and rise time are then compared to the
predefined thresholds to ensure the controller performs to specification. If the step response
output data does not satisfy the requirements, the algorithm returns to the start, increments
the phase margin and frequency, and repeats the entire process. If the step response output
data does satisfy the requirements, the Kp and K; values are added to a local buffer and the
algorithm returns to the start for the next iteration. The data is stored in a local buffer to

avoid having to write continuously to the .csv file.

This process will continue for all the values in the frequency and phase margin range. Once
all the iterations have been done (the frequency and phase margin are out of range), the
algorithm will break the iterative loop and write the buffer data to a .csv file. This is done by
means of the writecell function in MATLAB. The output .csv file will contain all the possible

controllers along with the corresponding phase margin, frequency, settling time, and rise time.

This algorithm will not provide the best controller, but it will provide possible controllers
within the specified ranges which can be tested in different scenarios to determine which
controller is the best for the inverter in the Simulink model. From the algorithm in figure 4.6,
the best controller was chosen to be at the frequency and phase margin summarised in table

4.3.

Table 4.3: Design parameters for the digital PI controller

Parameter Value Unit
Frequency 11 radians/second
Phase margin 80 Degrees
Sampling time 50 x 107¢ seconds
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By utilising the before-mentioned design equations, the PI controller can be designed with the
known frequency and phase margin. The gain and phase of the discrete state-space model at

a frequency of 11 rad/s are:

Gjwat) = G(j11)
= 0.9431/(—7.9672).

(4.22)

The phase is then calculated in degrees as well as in radians, which will be used in the

calculation of Kp and K;:

6 = 180 + 86 — (—7.9672)
— _86.0328° (4.23)
= —1.5016 radians.

The Kp and K values can now be calculated as:

cos(—1.5016)
Kp = SO 2000)
0.9431 (4.24)

= 0.0734,

and

—sin(—1.501
K1:11< sin(—1.50 6))

0.9431 (4'25)

= 11.6354.

With the known controller gains and the sampling frequency of 50 ps, the transfer function

of the PI controller can be presented by [53]:

D<z>:Kp+KIZ[Z“] +KD[Z_1]

21z—-1 Tz
50 |
= 0.0734 + 11.6354( 2"5) {z + J 40 (4.26)
Z —

B 0.0734z — 0.0731
N z—1 '

This PI controller was implemented in MATLAB using the feedback function with unity feed-
back which produced the output in figure 4.7.
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Uncompensated vs Compensated Step Response
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Figure 4.7: Uncompensated vs compensated step response of

the discrete state-space model.

The compensated step response does not contain the same high-frequency elements that are
present in the uncompensated state-space model. A complete analysis of the compensated
step response will be done in section 4.5. The following section will detail the implementation

of control in Simulink.

4.4 Controller implementation in Simulink

This section will describe how the control systems were implemented in the Simulink model.
The centralised and decentralised control implementations are similar, but both will be dis-

cussed in this section.
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Figure 4.8: Illustration of the measurements taken for the

different control techniques.

Figure 4.8 illustrates the locations in the Simulink where the measurements for the centralised
and decentralised controller will be made. The centralised controller will only consider the
measurements at the PCC (at the load) whereas the decentralised controller will consider the

output of each inverter. The measurements in the following sections will refer to figure 4.8.

4.4.1 Centralised control implementation

The concept of the centralised controller implementation in this study can be seen in figure
4.9. Each of the three coloured blocks represents the three inverters in the Simulink model.
As seen, the inverters already contain their internal control loops for the voltage and current.
The outer control loop is the same controller that has been designed in this chapter. These

internal control loops are the reason for the cascaded control system.

This implementation is simple in the sense that one PI controller will manipulate the control
signals for multiple inverters. This may not be the best solution, but it is cost-effective and
robust, which is a factor that is not necessarily present with more complex control techniques.
The measurements for the PI controller are done at the PCC, or the load as seen in figure
4.8. These measurements are then compared to the reference inputs to obtain the error signal

from which the adjustments will be made.
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Figure 4.9: Block diagram of centralised control implementa-

tion.

The entire microgrid in figure 4.9 is controlled with one PI controller which will provide the
same control signal for all the inverters in the microgrid. This will not allow the control system
to control individual inverters, but it will control the entire system while all the inverters are
connected to the microgrid. This was chosen based on the assumption that multiple inverters
connected in parallel will behave the same as a single inverter. This assumption is supported

by the step response in figure 4.10.
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Step response of single inverter vs all inverters
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Figure 4.10: Step response of a single inverter vs multiple

inverters

Figure 4.10 depicts the step response of a single inverter, many inverters (all of which are
connected to the microgrid), and the step response of the state-space model. To accomplish
the step response of many inverters, the control system was removed from the microgrid in the
Simulink model and the step response was performed. The difference between this method
and the single inverter method is that the measurement was performed at the PCC rather

than at the output of a single inverter.

The single inverter and multiple inverter step responses differ somewhat at the start, but
this is neglectable because the rest of the step response is nearly identical. Except for the
start, both step responses are nearly identical to the state-space model. As a result, it can
be assumed that the same controller will be able to control both a single inverter and the

complete system.
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Figure 4.11: Centralised control implementation in the

Simulink model

The block diagram shown in figure 4.11 represents the centralised controller for the microgrid.
The V). label on the left-hand side of the block diagram is the voltage input to the control
system. This is the only input since the voltage magnitude and frequency can be obtained from
the waveform. These values are then fed to the PI controller which calculates the compensated
reference values for the voltage and frequency for the inverters. The output of the PI controller
is the voltage V,.s and frequency F,.s reference values respectively, which are the inputs to

the inverters.

All inverters in the microgrid receive the same voltage and frequency input values under this
control system. As a result, if only a single inverter is affected by a disturbance, some inverters

may be unable to maintain stability which may jeopardise the stability of the entire system.

4.4.2 Decentralised control implementation

The concept of decentralised control is illustrated in figure 4.12. As in figure 4.9, the coloured
blocks represent the inverters in the microgrid, each with its own internal control system. The
decentralised control technique is also considered cascaded control with the inner and outer

control loop of each inverter.
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Figure 4.12: Block diagram of decentralised control implemen-

tation.

The implementation is also with PI controllers, which will maintain the simplicity of the control
system. As seen in figure 4.12, the measurements for the control system are obtained from
the output of each inverter. This will result in each inverter being controlled independently

from the other, which may increase the stability of each inverter.

Inverter 1 F Ref Invi_F_REF
Inverter 1V Ref Inv1_V_REF

Invi_Voltage Inverter 1 Voltage Inverter 1 PI

Figure 4.13: Decentralised control system of a single inverter

The block diagram in figure 4.13 illustrates the way in which the decentralised control system
for a single inverter is implemented in the Simulink model. The output voltage of the inverter
is the only input to the control system whereas the voltage and frequency reference values are

the outputs.
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Block Parameters: Subsystem3

Inverter 1 PI Control {mask)

Frequency

Frequency Saturation Limits (Hz): [Upper Lower]

|[51 49]

Proportional Gain (Kp) |0.0734

Integral Gain (Ki) |11.6354

Voltage

Voltage Saturation Limits (V): [Upper Lower}

|[260 200]

Proportional Gain (Kp) |0.0734

Integral Gain (Ki) |11.6354

Sampling Time

Ts |Ts

a single inverter.

The block parameters seen in figure 4.14 illustrate the different inputs that will define the
decentralised controller for this specific inverter. The voltage and frequency saturation limits
are used in the anti-windup to ensure the values are within a realistic range and to prevent
the controller from malfunction due to too large values. The proportional and integral gains

are also entered which will be used in the PI controller. The last parameter is the sampling

Figure 4.14: Input options of the decentralised controller for

time which is also used in the PI controller.
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Figure 4.15: Decentralised control implementation for a single

inverter.
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When the mask in figure 4.13 is opened, the block diagram in figure 4.15 is revealed. The
control loop is similar to the centralised controller since the inverter output voltage is the only
input and the voltage and frequency reference values are the outputs. The control system
for each inverter is the same, but the control signals to the inverters are the only elements
that are not identical to each other. This control implementation allows for the control of
each inverter independently, which will perform better if a disturbance only affects a single

inverter.

4.4.3 Overload detection

The control system should be able to ensure microgrid stability in the face of significant load
variations. As a result, an overload detection system was also included in the Simulink model.
This was done to allow the microgrid to operate with the fewest number of inverters possible

while still having the ability to add inverters if necessary.

N

Overload

5

Power (kW)

4

Normal

L 4

Figure 4.16: Inverter overload detection concept.
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The concept of overload detection is illustrated in figure 4.16. The graph is the total power
consumed if only one inverter is connected to the microgrid with a capacity of 5kVA, as
implemented in the Simulink model. Once the load is connected (t=0), the load settles with
a power consumption which is less than 4kW. A significant increase in the load is observed at
t=3, which drives the load’s power consumption above 5kW. If this happens, the system will
become unstable since the single inverter does not have the capacity to supply the demanded
power, therefore, the load should either be reduced or the capacity of the microgrid should be

increased.

In this study, the load is not reduced to fit the capacity, the capacity of the microgrid is
increased to fit the demand. Thus, as the microgrid’s circumstances change, inverters should
be added dynamically. The inverse is also true; if the load decreases to below the threshold,

the added inverters will be removed as they are not needed anymore.

To realise this concept in the Simulink model, a threshold of 4 kW was defined, as seen in
figure 4.16. This would imply that an inverter will be added if the demand exceeds 4 kW, even
though a single 5 kW inverter is capable of meeting the demand. This band between 4 kW
and 5 kW is known as the Upper Limit, and it serves as a buffer. If this buffer is removed
and the demand is at 4.5 kW, any slight rise in load may create instability (exceeds 5 kW);
however, if another inverter at 4 kW is added, the overall capacity is increased to 10 kW,

which should be enough to compensate for any load changes.

»(_ 1
P Inverter Toggle
threshold
out ¥ sia
buffer switch_Inv2
®—. ydl 4 inv2_Droop_out
simTyd Drp_Cntrl Inverter 1+2 Droop control
Droop_Delay_Inv2 '—» delay

Delay_After_Start

Figure 4.17: Implementation of the overload detection concept

in Simulink

The implementation of this concept in figure 4.16 in Simulink can be seen in figure 4.17. The
left-hand side of the implementation is not been included since it only consists of voltage and

frequency measurements.
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Once the power is obtained from the measurements, it is passed through a product block in
Simulink, which will either multiply the power by 1 (allowing the power to be seen by the
rest of the block diagram) or by 0, which will “disable” the power in the block diagram.
The Delay_After_Start variable is obtained from the input parameters in figure 4.18, which is
compared to the simulation time in order to provide the 1 or 0 to the product block. The
purpose of this is to “disable” the overload detection for the first second to ensure inverters

are not added due to startup spikes observed in the system.

Block Parameters: Subsystermn?2 X
Inverter 2 switcing and inverter 1+2 droop control (mask)

This block will control the switch of the second inverter and the
droop control for the first and second inverter. It will monitor the
output power of the first inverter and if it is more than the specified
threshold, the second inverter will be enabled while the droop contrel
will be enabled a short while after.

Parameters

Thresheld before second inverter is enabled (kW)
|4000 IE

Time delay after sim has started (s)
1 [E

Delay before droop control is enabled (s)
|0.01 IE

Buffer (kW)
| 1000 IE

Cancel Help Apply

Figure 4.18: Input parameters to the overload detection con-

trol block in Simulink.

The power in figure 4.17 is then fed the first MATLAB Function block that contains the
software for the overload detection. The values for the Threshold_Inv2 and Invi_2_buffer
variables are also obtained from the input parameters in figure 4.18. The Threshold_Inv2
variable represents the size of the Normal region in figure 4.16, while the Inv1_2_buffer variable
is the size of the Upper Limit region. The internal software will then compare the input power
to the threshold and if the power is within the normal range, the output will be 0 which will
not include an additional inverter. If the input power exceeds the threshold, the output would

be changed to 1, which will enable the three-phase circuit breakers in figure 3.3 to add an

additional inverter.
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If the required power is reduced to less than the threshold, the software will also disable the
extra inverter. This is performed by comparing the input power to the threshold and removing
the extra inverter if the threshold is crossed. The only difference between adding and removing
inverters is the time delay attached to the removal. When the threshold is crossed and the
inverter should be removed, the software will postpone this process for a short period of time
to guarantee that the detection was not false, indicating a drop in the necessary power. If the
software removes one inverter due to false detection, the system will become unstable because
the load is still above the capability of one inverter, and the inverter will have to be added
again. The addition and removal of an inverter in such a short period of time generate a large

disturbance, which is enough to jeopardise the microgrid’s stability.

The droop control is controlled in the second MATLAB Function block in figure 4.17 by
providing the enable/disable signal to each inverter for the internal droop control system.
This is performed by monitoring the output signal of the first block that will add or remove
an inverter; once the signal to add an inverter is active, the droop control is deactivated for
a short time before it is enabled. The disturbance introduced when inverters are added is
significant, but by disabling the droop control for a short period of time, the disturbance can
be reduced. This does not affect the load sharing performance of the system, which will be

discussed in chapter 5.

This overload detection is used with both the centralised and decentralised controller should
the application be to add inverters dynamically. If all the inverters are connected all the time,

the overload detection will be removed. This will also be discussed in chapter 5.

4.5 PI controller verification

This section will verify that the PI controller designed in the preceding sections is operating to
specification. Before proceeding to validation in Chapter 5, the controller will be evaluated on

the mathematical state-space model and the Simulink model to ensure adequate performance.

The compensated step response of the state-space model can be seen in figure 4.7. The
PI controller was implemented on the same Simulink model that was used to obtain the
uncompensated step responses of a single inverter. The step response was performed to
analyse the effect of the controller in the simulation model. The output of the step response

can be seen in figure 4.19.
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Compensated vs uncompensated step response of simulation
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Figure 4.19: Uncompensated vs compensated step response of

Simulink model.

The response in figure 4.19 is what is expected since the compensated output seems to have a
lower bandwidth, which was part of the design requirements. The high-frequency elements at
the start of the step response are also removed. The comparison between figure 4.7 and 4.19

can be seen in figure 4.20.

Summary of step responses of the state space vs simulation
1.2 . . . : ; . ; : :

Simulink
State-Space

Pl Simulink

Pl State-Space

0§

Amplitude
= =
= =

<
.

0.2

D 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (s)

Figure 4.20: Comparison between the compensated and com-

pensated responses for the state-space and Simulink models.
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The step responses of the compensated and uncompensated state-space and Simulink models
in figure 4.20 are confirmation that the mathematical approximation was successful. The
responses of the state-space and Simulink are identical, which concludes that the state-space

is a mathematical representative model of the Simulink model.

The design criteria in section 4.3.2 stated that the bandwidth of the system should be between
1.32 Hz and 6.61 Hz (see (4.9)). To ensure that the controller is accurate, compute the band-

width of the compensated controllers to see if the controller meets the design requirements.

From figure 4.20, the rise time for the compensated system was calculated using the stepinfo
function in MATLAB. Since the Simulink and state-space models are almost identical, only

the rise time of the state-space model was calculated to be

t, = 185.2 ms. (4.27)

By using (4.6), the bandwidth of the system can be calculated as

035
1852 ms (4.28)
= 1.89 Hz.

BW

The frequency response of the compensated and uncompensated system can be seen in figure

4.21. The bandwidth for the compensated system calculated from the frequency response is

1494 rad/s

2 (4.29)
= 2.37 Hz.

fbw
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Figure 4.21: Bode plot of both the compensated and uncom-

pensated state-space model.
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The small deviation between the bandwidth calculated from the step response and frequency

response is neglectable small since both are still within the design requirements. The phase

margin of the system was also extracted from the frequency response in MATLAB, and doc-

umented in table 4.4.

Table 4.4: Summary of the phase margins of the two systems

compared to the design requirement.

Phase margin of the systems
System Phase Margin | Frequency
Design requirement 86° 11 rad/s
Compensated 86° 11 rad/s
Uncompensated 77° 363 rad/s

A summary of the controller’s bandwidth performance can be seen in table 4.5.
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Table 4.5: Summary of the controller’s performance for the

compensated and uncompensated systems.

Summary of controller’s performance
Parameter Compensated | Uncompensated
Rise Time 185.20 ms 5.30 ms
Bandwidth (Step response) 1.89 Hz 66.04 Hz
Bandwidth (Frequency response) 2.37 Hz 68.69 Hz
Design Requirement 1.32 Hz - 6.61 Hz -

The bandwidth for the compensated system is within the design requirements, even with the
small deviation between the step response and the frequency response. The phase margin
requirement is also satisfied by the PI controller, therefore, since the controller performs to
specification, it can be confirmed that this controller should be able to maintain a microgrid

in stability.

4.6 Conclusion

This chapter depicted the control of the PI controller for the inverter in Simulink. The PI
controller was chosen to be the best suited for this application after which some design criteria
were documented. The frequency response design method was chosen to be the best since the

bandwidth of the system was one of the prerequisites.

Once the controller was designed, the implementation of the controller in Simulink was dis-
cussed along with the implementation of the overload detection. This overload detection will
add and/or remove inverters based on the demand of the load. The ripple in the output cur-
rent was due to the harmonics in the system, but it can be neglected. During the verification
of the control system, it became clear that the state-space model and the Simulink model
have the same dynamics for the compensated and uncompensated systems. The bandwidth

for the compensated systems was also calculated to be within the prerequisites.
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Chapter 5

Controller evaluation

This chapter will detail the experimental design that was used to determine the performance of
each controller. Different scenarios are developed in which the performance of each controller

will be measured to finally find the best controller for each application/scenario.

5.1 Introduction

This chapter begins with an experimental design that will outline the approach for testing
the control system designed in Chapter 4. The experimental design will explain the various
scenarios that will be implemented in Simulink, as well as the desired outcomes for each
scenario. The scenarios are developed in such a way that the system will be tested under

extreme conditions in order to assess the robustness of the control system.

Thereafter, the results of the different scenarios are analysed. The challenges for each dis-
turbance are discussed and the comparison between the different microgrid configurations is
examined to determine which configuration performed the best after being subjected to a

certain environment.

This chapter concludes with a discussion of the results. In the discussion, all the scenarios are
compared to determine in which environment each controller will perform the best. Recom-
mendations are also provided for the optimal operation of a microgrid which is subjected to

unforeseen circumstances.
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5.2 Experimental design

This section will describe the experimental design that was followed to create the different

scenarios in which the stability of the microgrid was tested.

5.2.1 Purpose

The purpose of this experiment is to determine the system’s voltage and frequency sensitivity
with and without an integrated controller. This data will then be utilised to assess which

control philosophy is best for a given configuration.

5.2.2 Hypothesis

The disturbance caused by the interaction between the different inverters (DERs) has a larger
impact on the system’s stability than fluctuations in load. Thus, the decentralised controller
will be the best choice when considering an application where DERs must be added and/or

removed.

5.2.3 Measurements to be captured

The following measurements should be obtained from each of the scenarios:

e For the system as a whole:
« Output voltage of the entire system (measured at the PCC).
« Output frequency of the entire system (measured at the PCC).
x Output active and reactive power for the system as a whole.
e For each inverter:
x Output voltage.
x Output frequency.

* Droop control.
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e For the control comparison:
x Error signals for all the control techniques.
« Integral Squared Error (ISE) for each controller.
* Integral Absolute Error (IAE) for each controller.

5.2.4 Variables to be changed in each scenario

The following variables will be altered to create different scenarios in which the system can

be tested:

e Control philosophy (decentralised/centralised /no-control).
e Amount of inverters connected to the microgrid at any given time.
e The magnitude of the load connected to the microgrid. The magnitude can be varied at

any given time.

5.2.5 Disturbances to be introduced

The different types of disturbances that will be introduced into the system are:

e Variation in load (abrupt changes in the magnitude of the load).

e Inverter addition and removal in the microgrid.

5.2.6 Experimental scenarios

These scenarios will test the system’s ability to mitigate the disturbances mentioned in section
5.2.5. The output of each scenario will be evaluated to determine the sensitivity of the system
and the performance of each controller. Each scenario will be performed three times with three
different control configurations; no-control, centralised control, and decentralised control. The
no-control scenario will be used as the benchmark against which the other control systems are

measured.
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5.2.7 Scenarios 1-3: Interaction between inverters

Scenarios 1, 2, and 3 comprise the no-control, centralised control, and decentralised control
respectively. In this scenario, the only disturbance given to the system will be the change in
the number of inverters connected to the system. The total number of inverters connected to
the system will be changed at specified times to evaluate the system’s response to this type
of disturbance. The load will be fixed at 3 kW to ensure that only one inverter will be able

to supply the load and to ensure the load does not affect the outcome of these scenarios.
These scenarios aim to:

e Determine the impact of a change in system configuration on overall system stability.
e Analyse the effect of each controller on the stability of the system in contrast to the

no-control system.

5.2.8 Scenarios 4-6: Load changes on maximum-capacity microgrid

Scenarios 4, 5, and 6 comprise the no-control, centralised control, and decentralised control
respectively. In this scenario, the only disturbance provided to the system will be the variations
in the load’s magnitude. All of the inverters will be connected to the system simultaneously
(i.e. maximum system capacity) after which the magnitude of the load is increased and

decreased over time.
These scenarios aim to:

e Determine the impact of a change in system load on overall system stability.
e Analyse the effect of each controller on the stability of the system in contrast to the

no-control system.
5.2.9 Scenarios 7-9: Disturbances introduced to dynamically con-
trolled system

Scenarios 7, 8, and 9 comprise the no-control, centralised control, and decentralised control
respectively. Only one inverter will be connected to the microgrid in these scenarios, with a

load that is within the capacity of a single inverter.
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The load will then be increased to the point that it exceeds the capacity of a single inverter, at

which point the dynamic control system will have to add more inverters to meet the demand.

This is considered the “worst case” scenario since both disturbances will be introduced into
the system and must be managed by the control system. Given these disturbances, it will
be assessed whether the control methodologies are adequate to ensure voltage- and frequency

stability.
These scenarios aim to:

e Determine how both of these disturbances affect the overall stability of the microgrid.
e Analyse the effect of each controller on the stability of the system in contrast to the

no-control system.

5.3 Results

The outcomes of the various scenarios outlined in section 5.2 will be discussed in this section.
The advantages and disadvantages of each scenario will be examined, and the various control

systems will be compared.

For all the scenarios in this section, a separate Simulink model was created and the out-
put measurements were passed to the MATLAB workspace with the to Workspace block in
Simulink. All die calculations and graphs presented in this section were done in a MATLAB
script. The simulations will be referred to as scenarios throughout the rest of this section, as

seen in table 5.1.
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Table 5.1: Description of each scenario’s simulation

Scenarios | Simulation description

Scenario 1 Interaction between inverters with no control.

Scenario 2 Interaction between inverters with centralised control.

Scenario 3 Interaction between inverters with decentralised control.

Scenario 4 | Load changes with no control.

Scenario 5 | Load changes with centralised control.

Scenario 6 | Load changes with decentralised control.

Scenario 7 “Worst case” circumstances with no control.
Scenario 8 “Worst case” circumstances with centralised control.
Scenario 9 “Worst case” circumstances with decentralised control.

Some results are not presented in this chapter due to their relevance, but all outstanding

results may be found in Appendix B.

5.3.1 Interaction between inverters

The different scenarios for the interaction between the inverters will be discussed in separate
sections, each with its own discussion. A comparison between the three scenarios is done at

the end of this section.

Table 5.2: Summary of events in scenarios 1-3

Time (s) Event Inverters connected
0 Simulation starts 1
4 Inverter is added 2
8 Inverter is added 3
12 Inverter is removed 2
16 Inverter is removed 1
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The simulations performed in scenarios 1-3 are according to the events in table 5.2. The load
will remain at 3 kW for the entire simulation, but the number of inverters connected to the

microgrid will be changed.

Scenario 1 vs 2 vs 3 PCC Voltage
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Figure 5.1: PCC voltage comparison for scenarios 1-3.

The output voltage for scenarios 1, 2, and 3 can be seen in figure 5.1. There is a spike in
output voltage for scenarios 2 and 3, which is due to the compensation of the centralised and
decentralised control systems. The no-control system (scenario 1) does not have the spike
observed in the other scenarios, which indicates the lack of control in this case. Once the
first inverter is added at ¢t = 4, there exists a voltage spike for all the scenarios. This spike is
the result of the introduced disturbance from the added inverter. The system does, however,
returns to steady state despite the disturbance, but the centralised and decentralised system
do ensure that steady state is reached faster, which indicates the significance of an external

control system.

Once the second inverter is added to the microgrid, the bus voltage collapses. Voltage collapse
is defined by [58] as the process by which the string of events that coincide with voltage
instability leads to abnormally low voltages in a large part of the microgrid. The voltage
is abnormally low for scenarios 1 and 2 during the time frame for which three inverters are
connected to the microgrid. This voltage collapse is associated with voltage instability, as
discussed in section 2.4.3. As soon as the third inverter is removed (¢ = 12), the voltage

returns to a stable reading of 230 V.
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Scenario 1 vs 2 vs 3 PCC Frequency
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Figure 5.2: PCC frequency comparison for scenarios 1-3.

The frequency output for scenarios 1-3 can be seen in figure 5.2. The frequency for scenarios
2 and 3 is 50 Hz from the simulation started, which is the result of the centralised and
decentralised controller respectively. The frequency for scenario 1 is not 50 Hz for the entire
simulation since it varies around 50 Hz. This is the result of no control in scenario 1, which

illustrates the need for an external control system.

All the scenarios are considered stable despite the first disturbance, but scenarios 1 and 2
become unstable when the second inverter is added. The frequency oscillations and voltage
collapse are due to the same disturbance in the system. The instability in the microgrid
is due to the synchronisation of the frequency between the inverters. Figure B.1 and B.2
shows the output frequency for each inverter in scenario 1 and 2 respectively. As seen, the
frequency of each inverter is different when an extra inverter is added, meaning that the added
inverter should synchronise with the bus frequency. This introduces an extra disturbance into
the system, meaning that the microgrid should mitigate the disturbance from the interaction

between the inverters and the disturbance of synchronisation.

If only two inverters are to be connected, the system can manage the disturbance, but as
soon as three or more inverters are to be connected, instability will occur. The decentralised
system’s inverters are in sync before they are added, which removes the extra disturbance,
therefore, more than two inverters can be added without compromising the stability of the

microgrid.
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Scenario 2 Droop Control
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(a) Scenario 2 load sharing output (b) Scenario 3 load sharing output

Figure 5.3: Load sharing output from scenarios 2 and 3.

The load sharing of the centralised (scenario 2) and decentralised (scenario 3) is depicted in
figure 5.3. The load-sharing capabilities of the centralised controller are better than that of
the decentralised controller, as seen in the output. The centralised controller shared the load
ideally between the two inverters when the second inverter was added. The voltage collapse

caused the power-sharing also to collapse during the time the third inverter was connected.

Once the second inverter is added, there is load sharing amongst the inverters in scenario 3, but
it proved to be less effective than in scenario 2. Since each droop controller is independent of
the other, the droop controller is dependent on the reference input to the inverter from which
the droop output will be calculated. In the centralised controller, the reference input to all
inverters is identical, hence, the droop controllers will behave the same and the load will be
shared equally. In the decentralised controller, each inverter will receive a unique reference
input, therefore, the droop controllers will have different outputs which will result in the load
not being shared equally. The differences in reference inputs are caused by the differences in

control topologies, as seen in figures 4.9 and 4.12 respectively.

The performance of the centralised controller was calculated using the Integral Squared Error

(ISE) and the Integral Absolute Error (IAE). The ISE and IAE are presented by [59] as

ISE = /T e2(t)dt, (5.1)

and
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[AE = /0 " et (5.2)

where e(t) and T are the error signal and time respectively. The error signal is the difference

between the measured output of the system and the reference input to the controller.
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(a) TAE comparison of output voltage. (b) ISE comparison of output voltage.

Figure 5.4: ISE and TAE comparison of the PCC voltage from

scenarios 2 and 3.

The ISE and TAE of the output voltage from scenarios 2 and 3 can be seen in figure 5.4.
The shape of both the ISE and TAE are similar, but the magnitude of the ISE is significantly
larger due to the square term. The reason for the steep increase between t = 8 and t = 12
is due to the voltage collapse. During this time, the error signal is significantly larger than
during normal operation, which will result in a high output due to the integral term. Thus,

the magnitude and duration of the error signal are considered by both the ISE and TAE.

The voltage collapse is the main reason for the poor performance of the centralised controller
in scenario 2. Other than the voltage collapse, there is a slight difference between t = 4 and
t = 8 on the IAE, meaning that the decentralised controller’s ability to mitigate these kinds

of disturbances is not as effective as the centralised controller if the centralised controller can

maintain stability within the microgrid.
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Figure 5.5: ISE and TAE comparison of the PCC frequency

from scenarios 2 and 3.

The performance comparison for the frequency is visible in figure 5.5. The frequency com-
parison is closer than the voltage comparison, but the decentralised controller (scenario 3)
is still the better-performing controller in the end. The centralised controller did, however,
perform better than the decentralised controller from t = 0 to ¢t = 8, which means that the
centralised controller is better at mitigating disturbances when considering frequency. This,

however, only holds if the system remains stable after the disturbance is introduced.

5.3.2 Load changes in maximum-capacity microgrid

The results of the three scenarios related to the changes in load will be detailed in this section.
The differences between the control techniques will be presented at the end of this section.

The simulations for scenarios 4-6 are done according to the events stipulated in table 5.3.
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Table 5.3: Summary of events in scenarios 4-6

Time (s) Event Load connected
0 Simulation starts 3 kW
4 4 kW Load is added 7 kW
8 4 kW Load is added 11 kW
12 4 kW Load is removed 7 kW
16 4 kW Load is removed 3 kW

Scenario 4 vs 5 vs 6 PCC Voltage
T T T T T

The time intervals for the events are the same as for scenarios 1-3, but this time, the load
is increased or decreased (see section 5.2.8). All the inverters are connected from the begin-
ning, meaning that there will be no disturbances associated with the interaction between the

inverters; the only disturbances are those associated with the change in load.
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Figure 5.6: PCC voltage comparison for scenarios 4-6.

The voltage output of scenarios 4, 5, and 6 can be seen in figure 5.6. The output of the scenarios
is almost similar, with all the scenarios classified as stable. There are slight differences between
the scenarios such as the centralised and decentralised controllers caused a larger startup
transient spike than the no-control system. This spike is due to the control system trying to
stabilise the system at the start, and since the no control system does not consist of a control

system, the system settles as guided by the internal control system of the inverters.



The voltage spike observed for each disturbance is also larger for the centralised and decen-
tralised control systems. This is also due to the compensation of the added PI controllers.
The no-control system also takes longer to recover from the disturbance, which is confirmation
that the external control system does add value to the microgrid. From this output, it can be
concluded that the centralised and decentralised controlled system, as well as the no control

system, can maintain stability despite the disturbances from a change in load.
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Figure 5.7: PCC frequency comparison for scenarios 4-6.

The output frequency is visible in figure 5.7. Since all the inverters are connected from the
start, both the centralised and decentralised controllers can maintain the inverters’ frequency
at 50 Hz. The no-control system is, however, unable to maintain a stable frequency reading

of 50 Hz, which is similar to the results found in scenarios 1-3.

The centralised and decentralised systems can return to steady state much faster than the
no-control system; again due to the compensation of the external control system. The output
of the centralised and decentralised controlled systems is identical, supporting the claim that a
single inverter behaves the same as multiple inverters (see figure 4.10). This can be concluded
since the centralised control system will control multiple inverters and the decentralised con-
troller will only control a single inverter while both control systems comprise the same PI

controller.
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Scenario 5 Droop Control Scenario 6 Droop Control
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Figure 5.8: Load sharing output from scenarios 5 and 6.

The load sharing (droop control) output for both scenario 5 and 6 can be seen in figure 5.8.
The load-sharing capabilities of the centralised controller (scenario 5) are still operating as
expected, with all the inverters sharing the load equally. The decentralised system’s (scenario
6) load-sharing capabilities are better than in scenario 3, but it is still not perfect. There

are small deviations once the disturbance got introduced, but the load sharing becomes equal

after a short while.

This difference between the centralised and decentralised system is observed due to the value
of the input reference. For the centralised system, the input reference is the same for all the
inverters despite the disturbance, but the decentralised system provides a different reference
value to each inverter until the disturbance is mitigated, after which the reference values will

also be the same for all the inverters, hence the equal load sharing.
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Scenario 5 vs 6 Voltage IAE
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Figure 5.9: ISE and TAE comparison of the PCC voltage from

scenarios 5 and 6.

The performance of the controllers based on the output voltage can be seen in figure 5.9. From

the performance graphs, it is clear that the decentralised controller (scenario 6) performed

better at maintaining the voltage at the reference value than the centralised controller (scenario

5). The effect of the disturbances from ¢ = 2 onwards was similar for both controllers since

the magnitude of each deviation is the same. The main difference occurred at the startup

transient spike; the decentralised controller was able to suppress the spike more than the

centralised controller. This is the only significant difference between the two controllers.
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Figure 5.10: ISE and IAE comparison of the PCC frequency

from scenarios 5 and 6.
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The performance of the controller for the output frequency is depicted in figure 5.10. In
these results, the centralised controller (scenario 5) outperformed the decentralised controller
(scenario 6). The deviations from the set point due to the disturbances were larger for the
decentralised controller, hence the larger steps in figure 5.10. The startup transient did not
seem to challenge either controller for the output frequency. Therefore, one can conclude that
both the centralised and decentralised controller can maintain frequency stability despite the

disturbances.

5.3.3 Dynamically controlled system

The results from the scenarios discussed in section 5.2.9 are presented in this section. Since
this is the worst-case scenario, the load will will be varied along with the number of inverters
connected to the PCC. The effect of both disturbances will be investigated in this section.
The overload detection discussed in section 4.4.3 will be used to add and remove inverters as

the magnitude of the load varies. The events for scenarios 7-9 are captured in table 5.4.

Table 5.4: Summary of events in scenarios 4-6

Time (s) Event Total Load | Inverters
0 Simulation starts 3 kW 1
4 4 kW Load and inverter are added 7 kW 2
8 4 kW Load and inverter are added 11 kW 3
12 4 kW Load and inverter are removed 7 kW 2
16 4 kW Load and inverter are removed 3 kW 1

The output voltage for scenarios 7-9 is presented in figure 5.11. At the start of the simulation,
only one inverter is connected with a base load of 4 kW, meaning that the microgrid should
be able to supply the demand. The three scenarios all present as stable, meaning that the

output voltage is 230 V with a minimal steady-state error.
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Figure 5.11: PCC voltage comparison for scenarios 7-9.

At t = 4s, the load is increased to 7 kW (see figure B.3), meaning that a single inverter is
no longer adequate to supply the demanded power, therefore, the control system will add a
second inverter. If this happens, there are two disturbances introduced into the microgrid; the
first is the disturbance from the interaction between the inverters, and the second is from the
abrupt change in load. In these scenarios, the load is increased to more than the capacity of
the microgrid before the extra inverter is added, which means that the control system should

stabilise the system until the capacity of the second inverter is available.

These two disturbances proved to be too severe for scenario 7 (no control) to retain stability.
Once the second inverter is added, the system spirals out of control and never returns to a
state of stability. The centralised controller can maintain stability when there are two inverters
connected. The disturbance from the load and inverter is mitigated without compromising
stability. As soon as the third inverter is added due to the high demand, the centralised
controller can no longer maintain stability. The system becomes completely unstable and the
control system is unable to counteract the disturbance. Once the third inverter is removed
after the demand had decreased, the system returns to stability after a short time delay.
This is the same behaviour for the centralised controller as observed in scenario 2 where the

controller is unable to mitigate the disturbance if there are more than two inverters added.
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The decentralised control system is again the only control system which can maintain stability
despite the disturbances introduced. The first disturbance (when the second inverter is added
at t = 4) caused a voltage spike, but it was able to return to a steady state relatively fast.
Once the third inverter was added at t = 8, the control system again managed to retain
stability. The decentralised controller also managed to maintain stability when the inverters
were removed at ¢ = 12 and ¢ = 16 respectively. The voltage spikes that occurred when the
inverters were removed were more severe than when the inverters were added, which is due
to the fact that the system is no longer overloaded. The load is decreased meaning that it

softened the severity of the disturbance.
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Figure 5.12: PCC frequency comparison for scenarios 7-9.

The output frequency for scenarios 7-9 is captured in figure 5.12. The frequency output mimics
the behaviour seen in the output voltage since the no-control system is not able to maintain
stability beyond a single disturbance. The centralised controller can maintain stability after
the first disturbance, but not the second. The centralised controller is also able to maintain
the output frequency at 50 Hz, which is better than the no-control system that could not

maintain stability at the desired frequency.

The frequency spikes from the decentralised control system are not as severe as for the voltage,
meaning that it was able to mitigate frequency deviations better than voltage deviations. This
again proved that the decentralised controller is the most suitable controller when inverters

are added and removed from the microgrid.
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Figure 5.13: Load sharing output from scenarios 8 and 9.

The load-sharing output for scenarios 8 and 9 can be seen in figure 5.13. The centralised
controller was able to share the load effectively between the two inverters after the second
inverter was added. The system became unstable after the second disturbance, therefore, the

droop controller was not operational.

The droop controller for the decentralised controller did share the load between the inverters,
but it was not as effective as the centralised controller. When the third inverter was added,
the load was shared unequally between all the inverters, but the first inverter still operated
at its maximum, which is not ideal. Although the load sharing was not flawless, the droop

controller did enough to prevent instability due to overloading.
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Figure 5.14: ISE and TAE comparison of the PCC voltage from

scenarios 8 and 9.

The performance graphs for scenarios 8 and 9 can be seen in figures 5.14 and 5.15. The
y-axis scale of these graphs was changed to a logarithmic scale to display the entire graph
due to the large amplitude of the centralised controller’s graphs. The decentralised controller
outperformed the centralised controller from the start of the simulation, which was not the

case in scenarios 5 and 6. The instability of the system caused the extreme high amplitude

for the centralised controller’s ISE and [AE.
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Figure 5.15: ISE and IAE comparison of the PCC frequency

from scenarios 8 and 9.
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This section summarised the results from the worst-case scenarios, meaning that these scena-
rios are unlikely in physical applications, but not impossible. From these results, it can be con-
cluded that an external controller is not optional for normal operation since the disturbances
are too severe. The centralised controller can only be implemented in certain circumstances
where there are not more than two inverters. The decentralised controller proved to be the

most robust and can be implemented in any application.

This does, however, not mean that the decentralised controller is without flaws, but it will
regain stability after a severe disturbance. The hard limits for the voltage and frequency
deviations should be considered before installing a decentralised controller in a microgrid for

such an application.

5.4 Discussion

Microgrids are usually implemented with an intended purpose, meaning the circumstances in
which they will have to operate are usually known to a large extent. Therefore, the control
system can be hand-picked for the specific application to ensure proper operation of the

microgrid.

The scenarios discussed in the preceding sections aimed to present the challenges the different
control techniques might face in certain unknown circumstances. The no-control systems
(scenarios 1, 4, and 7) illustrated what would happen to the microgrid if there is not an external
control system, and in all the scenarios, the need for an external controller is highlighted. Since
an external control system is necessary, the control system should be selected so that it can

withstand the disturbances that will be introduced into the microgrid.

From the simulation results, it can be concluded that the decentralised controller is overall the
best performing and most robust controller since it is the only controller that could maintain
stability in all scenarios. The disturbances associated with changes in load proved to be less
significant than the disturbances associated with the interaction between the inverters. This
is supported by the results which stated that the microgrid did not become unstable when
subjected to load variance. The no-control and centralised control systems did, however, fail
the stability test when the interaction between the inverters was tested. Thus, the latter

disturbance has the most severe effect on the microgrid.
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All the control systems struggled to manage the disturbances when both the load variance and
interaction between the inverters were tested in the worst-case scenario. The decentralised
control system was, however, the only controller to maintain stability, but at a cost. The
output voltage and frequency for each inverter in scenario 9 is captured in figures B.4 and B.5
respectively. Although the output voltage of scenario 9 is considered stable, the output for each
inverter illustrates some differences between the different inverters, which could potentially

cause instability if subjected to more severe circumstances.

The performance measures used for the centralised and decentralised controllers were the ISE
and TAE, which produced output graphs that can be compared with one another. To evaluate
performance from a graph is rather difficult, therefore, the ISE and IAE were quantified to
obtain a numerical value. This was done by calculating the area under the ISE and IAE
graphs by means of the trapz function in MATLAB. The output would be a numerical value

of the area, and the smaller the area, the better the performance of the controller.

Table 5.5: Comparison between the controllers’ performance

Integral Squared Error (ISE) | Integral Absolute Error (IAE)
Voltage Frequency Voltage Frequency

Scenario 2 (C) 2.027x10° 0.0985 9.2280x103 1.7231

Scenario 3 (D) | 1.316x103 0.0620 72.7826 0.7794
Scenario 5 (C) 1.027x104 0.0604 166.3939 0.8869
Scenario 6 (D) | 1.742x10° 0.0817 97.6816 0.9849

Scenario 8 (C) 1.085x10° 381.899 3.8041x10? 112.4163
Scenario 9 (D) 1.496x103 0.1082 106.6052 1.2179

The numerical values of ISE and TAE are captured in table 5.5 where C and D represent
centralised and decentralised control respectively. The results are grouped by disturbance as
stipulated in section 5.2, where the bold values represent the superior performance. Scenarios
2 and 3 represent the disturbance from the interaction between the inverters. The centralised
controller (scenario 2) was outperformed by the decentralised controller (scenario 3) for both
the voltage and frequency. The poor performance of the centralised controller is due to the

voltage collapse as discussed in the preceding sections.
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Considering figure 5.5, the centralised controller was better at mitigating the disturbance
when the second inverter was added, meaning that the centralised controller may be better
for this type of disturbance should the microgrid remain in a stable state. The reason for
considering the performance over the entire simulation instead of only one disturbance is to
determine how the controller performs for all possible outcomes (such as the connection of

more than two inverters).

Scenarios 5 and 6 represent the disturbance from the change in load. Both controllers were able
to maintain stability in the microgrid despite the disturbances. The decentralised controller
outperformed the centralised controller based on its ability to mitigate voltage deviations. The
centralised controller was superior in militating frequency deviations. Therefore, according to
the results, either of these controllers can be used to maintain stability in a microgrid when

the only disturbance is the change in load.

Scenarios 8 and 9 represent the worst-case scenarios in which both disturbances were intro-
duced. In the results, it is clear that the decentralised controller is the better option to
implement on a multi-inverter microgrid since neither of the other scenarios was able to main-
tain stability. The decentralised controller is not flawless, but it can manage the disturbances

quite well.

The results in table 5.5 provide a valuable overview of the performance of each controller,
but it does not necessarily mean that the controllers have a positive influence on the system.
Therefore, the outputs of the baseline scenarios (1, 4, and 7) were also quantified in order to
determine how well the controllers can manage the microgrid. This quantification entailed
that the offset from the desired set point (230 V and 50 Hz) was calculated for every point
in time to obtain the set point error graph. The area under the graph was then calculated to
provide the magnitude of the offset over the entire simulation, similar to the quantification of

the ISE and TAE graphs.
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Table 5.6: Comparison between Set Point (SP) errors for sce-

narios 1-9
Voltage SP Error (V) Frequency SP Error (Hz)
Scenario 1 (N) 917.606 1.847
Scenario 2 (C) 916.588 0.192
Scenario 3 (D) 6.914 0.062
Scenario 4 (N) 8.286 1.794
Scenario 5 (C) 6.162 0.086
Scenario 6 (D) 8.1789 0.084
Scenario 7 (N) 2354 388.337
Scenario 8 (C) 601.694 15.271
Scenario 9 (D) 14.002 0.116

The results are captured in table 5.6, where N, C, and D represent no-control, centralised
control, and decentralised control respectively. For the first disturbance, scenarios 1 and 2 are
quite similar due to the voltage collapse. The decentralised controller has the best influence on
the system since the centralised controller failed the voltage stability test and only managed
to keep the frequency relatively close to the set point. The performance of the no-control and
centralised control for the voltage output is almost the same, meaning that the influence of

the centralised controller can be neglected.

For the second disturbance (change in load), the centralised controller performed the best in
terms of voltage control. The decentralised controller and the no-load controller’s output are
almost identical, meaning that the decentralised controller did not contribute to the mitiga-
tion of voltage deviations. The frequency, on the other hand, is much better with both the

centralised and decentralised controllers.

In the worst-case scenario, both the centralised controller and the no-control system performed
poorly. The decentralised controller outperformed both the other two scenarios. There is an
improvement for the centralised output in contrast with the no-control system, but it is not

worth exploring.
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Taking all of the aforementioned findings into account, the conclusion can be drawn that an
external controller should be implemented on a microgrid since the voltage, and especially
the frequency, must be maintained to ensure proper functioning. The choice of external
controller comes down to application; if the microgrid will be subjected to disturbances which
include the addition and removal of inverters, the decentralised controller is the optimal choice.
If there will be no change in the number of inverters connected and the only disturbance
will originate from the load connected, it will not matter which controller is implemented
since both performed almost equally. If the microgrid might experience both disturbances,
the decentralised controller is again the optimal option. Therefore, overall, the most robust
controller is the decentralised controller. It is not perfect and the controller should be improved
before it will operate flawlessly, but the decentralised concept is the best topology to implement

in the circumstances discussed.

5.5 Conclusion

This chapter started with an experimental design that depicted the different scenarios to be
implemented in Simulink to evaluate the robustness of the control system. These scenarios
were implemented for both the centralised and decentralised control systems, which provided

a comprehensive understanding of the capabilities of the control system.

The results from the scenarios were analysed to determine the shortcomings of each control
system in each simulation environment. The no-control, centralised control, and decentralised
control scenarios were compared for each disturbance to determine which control system would

be optimal for each disturbance.

From this analysis, it was found that the decentralised controller would be suitable for almost
all the scenarios since it is the only control system capable of maintaining stability despite
the disturbances introduced in this study. The centralised controller outperformed the decen-
tralised controller in voltage control for some of the scenarios, but the centralised controller

was not able to ensure stability for all operating conditions.
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Chapter 6

Conclusion

This chapter serves as the conclusion of this dissertation. The key discoveries identified in
this study are reported along with suggestions on how to improve the already-implemented

structures in an islanded microgrid.

6.1 Conclusion

The global challenge of energy supply security is intensifying, necessitating the use of micro-
grids, specifically islanded microgrids. This introduced the challenge of microgrid stability in
an islanded microgrid, which is currently being researched worldwide in an effort to overcome
this challenge. The stability challenge is usually approached with extremely complex and
expensive solutions which perform perfectly but are not feasible for all applications, there-
fore, the simple and cost-effective PI controller was implemented in this study to evaluate its

capabilities on a multi-inverter microgrid.

Chapter 3 discussed the process that was followed in order to obtain a suitable model of a
microgrid. The MATLAB example was used as the foundation from which all the modifica-
tions were done to ensure the model applies to this study. Since the model’s dynamics were
unknown, a generic microgrid state space model was derived in order to approximate the
Simulink model. This state space model was then used in the controller design phase. The
Simulink model consisted of all the elements required, as mentioned in the first objective in

chapter 1. This concluded the first objective of this study, as depicted in section 1.3.1.
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The second objective of this study was to identify the elements that may contribute to insta-
bility in the microgrid (section 1.3.2). Once the model development was done in chapter 3,
the frequency response of the system was analysed in chapter 4, which concluded that the
high-frequency elements in the system may cause stability challenges. Furthermore, the exper-
imental simulations performed in chapter 5 concluded that the system is not able to maintain
stability when subjected to certain circumstances, which is also added to the list of elements

that may cause instability.

The third objective was to develop a suitable control system for this system (section 1.3.3).
The control development process is detailed in chapter 4. The control system was realised with
a PI controller since it will remove some of the high-frequency elements and add little inertia
to the system. This would aid the stability of the microgrid in unfavourable circumstances, as
mentioned in the second objective. This PI controller was then implemented in a centralised-

and decentralised configuration, which was evaluated in the last objective.

The final objective was to evaluate the control systems based on their performance (section
1.3.4). The evaluation of the system was done by means of different predefined scenarios
that will evaluate the control system’s performance to maintain stability despite specific dis-
turbances. The centralised and decentralised control system’s performances were measured

against a microgrid that does not have any external control.

During this evaluation, it was found that the decentralised control technique proved to be
more effective than the centralised controller based on its ability to mitigate disturbances.
The concept that each inverter is managed by an individual controller is the deciding factor
between the centralised and decentralised control techniques. Although the decentralised
control technique was superior for most of the scenarios discussed in this dissertation, it was
not able to keep the output voltage and frequency spikes within the specified ranges, therefore,
it still needs refinement. The disturbance associated with the interaction between the inverters

also proved to be more severe than the disturbance from the change in load in the microgrid.

The centralised and decentralised control system was designed for a single inverter but im-
plemented on a microgrid with more than one inverter. All of the inverters in the microgrid
are identical, which is the reason why the control system could be developed from a single
inverter. Despite the other inverters in the microgrid, the decentralised control system was

able to maintain stability for up to three inverters that are connected at the same time.
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The simple PI controller will be stable in most applications, but it cannot be applied in all
applications as is. The fact that the decentralised control technique was the best performing
only means that the concept of decentralised control should be explored before defaulting to

the computationally expensive centralised controller.

Although stability was maintained by the decentralised controller, the performance measures
discussed in section 1.4.4 were not all satisfied in all the scenarios. In some of the scenarios, the
decentralised controller met these requirements; in another, the specified ranges were violated
when the disturbances were introduced, but the operation following the disturbance was well

within the prescribed ranges.

This study concluded that it is possible to mitigate extreme disturbances and regain stability
with a simple control technique, therefore, the use of Artificial Intelligence (AI) and neural

networks are not always needed for a specific application.

6.2 Future work

The aim of this study was not to solve the stability challenge in microgrids, but it was to
investigate the performance of simple control techniques on multi-inverter microgrids. There-
fore, the addition of advanced control techniques such as Al is unnecessary for the purpose of

simple control techniques.

For future research, it is recommended to obtain data from a specific microgrid from which
the mathematical models can be created. This will provide a more accurate approximation of
a microgrid which could yield better results. The same centralised and decentralised control
system can be implemented on the actual microgrid to compare the simulations and the real-
life application. This also may provide more insight into the performance of the PI control

system.

The control system can be optimised further to ensure the specified operating conditions are
not violated when disturbances are introduced. This can be done by adding more complexity
to the PI control system, change the PI controller to a PID controller, or add other means of

compensation to the microgrid.
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Since the PI controller was able to retain stability, its performance may be improved if the
control system had access to data from the immediate future to prepare the microgrid for the
events. The addition of Neural Networks may be able to realise this concept, because load
data from a specific microgrid can be used to predict demand for that microgrid in the near
future, allowing the control system to add or remove inverters prior to any disturbances to

avoid the worst-case scenario.
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Appendix A

Summary of variables used in the

inverter modelling

A summary of all the parameters used in the derivation of a symbolic state-space model in

chapter 3 is presented in this appendix.

Table A.1: Summary of variables used in section 3.3

Variable | Description

Ly Inductance of low-pass filter
Cy Capacitance of low-pass filter
L, Coupling inductance

Vodg Output voltage

Vod d-component of output voltage

Vog g-component of output voltage
lodq Output current

Tod d-component of output current

log g-component of output current

We Cut-off frequency of low-pass filter
D Instantaneous active power

Continued on next page
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Table A.1 — Continued from previous page

Vbdg

Ubd

Vg

Instantaneous reactive power

Frequency droop gain

Voltage droop gain

Feed-forward gain

Proportional gain of inverter’s internal voltage controller
Integral gain of inverter’s internal voltage controller
Proportional gain of inverter’s internal current controller
Integral gain of inverter’s internal current controller
Coupling inductance

Natural frequency

Bus voltage

d-component of bus voltage

g-component of bus voltage
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Appendix B

Simulation results

This appendix will provide some of the output graphs from the simulations done in chapter 5.

All of the output graphs in this appendix are discussed in the relevant sections in chapter 5.
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Figure B.1: Output frequency for each inverter in scenario 1.
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Scenario 2 Output Frequency for Inverters
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Figure B.2: Output frequency for each inverter in scenario 2.
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Figure B.3: PCC power from scenario 9.
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Figure B.4: Output voltage for each inverter from scenario 9.
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