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Abstract

Future electric grid will evolve from the current centralized and radial model toward a more
distributed one. In recent years, distributed generation (DG) units have been playing an important
role in electric generation due to their promising advantages in reducing air pollution, improving
power system efficiency, and relieving stress on power transmission and delivery systems.
Despite the increased penetration of DG systems, the application of individual DG system always
has its limitation such as high cost/W, limited capacity and reliability, and safety concerns. A
better way to utilize the emerging potential of DG is to take a system approach viewing
generation and associated loads as a subsystem called a “microgrid”.

Forming an electric island, the microgrid can work autonomously following a disturbance. In the
islanded microgrid, micro sources will be responsible for maintaining the voltage and the
frequency of the microgrid system within their specified limits and sharing the load between the
generators in a stable manner. However, a robust and stable operation of a microgrid depends on
a robust control scheme of the microgrid sources.

The most common technique to control microgrid sources is based on conventional droop
characteristics. Although the conventional frequency/voltage droop technique properly shares a
common active load, the reactive power sharing accuracy can be strongly affected by system
parameter and active power control. In addition, there is an inherent static trade-off between the
reactive power sharing accuracy and voltage regulation.

To override the above-mentioned problems, a novel frequency/voltage droop scheme is proposed
in this thesis. The proposed scheme improves the performance of the microgrid in terms of power
sharing, voltage regulation, dynamic and transient responses, reduces the reactive power sharing
dependency on real power and system parameters, and smoothes the system’s dynamic and

transient responses.
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This work has developed the modeling, control parameters design, and power-sharing control
starting from a single voltage source inverter to a number of interconnected DG units forming a
flexible microgrid. Specifically, this thesis presents:

e A control-oriented modeling based on active and reactive power analysis.

e A control synthesis based on enhanced droop control technique.

e A small signal stability study to give guidelines for properly adjusting the control system

parameters according to the desired dynamic response.
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Chapter 1

Introduction

1.1 Introduction

Nowadays, most countries employ large centralized plants using fossil fuel resources in order to
generate electricity. These plants are mostly located far from consumers due to environmental,
economic, security, and geographical reasons. The generated power is delivered to the consumers
through the extensive transmission and distribution lines. This centralized and radial power
distribution, which uses fossil-based energy resources and long power-lines, yields high
emissions, low efficiency, and poor stability.

Growing concerns about the shortage of fossil fuels, global warming of greenhouse gas
emissions, and energy security has turned researches into distributed and small-scale energy
resources using renewable energies as their prime movers. This results in considerable reduction
in active power losses due to physical proximity of resources to the demand area. In addition,
distributed power generation provides better reliability and reduces the threat of large black-outs.
In general, environmental regulations for greenhouse gas emissions, electricity industry
reconstruction, and recent advances in power generation using renewable and small-scale energy
resources have driven energy generation systems to a new era. The era in which most energy
demands will be provided by distributed energy resources and local generation. The “distributed
generation” concept and its advantages in the electric distribution system are discussed in next

section.



1.2 Distributed Generation

1.2.1 Distributed Generation (DG) Concept

In late 1990s, major issues related to distributed generation (DG) were extensively investigated
and addressed by working groups at International Council of Large Electric Systems, or Conseil
International des Grands Réseaux Electriques (CIGRE), and also at International Conference and
Exhibition on Electricity Distribution, or Congres International des Réseaux Electriques de
Distribution (CIRED), in their published review reports [1,2]. Several country-specific definitions
are available for DG all over the world, depending upon plant rating, generation voltage level,
etc. However, the impact of DG on the power system is normally the same, irrespective of
different definitions. Some generally accepted common attributes of DGs are as follows [3]:

1- They are normally smaller than 50 MW.
2- They are usually connected to the distribution system, which are typically of voltages

230/415 V up to 145 kV.

The following technical, environmental and economic benefits have led to gradual development
and integration of distributed energy resource (DER) systems versus conventional interconnected
power systems: [3]:

e The rapid growth of electric loads has augmented the need for conventional generation
that results in a continuous depletion of fossil fuel reserve. Accordingly, most countries
are trying to use non-conventional/renewable energy resources instead of fossil fuel ones.

e Reduced environmental pollution and global warming in renewable energy resources is a
key factor in preferring them to fossil fuels. According to the Kyoto Protocol, the
European Union, the UK and many other countries have been planning to minimize
greenhouse gas (carbon and nitrogenous by-products) emissions to reduce global
warming and climate change. Therefore, they are looking for new energy generation

policies to support proper utilization and integration of these energy resources. It is
2



expected that utilization of distributed generation would help to produce eco-friendly
clean power.

Co-generation, tri-generation or combined heat and generation (CHP) plants can be easily
set up in DG systems for utilizing the waste heat for industrial, commercial and domestic
applications. This yields to an increase in the overall energy efficiency of the system and
also reduces thermal pollution of the environment.

DERs are generally modular units of small capacity due to their lower energy density and
their dependency on geographical conditions of a region. They are usually located close
to the loads and are also geographically widespread. This is viable for these plants in the
case of technical and economic justification. For instance, physical proximity of CHP
plants and their heat loads are so important, as transporting waste heat over long
distances is not economically justified. This makes it easier to find sites for these plants
and helps lower capital investment and construction time. Physical proximity of source
and load can also reduce the transmission and distribution (T&D) losses. Generating
power at low voltage (LV) level makes it possible to connect DERs individually to the
distribution network or work interconnected in the form of microgrids. As a separate

semi-autonomous entity, the microgrid can again be reconnected to the network.

Islanded and grid-connected modes of DERs will improve overall power quality and reliability.

Furthermore, a deregulated environment and potential to connect to the distribution network also

provides greater opportunities for DG integration.

1.2.2 Interconnection of DER systems to the utility system

The voltage generated by some DERs such as variable speed wind-power generators (with

variable output frequency), high speed micro-turbine generators (with high frequency), PV

3



systems and fuel cell systems (producing DC voltage) cannot be directly connected into a utility
system. Therefore, for the integration of these DERs into a utility grid, power electronic
technology is required to transform the DC voltage or variable frequency AC voltage into desired
AC voltage. The power electronic conversion unit can rapidly respond to load changes to control
active and reactive power and also provide fast and flexible control of voltage and frequency.

Despite many benefits and opportunities, higher penetration of DG systems can provoke some
technical problems in the system such as steady state and transient under- or over-voltages at the
point of common coupling, protection malfunctions, and power quality problems. In other words,
control, stability, protection and safety issues are the main concerns that must be addressed.
Therefore, regulations have been developed for the interconnection of DERs to the power system.
For instance, an IEEE set of standards P1547 has been developed, which is titled “Standard for
Interconnecting Distributed Resources with Electric Power System” [5]. The focus of these
standards is mainly on separating the DER systems from upstream power system while faults
occur. However, these standards should be taken into reconsideration to improve the reliability
and power quality of consumers’ demanded energy. Also, Some new regulations and standards
should be established for the uniform interconnection of all DER systems with various

technologies.

1.3 Microgrid: A Conceptual Solution

Extensive researches have been carried out to maximize the technical and economic capability of
DG systems and to support the loads that require high reliability and power quality, which have
eventually yielded the emergence of the microgrid concept. A microgrid is a part of a power
system, usually a distribution subsystem, which consists of one or several DERs capable of

feeding the subsystem loads, independent of the main network. The idea of formation of

4



microgrid is that a system including several generators and aggregated loads is adequately
reliable and economically viable as an operational electric system. During a fault disturbance or a
predetermined switching, an electric island or an autonomous microgrid will be formed. In this
mode, the microgrid should be able to support its critical loads in this island. In grid-connected
mode, it is the network responsibility to regulate voltage/frequency and the microgrid only
provides its needed power and can even sell the additional generated power to the network [6].

Currently, in practical cases, the microgrid is not allowed to operate autonomously except in
certain cases that all downstream units are cut down. This is forced due to safety considerations
and constraints on control/protection in distribution network. To get maximum benefit of DERs
and their increased penetration depth, the practical obstacles in the way of microgrid islanded
operation should be resolved. Although a microgrid can take on tasks like controlling voltage due
to its potential capabilities, the level of automation and protection of distribution network do not
allow it to do so. Distribution network design engineers still prefer the buses of all subscribers,
even subscribers using DER units, to work in PQ mode. They would also rather conventional
control methods control the profile voltage for reactive power compensation. The IEEE standard
about DG interconnection states that the DERs should not actively have voltage control [5]. It
should be noted that a microgrid with all its possible complexity does not impose any extra
complexity to the power network. This is one of the most notable benefits of the microgrid [4]. In
summary, modeling, control, protection and stability of the microgrid are most important topics

that should be addressed.

1.4 Microgrid Control

In this thesis, microgrid control will be extensively discussed. The ability of micorgrid to survive
after loss of connection depends directly on its control strategy; therefore, a well-developed

5



control strategy will guarantee the proper performance of the microgrid.

Working in an islanded mode, a microgrid should be able to control its voltage and frequency. To
ensure that no DER will operate beyond its maximum rating, the microgrid has to be utilized with
a power sharing mechanism that can accurately share loads between distributed generators.
Hence, the basic control objective in microgrid is to achieve an accurate power sharing while
maintaining close regulation of the microgrid voltage and frequency.

In grid-connected mode, however, the voltage and frequency are dictated by network and DER
units are considered to provide the predetermined amount of active/reactive power; accordingly,

the power sharing mechanism would be ineffective in grid-connected mode.

1.5 Research Motivations

Several control approaches including centralized, master-slave, and decentralized control
methods have been used in microgrid systems to satisfy the aforementioned control objectives.
However, centralized and master slave control methods rely on complex communication
infrastructure, are highly dependent on central or master controller unit, and require extensive site
engineering. These challenges have made centralized and master slave control methods less
practical and less reliable compared to the decentralized control methods. Therefore, a
decentralized control method with a capability of accurate power sharing and satisfactory steady
state and transient operation is desired.

It can be observed from a dynamic analysis of the microgrid that dominant low-frequency modes
of the system are highly sensitive to the power sharing mechanism of inverters and are highly
dependent to system parameters as well as the operating points. As the demanded power
increases, these low frequency modes drift to new locations, which may eventually yield
instability. Therefore, to improve the transient performance of the microgrid, the control strategy

6



should be developed in such a way that can provide active damping for the low-frequency power

sharing modes at different loading conditions.

1.6 Thesis Objectives

The main objective of this research is to develop a control strategy for the DG interface that can
guarantee the stable and robust power sharing performance in an islanded microgrid. Hence, the
developed control method should provide effective damping to preserve power sharing stability
under the occurrence of system disturbances and uncertainties and should accurately share the
loads between the DERs in steady state mode.

To fulfill the above primary objective, the thesis entails with the small signal modeling of a
microgrid. This small signal modeling, as a second objective, paves the way for investigating the

dynamic behavior of the system.

1.7 Thesis Layout

The remainder of this thesis is structured as follows:

Chapter 2 presents an extensive literature review on distributed generation technologies and
microgrids aimed to respond to current issues and identify future challenges in modern power
systems.

Chapter 3 discusses the definition and basic concepts of power system stability and introduces
some mathematical tools. Next, the microgrid small signal stability will be discussed, a complete
small signal model of an islanded mode microgrid will be presented, and the dynamic
performance of the microgrid will be investigated, accordingly. As the slow dynamics of the
system power sharing controller are intended, a simplified linear model has been developed.

Finally, a new droop-based power sharing control scheme will be presented and discussed.



Chapter 4 presents the steady state and transient analysis of a typical low voltage microgrid to
evaluate the validity of the proposed control strategy. In this regard and for steady state analysis,
first, it is examined whether DERs are able to successfully track the changes in their power
references in both grid-connected and islanded modes. The dynamic performance of the proposed
controller is evaluated by applying the step change increase in load and investigating the
responses of active and reactive powers of controllers. Then, the superior performance of the
proposed power sharing controller is compared to the performance of the conventional droop

controller.

Chapter 5 presents the thesis summary and its contributions as well as directions for future work.



Chapter 2

Literature Review

2.1 Introduction

The conventional power system has encountered serious problems such as gradual depletion
fossil fuel resources, poor energy efficiency and environmental pollution. These issues have
driven the energy sector into a new era, where power is generated more locally and at distribution
voltage level. This new generation is called distributed generation (DG) and its energy resources
are known as distributed energy resources (DERs). This type of generation is generally produced
by non-conventional or renewable energy resources such as natural gas, biogas, wind, solar,
combined heat and power (CHP), and micro-turbines. The term ‘Distributed Generation’ has been
used to make this concept distinguishable from the conventional centralized generation. In
consequence of these ideas, distribution network has become more active with integration of DG;
hence, it is often called active distribution network [3].

In this chapter, the definition of distributed generation and different types of distributed energy
resources are presented first. Then, a microgrid concept is defined; a microgrid views the
distributed energy resources and associated loads as an aggregated system that can maintain the
desired power quality and energy output. The microgrid is not only able to disconnect from the
main grid during faults, but may also intentionally disconnect when the grid power quality falls
below certain standards. Furthermore, the microgrid control concept and different microgrid
control strategies are discussed in this chapter. Among different types of microgrid control
approaches, decentralized control approach is the one that intends to provide the maximum

autonomy for DERs in a microgrid. As a most common decentralized control technique, the
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droop control strategy is introduced in this chapter that enables the generation units to share the
demanded load without any physical communication between them. However, the conventional
droop controllers may not work properly in resistive low voltage networks or in presence of
unbalanced or nonlinear loads. Some control methods that have addressed these issues are
presented in this chapter. And finally, the effects of control systems on the microgrid stability are

investigated and discussed.

2.2 Distributed Generation

The term ‘distributed generation’ generally defines a small size electric power production
technology located at a customer or utility site, which generates or delivers energy for local
needs. DG units, Distributed Storage (DS) units, and integrated Distributed Generation/Storage
(DG+DS) units, in addition to the end-use control technologies with Demand Side Management
(DSM) technologies, constitute the broader family of Distributed Energy Resources (DERs) [4].
The available and currently developing technologies for DG and DS units are based on (i)
reciprocating engines, combustion turbines, micro-turbines, fuel-cells, wind turbines,
photovoltaic systems, solar-thermal systems, low-heat hydro units and geothermal systems, and
(i1) battery storage, capacitor storage, low- and high-speed flywheel systems and Superconducting
Magnetic Energy Storage (SMES) systems. Figure 2-1 shows different distributed generation

types and technologies.
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Figure 2-1: Distributed Generation Types and Technologies

2.2.1 Micro-turbines

Micro-turbines are small combustion turbines that have the capacity to produce from 25 to 500
kilowatts (kW) of electricity. Micro-turbines are well suited to provide electricity at the
consumption area because of their small size, flexibility in connection methods, ability to be
arrayed in parallel to serve larger loads, ability to provide reliable energy, and low-emissions
profile. Therefore, they are widely popular in both DG and CHP systems as generation units and
energy producers. Micro-turbines are available in single-shaft and split-shaft units. Single-shaft
unit is a high-speed synchronous machine with the compressor and turbine mounted on the same
shaft. For this kind of machine, the turbine speed ranges from 50,000 to 120,000 rpm. On the
contrary, the split-shaft design uses a power turbine rotating at 3,000 rpm and a conventional
generator that is connected via a gearbox for speed multiplication [3]. Due to the low price of
natural gas, low installation cost, and low maintenance cost, micro-turbines are one of the most
promising DG energy sources today [9]-[12].

To interconnect the micro-turbine to the grid or load, a power electronic converter (usually a
voltage source inverter) is needed to convert the high frequency AC voltage into a DC voltage
and then converted back into an appropriate AC voltage.

11



2.2.2 Fuel Cell

A fuel cell is an electrochemical device that directly converts the chemical energy into electrical
energy. It consists of two electrodes (anode and cathode) and an electrolyte (usually retained in a
matrix). The operation is similar to that of a storage battery except the fact that the reactants and
products are not stored, but are continuously fed to the cell. Fuel cell capacities vary from 1 kW
to few MWs for portable and stationary units, respectively. It provides clean power and heat for
several applications by using gaseous and liquid fuels. Fuel cells can use a variety of hydrogen-
rich fuels such as natural gas, gasoline, biogas or propane. They operate at different pressures and
temperatures, which vary from one atmospheric to hundreds of atmospheric pressure for a wide

range of temperatures [12], [13]. Figure 2-2 shows the structure of a typical fuel cell.
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Figure 2-2: The structure of typical fuel cell
There are mainly five types fuel cells that can be characterized by their electrolyte: Alkaline FC,
Proton Exchange Membrane Fuel Cell (PEMFC), Phosphoric Acid Fuel Cell (PAFC), Molten
Carbonate Fuel Cell (MCFC), and Solid Oxide Fuel Cell (SOFC). The Alkaline Fuel Cell, AFC,
is mostly employed in space applications since its electrolytes (NaOH, KOH) absorb carbon

dioxide (CO2) from atmosphere, which eventually reduces electrolyte conductivity. Proton
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Exchange Membrane Fuel Cell operating temperature is low because it requires liquid water to
get proper ionic conductivity. For this reason, the operating temperature maintained below 100 °C
(i.e. the boiling point of water). Phosphoric Acid Fuel Cell (PAFC) typically operates at about
200 °C and it used to be the most applied fuel cell technology. PAFCs fed by natural gas are still
frequently used. Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC)
technologies are more advanced and as they can tolerate high temperatures, 650 °C for MCFC
and 1000 °C for SOFC, they can be used to produce electricity and heat simultaneously [3].

This kind of technology has several advantages such as high efficiency, low gas emission, being
free of noise and vibration (as there are no moving parts), and adjustable electricity to heat
generation ratio. Electrical efficiencies of fuel cells lie between 36% and 60%, depending on the
type and system configuration. By using conventional heat recovery equipment, overall efficiency
can be enhanced to about 85% [3].

To interconnect the fuel cell to the grid or load, a power electronic converter (usually a voltage

source inverter) is needed to convert the fuel cell DC voltage into an AC voltage.

2.2.3 Wind Turbine

Wind energy is plentiful, renewable, widely distributed, and clean. The first wind-electric systems
were built in United States in the late 1890’s and subsequently wind turbine technology was
developed continuously and rapidly, especially in Denmark, Sweden, Germany, and Spain
[14,][15].

Wind turbine is packaged to include a rotor, a generator, turbine blades, drive or coupling device,
shaft, and the nacelle (the turbine head) that contains the gearbox and the generator drive. Wind
turbine blades are usually two or three blades. Electricity capacity is limited by the amount of
wind, so the wind plants should be installed in windy areas. It has expected electrical efficiency
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of 20-40%, and the expected power sizes are in the range of 0.3 kW to 5 MW. There are four
types of wind turbines; they are: Type A, B, C and D. Types A, B, and C are connected to the grid
or to the load via a rotary machine, normally, an induction generator. Type D, employs a power
electronic converter for grid interfacing [16].

Wind farms, where a group of wind turbines in the same location used to produce electric power,
have been mostly found in areas with heavy wind profile. Large ratings such as 735.5 MW (in
Texas, United States) have been reported [17]. Large penetration of wind turbines on the one
hand and intermittent nature of wind power generation and remote site locations on the other
hand have resulted in a wide area of research, in which the impact of wind turbines on system
operation, stability, planning and reliability, power quality, and pricing and market are

investigated [18]-[22].

2.2.4 Photovoltaic Systems

Photovoltaic systems (or PV systems) use semiconductor cells (wafers), generally several square
centimeters in size. From the solid-state physics point of view, the cell is basically a large-area pn
diode with the junction positioned close to the top surface. The cell converts sunlight into DC.
Numerous cells are assembled in a module to generate the required power. The PV systems are (i)
easy to implement, (ii) highly modular; the plant economy is not strongly dependent on size, (iii)
free of noise and vibration (as there are no moving parts), (iv) highly mobile and portable because
of light weight and (v) environmentally friendly [15].

Photovoltaic cells can be divided into four groups: crystalline cells, thin-film cells, dye-
sensitized solar cells (DYSC or Gritzel-cell) and multilayer cells. The latter can also be
considered as several layers of thin-film PV cells. These four different types of PV cells are
briefly described in [23].
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The advances in the cell manufacturing technologies and the decline in the cost of the other
system components have permitted a significant reduction in the capital cost per Watt of installed
capacity and thus to the final cost of PV electrical energy. The capital cost has declined during the
last two decades from $20 per Watt to less than $5 per Watt, while the cost of PV electricity has
declined from almost $1 to less than $0.20 per kWh and the installed capacity has exceeded 500
MW worldwide, approaching the 1 GW milestones, rapidly [15].

However, the PV energy generation cost is still far from competing with the conventional sources
(e.g. thermal power stations), even if the full “external” costs (environmental and safety issues) of
conventional sources are taken into account. For this reason, PV installations are much more
attractive in remote and isolated areas, where utility power is not available and the grid
connection costs are prohibitive, while the solar radiation levels are high. Yet, grid-connected
PVs, along with the other forms of dispersed energy generation, have found a useful role in
modern power systems, for peak-shaving purposes, local grid reinforcement and generation of
power nearest to the consumption [24].

The PV module or array is an unregulated dc power source, which has to be converted to AC
voltage by a power electronic converter (usually a voltage source inverter) in order to interface to

the grid or load.

2.2.5 Other Distributed Energy Resources

Micro-hydro power, bio-energy, solar thermal power, geothermal power, ocean thermal power,
ocean wave power, etc., can be considered as other renewable and distributed energy resources
for generation of electricity. The location of these DERSs is determined by the availability of these
resources. Major drawbacks of these resources are low-energy density, scarcity of resource and
difficulty in storing them in large quantities. Since storage is not cost-effective, these generators

15



are normally of small capacity and operate in load pockets close to the resources.

A competitive arrangement, NFFO (Non-Fossil Fuel Obligation) was created in the UK to
encourage generation from renewable energy resources in the late 1990s. The NFFO scheme has
been replaced by another support mechanism named as Green Certificates in the year 2000,
imposing some obligation on the electricity suppliers’ liability to generate a minimum percentage
of their total generation from renewable resources. Other countries have also adopted different
strategies and sometimes direct government intervention to encourage similar generation

schemes.

2.2.6 Energy Storage Devices

Storage batteries, flywheels, super-capacitors, super-conducting magnetic energy storage are the
most common energy storage devices. The backup energy storage devices must be included in
microgrids to ensure uninterrupted power supply. These devices should be connected to the DC
bus of the microgrid and provided with ride-through capabilities during system changes [3].
Energy storage devices can have important roles in DG systems, such as enabling fast load pick-
up, enhancing the reliability, and flatting the generation profile in non-dispatchable sources [25].
To interconnect energy storage devices to the grid or load, a power electronic converter (usually a

voltage source inverter) is needed.

2.2.7 Hybrid Systems

Hybrid systems are different combinations of distributed generation resources such as fuel cells,
PV, micro-turbines, energy storage devices or diesel-fired generators connected to grid. They
were originally developed for applications that require extreme reliability such as
telecommunication applications. However, comparing to conventional diesel systems, hybrid

systems are costly; hence, they are often unsuited for telecommunication applications in rural
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areas. Nevertheless, hybrid systems are still considered as cost-effective solutions to rural
electricity needs. Furthermore, wind/PV hybrid systems are essentially used for low load
applications (<10 kWh/day). For larger applications, wind/diesel hybrids are attractive as long as

a reasonable wind resource is available to be utilized [26].

2.3 Microgrid Concept and Configuration

The application of individual DG systems can cause as many problems as it may solve. There
have been always some limitations in employing individual DERs like high cost/W, limited
capacity and reliability and safety concerns. Integrating individual DERs into the utility system
can also bring about some technical concerns (including reliability, stability and protection
issues.)

To move away from “fit and forget” approach for the connection of DERs to utility system, a new
concept has been introduced called “microgrid”. The microgrid views generation and associated
loads as a subsystem and groups of loads, paralleled distributed generators and intermediate
energy storage units in a common local area. Compared to the single DG, a microgrid has a larger
capacity and more control flexibility to fulfill system reliability and power quality requirements
[6].

From operational point of view, equipped with power electronic interfaces, DERs can provide the
required flexibility to ensure working as an aggregated system and to maintain the desired power
quality and energy output. Then, from utility point of view, microgrid presents a single controlled
unit that meets local energy needs for reliability and security. This unit will not only disconnect
from the utility during faults, but may also intentionally disconnect when the utility power quality
falls below certain standards [6].

However, current utilities have been reluctant to permit DERs interconnect with the grid, citing
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safety and stability concerns as well as existing control/protection constraints of distribution
systems. To drive the full benefit of high DG penetration depth, the autonomous operation of
microgrid and technical barriers to practical implementation of the system need to be investigated
and resolved. Due to current protection systems and automation level, distribution systems would
not allow microgrids to take responsibilities such as local voltage control although they are
potentially capable of taking them. Distribution network design engineers still prefer that all
customers, even customers using distributed energy resources, have PQ buses so the voltage
profile could be controlled by traditional local reactive power compensation. IEEE set of
standards P1547, one of the standards that identifies DG specifications and system requirements
to facilitate interconnection, explicitly states that DERs shall not actively regulate the voltage at
the point of common coupling (PCC) [1]. Thus, a microgrid with all its possible complexity does
not impose any extra complexity to the network. This can be considered one of the most
important benefits of the microgrid.

Figure 2-3 shows a typical microgrid configuration. This microgrid consists of four radial feeders
connected to the utility system through a static switch. The radial microgrid can be often
deployed as a small-scale distribution system at a low voltage level. There are three DG systems
employed in the microgrid. Each has one energy source, one energy storage, and a grid-
interfacing inverter. In figure 2-3, the heat load is placed near DG1 to minimize heat loss during
heat transmission and the critical load is connected to DG3. DG2 is directly connected to the

feeder for voltage and power supply.
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Figure 2-3: A typical microgrid configuration
The microgrid can operate in two modes: (1) grid-connected and (2) islanding mode. In grid-
connected mode, the microgrid is connected to the utility either totally or partially, and imports or
exports power from or to the utility and the DERs in the microgrid provide heat and power
support for the nearby loads. In case of any disturbances in the utility or power-quality event, the
static switch can instantaneously make the microgrid switch over to islanding mode while still
supplying power to the critical loads. In an intentionally islanded microgrid, the DERs function as
an uninterruptable power supply and immediately share the changed power demand. Also, the
least important loads can be shed if the microgrid has not sufficient power capacity to feed all the
loads in it. To ensure a successful transition from grid-connected mode to islanding mode, an
islanding detection algorithm has to be implemented in microgrid DG units. When the fault is

cleared and utility voltage is back to normal condition, a synchronization scheme is required to
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make sure the microgrid voltage matches the utility voltage at the point of common coupling

before the switch can be closed.

2.4 Advantages of Microgrid and Challenges Related to Microgrid Development

The development of microgrid has been promising for the electric power industry because of the
following advantages [3]:
(1) Environmental issues:

- Reduction in greenhouse gaseous and particulate emissions due to use of clean
energy resources such as wind and solar energy and also close control of the
combustion process of small resources may ultimately help combat global warming.

- Physical proximity of customers with DERs may help to increase the awareness of
customers (due to noise and pollution) toward judicious energy consumption.

(2) Operation and investment issues: Reduction of electrical and physical distance between
resources and loads can contribute to:

- Reactive power improvement of the whole system, thus enhancing the voltage
profile.

- Reduction of T&D losses.

- Reduction of T&D feeder congestion.

- Reduction/postponement of investments in the expansion of generation and
transmission systems.

(3) Power Quality: Enhancement in power quality and reliability is achieved due to:

- Decentralization of supply.

- Better match of demand and supply.

- Reduction of the impact of large-scale outages of transmission and generation
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systems.
Minimization of downtimes and enhancement of restoration process through black

start operations of DERs.

(4) Cost saving:

Utilization of waste heat in CHP systems results in significant cost saving. As the
CHP resources are located close to the loads, no more infrastructures are required for
heat transmission. This gives a total energy efficiency of 80% as compared to a
maximum of 40% for a conventional power system.

Integration of several DERs can also result in cost saving. As they are locally place in
plug-and-play mode, the T&D costs are extremely reduced. Combining into a
microgrid, the generate electricity can be shared locally among the loads, which
again reduces the need to import/export power to/from the main grid over longer

feeders.

(5) Market issues: In case of market participation, the following advantages are attained:

The development of market-driven operation procedure of the microgrids will lead to
a significant reduction of market power exerted by the existing generation
companies.

The microgrids can be used to provide ancillary services.

The proper economic balance between DG utilization and network investment can

reduce the long-term electricity customer prices by about 10%.

In spite of so many potential benefits that cannot be neglected, development of microgrids will

result in several challenges and potential drawbacks [3]:

(1) High cost of DERs: The high installation cost of microgrids is a great disadvantage that
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can severely affect microgrid development. This can be reduced if government bodies
can arrange some forms of subsidies in order to encourage investments. There is a
global target set to enhance green and renewable power generation to 20% by 2020.
Technical difficulties: These difficulties are related to lack of technical experience in
managing a large number of plug-and-play resources. This part requires extensive
research on management, protection and control aspects of microgrids and also on the
choice, sizing and placement of DERs. Lack of proper communication infrastructure in
rural areas is still a potential drawback in the implementation of rural microgrids.
Besides, an increase in number of microgrids and higher depth of DG penetration can
provoke several technical concerns such as system stability and reliability.

Absence of standards: Since microgrid is a comparatively new area, standards are not
still available for addressing operation, control and protection issues. Standards like
G59/1 and IEEE 1547 should be reassessed and restructured for successful
implementation of microgrid and active distribution networks.

Administrative and legal barriers: In most countries, there are no standard legislation
and regulations to regulate the operation of microgrids. In some countries, government
is encouraging the establishment of renewable energy systems, but there is still a need
for standard regulations to be framed for implementation in future.

Market monopoly: If the microgrids are permitted to supply power autonomously to
priority loads during any utility contingency, the question that arises is who will then
be responsible to control energy prices during the period over which utility is not
available. It will be possible for microgrids to retail energy at very high price

exploiting market monopoly.
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2.5 Microgrid Control

When a microgrid is grid-connected, it behaves as a controllable load or source. It should not
actively regulate the voltage at the PCC [6]. Furthermore, the harmonics and dc current it injects
to the grid should be below the required levels. During this mode of operation, the primary
function of the microgrid is to satisfy all of its load requirements and contractual obligations with
the grid [27].

One of the most attractive aspects of a microgrid is its potential to separate the generation and
corresponding loads from the distribution network and isolate its loads from the disturbance
without harming the grid’s integrity. This ability to become intentionally islanded will provide
higher local reliability and ensure better power quality to the loads located in the microgrid [28].
When the microgrid islands, energy resources should be able to control voltage and frequency.
The microgrid is also supposed to achieve an accurate power sharing among the DERs in an
islanded mode to ensure that no DER is operating beyond its maximum rating. But, in grid-
connected mode, the voltage and frequency are determined by the network and distributed
generators are considered to generate predetermined amount of active/reactive power. Then, the
load sharing between distributed resources is irrelevant in grid-connected mode [29].

Although the microgrid can be designed with the capability of islanded operation, the transition
between grid-connected mode and islanded mode can be challenging. The microgrid should be
able to connect to and disconnect from the grid with the least possible transient imposing to its
components and the corresponding grid. This transition process is called seamless or smooth

transition.
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The ability of a microgrid to survive loss of connection with the host network depends directly

upon its control strategy. A well-developed control strategy will guarantee the proper

performance of the microgrid.

2.6 Microgrid Control Strategies

The basic control objective in a microgrid is to achieve accurate power sharing and to maintain

close regulation of the microgrid voltage and frequency. In the literature, there are three schemes

to satisfy the aforementioned control objective [29], [30]:

a)

b)

Centralized Control: In this approach, the microgrid has a central control system.
In this control scheme, all the generation data are sent to the central controller to
decide for the microgrid operation. For instance, if there is a load increase within an
islanded mode, the control system is informed about the resources’ data and then
shares the increased load between them. This approach seems to work well but it has
some serious problems in practice. To have a central controller, there is a need for
communication link which is either quite impractical (in rural areas with far distance
between resources) or in the case of implementation, it will strongly affect the system
reliability. The fact is that the malfunction or loss of central controller
communication link will cause partial or entire system failure. Furthermore, in this
scheme, connecting or disconnecting of a single DER requires new planning and
design of the controller or at least some major changes in its settings.

Master bus: In this structure, there is a large DER that is controlled to adjust the
microgrid voltage/frequency and the power sharing between DERs during the
transients and steady state mode. This DER should be completely controllable having

enough energy storage. The high cost of the DER and the excessive dependency of
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the entire microgrid to this master bus that results in less system reliability make this
approach less practical.

Decentralized Control: Most current microgrid implementations combine loads
with sources, allow for intentional islanding, and try to use the available waste heat.
The above-mentioned solutions rely on complex communications and control, are
dependent on key components, and require extensive site engineering. The objective
of decentralized control is to provide these features without a complex control system
requiring detailed engineering for each application.

Therefore, a decentralized control approach intends to provide the maximum
autonomy for DER units in a microgrid. Every DER unit has the same control
priority and works independently using the locally measured signals. This concept
ensures that there is no need for a communication link, a master controller, or a
central storage unit that are critical for the operation of the microgrid. This implies
that loss of any DER or component will not prevent microgrid operation. With an
additional DER, the complete functionality of the microgrid can be assured in the
case of losing any DER. A system has a plug-and-play feature and a unit can be
connected or disconnected at any point of the system without reengineering the

control system.

2.7 Decentralized Control of microgrid

While some emerging control technologies are useful, the conventional power systems are able to
provide illuminating insights. Basically, the key power system concepts can be applied quite well
to DG operation. Voltage and frequency control mechanism as well as load power sharing used

on large utility generators can also provide the same robustness to the systems including small
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DGs. Nevertheless, microgrid physical parameters can be an area of major difference between a
microgrid and a large power utility. One the other hand, from a control point of view, there are
some distinct differences between the speed and structure of DG controllers and large generators
[31].

Basically, distributed energy generators could be divided into two main groups. First, the rotating
AC generators found in power systems, which their capacity sometimes reach into 1000 MWs in
large power plants; however, as distributed generation units, their capacity rarely reaches tens of
MWs. The control principles of this group of DGs are likely the same as of conventional rotating
AC generators and have been discussed extensively during the past decades. The second group of
distributed generation units are those connected to the grid using power electronic converters.
This group of distributed generation can be categorized by their drivers at the generation side.
The drivers of the first category generate high frequency (micro-turbine) or variable frequency
(wind turbine) AC voltage. This AC voltage is first converted to a DC voltage using a rectifier
and then converted to the desired AC voltage using an inverter interface. Emerging new
technologies such as photovoltaic and fuel cells result in another type of drivers generating a DC
voltage. This DC voltage will be turned to an AC voltage using an inverter. In addition, there are
some energy storage units such as flywheel, battery, Super-capacitor and SMES, which are
usually connected to the grid by static interfaces. Therefore, to have a good control performance,
these power-electronic-based DG units have to be well controlled.

Generally, the controller of a DG inverter is composed of an external power control loop, a
voltage control loop, and a current control loop. The external power control loop sets the
magnitude and frequency (and hence phase) for the fundamental component of the inverter

voltage. The voltage control loop generates the reference current. Current control is responsible
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for power quality and over-current protection; therefore, it is supposed to suppress grid
disturbances (harmonics, unbalance and transients). Voltage and current loops are designed to
provide sufficient damping for LCL output power (LC filter and mutual inductance).

In an islanded microgrid with parallel-connected DG systems, the DERs must be controlled to
share the total load demand according to their respective rating to avoid DG overloads and to
ensure the stable operation of the microgrid. These DG systems are also responsible for voltage
and frequency control. In fact, the effective output active/reactive power management leads to a
proper power sharing and keeps the network voltage and frequency in their rated limits [32]. Fast
response of power management system (PMS) is more critical for a microgrid as compared with a
conventional large interconnected grid. The reasons are: 1) presence of multiple DERs with
substantially different power capacities and generation characteristics, 2) presence of no dominant
source of energy generation during islanding operation mode, and 3) fast response of power
electronic interfaced DERs, which can adversely affect voltage/angle stability if proper provisions
are not in place [33].

The microgrid PMS determines active and reactive power references for the DERs to 1)
efficiently share loads among the DERs, 2) quickly respond to transients due to the changes in the
system operating mode, 3) determine the final power generation set-points of the DERs to
balance power and restore frequency of the system, and 4) provide a means for re-
synchronization of the islanded microgrid with the main grid for reconnection [33].

In the first studies on microgrid control, researchers proposed a control system using droop
characteristics based on the conventional droop control in power systems with parallel
synchronous generators. This method employs the microgrid voltage and frequency as the

communication links and therefore enables the DG units to share the load demand without
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physical communication between them. Accordingly, frequency droop versus active power will
be used to manage the output active power in order to maintain the frequency. Similarly, by using
voltage droop versus reactive power, the voltage can be controlled by managing the output
reactive power. Figure 2-4 illustrates an example of power-frequency droop characteristic that
considers operating frequency range and shares the active power between two units in order to
stabilize the system frequency. The droop waveform slope is usually chosen according to the
DER capacity and therefore a DER with a larger capacity will be more effective in
voltage/frequency control. The relationship between the slope coefficients of frequency and
voltage droop characteristics (K, K,) and the apparent power of generation units (Sg) for two
sample units (m, n) is described in equation 2-1:

SGann = SGmK (2'1)
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Figure 2-4: An example of ®-P droop characteristics

2.7.1 Traditional Voltage/Frequency Droop Control for Voltage Source Inverters

28



To demonstrate the traditional droop characteristics for inverter-based resources within an AC
system and to determine their parameters, a simple system including two DERs and one common
load shown in figure 2-5 will be described. Z; and Z, show the mutual impedances of DERS and

the line impedances between the DERs and the load.
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Figure 2-5: AC system with two generation units
If the load voltage is taken as a reference voltage, the apparent power of each source can be

expressed as following:

EL8,-V
S,=P+j0, =E£8,~ "L =12 2-2)

i
After simplifying the above equation and rewriting the imaginary quantities in the form of

amplitude and phase forms, active and reactive powers can be shown by following equations:

2
= |£Zj—l| cos(8,) - % cos(6,+9)) (2-3)
2
0 = é—i|sin(6?i) —%sin(ﬁi +9) (2-4)

where 6 is the phase of Z, and 5, is the phase difference between the voltage of i source and

the load voltage (the i source power angle).
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If the power angles be small enough, the following equations can be driven by using the

expansion of sinus and cosine functions:
cos(f +8) = cos(§) ~sin(6)). (2-5)
sin(6, +0,) = sin(6,) +cos(6,).0, (2-6)

By replacing equations (2-5) and (2-6) in (2-3) and (2-4), the power flow equations for the "

source can be described as:

2] 2]
E(E-V) . V.E..cos(6)
Qi :;Sln(ei)_;é‘i (2-8)
12 12

Therefore, the active and reactive power variations of the i source in terms of its voltage

amplitude and power angle variations can be expressed as:

_(2E,,—V)cos(6) V.E,.sin(6)
R AT

Ao, (2-9)

_QEy=V)sin@) . V-Ey-cos(6)
|Zl| l |Zl|

AQ, A¢, (2-10)

where Ej is the voltage amplitude of the i"™ source at the operating point.

In these equations, it is assumed that the power angle is small enough and its value is zero at the
operating point. Furthermore, the load voltage variations are neglected in the above equations. In
other words, Avis supposed to be zero. Note that droop control only deals with source local
variables and the voltage across the load is almost a remote variable for the system; therefore, the
source output power variations that are only related to the amplitude and phase variations of the
output voltage are only considered in the above equations. In fact, droop controller characteristics
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can be driven by source local variables. Using above equations, the source voltage amplitude and
power angle variations can be described in terms of the source active and reactive power

variations as:

Ad,= K, AR + K, AQ, (2-11)
AE = K;AF, + K,,AQ, (2-12)
where

. K, (2-13)
' VE, ? V.E,

i3 |(ZZ,—|ECOj(3)) Ky =— |(22,|ESlri(§)) (2-14)
i0 i0
In equations (2-11) and (2-12), the coefficients K;;, K>, K;3 and K, are quite independent of the
source operating point and their values remains nearly constant at the operating point. Droop
control characteristics that are employed to share power between resources of an AC system can
be driven by the above equations. Power droop control characteristics for resources are chosen in
a way that a negative feedback will be appeared in the active and reactive power control loops.
Due to this negative feedback, the generated power from the source with more generation will be
reduced and the generated power of the source with less generation will be increased. In this case

the load demand will be shared between the sources. Therefore, the droop control power

equations are expressed as below:

A, =—m, AF, +m AQ, (2-14)

AE,=-n, AP, ~n, AQ, (2-15)

1
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where my;, mg;, n,; and ng; are droop coefficients of control characteristics. To have the negative
feedback in the power control loop, it is necessary to choose opposite sign for corresponding
variables in power generation equations (systematic equations) and control equations. The above-
mentioned droop coefficients can be chosen proportional to the coefficients K;;, Ki,, Ki; and Kis:

|Z,|.sin(8)) . |Z,|.cos(6))
” VE, ~° V.E,

|Zi|.cos(9i) ) |Zi|.sin((9l.)

n : (2-16)
bi (2E,-V) B (2E,-V)

To maintain the stability of the power control loops, their open loop gain should be less than one.
Therefore, for this purpose, the proportionality constant for droop coefficients should be just less
than one. Furthermore, the droop coefficients are nearly independent of the operating point and
they can be considered constant for all operating points. As a result, the linear droop control

.. +th .
characteristics for the i" source can be described as:

6,=6,—m, (B—By)+m, (0,-0,) (2-17)

E =E, _np,.-(B_Pio)_nq, (0 —0Qy) (2-18)
In this case, the ratio between power control coefficients of the source can be expressed as:

mpi Xi nqi
—=tan(f,)=—"=u,— =tan(6,) = 4, (2-19)

m . R n,.

qt i pi
As it can be seen, the relation between the droop coefficients can be expressed as a ratio of
reactance over resistance of source and line impedance (). Since the power angle of the sources
cannot be measured locally (source power angle is the difference between the source output

voltage and one reference voltage that cannot be measured locally), the angular frequency is used

instead of power angle to share the active power between power sources. In the steady state
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mode, the angular frequency is constant at all operating points; therefore, it can be used as a
global signal. Controlling the frequency of sources using frequency-active power (w-P) droop
characteristics, while system is stable, can ensure an accurate power sharing between generation
sources. Since the voltage phase is an integral of its angular frequency, adjusting the source
angular frequency by w-P control characteristic can adjust the source power angle in such a way
that the active power between system resources be desirably shared. In this method, the angular
frequency is responsible to share the active power between sources as a communication link
between them. The problem of frequency droop method is that sharing the active power between
sources may deviate the system frequency from its nominal value. If necessary, the system
frequency should be returned to its nominal value using additional control loops [33]. In general,

the frequency droop characteristics for i source can be described as below:
W =0y~ m;i (B —=Fy)+ m;’_ (©,=0Q0) (2-20)

Frequency droop control coefficients, given that their proportionality constant is u;, are chosen
considering nominal capacity of generation resources and the maximum permissible rate of their
frequency variation. Therefore, the case in which the most frequency variation is taken place

should be considered:

’

mpi

i

/’
P | 1,

D | = AW, (2-21)

Rephrasing the maximum active and reactive power of the source by its nominal capacity and

power factor, the above equation can be expressed as:

m' S J1-pf’
m,.S,.pf, +—— Ll =A@ ... (2-22)
i ﬂl- >
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where S,; and pf; are respectively the nominal capacity and power factor of the /" source. The

m;, can be driven form the equation (2-22).

Aw

J-pf?

1

(2-23)

n

S.(pfi + )

And m;i can be calculated by using equation m;i =M, .m;i. As the angular frequency is a global

signal in the system, Aa)i,max is considered to be identical for all sources to share the active

power in proportion to their nominal capacity. If source mutual impedance be more inductive, the

w1 value will be large and then m; will be much smaller than m;. In this case, the term related to

the reactive power can be neglected and the w-P droop control for sharing active power between

resources in highly inductive networks can be expressed as:
w=a,-m,(P-F) (2-24)
If the mutual impedance be more resistive, the x value will be small and then m; will be much

larger than m;. In this case, the term related to the active power can be neglected and to share

reactive power in highly resistive networks, the frequency- reactive power (w-0Q) boost control

will be used:
w=w,+m, (0-0,) (2-25)
The frequency control characteristic of equation (2-20) is not used for power sharing. Because

according to equation (2-26), if the whole system frequency be stable in steady state, then the

linear combination of active and reactive power of the resources will be shared, which will not
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yield to desired active power sharing or reactive power sharing of the resources based on their

nominal capacity.

m, (R—-Hy) +m, (O -Qp)=...= m, (B—-£) +m, (0, -0) =40, (2-26)
Therefore, to control the frequency usually equations (2-24) and (2-25) will be employed
according to the type of the mutual impedance. In this case, only one of the active or reactive
powers will be shared adequately. The voltage droop characteristic coefficients can be chosen

employing the maximum rate of source voltage variation and its active and reactive power

generation capacity.

=AE (2-27)

i,max

nPi ‘P’

+7, |0 e

,max

Using the equation (19-2) and the source maximum power defining by its nominal capacity and

power factor, the above equation can be expressed as below:

n, S.pfi+u.n, 1-pf* =AE, (2-28)

The n,,; can be driven as following:

AEi max
n = * (2-29)

S,(pf; + iA1= pf)

And, ng coefficient can be also calculated by equation (2-19). To choose droop coefficients,

AE

i,max

will be considered equal for all sources. If source mutual impedance be more inductive,

the u value will be large and then n, will be much larger than #,. In this case, the term related to
the active power can be neglected and £-Q droop characteristics will be used to share reactive

power in highly inductive networks.

E=E,+n,(0-0,) (2-30)
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If the mutual impedance be more resistive, the x value will be small and then n, will be much
smaller than n,. In this case, E-P droop characteristics can be used to share active power in highly

resistive networks.
E=E0—np.(P—PO) (2-31)

Unlike the frequency, the voltage is a local signal and then it cannot share active and reactive
power adequately. Inequality of the mutual impedances of sources, active and reactive power
mutation and the limitation of the voltage amplitude variations are the most effective factors that
result in power sharing inaccuracy of voltage droop characteristics.

The question that may be asked here is whether the mutual impedances of other sources and lines
are also effective in choosing an appropriate droop characteristic. According to the figure (2-7)
and the fact that load impedance is much larger than the mutual impedances of sources, a simple
answer to this question is that the equivalent impedance between two sources can be assumed as a
sum of mutual impedances of sources. In this case, an appropriate droop characteristic is chosen
using the sum of mutual impedances. Therefore, in general, the type of mutual impedance of
sources and lines are effective for choosing the appropriate droop characteristic.

Although this method initially seems to work well, recent studies show that there are some
serious problems using traditional droop method. First of all, this type of control basically
designed for generators connected to transmission line that are highly inductive but in low voltage
networks that are more resistive, this method is exposed to weak transients (and even weak
stability). This is a result of the coupling between output active and reactive powers of DERs in
these conditions. On the other hand, this method causes a large circulating reactive current
between converters. Furthermore, inequality and asymmetry between the line impedances (that is

expected in distribution network) and also output impedance of DERs will affect reactive power
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control accuracy in grid-connected mode and the reactive power sharing in islanded mode will
also encounter some problems due to unequal voltage drop. Another important issue of the droop
control method is its disability to share nonlinear (harmonic) and unbalanced loads [36]. To solve

the above-mentioned problems, different improved droop methods have been proposed.

2.7.2 Improved Control for Resistive Low Voltage Networks

To solve a resistive impedance problem, inverse droop method is suggested using voltage-active
power and frequency-reactive power droop characteristics. Sao & Lehn present an inverse control
method using voltage-active power droop/frequency-reactive power boost characteristics
(VPD/FQB) that allows multiple voltage source converters (VSCs) to operate in parallel in a
microgrid [37]. Each current controlled VSC has its own VPD/FQB controller that sets its current
references to regulate the frequency and voltage of a common microgrid bus. Drooping the
reference voltage of each controller against its active power output regulates the microgrid
voltage while sharing a common load power in proportion to a predetermined ratio. Similarly,
boosting the reference frequency against its reactive power will regulate the microgrid frequency
and share the reactive load in proportion to a predetermined ratio. Figure 2-6 illustrates the
inverse droop characteristics of this algorithm. The proposed control algorithm works well in both
the grid-connected and islanded modes. The experimental results also confirm the VPD/FQB

control method.
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Figure 2-6: Inverse droop characteristics. (a) V-P droop characteristic (b) F-Q droop
characteristic

To avoid the active and reactive power coupling in low voltage networks, some more strategies
has also been suggested. A novel active and reactive power frame transformation is proposed in
[38]. While this method operates effectively in grid-connected mode, it cannot directly share
active and reactive power in islanded mode. Another similar way to decouple active and reactive
power is to employ the virtual frequency and voltage frame [39]. Unfortunately, this method can
be subjected to the power sharing inaccuracy due to unequal impedance voltage drops. In [40],
signal injection control method is suggested that increases complexity and may yield to line
current distortion.

Another way to avoid the power coupling is to control the inverter with virtual output impedance
[41]-[43]. Although this approach effectively prevents the coupling between active and reactive
power, it may increase the reactive power control and sharing error as the impedance voltage
drops increases. It can be solved by injecting high frequency signals through the lines [40] or
adding communication data signals [45]. However, adding these communication links will

increase complexity and reduce system reliability.
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For low voltage microgrids, a power control strategy is proposed in [45] that contains a virtual
inductor at the interfacing inverter output. It has an accurate power control and sharing algorithm
with consideration of both impedance voltage drop and DG local load effects. Furthermore,
considering the different locations of loads in a microgrid, the reactive control will be further
improved by using online reactive power offset estimation.

In [46], a droop-based control scheme for voltage source inverters is suggested that employs
some estimated grid parameters such as voltage and frequency as well as the magnitude and the
angle of grid impedance. Hence, this inverter can independently inject active and reactive power
to the grid. This control method is able to operate at both grid-connected and islanded modes.
Reference [47] presents a minimum output current tracking control method to address the power
sharing issues in a highly resistive low voltage microgrid. The proposed scheme manipulates the
droop control to achieve minimum converter output current under different load conditions and

transmission line characteristics.

2.7.3 Droop Control for Sharing of Nonlinear and Unbalanced Loads

Most droop-based power control algorithms have studied the sharing of linear loads; and
nonlinear loads have been rarely taken into consideration. Harmonic current drawn from power
electronic devices can increase the harmonic resonances, which will reduce the system power
quality. Due to nonlinear nature of control system and communication-less sources, the whole
nonlinear current would be drawn from one source, which can be catastrophic. The solution is to
damp the harmonics as much as possible using converter interfaces between DGs and share the
nonlinear load between sources [48].

Furthermore, there are some single phase loads in distribution systems that are not usually
considered in studies. On the other hand, proposed control methods may not work properly in the
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presence of unbalanced loads. Another issue of traditional droop control methods is that the
power sharing quality will be degraded if the sum of output impedance and line impedance be
unbalanced. A solution can be adding some inductors between inverter and load bus; but they are
quite large and proper control algorithm should be designed for these cases [36].

Hence, many control methods have been proposed to reduce the inverter output voltage
distortion. In [51]-[53], installing passive filters and active damping controllers have been
discussed. But these methods are only provided for one converter and they may not be effective
while employing several converters. Droop characteristic with harmonic bandwidth for sharing of
harmonic loads has been proposed in [41]. High frequency signals are injected through the lines
and will help the system as control signals. This method will be appropriate for low power
applications if high pulse width modulation frequency and good quality resolution be used. In
[44], the proposed method equally shares nonlinear loads between parallel uninterruptable power
supply (UPS) systems by adjusting the voltage control gain in proportion to output harmonic volt-
ampere. This method also has a good performance in fundamental frequency and low power
applications. In high power applications, switching frequency is limited due to switching losses
and delays and will subsequently limit the control loop bandwidth; hence, the controller cannot
control the harmonic voltage with linear PID feedback.

The problem arises when two converters using harmonic compensation are connected in parallel
as they are not able to distinguish between harmonic load current and harmonic circulating
current between converters. To solve this upcoming problem, Borup et al. suggest an inverter that
can operates as an active inductance in a specific harmonic frequency and absorbs the harmonic
currents of nonlinear loads [48]. In this paper, a novel control method is proposed that provides

equal power sharing between linear and nonlinear loads without any communication links. In
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some papers, one active filter is suggested for voltage harmonic recognition. This active filter can
conduct harmonics and suppress the voltage harmonics of power system [52], [53].

In [54], a new harmonic filtering strategy for converter interfaced DERs has been proposed. This
droop control is designed and implemented based on harmonic reactive power consumption of
each converter. In this strategy, the harmonic filtering overload can be equally shared between
DERs without any communications. The proposed harmonic filtering strategy implements a G-H
droop relationship between the harmonic conductance command and harmonic VAR (volt-
ampere reactive) consumption of each converter. This control loop can be integrated together
with (@-P) and (V-Q) droop of the interface converter.

Several methods have been also suggested to compensate the load imbalance and the line
impedance asymmetry. A PI controller in a synchronous reference frame has been proposed in
[55] to regulate positive-sequence component of inverter’s output voltage. Installation of two
pairs of PI controllers for positive- and negative-components of inverter output voltage is
suggested in [56]. Negative-sequence current compensation using a parallel converter and a series
converter has been proposed in [57] and [58], respectively.

A proposed method, namely, Q—G droop control, is integrated with the conventional active-
power—frequency (P—f) droop control, the reactive-power—voltage (Q—V) droop control, and the
harmonic reactive-power—harmonic-conductance droop control [20] to accomplish equal load
sharing among all interface converters while maintaining the power quality within the DERs. In
[59], a droop-based control method is suggested for imbalance compensation of inverter-
interfaced microgrid based on a generated reactive power generated by negative-sequence current
and positive-sequence component of voltage. A droop characteristic between this reactive power,

called reactive power negative component, and a conductance, obtained by the negative-sequence
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current over the negative-sequence voltage, can even share the negative-sequence reactive power
between sources without any communication links. The proposed technique is also able to share
unbalanced current between different converters and can be easily integrated with conventional
frequency-active power and voltage-reactive power droop controllers and increase the system
power quality. Sao & Lehn proposes a control method in [60] that can compensate unbalanced
loads in an islanded mode microgrid using the inverse voltage-active power and frequency-
reactive power droop controller. In this strategy, the negative-sequence current has been injected
to eliminate the negative-sequence voltage components caused by single phase loads.

Reference [61] proposes a power quality compensator to interface between DERs and main grid,
which consider both microgrid power quality and the quality of currents flowing between
microgrid and the main grid. In this compensator, two inverters (a shunt and a series) are used for
each DG in the microgrid and they both control the positive- and negative-sequence components
to compensate the effects of unbalanced grid voltages. There is also a current-limiting algorithm
integrated within the inverter controller to protect the microgrid from large fault currents due to
voltage sags.

In [62], both nonlinear and unbalanced loads are simultaneously addressed and the control of the
active and reactive power flow is also explored through the analysis of the output impedance of
inverters. Adaptive virtual output impedance is proposed for a proper reactive power sharing
regardless of the line impedance imbalances. To share nonlinear loads, an additional current
control loop is suggested that regulates the output voltage bandwidth according to the amount of
output harmonic power. In this sense, the significant output current harmonics are treated
separately using a bank of band-pass filters in order to share these harmonics properly without

excessively increasing the output voltage total harmonic distortion (THD).
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2.7.4 Other Decentralized Control Techniques

In [33], frequency-power droop characteristic is used to control the active power. To control the
reactive power, three different power management strategies are identified and investigated,
which are based on: 1) voltage droop characteristic, to prevent deviations in terminal voltage, 2)
voltage regulation, achieve a steady voltage at a specific load-bus, 3) power factor correction, to
compensate reactive power demand of a load based on the power factor set-point of the load. The

block diagram in Figure 2-7 illustrates these three strategies.
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Figure 2-7: Reactive power control strategies for an inverter-based DER. (a) Voltage-droop
characteristic method. (b) Voltage regulation method. (c) Reactive power compensation

method.
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In an autonomous (islanded) mode where the voltage and the frequency are not dictated by the

grid, the conventional current controlled strategy for the interface converter is not necessarily the

best available choice. The main reason is that it can yield the voltage and frequency deviations

that lead to either instability or improper operating conditions. To address the problem, the

following options are discussed in [63]:

1.

Voltage-controlled VSC strategy: Based on this strategy, the VSC controls the voltage
and frequency at the point of common coupling (PCC) of the DER. Its main drawbacks
are coupling between instantaneous active and reactive power components and no
current-limit capability for the converter during grid faults.

Hierarchical voltage- and current-controlled VCS strategy: This strategy requires
provisions for voltage and frequency control signals in order to control PCC frequency
and voltage in an islanded mode microgrid through the conventional current-controlled
strategy. However, care must be taken to prevent its negative impact on voltage and
frequency in grid-connected mode. Dynamic interactions among adjacent DERs and
synchronous machines and slow dynamic response are also considered as the strategy
drawbacks.

Hybrid current- and voltage-controlled VSC strategy: Depending on the mode of
operation (i.e. grid-connected or islanded mode), this hybrid control strategy switches
between current-controlled VSC and voltage-controlled control strategy. The main
challenge in this approach is to smoothly switch between the control strategies, which

requires fast detection of the change of operating mode.

This paper introduces a voltage-controlled strategy for a DG unit that employs voltage instead

of current. This strategy is applicable to both grid-connected and islanded mode and also
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provides an inherent islanding detection capability and current-limit capability for the VSC
during transiens.

In [64], subsequent to an islanding detection, the conventional dq-current controller is
disabled and the proposed controller will be activated. The proposed controller utilizes (1) an
internal oscillator to control the frequency and (2) a voltage feedback signal to regulate the
voltage. This approach guarantees the robust stability and the pre-specified performance
criteria such as fast transient response and zero steady state error even if there is an
uncertainty in load parameters.

Droop control based on angle of output voltage, referred to as angle droop, is more accurate
than the commonly frequency droop control. Frequency regulation limits the permissible
range of frequency droop gain and it may result in the microgrid malfunction in the case of
persistent load changes. Along with utilizing an inverse voltage-power droop control in [65];
this paper uses the voltage phase angle instead of the frequency to control the inverter output
reactive power. This strategy requires global positioning system (GPS) for angle referencing;
however, there is no need for the communication links between converters. The initial phase
angles are adjusted based on the desired power sharing and droop coefficients are determined
depending on the minimum and maximum load demand and load sharing ratio of each unit.
The performance of the proposed method is confirmed in presence of nonlinear and
unbalanced loads as well as motor loads.

From power sharing point of view, the high angle droop gains will ensure proper power
sharing but can adversely affect the system stability [33]. Accordingly, reference [66]
proposes a supplementary control loop around a conventional droop control of each DG

converter to stabilize the system while using high angle droop gains. Control loops are based
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on local power measurement and modulation of d-axis voltage reference of each converter.
Proper and coordinated design of supplementary control loops is formulated using a
parameter optimization problem and solved by an evolutionary technique.

Z-Source is a recently proposed single-stage converter that is capable of operating in both
buck and boost modes. This inverter eliminates the need for a two-stage conversion
(AC/DC/AC) and consequently gives an economical solution for power conversion in DG
applications. However, the dc-side of the Z-source inverter shows a non-minimum-phase
characteristic; and the output voltage shows a significant over- and under-shoot, following a
step change in input due to energy resettling. The modeling and design of a closed-loop
controller for a Z-Source inverter are presented in [67]. The system is modeled using large-
and small-signal modeling techniques and the relevant transfer functions are derived. The
proposed controller should be able to minimize above-mentioned effects since they could be
transferred to the ac-side and give rise to the overshoot and undershoot in the ac output. The
dc- and ac-side controllers are separately designed. An indirect controller is implemented in
the dc-side, while the ac-side controller is designed in the synchronous reference frame.
Accordingly, the modulation index, shoot-through time, and saturation levels are chosen to
prevent the dc-side effects from propagating into the ac-side. Figure 2-8 shows the Z-source

inverter structure:
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Figure 2-8: Three-phase Z-source inverter

Capacitors are widely used for power-factor correction (PFC) applications in power systems.
When a PFC capacitor is installed together with a certain load in a microgrid, it may become
parallel with the filter capacitor of interfacing inverter and change the effective filter
capacitance, which may increase the possibility of resonance occurrence in the microgrid. In
[68], an H. controller is proposed for the inverter voltage control of a microgrid with a
parallel capacitor. This paper investigates the effective shunt-filter-capacitance variation as
well as resonance phenomena in a microgrid in the presence of PFC capacitor. To
compensate the shunt-filter-capacitance variation, the weighing functions should be properly
chosen so that the synthesized H., controller would exhibit high gains at the vicinity of the
line frequency and, thus, would have nearly zero steady-state error. With the robust H,
controller, it will be possible to explicitly define the degree of robustness regardless of
parameter variations. Furthermore, a complete investigation is conducted to study the
performance of the current-loop feedback variables under resonance conditions. It shows that
the filter’s inductor current feedback is more effective to damp the resonance. For further
resonance attenuation, two series and parallel inverter can be used in the microgrid [61]. The
series inverter controller can be assumed as virtual resistor affecting only harmonic

components (without interference with the fundamental power flow). Therefore, the
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proposed control strategy is comprised of an H,, voltage controller, an inner filter inductor
current feedback, and a virtual resistor compensator.

Chang et al. use a L1 robust controller to design a robust controller for a microgrid [69]. This
controller is basically designed to control an islanded microgrid against exogenous
disturbances such as voltage and frequency variation caused by inequality between generated
and consumed power in load changes. L1 robust control theory is applied to optimize the
robust controller and a Particle Swarm Optimization (PSO) algorithm is used to solve the

optimization problems.

2.8 Control System Effects on Microgrid Stability

Studies show that inverter power sharing controller dictates low-frequency dynamics to the
system due to the time-scale separation between power, voltage and current loops [70]. Most
studies choose control parameters based on trial and error method that is not accurate enough
for stability study [71]. To solve this problem, the proposed droop controllers in [33] and [72]
are designed based on small signal model of power transfer mechanisms. These droop
controllers can yield acceptable results for small load variation; but, they might not work
properly in a typical microgrid system that the large load variations are expected. As the
demanded power of each inverter changes, the low frequency modes of power sharing
dynamics drift to new locations that adversely affect the dynamic performance of the system
[33]. In this case, the dominant modes of power sharing dynamics move towards unstable
region, result in more oscillations in the system, and eventually, instability can be yielded
[72]. The low damping feature of oscillatory power modes in the fundamental frequency
causes low-frequency oscillations and these oscillations can be imposed to the injected

currents, which might subsequently excite unstable dynamics. Furthermore, low damping
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dynamics of power controller modes can cause dynamic coupling between active and reactive
power that yield poor power sharing and might also force large transient startup as well as
circulating currents. The overload capability of inverter-based DG unit is limited due to its
limited thermal time constant; 1.2-1.5 per unit (p.u) for less than half a cycle. Therefore, due
to the poor damping performance of power sharing mechanism, a microgrid collapse scenario
is likely to take place [73].

Reference [73] proposes a robust control for stabilization of microgrid system. The chosen
microgrid in this research consists of wind turbine, photovoltaic, micro-turbine and fuel cell.
Due to intermittent output powers of wind turbine and photovoltaic and expected load
fluctuations, the microgrid stabilization is performed by controlling the output powers of
micro-turbine and fuel cell. The PI controllers are used in the structure of both micro turbine
and fuel cell controllers and control parameters are simultaneously optimized by PSO
algorithm and H, loop control considering system uncertainties. Unstructured system
uncertainties are modeled by normalized co-prime factor. Based on an enhancement of robust
stability margin in H, control concept, PI controller parameters of micro-turbine and fuel cell
in both islanded and grid-connected modes will be concurrently tuned.

In [74], a sliding mode control strategy is presented for the enhancement of microgrid
stability. Due to nonlinear and stochastic behavior of microgrids and some severe
disturbances such as islanding, the proposed controller is designed based on sliding mode
control. This controller is basically a power system stabilizer placed in a synchronous DG.
All microgrid DG units are considered to be synchronous and dispatchable. It is shown that

this controller has eliminated the need for load shedding strategies and storage devices.
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Due to high cost of installing DG unit, producers would prefer to resort to PQ generating
mode to achieve the maximum output power instead of using Vf control in which some
storage units or/and flywheels are always needed to maintain the frequency stability during
load and generation changes. If droop coefficients are calculated using equation between
products of droop coefficient and unit capacity (equation (2-1)), the largest unit should
always possess the maximum possible storage that cannot be economically justified. In [75],
a procedure based on bifurcation theory is presented to evaluate the impact that droop
characteristic coefficients and primary storage scheduling have on the microgrid stability.
This method is based on finding the worst primary storage share (the share closest to
instability) that could be found after rescheduling the droop characteristics of selected
generation units that support frequency (and voltage) regulation. The solution consists of a
measure of the distance to instability in a given direction that can be found in a multi-
parameter space with coordinates corresponding to the droop coefficients. There are two
stages to achieve the solution. First, a study of the distance to bifurcation is computed in a
one-dimensional parameter space in a defined search direction. Then the direction of this
search is updated by calculating the normal vector at the found bifurcation point. The
procedure is iteratively repeated till the closet bifurcation is found. It is shown through the
analysis of some scenarios that the distances and normal vectors provide valuable insight on
the correct scheduling from the stability point of view, giving advice on how the primary

storage should be more reliably scheduled.
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Chapter 3

Microgrid Small Signal Stability

3.1 Introduction

Since the stability is basically a mathematical concept, a sufficiently accurate mathematical
illustration of the system has to be developed to analyze its stability. Due to the physical nature of
a power system, its mathematical representation can be considered as a system modeling.

Small signal modeling is commonly used to develop a linear model of a nonlinear system for
small perturbations of its variables around an equilibrium point. Several studies have been
carried on inverter-based distributed energy resources to evaluate a control method and its
influence on the system stability.

In this chapter, the basic concepts of power system stability are briefly discussed and an
appropriate mathematical tool is introduced. Next, the microgrid small signal stability is
discussed, and a complete small signal model of an islanded mode microgrid is presented [72].
Based on the proposed small signal model, the dynamic performance of the microgrid is studied.
The dynamic analysis of the microgrid shows that as the demanded power changes, the low-
frequency modes of power sharing dynamics drift to new locations, which can turn into
instability. To conveniently handle this problem a simplified linear model of the system is
developed, and a transient droop-based power sharing control scheme is presented to preserve

power sharing stability.

3.2 Power System Stability

The increase in number and consumption of the customers during the past decades has driven the
power system close to the their threshold limits in capacity and service. Also, power system have
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encountered different dynamic issues such as low frequency oscillations and sub-synchronous
torsional oscillations in steam turbines connected to the lines with capacitor compensation.
Hence, power system stability preservation is necessary to maintain the required energy supply
for customers.

A power system is a large and complex dynamic system consisting of many different parts
connected to each other, which is able to generate, transmit and distribute electrical energy in a
wide geographical area. Due to its coherence, different types of dynamic interactions can be
possible to take place; some may influence a part of the system and some others may involve the
whole system. As every interaction has its unique characteristics, power system dynamics can be
divided into several groups according to causes, consequences, time scale, and physical or local
properties of the system. According to these dynamics and the respective response of the system,

the proper definition for stability and different types of instability should be provided.

3.2.1 Definition and Classification of Power System Stability

The stability concept in a dynamic power system can be defined by using a lyapunov stability
theorem that states:

A stable power system is a system that remains in a state of operating equilibrium under normal
operating conditions and return to an acceptable state of equilibrium after being subjected to a
disturbance [76].

During past decades, power systems around the world have experienced fundamental changes
that eventually yield to the larger coherent systems. Historically, power systems might often
encounter transient instability issues but modern power systems are also facing voltage and
frequency stability problems. Accordingly, a new system stability definition has been introduced
by IEEE. For a given initial operating conditions, power system stability is the ability of an
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electric power system to regain a state of operating equilibrium following a disturbance, with

most system variables bounded so that the entire system practically remains intact [77].

In [78], it is underlined that power system stability has both dynamic and static characteristics;

and, system stability problems generally involve angle and voltage stability, whereas, angle and

voltage stability are more often used for time scale separation rather than variable separation.

Angle stability is usually considered as a short-term phenomenon while voltage stability is long

enough that slower equipment should also be taken into consideration.

IEEE/CIGRE Power System Dynamic Performance Committee has proposed following

classifications for power system stability [77]:

Rotor Angle Stability, the ability of synchronous machines of a power system to remain
in synchronism under normal operating conditions and after a disturbance. The rotor
angle stability can be characterized in terms of the following two subcategories:

1. Small-disturbance (or small-signal) rotor angle stability

2. Large-disturbance rotor angle stability or transient stability

Voltage Stability, the ability of a power system to maintain steady voltages at all system
buses under normal operating conditions and following a disturbance. The voltage
stability can be characterized in terms of the following subcategories:

1. Large-disturbance voltage stability

2. Small-disturbance voltage stability

Frequency Stability, the ability of a power system to maintain steady frequency within a
normal range following a severe system upset yielding a significant imbalance between

generation and load.
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The distinction between voltage and rotor angle stability is mainly based on the specific set of
opposing forces that suffer from sustained imbalance and the system variable in which the

consequent instability is apparent.

3.2.2 Small Signal Stability and Low Frequency Oscillations

Small signal stability is the ability of a power system to remain in synchronism after being
subjected to small disturbances. Theses disturbances, which result in low frequency oscillations,
are considered to be small enough, so that the dynamic behavior of the system can be
approximated by the response of a linear system. Such disturbances occur frequently in normal
system operation, for instance, sudden small changes in load and generation. In interconnected
power systems, the small signal stability is often associated with the oscillatory stability problem
that arises from lacking of sufficient damping torque.

Small signal stability studies usually involve the analysis of the linearized state space equations of
a system, which define the power system dynamics. Hence, eigenvalue or modal analysis is used
to reveal the quantitative information of power system dynamics for small signal stability

analysis.

3.2.3 State-Space Representation and Eigenvalue Analysis

A state-space representation is a mathematical model of a physical system including a set of
input, output and state variables related by first-order differential equations. To identify a system
in state-space domain, the system state concept has to be defined first. State of a system is the
minimum amount of information that can represent the entire system at any given instant of time,
so that its future behavior can be determined without reference to the input before that instant of

time. Any set of n linearly independent system variables that can describe the state of the system
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is called state vector. Accordingly, the system can be represented in an n-dimensional Euclidean
space called state space.

In a linear system, the stability is completely independent of the inputs; hence, the state of stable
system with zero input always returns to the origin of the state space, independent of the finite
initial state. However, in a nonlinear system, the type and magnitude of input as well as the initial
state would influence the stability. Hence, an appropriate approach for power system modeling is
to derive the differential algebraic equations and utilize linear theory analysis to provide an
overview of the system behavior. Since the disturbances are mostly small in power systems, the
system can be linearized to study low frequency oscillations. Furthermore, the dynamic variable
variations can also be linearly estimated during small signal conditions.

The dynamic behavior of a multi-machine system in frequency domain can be illustrated by a

group of nonlinear differential algebraic equations:

x=f(x,z,u)
0=g(x,z,u) (3-1)
y=h(x,z,u)

where xeIR"is the vector of differential variable, ze IR’ is the vector of algebraic variables,
ue IR" is the vector of manipulated inputs, and y is the vector of controlled outputs. In the above
representation f and g are differential and algebraic functions, respectively, and 4 is output

variations function. The above equation can be linearized as bellow:

ni=Zas L pr L a

ox 0z Ju
Jg Jg dg
0= Ax+-2Az+-2A 2
ox * 0z Act Jdu “ (3-2)
oh oh oh
Ay = Ax+ = Az + 22 A
o T R

Eliminating the algebraic variables 4z, state equations describing the system are as bellow:
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Ax = AAx+ BAu

(3-3)
Ay =CAx+ DAu

where 4, B, C and D matrices are defined as bellow:

A3 OF s 106 OF OF s
dx dz 97 ox  du Oz dz du
_oh_0ndg dg b ok dg 08

_ _)_ _—

dx 9z 9z ox  Oou 9z 9z ou

State matrix of A is used to analyze the system oscillating modes. Eigenvalues of A are the roots
of characteristic equation that yield ||sI-A||=0. The system is stable if all system eigenvalues are
located in left-half of the S-plane; therefore, all natural modes will be gradually damped and the
whole system will remain stable. For a complex eigenvalue 4, =0 % jo, , the damping ratio and the
frequency can be driven by equations (3-4) and (3-5). The real and imaginary parts will determine
the damping of modes and the frequency of oscillations, respectively. Therefore, the real

eigenvalues correspond to non-oscillatory modes.

—0.

- 3-4
P (3-4)
_ o -
fi= . (3-5)

The eigenvalues of a small system can be easily calculated; however, dynamic stability analysis
of a large system with hundreds of dynamic equations will be so slow and complicated if all the
dynamic modes are needed to be calculated. So, it is often necessary to construct reduced-order

models for small signal stability analysis by retaining a few selected modes.

3.2.4 Eigenvectors and Modal Analysis

Eigenvectors, also known as characteristic vectors, are a special set of vectors associated with the
system linear equations, which determine the system response. The left eigenvector w; and right

eigenvector v; of an eigenvalue /; can be driven as bellow:
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Av, = Ay, (3-6)
o] A = Lo (3-7)
Right eigenvector describes the relative participation of the system state variables in a given
mode. Its amplitude determines the role of state variables in ith mode and its angle shows the
phase shift of the state variable. And, the left eigenvector provides the relative participation of

each equation in the given mode.

3.2.5 Participation Factor and Sensitivity Analysis

In reduced-order dynamic models of a system, it becomes important to understand the appropriate
definition and determination of which state variables significantly participate in the selected
modes. It can be naturally suggested that the large entries of a right eigenvector of a given
eigenvalue can be the significant state variables for that eigenvalue but they cannot be compared
since they don’t have the same dimensions. For instance, the entries corresponding to angle,
velocity, and flux cannot be compared to each other. Instead, the dimensionless dot product of

right and left eigenvectors (®,; ®v, ) called participation factor can be utilized [80].

To define the sensitivity of an eigenvalue with respect to an uncertain parameter K;, the derivative
of equation (3-6) with respect to K; can be used:

0A av, dv, 04,
kit S P Wik VY 3-8
ak " T Tk, G-8)

Now, dot product of @ and above equation results in:

r OA S\ r Bv r oA,
oA oA =T, D 3-9
O g A T T g G-
As wTAg—Z =/ A, 37 therefore the above equation can be rewritten as following:
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r o,

o —Lv,
o "o
ok; v,

(3-10)

The above equation can be used to calculate the sensitivity of the /" system eigenvalue with

respect to an uncertain parameter K;.

3.3 Small Signal Model of a Microgrid in Autonomous Mode

Small signal stability plays an important role in determination of a microgrid reliable operation.
To study the microgrid small signal stability, a complete small signal model of a microgrid that
includes the inverter low frequency dynamics, high frequency dynamics, network dynamics, and
load dynamics developed in [72] is presented in this section and the evaluation of the system

dynamic behavior is discussed.

3.3.1 State space model of Voltage Source Inverter

A microgrid structure modeled in this thesis is shown in Figure 3-1, which consists of a group of

inverter-based DG units paralleled with local loads.
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Figure 3-1: Typical structure of inverter-based microgrid

The presented microgrid modeling approach divides the whole system into three major sub-
modules: inverter, network and loads.

Each DG inverter is modeled in its individual reference frame whose rotation frequency is set by
its local power sharing controller. The inverter controller is composed of an outer power control
loop, a voltage control loop, and a current control loop. An outer power control loop will share
the active and reactive power with other DG units. The droop-based power control loop use droop
characteristic sets to set active and reactive powers, which will accordingly set the magnitude and
frequency of the fundamental component of the corresponding inverter output voltage. Internal
control loops of the inverter will include voltage and current controllers designed to reject high
frequency disturbances and provide proper damping for output LC filter to avoid any resonance
with the network. The small-signal state-space model of the inverter includes controllers, the

output filter and the coupling inductor. An arbitrary choice has been made to select the reference
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frame of one inverter as the common reference frame and refer other inverters to this common
reference frame.[72].
Voltage source converter (VSC) is commonly employed to interface DG units to the network.

The control structure block diagram of a microgrid connected VSC is shown in Figure 3-2.

« i
v
° Voltage p  Current
controller s Controller
b
v, A A,
Power 4{ 777777
Controller | _ *
4, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
v(l

Figure 3-2: Control structure of a microgrid connected VSC
A state space model that incorporates control loops, the output filter, and the coupling inductor of
an arbitrary voltage source converter has been developed in a rotational reference frame set by
external power controller of the inverter.

In a rotating d-g frame, the instantaneous active and reactive power components, p and ¢, are
calculated from the measured output voltage and current as given in [72]:

P=V i, v, i (3-11)

0q-09

q= Vodloq - Voqiod (3-12)
The instantaneous power components are passed through low pass filters to allow sufficient time-
scale separation between the power and current control loops and achieve high power quality

injection, Figure 3-2. The filtered active and reactive powers corresponding to the fundamental

component of the voltage, and are given below:
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p=_"¢ 3-13
s+a)pp (3-13)
1)

__o 3-14

0= e 19

where w, is the cut-off frequency of low-pass filters.
Active and reactive power sharing among paralleled inverters are usually obtained using
conventional droop functions. The droop control characteristics relate the fundamental frequency

to the active power, and the magnitude of the output voltage to the reactive power as shown

below:
o,=0,—m,P (3-15)
Vo =V, =10 (3-16)

where w, represents the nominal frequency and V, represents the nominal d component of the
output voltage. These set points act as a virtual communication links for different inverters in
autonomous mode. m,, and n, are the static droop gains obtained from (3-7) for the given range of

frequency and voltage magnitude.

wmax_w min
mp = Tax (3'17)
n, = V:;d maé_‘/ud min (3-18)

It should be noted that output voltage magnitude reference would be aligned with d-axis of the
inverter reference frame using a voltage-oriented control strategy and g-axis voltage reference is
set to zero.

In a rotational d-q frame that rotates with the inverter output voltage angular speed, w,, the

following equations represent the dynamics of the voltage and current [72]:
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di, —R,. . 1
d—;’:—Lfld+a)azq+L—(vd—v0d) (3-19)

A f
%:‘L_’jfiq_woiﬁi(vq_vm) (3-20)
%:wovoﬁclfad_%) (3-21)
%=_wovm+cif(iq_i,,q> (3-22)
A _ ‘L’fv ,-Mmoioﬁi(vw_vbd) (3-23)
% _ ‘fv -0+ Li(voq —v) (3-24)

where v;, v,, iq, and i, are the d- and g-axis voltages and currents of the inverter; voa , Vog » fod »
and i,, are the d- and g-axis output voltages and currents; v;; and vy, are the d- and g-axis bus
voltages, Ry, Ly, and Cf are the per-phase resistance, inductance, and capacitance of the LC filter,
respectively, and R.and L. are respectively the per-phase resistance and coupling inductor.

The inverter output voltage control is adopted using a standard PI controller to provide close
voltage regulation. In order to generate the reference current, the voltage controller also employs

decoupling and feed-forward loops. The dynamics of voltage controller is given by:

i =K, (v, —v)+ K, [0, —v)dt+ Fi, +0'Cpy,,

(3-25)
iy =K, (v, —v)+K, [, =v,)dt+ Fi, +®Cy,, (3-26)
where K, and K,,, are the integral and proportional gains, respectively, F is the feed-forward gain,

and C;is the filter capacitance.
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The inverter output filter inductor current controller is achieved using a standard PI controller

with decoupling and feed-forward loops. The dynamics of the current controller are as follows:

vy =K, (i~ i)+ K, [ —i)di+v,, +o'Li, (3-27)

vy =K,y = i)+ K, [ (@ —i)dt+v,, +o'Li, (3-28)
where K, and K,,, are the integral and proportional gains, respectively.
A complete state-space small signal model of the voltage source inverter can be obtained by
linearizing equations (3-11)-(3-28) around the equilibrium point. Furthermore, an additional input

signal Aw,,,, , which is the frequency deviation of the common reference frame, is also included in

com 2

this model. It facilitates the connection of inverters to the common reference frame. A complete

state-space model of the inverter can be obtained by following equations:

['xlNVi] = AINVi['xlNVi] + BlNVi[thQi] + Bio)com[chom] (3 -29)
Awi C i

= T A (3-30)
AloDQi Covvei

where vy, is the bus voltage expressed on the common reference frame and A4nvi and Binyi are the

state and input matrices, respectively. Amvi, Binvis Biweoms Cinvei and Ciyy.;are driven as following:
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0 -m, 0 0 0 0 0 0 0 0 0 0 0
0 -, 0 0o 0 0 0 0 0 @l, @l, wV, oV,
0 0 -0, 0o 0 0 0 0 0 wl, -ol, -0V, oV,
0 0 -n, 0 0 0 0 0 0 -1 0 0 0
0 0 0 0 0 0 0 0 0 0 -1 0 0
0 0 -nK, K, 0 0 0 -1 0 -K, -0,C, F 0
0 0 0 0 Kk, 0 0 0 -1 o,C, -K,, 0 F
0 -m I M KF” 0 Ku‘ 0 _KP" R/ —w -1- Klep\' _ a)an~Kp’ Kp:F 0
n Lf L/ L,/ L/ L/’ L,/ Lf
K K -K . -R, ©CK -1-K K K F
0 m Id 0 0 pi 0 i w, -, pi f n pi pit™py 0 pi
Ay = L L L, L, L L
0 -mV, 0 0 0 0 0 L 0 0 o, Loy
P q Cf C[
1 1
0 mV, 0 0 0 0 0 0 —o, 0 [(—
? C, C,
1
—(V,Dsin S -R
L @ ©-md, 0 0 0 0 0 0 0 Li 0 @
—V,Qcosd,) ‘ ¢
1
—(V,Dcosé, 1 -R,
L -m, I, 0 0 0 0 0 0 0 0 A —o, . e
| +7,Qsind,) ‘ ‘
1 1 r
0000O0O0O0OO0O0 0 —cosd, —sing, T
L, L, B,.wwmz[ 10 .. 0 }
By = - - 1x13
0000O0O0OO OO OO0 0 —sind, —cosé,
L L
[ 0 -m, 0 0 } ==
x13
ClNVwi "
[ 0 .. 0 .. 0 ] i1
1x13
c -1,,5in(6,) -1, cos(d,) O .. 0 cos(d,) —sin(d,)
INVei — . .
—1,,c0s(6,) -1, sin(6,) 0 .. 0 sin(d,) cos(d,) .
X
And, Ax,,,, is
_ . . T
A'XINVi - [AaiARAQiACviAciiAldinvodinlodqi] (3-3 1)

in which, 6, is the angle between the common reference frame and the inverter reference frame,

and C,; and C,; are the voltage and current controllers state variables. .
There are totally 13 states, three inputs, and two outputs in each inverter model (except for the
one whose reference frame is the common reference frame, which has three outputs).
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3.3.2 Network Model

A sample network of # lines and m modes with s inverters and p load points is shown in figure 3-

3 [72]. The state equations of the i™ line connected between nodes j and k aon a common

reference frame are given by:

di. .. —r. . 1 1
lineDi _ linei _
dr Uinepi T Oyinegi T Vipj I Vi
linei linel linel
dllineQi — inei » _ + 1 _ 1
a L Linegi ~ Ditineni L Vioj 7 Viok
linei linel linel

Therefore, the small signal state-space model of a network of # lines is given by:

[Al:lineDQ] = ANET[AilineDQ] + Bl NET[AvbDQ] + BzNETAw

L[]
S
()
[ )
e ——— —
i imj Vhi‘ Ttoadj
Rigaa j Lioaa
io inv Vor Ttoad k
i v ° Rigaa Lioaak
e ——— —
L[]
[ )

Figure 3-3: Network Representation

where,

[AilineDQ 1= [AilineDQl AilineDQZ - 'AilineDQn I
[AV;po 1 =[AVp01AVpos - AVspon I
Aw=Aw,,
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Bl NET1 BZNETI
Ayy O .. 0 B 3
1INET2 2NET2
U B e B - B -
NET — INET — 2NET —
0 0 . A
NETn 2nx2n BlNETn BZNETn
L A2nx2m L J2nxl1
and
% o, 1 0o . 1 0
A _ linei B _ Llinei LI[ne[ B _ Ili"“Qi
NETi — —r INETi — 1 -1 2NETi — I
—0 linei 0 0 “LlineDi
o I— .. —_— ... e
Llin('i linei linei
2X2m

3.3.3 Load Model

Several types of loads such as static loads, induction motors and composite loads may exist in
microgrids. Here, the general RL load is considered for modeling. The state equations of the RL

load connected at i node are given by:

d‘z dDi _RI i » : 1
T =y T Ol 0 Vepi (3-35)
dt Lloadi Lloadi
dilaain _R[ di * .
- = “ lodoi ~ Oligaaor T Vioi (3-36)
dt Lloadi loadi
Finally, the small signal state-space model of loads for a network of p load points is
[AiloadDQ] = Ao [AiloadDQ] + BILOAD[AV};DQ] + B, 00AQ (3-37)
where,
A 0 0 Bl LAODI1 B2 LOAD1
LOADI
O A BILOADZ B2LOAD2
— LOAD2
Aonp = B 1oan = B,y =
0 0 .. A
LoADn ], px2p B, 1 somn B, 10a0n
L 2 px2m L 2 pxl1
and
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"R , ! 0 ..
A _ Lloadi B _ LLOADI B _ l: 4 loadQi ]
LOADi _R . 1LOADI — 1 2LOADi — —I .
_ wo loadi . 0 loadDi
Lloadi LLOADi

2x2m

3.3.4 Complete Microgrid Model

To obtain the overall model of the microgrid, all sub-modules are individually modeled and are
then combined on the common reference frame. The complete model is then linearized around an
operating point.
As it can be seen in (3-29), (3-34), and (3-37), the node voltages are the inputs to each subsystem.
A sufficiently large virtual resistor »y is assumed to be connected between each node and ground
to ensure having a well-defined node voltage. The i node voltage is given by:

Voor = G = i + i) (3-38)

Vooi =Tw (iuQi - iloain + ilineQi,j) (3-39)

In a matrix form, for a network with m nodes and “s” number of inverters, the voltage equations
are given by:

[AV,po 1= Ry (M 1y [ Ao 14+ M 1y [ Dbt 1+ M ey [Adyepo 1) (3-40)
In (3-40), matric Ry (2mx2m) has diagonal elements equal to ry. The mapping matrix My
(2mx2s) maps the inverter connection points onto network nodes. Mioap (2m*2p) maps load
connection points onto the network nodes. Mygr (2m*2n) maps the connecting lines onto the
network nodes. Elements of this matrix are either +1 or -1 based on whether the given current is
entering or leaving the node.
A complete small signal state-space model of the microgrid is obtained by combining the

individual subsystem models given by (3-29), (3-34), (3-37), and (3-40):
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Ax INV Axle
Al:lineDQ = A Ailin('DQ (3 -4 1 )

m

Alyuang Aljpang

And, the complete system state matrix 4,, can be seen as:

AINV + BINVRNMINVCINVC BINVRNMNET BINVRNMLAOD
Am = BI NETRNM[NVC[NVL' + BZNETCINVw ANET + Bl NETRN MNE'I‘ Bl NI:"I‘RNMLAOD
BILOADRNMINVCINVC + BZLOADCINVw BILOADRNMNET ALOAD + BILOADRNMLOAD

3.4 Eigenvalue and Sensitivity Analysis

The eigenvalue concept has been widely used to determine the stability of conventional power
systems. Once the small-signal model of the system has been formed, the eigenvalues (modes)
can be driven solving the characteristic equation of a system’s state matrix. Eigenvalues reveal
the different frequency components of the system and their available damping [72].

To obtain the origin of different frequency components, the sensitivity analysis can be conducted
on the system state matrix [76]. Performing the sensitivity analysis on microgrid state-space
model shows that its high frequency modes are largely sensitive to LCL filters and the current
control loops, while the medium frequency modes are mainly dictated by the voltage controller.
And, the power sharing controller dictates system’s low frequency modes, which are the

dominant dynamic modes of the microgrid system.

3.5 Proposed Power Sharing Mechanism

According to the sensitivity analysis presented in chapter 4, the dominant low frequency modes
are mainly sensitive to the droop controller. These low-frequency modes are highly dependent to
system parameters as well as operating points. Due to low damping feature of the low frequency

modes, as the demanded power increases, these modes drift to new locations that may eventually
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yield instability. Even, small changes around operating point remarkably affect the relative
stability, which could result in power oscillations.

To preserve the power sharing stability, a novel transient droop control strategy is proposed in
this research. This transient control strategy is based on conventional droop characteristics
combined with transient droop functions.

Since the slow dynamics of the power sharing controller are intended, first, the simplified small
signal model of a voltage source inverter has been developed. In this simplified mode, , only the
power sharing modes are considered and high and medium frequency dynamics are neglected. A

transient control strategy is proposed based on this developed simplified model.

3.5.1 Simplified Small Signal Model of Voltage Source Inverter

Suppose a voltage source inverter is connected to an autonomous microgrid. To study the
dynamic performance of the inverter , the variations of the magnitude and frequency of the

voltage at PCC are neglected. The output active and reactive power of the inverter can be given as

follows:
R 2 X .
P :W(‘/A —VA,.‘/().COS5)+W(‘/S.‘/O.SIH6) (3-42)
0= re fXZ (Vsz—\Q.‘{).cos5)—ﬁ(‘/s.\{}.sin5) (3-43)

0

The small-signal model of (3-42) and (3-43) is constructed around an operating point (V. .V."-5,.5.

) as follows:

AP =G;A8 +G,AV (3-44)
AQ = H,AS+ H,AV (3-45)
in which
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G;= ﬁ(V?Vf.Sin %)+ e V2V cos8”) (3-46)
G, = ﬁ(ZVS.—Vf.cos5°)+ = sz (V2.s5in8°) (3-47)
H,= ﬁ(vf,v{?.sinéo)+ = fxz (V2V9.coss?) (3-48)
H, = ﬁ(zvf -V .cos8")— e (V2.s5in8°) (3-49)

Equation (3-50) shows the relation between the power angle and the voltage angular frequency
8,-08,=[(w,-w,)d (3-50)

where w,and w; are angular frequencies of the inverter and the PCC, respectively.
It can be rewritten in Laplace form as follows:

As=Law, - rm) (3-51)
S

By combining equation (3-44), (3-45), and (3-51), the following coupled small-signal transfer

dynamics can be constructed:

{AP(s)} ;G O [Awa(s)—Aa)l(s)}
AQ(s) '

= AV, (5) (3-52)

As described before, there is a low-pass filter in power sharing controller to allow sufficient time-
scale separation between control loops and achieve better power quality. After considering the

filter effect, the average active and reactive powers are expressed as follows:

1
— 0 || =G, G
|:APw(s):|_ s+w, Lo Ov {Awu(s)—Awa(s)} (3-53)
AQ,(s)] W 1 1 ave
< 7H5 Hv
s+w, s
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By linearizing (3-15) and (3-16), the following equation is driven for the inverter power

controller:

{Aw(,(s) - wa(s)} om0 [Apm,(s) } 354)
AV,(s) 0 -n, 140,,(5)
By combining (3-53) and (3-54), the following dynamics is obtained:
Aw,(s)—A 0
4, () —AD(s) | _ (3-55)
AV (s) 0
where
s’ +os+ o m,Gs om,G,
- s(s+w,) s+, [ AP (s) } (3-56)
=
onHg sto +onH, AQ,.(9)
s(s+w,) s+,
Therefore, the characteristics equation can be driven as follows:
s’ +a,s’+as+a, =0 (3-57)

where

a,=20,+0.nH,

a=w +wfanV +.m,Gg

a, = wf(mpanéHV +mp,Gs—m,n,G,Hy)

The roots of the above characteristics equation define the dynamic performance of the inverter.
However, as eigenvalue analysis of the complete small signal model has revealed, microgrid
instability is very likely to take place due to the poor damping of the power sharing mechanism if

conventional droop controllers are in use.
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3.5.2 Proposed Transient Droop Control Scheme

The adaptive transient power control strategy based on static droop characteristics is presented in
this section. Here, transient droop functions using derivatives of active and reactive powers are
added to static droop functions in order to damp the oscillatory modes of the power sharing
controller. Consequently, the dynamic performance of power sharing mechanism can be adjusted
to damp the oscillatory modes of the power sharing controller, without affecting the static droop
gains. The adaptive transient gains of the proposed controller ensure proper damping of power
oscillations at different operating conditions. Therefore, the controller has a robust performance

and yields the desired steady state and transient response.

First of all, to obtain the relationship between inverter power angle and its output active and

reactive powers, the following equation is driven by combining equations (3-42) and (3-43):

XP—RQ )
e (3-58)

s

sind =

Using equation (3-48), the following equation can represent the derivative of the inverter power
angle at the operating point:

d 1 dpP do
—0=—r—(X—-R—= 3-59
dt V(SJ cosd’ ( dt dt ) ( )

Replacing (3-40) in (3-49) results in:

1 dP dQ
0,-0,=———(X—-R— 3-60
0= e X TR (3-60)

The equation (3-60) implies that @, and w;, are equal at the steady-state mode. However, if the

system load starts to change, the subsequent change in active and reactive power will cause the

inverter and PCC angular frequencies to differ. It can also be observed from above equations that
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the inverter active power variations versus its power angle and the reactive power variations
versus the power angle of the inverter are in opposite directions.

Power oscillations in transient conditions are mainly yielded due to the changes in the inverters’
output phase voltages. Therefore, to decrease the power oscillations between inverters, the
variations in inverters’ output phase voltages should be minimized. A negative feedback from
inverter power angle variations reduces the sudden changes in power angle of inverters that can
cause the inverters’ voltage phase variations, power oscillations and circulating currents To
achieve this, an adaptive transient droop gain (m,) can be added to the frequency droop equation
(3-15) as follows:

a)oza)n—mpP—mdg (3-61)

By replacing the derivative of the inverter power angle in (3-61) with the equation (3-59), the
following equation is obtained:

dpP dQ

CUO =wn —mpP—mdPE+mdQE (3'62)
where mqp and mgp are adaptive derivative gains that are calculated as follows:
X
My =M, ——— 3-63
1P d ‘/SO COS5U ( )
R
m,=m,———— 3-64
R AT (3-64)

According to above equations, the ratio between the derivative gains in frequency droop
characteristics is equal to the inverter mutual impedance (X/R); hence, mqp and m,o cannot be
chosen arbitrary.

Adding one dynamic structure to control characteristics of inverter voltage will yield to

reductions in output voltage phase variations of various inverters against each other in transient
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conditions and will therefore result in mitigation of power oscillations. If J is small enough, by
using equation (3-42), the following equation can be driven

_(R XY, RO,-V)
XV,V, XV,

sind (3-65)

The above equation can be used to determine how the inverter power angle and output voltage
magnitude will vary against each other. The following equation shows the derivative of power
angle with respect to output voltage magnitude:

2 2
ﬁ: 1 i (R +X2)PO— RO) (3-66)
dV, cosd xXv°ov? XV,

s

As it can be seen from above equation, the power angle and voltage magnitude of inverter are in
opposite directions ( ds/av,( 0 ).

Therefore, to add a negative power angle feedback in the voltage loop, a constant coefficient with
positive sign should be added. Then, by adding an adaptive transient droop gain (n,) to the

equation (3-16), the following equation is obtained:

V=V, -n0+ nd% (3-67)

Using equation (3-59) that shows the relation between inverter power angle variations versus

active and reactive power variations, the above equation can be rewritten as follows:

dP do

(IPE_ndQE (3-68)

v, =Vn—an+n

where ngr and ngo are adaptive derivative gains in the output voltage magnitude control

characteristics that can be calculated as follows:

(3-69)
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d 0% 0
VY cosé

s

(3-70)

ndQ =n

As it can be seen from above equations, the ratio between power derivative gains in voltage
magnitude droop characteristics is equal to inverter mutual impedance (X/R). According to the
equations (3-67)-(3-70), if the inverter power angle be small enough, the power derivative gains
in droop characteristics can be considered constant for all operating points.

By replacing equations (3-62) and (3-67) that are the modified droop characteristics employing
adaptive transient droop gains in the equation (3-63), the following equation can be obtained for
inverter power sharing controller:

Aw,(s)-Ao(s) | | TMaSTM, FMaS AP (s) (3-71)
AV, (s) - AQ,,(s)

s —NgS—n,

Therefore, the characteristics equation in (3-47) can be modified as follows:

als’ +als’ +als+a) =0 (3-72)
where
a;=1+w,(n,H, —n,G,)

[
a, =20, +0onH,+w0m,Gs—om,H;s

y_ 2 2 2
a=o;+o;nH,+0m,Gs+o;(m,Gs—m,,Hs)

+(G:H, —GVHE)(a)fnqmdP + wfmpndg)

a; = a)fmpan(sHv + a)fm,,G(S - a)fm,)"quHa

Then, the desired dynamic performance can be yielded by varying the power derivative gains
without affecting the steady-state regulation performance of the system, which is set by droop
coefficients m, and n,. Using pole placement technique for the above characteristics equation, the
adaptive active and reactive droop gains (map, mag, Hap, Nap) can be simply scheduled to adjust the

damping of active and reactive power sharing controller along the loading trajectory.
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Chapter 4

Results and Discussions

4.1 Introduction

Since the microgrid is usually installed in weak grids, it should offer high robustness against
disturbances. These disturbances might be initiated inside a microgrid system due to load
changes, the power sharing mechanism of DERs, and interactions between the DG interface and
the main network. The dominant low-frequency modes of the microgrid system are highly
sensitive to the power sharing mechanism of inverters due to time-scale separation between the
power, voltage and current dynamics. These modes are very dependent upon operating points and
system parameters and might drift to the unstable right half plane following a disturbance.
Therefore, an adaptive transient droop-based controller is proposed in chapter 3 to preserve the
power sharing stability, which yields a stable and robust performance of the microgrid. The
review on the system small signal stability and modeling of the system components discussed in

chapter 3 will likely be repeated as necessary to enhance understanding of the subject.

In this chapter, a modified version of the study system presented in [72] is used to evaluate the
steady-state performance of the proposed control strategy in both grid-connected and islanded
modes of the microgrid and also to analyze its dynamic performance in an islanded mode. The
small signal analysis of the system will be analyzed with both conventional droop controller and
the proposed power-sharing controller to demonstrate the effectiveness of the proposed controller.
Then, to evaluate the steady state performance of the microgrid, first, it should be examined that
the DERs are able to appropriately track the changes in their power references in the grid-

connected mode. Then, following a disturbance in upstream network, the static switch between
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the microgrid and the network is opened and the microgrid will operate in an islanded mode,
accordingly. The step change increase in load is applied to evaluate the proposed controller
performance in islanded mode and the characteristics of active and reactive powers of DERs are

consequently investigated.

4.2 A Study Microgrid Structure

Figure 4-1 shows a single-line diagram of the study system, which is a modified version of the
study system presented in [72]. The system consists of a low voltage (LV) radial distribution
system with the nominal voltage of 400 V line that is connected to the medium voltage substation
of 20 kV. The network parameters, including the ratings and impedances of system components

are given in figure (4-1).

20 kV
DER 1: | Load I: Ri+jX=
kVA kW, : /kVAR .
A oken 125 12"%+j6 0.1+.J0.159
ﬁ 20/0.4 kV DER 2: | Load 2: Ry+jXo=
154 |14V 0.23+j0.1 Q
0.4 kV DER 1: | Load 3: R3+jX3=
[ 105VA | 85W4j6kVAR | 0.35+j0.58 Q
R; Ls
AMA— Y YN
0 0
— Bus 1 — Bus 2 — Bus 3
Load;

a Load, Load,

Fuel Cell — — Photovoltaics —
Micro-Turbine

Figure 4-1: Single-line diagram of study system.
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The system includes three inverter based DG resources from currently emerging but promising
technologies, including photovoltaic, micro-turbine, and fuel cell. The individual micro-sources
are equipped with local storage (e.g. batteries or ultra-capacitors) and suitable controls to ensure a

decentralized active power/frequency concerted regulation.

The LV network lines are most commonly overhead lines, traditionally constructed by Al (or Cu)
bare conductors, but underground cables can also be found in LV networks mainly in urban areas
with a high load density. During the past decades, twisted insulated conductors for overhead lines
have been extensively used due to their ease of installation and environmental reasons [81].
Therefore, the study system’s LV feeder is an overhead line, serving a suburban residential area
with a limited number of consumers connected along the feeder. All loads are considered as

sensitive loads that should be serviced during the islanded mode.

Here, it should be noted that synchronous-generator-based DERs could also be utilized within a
micro-grid system. However, it is shown in [33] that due to the time-scale separation between the
inverter dynamics and the power-angle dynamics of a synchronous generator, inverter-based
DERs play the main role in stabilizing a microgrid system. Accordingly, in present case study, an

inverter-based microgrid system is considered.

The study system maintains the important technical characteristics of real utility grids, while
dispensing with the complexity of actual network, to permit efficient modeling and simulation of

microgrid operation.

4.3 Small Signal Analysis of Microgrid

The small signal modeling of the microgrid constructed in chapter 3 is implemented in Matlab

software in order to analyze the performance criterion of the linearized model of the microgrid
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dynamics while the microgrid is islanded. The resources are modeled based on the final modeling
in 3.3.1 and the system lines and loads are modeled as presented in 3.3.2 and 3.3.3, respectively.
The complete small signal model of the system has 51 state values (3*13=39 state values for 3
DERs, 3*2=6 state values for 3 lines and 3*2=6 state values for 3 loads). Based on analytical
methods described in 3-2, the system eigenvalues (modes) are calculated and significant factors in

each mode are driven by using the participation factor analysis.

The frequency droop gain has been chosen based on Equation (2-1) so that the microgrid
frequency will drop 0.3% in islanded mode at the maximum permissible real power output of the
DERs, whereas, the voltage droop gain has been chosen for 2% drop of the source terminal
voltage in its maximum permissible reactive power output. Therefore, for the smallest DER (10
kVA) connected to the bus 3, the frequency droop gain is m,=9.45 x 107 and voltage droop gain is
nq:1.3><10'3. On this basis, for the largest DER (15 kVA) connected to bus 2, the droop
characteristic coefficients are:

m,=9.45x107° x% =63x107

n =1.3><10"3><£=8.67><104
1 20

The design of droop characteristics gains for another DER (12.5 kVA) connected to bus 1 can be
done in a similar way; hence, the frequency droop gain is 7,=7.56x10” and voltage droop gain is

n,~1.04x10".

In the design of the inverter output filter, the main criterion is to get a resonance frequency of 10
times less than the switching frequency, which is a common rule thumb. Therefore, the output
voltage ripple in switching frequency will be attenuated by a factor of 100. The proportional and

integral gains of the voltage controller are designed using pole-zero placement technique to yield
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the bandwidth of 400 Hz. The current controller is designed to yield 1.6 kHz bandwidth with
good rejection of high frequency disturbances. The mutual impedance will be driven in per-unit
form based on nominal power. Table (4-1) shows the control gains and circuit parameters of the

DER 1.

Table 4-1: Invrter parameters of DERI1.

Parameter Value Parameter Value
5 é‘ Sowiten | 8 kHz . %og m, | 9.45e-5
5 = =S g

< =
£ g £ < g
= W, 3141 a2 S| 1.3e-3
O Ly 1.35 mH 5 K,y 0.05
— . gj):'
52 Cy 50 uF £ 2 iv 390
&ic S =
=5 > o
@) ry 0.1Q ©) 10.5
50 S L. 0.35 mH o B Ky 16e3
= o S =
= < O O
S5 £ B
S 2 o
O 2 Ve 0.03Q o S K. 0.75

The eigenvalue spectrum of the microgrid indicating various modes and the effective factors on
them are shown in Figure 4-2. It can be seen that the microgrid modes cover the wide range in

frequency plane, which are divided into three different clusters.
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Figure 4-2: Eigenvalue spectrum of the system including various modes.
Using Equation (3-10), participation factors of different states in these eigenvalues are obtained.
The sensitivity analysis shows that high frequency modes of the microgrid are sensitive to the
state variables of LCL filter block of inverters and the transmission line currents. The attenuation
of these modes is so close to %100 and they will oscillate with nominal frequency. The medium
frequency modes are mostly dictated by the state variables of voltage and current control loops as
well as output LC filter. The low frequency dominant modes of the system are highly sensitive to

the state variables of power control loop.

Table 4-2 shows the significant and sensitive modes of the system and the corresponding
effective factors. Sensitive modes are the modes that their real value is small (less than 100) and
their frequency is low (less than 5 times the nominal value) [4], [58]. The participation factors are

normalized such that the maximum coefficient corresponding to each value is unity and the
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coefficients less than 0.1 are neglected [21]. The state values are presented based on the

formulation in 3.2.

Table 4-2: Sensitivity of low frequency dominant modes.

Mode

State M A A3 s As Ao M As Ao
O 1 0 0 0 0 0 0 0 0
P, 0 0.134 0.061 0.178 0.178 0.213 0.213 0.089 0.000
Q 0 0.671 0.578 0.084 0.084 0.062 0.062 0.215 0.012
oy 0 0.015 0.000 0.147 0.147 0.354 0.354 0.071 0.057
P, 0 0.080 0.027 0.106 0.106 0.304 0.304 0.034 0.093
Q> 0 0.532 0.142 0.018 0.018 0.044 0.044 0.183 0.401
O3 0 0.018 0.000 0.421 0.421 0.101 0.101 0.042 0.039
P; 0 0.032 0.072 0.338 0.338 0.094 0.094 0.027 0.043
Q3 0 0.123 0.329 0.047 0.047 0.011 0.011 0.299 0.326

remaining states < 0.01

The zero eigenvalue is related to the power angle of the DER chosen as a common reference
frame angle and it shows the lack of independence between this angle and the microgrid common
reference frame. This eigenvalue has no effect on dynamic performance and it only indicates that
the actual order of the system is one order lower than the system model. Active power control
modes and modes related to the reference rotating angle of each DER form a conjugate pair but

the reactive power control modes are real and also located further from imaginary axis.

Having small real values, the power control loop eigenvalues, which are basically determined by
droop characteristic gains, bring about the dramatic effect on the system dynamic performance.
Figure 4-3 shows the trace of two-pairs of complex-conjugate dominant low-frequency modes, as
my;, the real power droop gain of DGI, increases from 9.45x107 to 9.45x107. It implies that

increasing real power droop gains yields power sharing modes move toward the instability region
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(right half-plane), which can strongly affect the relative stability. On the other hand, a large droop

gain is necessary for proper power sharing during transients.
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Figure 4-3: Trace of dominant low frequency modes while active power droop gains

increasing (9.45x10°° <m,;<9.45x10”).

4.4 Dynamic Performance of Microgrid Using Proposed Control Strategy

Here, the proposed transient droop control strategy is integrated in order to constrain the drift of
the low frequency modes associated with power sharing controller. Presented in section 3.4, the
proposed power sharing mechanism can be tuned to improve the dynamic performance of the
system and damp the oscillatory modes of power-sharing controller, without affecting the steady-
state system, which is set by static droop gains.

First, the dynamic performance of a voltage source inverter using the proposed control strategy is
evaluated. Figure 4-4 shows the trace of the modes of the voltage source inverter as a function of
active power transient droop gain (m,,) while m,=6.3x107, n,=8.67x10, and ny, and ny, are

zero. The ratio between mg, and m,, is constant and is equal to R/X.
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Figure 4-4: Trace of dominant power-sharing modes while active power transient droop

gains increasing (1.06% 10 Smdp55.3><10'3).

Figure 4-4 indicates that increasing the active power transient droop gains increase the damping
of oscillatory power modes and decrease their oscillation frequencies. Therefore, the dynamic
response of the system is improved. However, further increase of these parameters might cause
one of the system poles to move toward the origin, which decrease the marginal stability of the
inverter and excite unstable dynamics. Hence, if the appropriate active power transient droop
gains for the frequency characteristic of the inverter controller be chosen, they will increase the
damping of oscillatory modes and decrease the oscillation frequencies, which will enhance the
dynamic performance of the voltage source inverter.

Figure 4-5 shows the trace of the voltage source inverter modes as a function of reactive power
transient droop gains (14,) while m,=7.56x10, n,=1.04 x 10, and mg, and my, are zero. The ratio
between ng, and ng, is constant and is equal to R/X. The figure indicates that appropriate transient
droop gains will enhance the dynamic performance of the system. However, as it can be observed

from the blow figure, further increase of reactive power transient droop gain might decrease the
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marginal stability. Therefore, the proper transient droop gains in voltage control characteristic can

also improve the dynamic performance of the voltage source inverter.
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T

Figure 4-5: Trace of dominant power-sharing modes while reactive power transient droop

gain increasing (3.2x10° <n<1.6x 107%.

4.5 Steady-State Performance of the Microgrid

To evaluate the steady state performance of the proposed controller scheme, the study system
depicted in Figure 4-1 has been used. The real time code of the proposed control scheme is
integrated from C++ to Matlab/Simulink by using the legacy code tool. Other microgrid
components such as inverters, loads, and lines have been modeled in Matlab/Simulink

environment by SimPowerSystems tool.

4.5.1 Grid-Connected Mode

To evaluate the performance of the proposed control algorithm, first, it should be examined that
the DERs are able to appropriately track the changes in their power references while working in
the grid-connected mode. In this mode, the system frequency will be dictated by the main grid.

Furthermore, in the grid-connected mode, the sources are initially controlled in fixed power and
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fixed voltage (PV) mode, their reference power and reference voltage are set to 0.5 pu and 1 pu,
respectively, and the difference between total output power and total load power will be supplied
by the main grid. Figure 4-6 shows the response of 15 kVA DER, which has the largest power
capacity in the microgrid, to its reference power changes. Indeed, if the proposed control strategy

can perform properly within this DER, it can be claimed that it would have a proper performance

in other sources, as well.
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Figure 4-6: Active power response of DER 2 and grid to the change in the reference power.

(a) Tracking of step and ramp change in the power reference. (b) Tracking of sine change in

the power reference.
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The figures show that the DER 2 could adequately follow the reference power changes. On the
other hand, as the load power is fixed in the microgrid, it is expected that difference between the
total output power of the sources and the loads will be supplied by the main grid. It can also be

observed that the main grid responds properly and quickly to the changes in the microgrid.

Furthermore, a step change of 8 kW- 3 kVAR increase in Load 1 is applied. Figure 4-7 shows the
active power sharing of different DG units and the main grid. The figure indicates that the
increase in load is totally supplied by the main grid and the power sources still follow their
references and the injected power from main grid has been increased from 3.5 kW to 3.95 kW.
The behavior of the reactive powers of the DERs and the main grid will be the same as their

active powers.
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Figure 4-7: The behavior of active powers of (a) the microgrid DERs and (b) the main grid

following a step change in Load 1 in grid-connected microgrid.
4.5.2 Islanded Mode

To verify the effectiveness and feasibility of the proposed control scheme, the system results are
obtained in different operating conditions before and after applying the adaptive transient droop
controller, while microgrid is working in islanded mode. The static switch has been opened
following a disturbance in the upstream grid and the microgrid is operating in islanded mode.
Then, a step change of 8 kW- 3 kVAR increase in loadl is applied in t=0.1s. Figure 4-8 shows
active power sharing of different DG units. The figure exhibits that the active power injected by
each source has a large transient response and oscillatory performance, which is yielded due to
low damping feature of the oscillatory power sharing modes. These large transients might activate
the unit protection system and the microgrid would fail to maintain the load; hence, the system
instability could be likely to take place. The reactive power behavior of each DER is also shown
in Figure 4-9. The reactive power consumed in network lines and coupling filters of DERs, which

is about 0.7 kVAR, should be also added to the total reactive load demand. Large transients are
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also observed in reactive power response of DERs; however, they are less severe than the

transients in the active powers.
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Figure 4-8: Active power response of DERs following a step change increase in load 1 in an
islanded microgrid using traditional droop controller.
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Figure 4-9: Reactive power response of DERs following a step change increase in load 1 in

an islanded microgrid using traditional droop controller.

Under the same load step increase (8 kW-3 kVAR), the active power sharing of each DER is
shown in Figure 4-10, while the proposed control scheme is integrated. Figure 4-10 (a), (c), and
(e) shows the active power responses of different DERs following a step change increase in load

1 in t=0.1s. The corresponding adaptive active transient droop gains of these DERs are depicted
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in Figure 4-10 (b), (d), (f). The transient response after applying the proposed controller is

considerably improved and a proper power sharing is yielded. The adaptive droop gains are

adjusted based on average powers to preserve a well-damped dynamic performance. This average

power yields the smooth gain adaptation with high noise immunity for DERs.
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Figure 4-10: Active power sharing performance of DERs using the proposed controller

following a step change increase in load 1 in an islanded microgrid.

Figure 4-11 shows the reactive power response to the load disturbance after applying the
proposed controller. It is clear that the load reactive power is more accurately shared between
DERs and the transients are well damped after integrating the transient droop characteristics.
Adaptive reactive droop gains are scheduled based on average reactive powers to yield a well-

damped dynamic performance.
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Figure 4-11: Reactive power sharing performance of DERs using the proposed controller

following a step change increase in load 1.
Figure 4-12 shows the startup current of DER 2 in the microgrid before and after using the

proposed controller with 0.8 loading factor. There are large transients in start-up current shown in
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Figure 4-12 (a), which have been yielded due to low damping feature of power sharing
mechanism using conventional droop controller. These transients might overload the unit and
cause the unit failure. The startup current response depicted in 4-12 (b) shows that the transients
can be significantly suppressed while power sharing mechanism is equipped with the proposed

droop controller.
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Figure 4-12: Startup current of DER2 in an islanded mode (a) while using conventional

droop controller and (b) after applying the proposed controller.
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Chapter 5

Conclusions

5.1 Summary and Conclusions

A new adaptive transient droop control strategy for parallel operation of voltage source inverters
in an islanded microgrid has been proposed in this thesis. The proposed control algorithm
preserves power sharing stability of DERs and improves its transient response characteristics. The
later would be very useful especially in the future microgrids where there are many uncertainties
in the power network.

In chapter 2, an extensive review on distributed generation and microgrid is presented. It is
briefly discussed that a microgrid drives the full benefits of DG integeration since it views
generation and associated loads as a united controllable subsystem. The microgrid is capable to
survive after a loss of connection with the main grid provided that its control system is well
designed. Various microgrid control strategies are presented and discussed. Among them, the
decentralized control strategy and more specifically the droop-based control method is addressed
in detail. The droop control strategy enables the generation units to share the load demand with
no physical communication between them. However, during transients, this control scheme may
fail and cannot properly share active and reactive powers properly and might even yield the
system instability.

In chapter 3, the power system stability definition has briefly discussed and some mathematical
tools are introduced. Later in this chapter, the microgrid small signal stability and a complete
small signal model of an islanded mode microgrid are reviewed and the dynamic performance of

the microgrid was discussed using eigenvalue analysis method is discussed. The dynamic analysis
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of an islanded microgrid reveals that the microgrid dominant low-frequency modes are highly
sensitive to the power sharing mechanism of inverters. These modes are very dependent to system
parameters and operating points and as the demanded power changes, they might drift to new
locations; hence, instability is likely to be yielded. This yields to the introduction of a simplified
linear model of the system that considers only the slow dynamics for stability analysis. Then, an
adaptive transient droop-based controller is proposed in chapter 3 to improve the power sharing
mechanism and yields a stable and robust performance of the microgrid.

In chapter 4, the steady-state and dynamic performances of the microgrid and the effectiveness of
proposed transient droop controller are verified. First, the eigenvalue spectrum of the microgrid
using the complete small signal model discussed in chapter 3 is presented. This spectrum includes
different modes of the system associated with voltage, current and power controllers of the
inverters as well as the transmission lines and the existing loads. Participation factor analysis
indicates that the dominant low frequency modes of the system are highly sensitive to the power
sharing mechanism of the inverters. It is shown that the low damping feature of these low
frequency eigenvalues could cause them to drift to some new locations when there is change in a

droop gain. This might eventually yields to instability.

The novel transient control strategy bounds the drift of low frequency modes of power sharing
mechanism. The results show that proper transient droop gains can be chosen for new frequency
and voltage droop characteristics to improve the dynamic performance of the system and damp

the oscillatory modes of power sharing controller, without affecting static droop gains.

Later in chapter 4, the steady-state performance of the microgrid is evaluated in both grid-
connected and islanded modes. In the grid-connected mode, the results show that the proposed

control scheme has made DG units capable to properly track the changes in their power
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references. Furthermore, the system performance following a load disturbance shows that
increase in load demand has been totally supplied by the main grid and DG units just follow their

references.

To verify the effectiveness and feasibility of the proposed control scheme in an islanded mode,
the system is operated in different loading conditions before and after applying the adaptive
transient droop controller. When the proposed derivative terms are not in service, results show an
oscillatory performance and large transients in injected powers from DERSs that are caused by low
damping feature of the oscillatory modes of power sharing mechanism. The large transients might
activate the unit protection system. In such situation, the microgrid fails to maintain the load;

hence, the system instability would be likely to take place.

In presence of the proposed transient droop functions and for the test signals, system results show
that under the same load change, the active and reactive powers are accurately shared between
DG units and oscillatory modes are well damped out. Adaptive active and reactive droop gains
have been adjusted using an average power approach to achieve a well-damped dynamic
performance. The average power yields the smooth gain adaptation with high noise immunity for

different DG units.

5.2 Contributions

The main contributions of this thesis can be highlighted as follows:

A new adaptive transient droop-based control scheme has been developed for parallel operation
of inverters in islanded microgrid. Scheduling the transient droop gains, the proposed control
strategy enhances the dynamic performance of the system by increasing the damping of

oscillatory modes and decreasing their oscillation frequencies; hence, stable and robust power
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sharing performance is yielded. Along with proper power sharing in the steady state mode, the
active and reactive powers are appropriately shared between DERs in the transient mode after
applying the transient droop characteristics. The transient droop gains are adaptively scheduled
along the loading trajectory of each DER to obtain the desired transient and steady-state response
in different operating conditions. Furthermore, since the average power is used for adaptation,

smooth adaptation with high noise immunity is yielded between DERs.

Furthermore, as a decentralized control strategy, the proposed control scheme does not need any
communication link; hence, it can be considered as a cost-effective solution, which significantly

helps microgrid preserve its stability and reliability.

The proposed control scheme provides the blue print for reliable control algorithms in future DG

units, which are expected to operate under challenging system conditions.

5.3 Suggestions for Future Work

Following subjects are suggested for further studies:

e The development of accurate load modeling instead of the typical RL load model and its

effect on microgrid dynamic performance.
e The impact of unbalanced and harmonic loads on microgrid dynamic performance.

e Considering possible uncertainties in the nature of some renewable energy resources such

as wind turbine and photovoltaic cells and the impact of those on the microgrid stability.

e The optimization of the power sharing control settings for minimum operation cost of a

micro-grid system.
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