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Abstract

The inexorable effects of climate change are disrupting weather patterns with disas-
trous consequences such as hurricanes, wildfires, ice storms, flooding, etc. The growing
frequency, duration, and intensity of such catastrophes put stress on the traditional
aging electrical power infrastructure and cause prolonged power outages worldwide. In
many well-publicized reports of remediation plans for power outages, microgrids have
been envisioned as a critical resource for supplying facilities with resilient and reliable
power during such emergencies and outages. The main reason for fostering microgrids
is the benefits it provides that include (1) the opportunity to deploy more zero-carbon
emission electricity sources, thereby reducing greenhouse gas emissions, (2) enhanced
grid resiliency to extreme weather attacks by flexibly engaging/disengaging to/from the
main grid, (3) utilization of on-site distributed energy resources (DERs) for reliable
and uninterrupted power supply to the local consumers. Worldwide roll-out projects
and implementations indicate that from the stage of a niche novelty, today microgrid is
emerging as a mainstream solution.

New challenges have emerged from this transformation in the way of making and con-
suming power using microgrids. Increasing installation of renewable DERs via inverter-
based-resources (IBRs) in microgrids has resulted in a significant amount of decline
in the inertia of the system by the displacement of high inertia-based synchronous
machines. Penetration of intermittent and unpredictable renewable to such low inertia-
based microgrid systems lead to undesirable fluctuations in the frequency and the volt-
age. Besides, there is a renewed emphasis on today’s microgrids that provide operational
flexibility leveraged by the control schemes for IBRs which introduces the plug-n-play
capability of IBRs. As a result, today’s microgrids experience a significant amount of
uncertainties from the generation side due to intermittent renewable integration, from
the electrical network side due to plug-n-play of IBRs, and from the load side due to con-
stantly varying demand. It deteriorates the robustness in performance of the microgrid
by influencing the control of IBRs, leading to instability in the worst cases.

Another topical area of development for microgrid is the enhancement of its resurrec-
tive capability to restore power rapidly and seamlessly after outages. The improvement
of the flexibility in the way of connecting/disconnecting to/from the main grid or other

local microgrids, when needed, is the crucial remedial action that makes a microgrid
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dynamic and resilient. The major challenge here is to develop a capability for the IBRs
that enables a smooth (controlled transients and distortion in voltage waveform) and
seamless (without any electrical interruption) transition of a microgrid from on-grid
(grid-tied) to off-grid (islanded) conditions. Moreover, when the main grid returns to
normalcy, the microgrid needs to be reconnected/resynchronized smoothly and seam-
lessly. Large uncontrolled transients in the output voltage and/or current of the IBRs
are usually observed during these jumps in the mode of operations of microgrids, leading
to power collapse in the worst cases. These transients are the major impediments that
restrict today’s microgrid from a smooth and seamless transition.

In this thesis, Chapter 2 contributes towards the development of a robust microgrid
against various inevitable uncertainties. A p-synthesis-based robust controllers for the
IBRs in a microgrid are developed by quantifying some major sources of uncertainties
using a generalized control framework. It includes the uncertainties caused by the equiv-
alent impedance parameters at the point-of-connection of the IBRs and the equivalent
loading parameters of the IBRs. The efficacy and viability of the robust controllers for
IBRs are evaluated using an experimental case study involving an emulated 1-¢, 240V,
10kVA, 14-bus residential microgrid with two physical 2kVA IBRs. The developed ro-
bust controller for IBRs shows robust performance and dynamic response against large
uncertainties of a microgrid.

Chapter 3 and Chapter 4 of this thesis contribute towards developing a dynamic mi-
crogrid that can engage/disengage to/from the main grid or the other microgrids very
flexibly. In Chapter 3, a mode-dependant integrator-based droop controller is devel-
oped for the IBRs that facilitates a smooth and seamless on-grid to off-grid transition
capability in a microgrid. In Chapter 4, a dynamic compensation-based active synchro-
nization method is developed using droop controllers of the IBRs that enables a smooth
and seamless off-grid to on-grid transition capability in a microgrid. Methods are evalu-
ated using an emulated experimental case study involving a 3-¢, 480V, 500kVA, 55-bus
microgrid with six IBRs and using a laboratory-scale experimental case study involving
a 3-¢, 480-V, 270-kVA microgrid with two 3-¢, 480V, 125kVA IBRs. The developed
controllers in the IBRs enable relatively fast and smooth connection/disconnection ca-
pability of a microgrid with less transients.

Chapter 5 introduces a large-scale demonstration only to showcase that the seam-
less transition capabilities of Chapter 3 is the key capability for a resilient microgrid
to support disaster response efforts and facilitate recovery. The demonstration is con-
ducted on a laboratory-scale 3-¢, 480V, 750k VA microgrid with critical loads of 550kW,



215k VAr, four 3-¢, 125kVA, 4-quadrant IBRs and, one 3-¢, 135kW diesel genset.

This thesis further investigates another emerging domain that deals with advanced
and modern validation techniques for any engineering innovations. Any technological
innovation is required to be validated either via offline simulation environments or via
experimental demonstration before being employed in the real world. For instance, a
newly developed controller for IBRs requires to be validated by conducting diverse tests
before prototyping and real-world implementation. In this context, power hardware-
in-the-loop (PHIL)-based digital real-time simulation (DRTS) is considered to be an
attractive platform for conducting diverse tests on a laboratory scale, providing results
that closely resemble real-world scenarios, all while avoiding the high costs and risks
associated with experimentation on a full-scale power system. The hardware system,
also called hardware-under-test (HUT), is usually interfaced with a software system
that is simulated in real-time inside a real time simulator. The interfacing compen-
sator/controller is the backbone of the PHIL-based DRTS that manages the closed-loop
interaction between the hardware system (e.g., single/group of IBRs) and the software
system (e.g., realistic microgrid model). Considerable challenges emerge in the process
of synthesizing the PHIL interfacing controller due to the inherent uncertainties present
in both the software and the hardware system. Interfacing controllers, designed with-
out addressing these uncertainties a priori, often suffer from a lack of robustness in the
performance. This leads to inaccurate results from the testing of the HUT using the
PHIL-based DRTS that don’t resemble with the expected results of the same HUT in
real-world operations. Therefore, the interface between the software and the hardware
system must be carefully synthesized to ensure robust and accurate PHIL-based DRTS.

Chapter 6 of this thesis makes an important contribution in addressing these chal-
lenges by synthesizing a u-synthesized robust PHIL interface controller between the
hardware and software components of a PHIL-based DRTS while employing a modern
control perspective for managing inherent uncertainties. It provides a methodology that
quantifies model uncertainty especially caused by the point-of-connection in the emu-
lated power network of the software system and the model uncertainty stemming from
the varying nature of the HUT. The designed interfacing controller is implemented to
interface a software system based on a 110V, 1MW, 225-bus residential sub-network of
the University of Minnesota and suburb Minneapolis and a hardware system consisting
of two 1-¢ 1.67kVA IBRs, one linear and nonlinear load of 1.8 kVA each. It is observed
that the robust PHIL interface shows improved accuracy, and tracking performance

under varying conditions of software and hardware system.
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Chapter 1

Introduction

1.1 Motivation for Robust Dynamic Resilient Microgrid

The traditional power grid provides reliable and sustainable power most of the time with
the help of large centralized coal-based generation units. But when natural disasters
or security breaches threaten, the ensuing blackouts can be catastrophic and costly.
For instance, between 2000 and 2021, about 83% of reported major outages (over 1500
outages) in the North America and its territories were attributed to weather-related
events such as winter weather, tropical cyclones, that increased by roughly 78% during
2011-2021, compared to 2000-2010 [1]. Recently, Puerto Rico has suffered an island-
wide power outage nearly seven months after Hurricane Maria destroyed much of the
island’s infrastructure and power grid and it took roughly 11 months, for the island
to restore power to all of the customers [2]. To circumvent the issues of vulnerability
to large-scale outages, more reliable and resilient ways of generation, transmission and

distribution of power become the need of the hour.

1.1.1 Microgrid: The Grid of the Future

With advancements in information and communication technologies in unison with zero-
carbon-based distributed energy resources (DERs), the future promises dramatic trans-
formations in the way people make and consume reliable, resilient, clean and economical
viable energy. Many companies and utilities are turning to the concept of ‘microgrids’,
a small/medium-scale, self-sustaining power networks unburdened by ties to the de-

centralized DERs scattered throughout the network. Figure 1.1 shows the schematic
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Figure 1.1: A schematic representation of a generic microgrid.

representation of a generic microgrid that consists of multiple loads such as consumer-
houses, electric vehicle charging-discharging stations, multiple renewable DERs such
as roof-top PV panels, local wind farms. Along with the DERs, the main power grid
also participates as a source of electrical power when the microgrid is operating in
grid-tied mode. In addition to that, it also contains battery-storage systems in case of
emergency situations when the entire microgrid network is disconnected from the main
power transmission system, a capability called islanded mode of operation. Microgrids
have long been viewed as a critical resource for supplying facilities with resilient power
during emergencies and outages. In many well-publicized power outages, the remedi-
ation plans have included the use of microgrids with renewable and traditional DERs.
The main reason for fostering microgrids as the solution during emergencies and outages
is the benefits that a microgrid provides to the environment, to the utility operators,

and to the consumers. These benefits are:

e it offers the opportunity to deploy more zero-carbon emission electricity sources,

reducing greenhouse gas emissions,

e it offers enhanced grid resiliency to extreme weather/cyber attacks by flexibly

engaging/disengaging to/from the main grid,
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Figure 1.2: Year-wise annual total microgrid power capacity and implementation spend-
ing in various world region.

e it offers utilization of on-site energy resources for reliable and uninterrupted power

supply to the local consumers.

1.1.2 Worldwide Microgrid Projects

Recent studies by various energy experts find and forecast cumulative microgrid in-
vestments in every region of the world and envision microgrid as an essential building
blocks of the future electricity delivery system to support resilience, de-carbonization,
and affordability [3, 4]. Figure 1.2 shows year-wise employment of annual total micro-
grid power capacity and implementation spending in various world region [5]. It shows
that Asia Pacific and North America region are the two market leaders and Middle
East, Africa, and Latin America represent the fastest growing market while Europe is
lagging behind. For instance, capacity of microgrids has grown by almost 11% in the
past four years and over 650 microgrids (each of them is more than 500 kW capacity)
in the North America are concentrated in states like Alaska, California, Georgia, Mary-
land, New York, Oklahoma, and Texas [6]. Puerto Rico Electric Power Authority is
re-configuring the island’s grid to be made up of eight large-scale microgrids of roughly

500 MW each [7]. The vast majority of microgrids deployed in Europe are concentrated
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on the Mediterranean islands, the Canary Islands off the coast of Spain [8]. India has
installed solar microgrids providing around 2 MW of electricity so far. The partnership
between TATA Power and Rockefeller Foundation proposed to set up 10,000 microgrids
in India by 2026 [9]. All these numbers tell us that from the stage of a niche novelty,

today microgrid is emerging as a mainstream solution worldwide.

1.1.3 How Does A Microgrid Operate?

With the advent of power electronics and its associated digital controls, inverter-based
resources (IBRs) become the backbone of any microgrids. Due to their flexible control,
today, it is possible to integrate large number of renewable DERs such as photovoltaics,
wind generators, and battery-storage-based DERs such as fuel cells, super-capacitors.
Based on the nature and the expected functionality of the DER, these IBRs are usually
operated either in grid-following (GFL) or grid-forming (GFM) mode, primarily driven
by the employed control schemes. For instance, renewable DERs are interfaced usually
via IBRs that are operated in GFL mode to inject maximum available power to the
microgrid, whereas, IBRs are operated in GFM mode to integrate battery-storage-based

DERs which are responsible to generate and maintain stable voltage and frequency of



the microgrid, when disengaged from the main grid. As an entity, the control system
for an entire microgrid has multiple design and operational objectives to satisfy. For
instance, regulation of voltage and frequency of the microgrid, control of active and
reactive power dispatches of various IBRs, restoration of system stability following a
disturbance, transition control of grid-tied and islanded mode of operation, power flow
control between multiple microgrids while maintaining economic dispatch of assets, are
few of these objectives. To comply with the performance criteria, microgrids usually
follows a hierarchical control structure by adapting ANSI/ISA-95-based international
standard [10]. This hierarchical control structure consists of four levels, where each level
expects a supervisory control from higher-level and provides a supervisory control to
lower-level. To ensure that the command and reference signals from one level to the
lower levels will have low impact in the overall stability, the bandwidth is decreased

with an increase in the control level, as shown in Figure 1.3. These levels are:

1. Zero-level Control: It consists of the voltage and current regulation control of
each IBR-based DERs in the microgrid, e.g., inner-current controller for GFL
IBRs and outer-voltage-inner-current controller for GFM IBRs. The time-scale

lies usually between sub-power-cycle to few power-cycles period.

2. Primary-level Control: It consists of the voltage and frequency regulation control
of the microgrid system and active and reactive power control of multiple IBRs,
e.g., P-Q set-point generation control for GFL IBRs, droop control for GFM IBRs.

The time-scale lies usually between few milliseconds to few seconds.

3. Secondary-level Control: It consists of the compensation control for voltage and
frequency of the microgrid caused by the primary-level, synchronization control
for engage/disengage operation of the microgrid etc. The time-scale lies usually

between few seconds to few minutes.

4. Tertiary-level Control: It consists of the energy-production level control, economic
layer control and power flow control between microgrids and the grid/other mi-

crogrids. The time-scale lies usually between few minutes to few hours.

1.1.4 Challenges That Microgrids Face Today

Increasing installation of renewable-based DERs has resulted in the displacement of
high inertia-based synchronous machines by low inertia-based IBRs in today’s micro-

grids. This causes a significant amount of decline in the inertia of the system, which



was naturally provided by the mechanical systems of synchronous machines. Another
difficulty in integrating renewable-based DERs is their intermittent and unpredictable
nature in power generation. As a result, interconnection of such renewable DERs to
low inertia-based microgrid systems leads to undesirable fluctuations in the frequency
and the voltage of the microgrid. Besides, there is a renewed emphasis on today’s mi-
crogrids that provide operational flexibility leveraged by the control schemes for IBRs
which introduces the plug-n-play capability of IBRs (i.e., IBRs can operate either in
GFL mode or in GFM mode depending on the selection of control scheme). As a result,
today’s microgrids experience a significant amount of uncertainties from the generation
side due to intermittent renewable integration, from the electrical network side due to
plug-n-play of IBRs, and from the load side due to constantly varying demand. It de-
teriorates the robustness in performance of the microgrid by influencing the control in
the Zero-level control layer, leading to instability in the worst cases.

Another topical area of development for today’s microgrids is enhancement of its
disaster response and recovery. The primary power grid is often severely impacted
during natural disasters such as hurricanes, earthquakes, and floods. These disturbances
lead to prolonged power outages and significant damage to essential assets of society,
also called as critical infrastructures (Cls), that include medical centers and security
service centers. Disruption of power to such Cls result in a debilitating impact on
physical and economic security, public health and safety. Rapid and seamless recovery of
power to restore CIs online, possibly after a power blackout caused by weather/climate
disasters, is a crucial need arising in scenarios that are increasingly becoming more
frequent. In these situations, microgrids can provide a reliable and flexible source of
power that can help to support disaster response efforts and facilitate recovery. The
enhancement of the flexibility in the way of connecting/disconnecting to/from the main
grid or other local microgrids, when needed, is the crucial remedial action that is required
to be developed and implemented in today’s microgrids. The major challenge here is to
develop a capability of the microgrid, especially in the Primary-level and Secondary-level
control, that enables a smooth (controlled transients and distortion in voltage waveform)
and seamless (without any electrical interruption) transition from on-grid (grid-tied)
to off-grid (islanded) condition. Moreover, when the main grid returns to normalcy,
the microgrid needs to be reconnected smoothly and seamlessly. Large uncontrolled
transients in the output voltage and/or current of the IBRs are usually observed during
these jumps in the mode of operations of microgrids, leading to power collapse in the

worst cases. These transients are the major impediments that restrict today’s microgrid



from a smooth and seamless transition.

1.2 Validation Before Implementation

Any technological innovation is required to be validated either via off-line simulation
environments or via experimental demonstration of prototypes before employing in real
world. For instance, a newly developed controller for IBRs is required to be validated
by conducting diverse tests via either simulation or laboratory-scale experiments. This

section introduces an attractive platform for evaluating any novel technological solution.

1.2.1 Digital Real-Time Simulation: A Modern Approach

Enabled by advances in computational technology, digital real-time simulation (DRTS)
allows for conducting diverse tests on a laboratory scale, providing results that closely
resemble real-world scenarios, all while avoiding the high costs and risks associated with
experimentation on a full-scale power system. A DRTS applied to the domain of power

systems can be broadly classified into two categories:

1. Software-in-the-loop (SIL) DRTS: A SIL-based DRTS requires the entire
power system (including electrical network, associated control, protection) to
be modeled inside the simulator and does not involve external interfacing or in-
puts/outputs (I/Os). A schematic of SIL-based DRTS is shown in Figure 1.4(a).

2. Hardware-in-the-loop (HIL) DRTS: A HIL DRTS refers to the condition
where parts of the DRTS have been replaced with actual physical components. The
HIL mode of the DRTS proceeds with the hardware-under-test (HUT) connected
through input/output interfaces, e.g., filters, digital-to-analog (D/A) and analog-

to-digital (A/D) converters, signal conditioners, etc.
A HIL DRTS is further classified into two categories:

1. Controller hardware-in-the-loop (CHIL) -based DRTS: It involves a real
micro-controller-based hardware that interacts with the rest of the emulated sys-
tem. CHIL-based DRTS is quite popular for rapid prototyping of newly de-
signed /developed controller where the controller takes feedback signals from the
real-time-simulator and processes them to produce the required output signals,

which are then sent back to the the simulator, as shown in Figure 1.4(b).



2. Power hardware-in-the-loop (PHIL) -based DRTS: It involves a real power
hardware such as power transformers, converters, and machines that interacts with
the rest of the emulated system. In PHIL-based DRTS, part of the power system
is internally simulated and the other part is the real hardware power apparatus
connected externally, as shown in Figure 1.4(c). A power source or sink, as a part
of interfacing blocks, is needed for this setup, which will either generate or absorb
power. Reference signals are generated based on the solution of the virtual system
inside the real-time simulator and are sent to the power amplifier that produces
voltages or currents to be applied to the HUT. Feedback signals obtained from the
voltage/current measurements of the HUT are appropriately scaled and brought

back to the simulator to complete the simulation loop.

The popularity of DRTS are substantially increased by the advancements of the PHIL-
based DRTS. Using PHIL-based DRTS, the closed-loop interaction between a HUT and
a simulated power system can be evaluated under a variety of grid configurations and
repeatable operational scenarios without the expense or risk of a field deployment. It
serves as an efficient in-laboratory testing methodology for the power hardware under

close-to-real conditions.

1.2.2 Challeneges in PHIL-based DRTS

Interfacing compensator/controller is the backbone of the PHIL-based DRTS that man-
ages the closed-loop interaction between the hardware system (e.g., single/group of
IBRs) and the software system (e.g., realistic microgrid model). For the PHIL-based
DRTS results to be representative of expected real world operations, this PHIL inter-
face between the simulated system and the HUT must be carefully implemented to
ensure stable and accurate closed-loop simulation. Considerable challenges emerge in
the process of synthesizing the PHIL interfacing controller due to the inherent uncer-
tainties present in both the software and the hardware system. Interfacing controllers,
designed without addressing these uncertainties a priori, often suffer from lack of ro-
bustness in the performance. This leads to the inaccurate results from the testing of the
HUT using the PHIL-based DRTS which don’t resemblance with the expected results of
the same HUT in real-world operations. Therefore, the interface between the software
and the hardware system must be carefully synthesized to ensure robust and accurate
closed-loop PHIL-based DRTS.
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1.3 Contributions and Overview of the Thesis

1.3.1 Contribution Towards Robust Dynamic Resilient Microgrid

Section 1.1.4 discusses the major challenges that microgrids experience today. Clearly,
the need of the hour for today’s microgrid is to enhance the robustness, dynamicity,
and resiliency both in stability and in performance. This thesis contributes towards
achieving these objectives by employing modern control approaches in the hierarchical
control structure described in Section 1.1.3.

B In this thesis, Chapter 2 contributes towards the development of a robust microgrid
against various inevitable uncertainties by developing a robust and optimal Zero-level
control for microgrids. It introduces a generalized robust control framework for design-
ing a single-loop current-controller for GFL inverters and a single-loop voltage-controller
for GFM inverters. A review of existing controllers for both GFL and GFM inverters
is presented to highlight the limitations of the state-of-the-art. A p-synthesis-based
robust control design methodology is developed to overcome the challenges due to un-
certainties caused by varying grid impedance parameters and varying equivalent loading
impedance for GFL and GFM inverters, respectively. Moreover, a generalized control
framework is developed for both GFL and GFM inverter systems by leveraging the fol-
lowing two key points: i) the voltage-current duality in the plant dynamic model of GFL
and GFM inverters, and ii) the generalized model of uncertainties by quantifying the
grid impedance parameters and the equivalent loading parameters for GFL and GFM
inverters respectively. The novel robust controller achieves enhanced reference tracking,
disturbance rejection, and harmonic compensation capability with i) sufficient LCL res-
onance damping under large variations of grid impedance uncertainty for GFL inverters
and ii) with enhanced dynamic response under large variations of equivalent loading
uncertainty for GFM inverters. The efficacy and viability of the robust controllers for
IBRs are evaluated using an experimental case study involving an emulated 1-¢, 240V,
10kVA, 14-bus residential microgrid with two physical 2kVA IBRs. The developed ro-
bust controller for IBRs shows robust performance and dynamic response against large
uncertainties of a microgrid.

B Chapter 3 contribute towards developing a dynamsic microgrid that can disengage
from the main grid or the other microgrids very flexibly. It introduces a seamless tran-
sition capability in the Primary-level control for a microgrid using a single and unified

mode-dependent droop controlled GFM inverters. By leveraging the information of the
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mode of the operation of a microgrid, i.e. on-grid mode or off-grid mode, an additional
integral-loop in the voltage-reactive power droop law enables a inverter to operate al-
ways in GFM mode irrespective of the availability of the grid. As a result, the control
strategy achieves the following objectives: i) regulates the output active and reactive
power by the GFM inverters to a desired value while operating in on-grid mode, ii)
seamless transition and recovery of power injections into the load after grid failure by
inverters that operates in grid-forming mode all the time, iii) regulates the voltage and
frequency of the microgrid by the GFM inverters under the limits recommended by grid
codes while maintaining autonomous power sharing capability during off-grid mode of
operation of the microgrid. A framework for assessing the stability of the system and to
guide the choice of parameters for controllers is developed using control-oriented mod-
eling. A hardware experiment is conducted with two 3-¢, 480V, 125kVA grid-forming
inverters, a 3-¢, 480V, 270kVA grid simulator, a physical grid switch, and a physical
load bank.

B Chapter 4 contribute towards developing a dynamsic microgrid that can engage to
the main grid or the other microgrids very flexibly by developing a smooth synchro-
nization methods in the Secondary-level control for microgrids. In this synchronization
method, the synchronization controller compensates the phase angle and voltage mag-
nitude difference between off-grid microgrid side and the incoming grid side to zero by
adjusting the droop laws of all GFM inverters of the microgrid dynamically via sec-
ondary control layer of microgrid hierarchical control architecture. It is analytically
shown that compensation on only phase angle and voltage magnitude is sufficient for
synchronization as frequency is compensated by this method indirectly by the phase
angle compensation. A systematic approach for tuning the proposed synchronization
controllers are provided. The method is evaluated using an emulated experimental case
study involving a 3-¢, 480V, 500kVA, 55-bus microgrid with six IBRs. The developed
controllers in the IBRs enable relatively fast and smooth connection/disconnection ca-
pability of a microgrid with less transients.

B Chapter 5 demonstrates a case study where it is showcased that the seamless tran-
sition capabilities of Chapter 4 is the key capability for a resilient microgrid to sup-
port disaster response efforts and facilitate recovery. It introduces a comprehensive
design and large-scale hardware demonstration of the emergency power supply sys-
tem (EPSS) for uninterrupted operation of critical infrastructures (Cls) by employing
novel techniques, such as 1) mode-dependent droop controlled GFM inverters for seam-

less transition capability; 2) fast-acting optimal net-load management engine [11, 12]
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for efficient and optimal operations maintaining regulation and power quality limits;
3) optimization-based horizon of viability engine [13] for longer, sustained and viable
operation in the aftermath of grid failure as recommended in standards. Two stage
validations are conducted using defined test cases while considering various types of
contingencies on a 3-¢, 60 Hz, 480 V, 450 kVA test system based on a realistic electrical
network of a commercial scale medical center. The demonstration is conducted on a
laboratory-scale 3-¢, 480V, 750kVA microgrid with critical loads of 550kW, 215kVAr,
four 3-¢, 125kVA, 4-quadrant IBRs and, one 3-¢, 135kW diesel genset.

1.3.2 Contribution Towards Robust PHIL DRTS Method

Section 1.2.2 discusses the major challenges in developing a stable PHIL interfacing
controller for accurate PHIL-based DRTS platform. In the final part of this thesis,
Chapter 6 makes important contributions in developing new modern control-based
methods to achieve stable and accurate PHIL-based DRTS platform. It introduces a
PHIL interface controller that is sufficiently robust under uncertainties caused by the
variations in software and the hardware system. First, the key challenges of properly in-
terfacing the HUT (hardware system) to the simulated model (software system) through
the interface controller is highlighted. It shows that considerable amount of challenges
remain where often the performance of the PHIL system is not robust and the fidelity
to the real-world needs to be quantified and improved. This chapter addresses these
challenges by synthesizing an interface between the hardware and software components
of PHIL while employing a modern control perspective for managing inherent uncertain-
ties. The chapter describes a methodology that quantifies model uncertainty caused by
the point-of-connection in the emulated power network of the software system and the
model uncertainty stemming from the varying nature of the hardware-under-test. To
overcome these uncertainties, the chapter proposes a robust PHIL interface controller
based on p-synthesis. This controller ensures multiple objectives are met that includes
robust stability, performance, accuracy, and tracking capabilities. To assess the effec-
tiveness and viability of the proposed PHIL interface, a PHIL experiment is conducted.
The experiment involves interfacing an emulated software system based on a 225-bus,
110V, 60Hz, IMW residential sub-network of the University of Minnesota and suburb
Minneapolis. The interface is established using a real-time simulator and a physical
hardware system consisting of two 1-¢ 1.67kVA inverter systems and one linear and

nonlinear load, each with a capacity of 1.8kVA.
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Chapter 2

Robust Microgrid: A Generalized
Control for Grid-following and

Grid-forming Inverters

2.1 Gist of the Chapter

Grid-following and grid-forming inverters are integral components of microgrids and for
integration of renewable energy sources with the grid. For grid-following (GFL) in-
verters, which need to emulate controllable current sources, a significant challenge is to
address the large uncertainty of the grid impedance. For grid-forming (GFM) inverters,
which need to emulate a controllable voltage source, large uncertainty due to varying
loads has to be addressed. This chapter presents a generalized control framework by
leveraging the voltage-current duality in the plant dynamic model of GFL and GFM in-
verters. The modeling of uncertainties are also generalized under the control framework
by quantifying the uncertainties in grid impedance parameters and the uncertainties in
equivalent loading parameters for GFL and GFM inverters respectively. Bases on the
generalized control framework, a p-synthesis-based robust control design methodology
is developed for both GFL and GFM inverters. The control objectives, while designing
the optimal controllers, are reference tracking, disturbance rejection and harmonic com-
pensation capability with i) sufficient LCL resonance damping under large variations of
grid impedance uncertainty for GFL inverters and ii) with enhanced dynamic response

under large variations of equivalent loading uncertainty for GFM inverters. A combined
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system-in-the-loop (SIL), controller-hardware-in-the-loop (CHIL) and power-hardware-
in-the-loop (PHIL) -based experiment is conducted to evaluate the efficacy and viability
of the robust controllers.

Note: More details on this work can be found in the published articles [14].

2.2 State-of-the-art on Control Schemes for Grid-following

and Grid-forming Inverters

With the proliferation of inverter-interfaced distributed energy resources, there is a
renewed emphasis on local microgrids that provide operational flexibility and aid sus-
tainability for the energy infrastructures. Both grid-forming (GFM) and grid-following
(GFL) inverters have become essential components that have pivotal roles to play in
such microgrids operating both in grid-tied and islanded mode. During islanded mode,
GFM inverters maintain a stable voltage and frequency of the microgrid in the absence
of grid. On the other hand, GFL inverters are usually operated to supply power where
voltage and frequency are maintained either by the grid or other GFM inverters [15].
In the hierarchical structure of microgrid control system, inner voltage-control loops,
regulating voltage to specified values, are responsible for GFM inverters to emulate con-
trollable voltage sources. Similarly, GFL inverters emulate controllable current sources

by regulating currents via inner current-control loop [16].

2.2.1 State-of-the-art on Control Schemes for Grid-following Inverters

Typically GFL inverters are connected to grid via LCL filters for high frequency at-
tenuation caused by switching. Multiple important factors are considered in the design

stage of GFL inverters including;:

1. Resonances caused by low-damping of the LCL filter in GFL inverters, while con-
nected to weak grid, that could lead to system instability. Here, proper damping

of such resonance is crucial while designing [17],

2. Uncertainty in variation of grid impedance parameters significantly influence the
robustness of the output current controller. For example, increase in grid induc-
tance requires reduction in the gain and bandwidth of the current controller to
keep the system stable that leads to degradation of tracking performance and dis-

turbance rejection capability. Here, there is a need for control design that delivers
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Table 2.1: A summary of major current-controllers for grid-following inverters proposed.

Ref.

LCL
Damping

Robustness Against
Grid Impedance
Parameter Variation

[17]
20, 21, 22, 23, 24, 25, 26, 27, 28, 29]

e New filter topology

o Additional feedforward of
grid voltage, grid current,
inner capacitor current

e State feedback control

e Lack robust damping

e Lack robustness
under varying unknown
grid impedance

e Designed with
known, fixed, nominal
grid impedance

(18, 19]
30, 3, 31, 32, 33, 34]
35, 36, 37, 38, 39, 40]

e Active/Passive damping
e Additional outer current
inner current loop

e Inherent active damping
using controller shaping

e Challenging during
varying grid impedance

e Lack robustness

under varying unknown
grid impedance

e Grid impedance
uncertainty not designed
for controller synthesis

Proposed

v' Single loop control leads
reduction in measurements
v’ Inherent active damping
using controller shaping

v" Robust damping under
varying grid impedance

v Grid impedance
uncertainty designed
for controller synthesis
v Exhibit robustness
under varying unknown
grid impedance

optimal performance while guaranteeing stability for the range of grid impedance

encountered in practice [18],

3. Grid impedance variation causes variation in resonance frequency of the inverter

system that impacts active damping methods.

Here, robustness of the active

damping to remain effective under uncertainty is required [19],

4. Most importantly, the controller should result in good tracking performance, dis-

turbance rejection and harmonic compensation capability while remaining imple-

mentable in low-cost micro-controllers.

Various types of control schemes and their advancements for GFL inverters are proposed

in literature [41]. Major current-control schemes for GFL inverters, reported in existing

literature, are compared in Table 2.1. In summary, existing methods include classical

(i.e. proportional/integral/resonant controller-based), hysteresis, sliding-mode, model

predictive, repetitive, linear-quadratic regulator, H..-based control schemes as reported
in [41, 17, 29, 20, 21, 22, 23, 24, 25, 26, 27, 28, 18, 19, 30, 3, 31, 32, 33, 34, 35, 36, 37, 38,
39, 40, 42, 43, 44, 45]. Most of the existing schemes emphasize on the enhancement of the
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performance of the current controller under a fixed and large value of grid impedance
parameter. Addition of a non-varying grid impedance parameters during controller
synthesis can enhance the controller performance to an extent but unable to guarantee
the robust performance criterion under varying grid impedance parameter condition.
Moreover, broadly these schemes use either passive damping with or without new filter
topology or active damping using either additional measurements for feedforward control

action. These additional measurements increase the cost by employing multiple sensors.

2.2.2 State-of-the-art on Control Schemes for Grid-forming Inverters

Designing the voltage controller for GFM inverter is essentially a multi-objective task.

The design considerations include:

1. Reference tracking, disturbance rejection and harmonic compensation in presence

of various linear and non-linear loads,

2. The voltage controllers are required to provide compensation to dynamic varia-

tions of the output load current and improve the dynamic response [46],

3. Unknown nature of the output loading of GFM inverter can significantly alter the
system behavior. Here during heavily loaded condition of GFM inverter, tran-
sient performance is severely compromised [47]. Therefore, the voltage controller
should be robust enough against unknown loading uncertainties to perform all the

aforementioned tasks.

Numerous voltage control strategies are proposed in the literature during past decades
for GFM inverter system [64]. Major voltage-control schemes, reported in existing
literature, are shown in Table 2.2. In summary, there are nested-loop classical (i.e. pro-
portional/integral /resonant controller-based), sliding-mode, model predictive, repeti-
tive, linear-quadratic regulator, H..-based, Ha-based control schemes as reported in
[64, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63]. Most of the advance-
ments have focused on either multiple nested-loop structures with advanced control
techniques or adding extra measurements as feedforward for enhancing dynamic perfor-
mance. This results in either increased complication of the control structure that lead
to difficulties in implementation or increase in the capital cost of employing multiple
sensors. Also, most of the schemes face are unable to guarantee robust performance of

the voltage controller under varying loading condition of the inverter. As a result, these
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Table 2.2: A summary of major current-controllers for grid-following inverters proposed.

Improved Robustness Against
Ref. Dynamic Response Equivalent Load
Parameter Variation
e Multiloop control structure e Lack robustness
[47] e Feedback of inductor current, | during variation of
[48, 49, 50 inne:‘r capacitor current . equiva.xlent loading
5 1’ 52’ 53] e Disturbance observer design e Designed controller for
B e Dominant pole elimination rated loading condition
e Need multiple measurements | e No loading uncertainty
e Multiloop control structure e Lack robustness for
with sliding mode, LQR, full range variation of
[54, 55, 56] Ho/Hoo, Hoo/Hoo control equivalent loading
[57, 58, 59, 60] | e Complicated, loopy structure | e Lack robust performance
(61, 62, 63 with multiple measurements e Designed controller for
e Challenging during varying simple load uncertainty,
equivalent loading conditions without non-linear load
v' Hoo-based robust control v' Equivalent loading
v" Single loop control structure | uncertainty designed
Proposed v" No need of feedforward loop | for controller synthesis
v Reduction in measurements v Exhibit robustness
v" Enhancement of dynamic under the variation of
response by controller shaping equivalent loading

techniques face deteriorating dynamic response in controller performance under varying
and uncertain equivalent loading. Moreover, there are some advanced control strategies
applicable for GFM inverter system such as GFM inverter enabled virtual power plant
control with inertia support capability, virtual synchronous generator control, Sliding-
mode control-based grid-supporting inverters, virtual oscillator control etc., that can
found in [65, 66, 67, 68, 69]. However, these strategies are fundamentally responsible
for enhancing the “Primary Control” layer of microgrid control hierarchy by generating

voltage reference signal for “Zero-level Control” layer.

2.3 Problem Formulation and Motivation

In this section control problem formulation will be discussed for inverter system operat-
ing in GFL and GFM mode. For both GFL and GFM inverters, a single-phase H-bridge
inverter is considered comprising a dc bus, Vpc, four switching devices, Sy, So, S3, S4,
and an LCL filter with L¢, Lg, Rf, Ry and Cf as inverter and grid side filter inductors,

parasitic resistances and filter capacitor respectively. A control layer is employed with
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Figure 2.1: A 1-¢ (a) grid-following inverter, and (b) grid-forming inverter.

sinusoidal PWM switching technique to generate the switching signals for power circuit.

2.3.1 Problem Formulation for Grid-following Inverter

A GFL inverter is connected to a distribution grid, represented by the Thevenin equiv-
alent voltage source, vy, in series with the Thevenin equivalent impedance, Zpy, =
Roh + jwoLrh. wo (in rad/sec) is the frequency of the distribution network. For sim-
plicity, the Thevenin equivalent impedance accounts grid side filter parameters also (i.e.
Ly, R,). Various components of GFL inverter system are shown in Fig. 2.1(a). In this
operation, the inverter operates with an output current control strategy to regulate real
and reactive power output where the voltage and frequency of the distribution network
are determined by another source such as the grid or other GFM inverters. The goal
of the current controller is to generate a controlled voltage signal, vi,,, by switching
signals such that the output current, ip, tracks the reference signal, i..f, generated by
reference generation block as discussed in Appendix A.1. The dynamics of the inverter

are described as:

Lfdgtm + Re(i) = (Winy) — (v0), (2.1)
LThdii? + Ryn(io) = (vo) — (vrn), (2.2)
%) — 1) — fio), 2:3)

where (.) signifies the average values of the corresponding variable over one switching

(.
cycle (Tg) [46]. Laplace transformation and algebraic manipulation with (2.1), (2.2) and
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Figure 2.2: Bode plots of (a) magnitude and (b) phase of GSFL(s) of (2.4) and (c)
magnitude and (d) phase of GGFM(s) of (2.13) respectively.

(2.3) results in:

i0(8) = Gy ~(5)vinv(5) — G " (s)vn(s), (2.4)

where, QEEL(S) and Q%f L(s) are transfer functions parameterized by L¢, R¢, Ct, Lty
and Ry, as given in (2.5) and (2.6). As observed in (2.4), distribution network has two-
fold impacts on the open-loop plant dynamics. vy (s) acts as an exogenous disturbance
signal to the plant which can be addressed by classical classical disturbance rejection
problem. Both GG¥L(s) and GEEF(s) consist of Ly, and Ry, as parameters. Variation of
these parameters due to changing distribution network topology introduces uncertainties
in the plant model [36, 37]. Fig. 2.2(a) and Fig. 2.2(b) show the Bode plot of GGTL(5s)

that clearly shows the large variation in frequency response of the open-loop plant model

GaNL(s) = 1/[(Ct Ly Lpy)s® + Cp(Lrn Ry + Ly Rrn)s® + (CpRe Ry + Ly + Lpy)s + (Bp + Rpy)] (2.5)

GSFL(s) = [(CeLg)s® + (CeRe)s + 1168F L (s) (2.6)
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due to grid inductance variation. Fig. 2.2(a) shows that the equivalent LCL resonant
peak is sensitive to grid inductance, Ly. For stiff grid with small L1y, (leading to a
large resonant frequency), the resultant resonant frequency is larger than the bandwidth
of the controller. However, such a controller when used for a sufficiently weak grid
with large L1y, the resultant resonance peak may enter the pass-band of the current
controller that in turn results in instability [36, 37]. As a result, this uncertainty in
grid impedance parameters introduces challenges with respect to performance under
uncertainty of grid impedance. With this motivation, this chapter designs a single-loop
u-synthesis-based stabilizing controller for GFL inverter that has robust active damping,
tracking performance, disturbance rejection and harmonic compensation under grid

impedance uncertainties.

2.3.2 Problem Formulation for Grid-forming Inverter

Various components of a GFM inverter are shown in Fig. 2.1(b). A GFM inverter is
connected to a electrical network of a distribution system. In this mode, the inverter
operates with an output voltage control strategy to generate a stable voltage and fre-
quency for the electrical network. The goal of the voltage control logic is to generate
a controlled voltage signal, vi,y, by switching signals such that the output voltage, vo,
tracks the reference signal, v.ef, generated by reference generation layer as discussed in

Appendix A.2. The dynamics of the inverter are described as:

L4 Ryl = (i) — fv0) 27)
1) — iy — fio), 28)

where (.) signifies the average values of the corresponding variable over one switching
cycle (Ts) [46]. Laplace transformation and algebraic manipulation with (2.7) and (2.8)

result:

vo(s) = G1(8)vinv(s) — Ga(s)io(s), (2.9)
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where, G1(s) and Ga(s) are transfer functions parameterized by L¢, Rf, Ct, as given in
(2.10) and (2.11) and described by:

1
= d 2.1
G1 (S) [Lfo]82 + [Rfo]S +1 at ( O)
L¢s + Ry

[Lfo]82 + [Rfo]S +1°

Ga(s) = (2.11)
For the modeling of ig, it is essential to understand the impact of the external net-
work on the open-loop plant. In this work, the disturbance is modeled by a parallel
combination of two components. First component is a linear admittance, Y10ad(s) :=
1/(L10adS + Rioad), With unknown Ry.q and Lyqaq elements in series combination; the
grid side filter parameters are included in Rygaq and Lig.q. Another component is a
parallel combination of current sources consisting of both fundamental and harmonic
components [70] and defined as: in(s) = Y, ix(s), where k is odd and ix(s) is k'!

harmonic current. As a result, ig(s) is characterized as:
10(8) = YLoad(s)vo(s) + in(s). (2.12)

Combining (2.9) and (2.12), system’s closed-loop is described by:

v0(8) = Gy " (8)Vinv (8) — GLiadt (8)in(s), (2.13)

where, Qﬁf M(s) and QSOP;XI( ) are transfer functions parameterized by L¢, Ry, Ct, Lioad
and Ryead, as given in (2.14) and (2.15). As observed in (2.13), load has impacts on the
open-loop plant dynamics of the GFM inverter. Firstly, both G&EM(s) and GEEM(5)
consist of Lioaq and Ryoa.q as parameters. that introduce uncertainties in the plant
model. Variation of these parameters due to loading of the inverter due to changing
generation-load imbalance in the distribution network introduces uncertainties in the
plant model [54, 55]. Secondly, iy, (s), imposed by the fundamental and harmonic current
load, acts as an exogenous disturbance signal to the plant. Where the latter one is a clas-

sical disturbance rejection problem, the former one poses robustness issues. Fig. 2.2(c)

GFM 3 2
Ginv  (8) = [LLoads + RLoadl/[(CtLfLLoad)s” + Ct(LLoaa Rr + Lt RLoada)s” + (CrRfRLoaa + Lt + Lioad)s + (R + RL?ad)])
2.14

GEIM () = 6Ge™M()[(LLoaa Le)s® + (Lroad Rt + Lt RLoad)s + (RLoad Re)/[LLoads + RLoad) (2.15)
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Figure 2.3: Proposed p-synthesis-based robust controller for GFL Inverter.

and Fig. 2.2(d) depict the Bode plot of GS¥M(s) that shows the variation in frequency
response of the open-loop plant model due to variation in equivalent loading. It is also
evident that the uncertain loading variation across the inverter causes significant change
in the plant dynamics, especially the effective resonant frequency of the inverter system
as shown in Fig. 2.2(c). This deteriorates the transient response of the GFM inverter
severely as well as overall system stability [57, 47]. with the above motivation, this
chapter designs a single-loop pu-synthesis-based stabilizing controller that has robust
tracking performance, disturbance rejection and harmonic compensation with improved

transient operation under the full range variation in equivalent loading.

2.4 pu-synthesis-based Generalized Framework for Controller

Synthesis
i LT
ZA |0, 0 ||waA
h —> _— = }
o~ N [Mu Maz|”
(/ 1 \ N[ M21 Mozl ”
Zcs WCS(S) LLoadS + RLoad ! Tm———- -
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C S . —
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Figure 2.4: Proposed p-synthesis-based robust controller for GFM Inverter.
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Motivated by Section 2.3.1 and 2.3.2, this section will describe the generalized control

framework and required modeling for u-synthesis-based controller synthesis.

2.4.1 pu-synthesis-based Generalized Framework

The following observations are common for both GFL and GFM inverter system:

1. The open-loop plant model, GSEL () of (2.5) and GGEM(s) of (2.14) are 3'¢ order
model with different numerators for GFL and GFM inverter respectively. The
disturbance model, GFF(s) of (2.6) and GEENM(s) of (2.15), are 3" order models
for GFL and GFM respectively. Moreover, there is a voltage-current duality in the
plant dynamic model of GFL and GFM inverter. Here for both the models, v,y is
the plant input signal, ig, vo are the plant output and vy, i, are the disturbance

signal for GFL and GFM inverter respectively as given in (2.4) and (2.13).

2. The open-loop plant and disturbance models have similar parametric uncertainties
imposed by Lty, Ry and Lig.q and Ryg.q for both GFL and GFM inverter re-
spectively. The similarity in evident in Fig. 2.3 and Fig. 2.4 where the open-loop
plant models are shown using block diagram inside the blue boxes and corre-
sponding uncertainty block using dashed ovals for both GFL and GFM inverter

respectively.

3. Robust tracking performance, disturbance rejection and harmonic compensation
capabilities are desired for controllers of GFL and GFM inverters under the un-

certainties.

Item 1 and 2 motivate designing a generalized control framework for GFL and GFM
inverters based on these similarity and duality property. Third point warrants the
pu-synthesis-based robust controller synthesis for addressing multiple objectives. A sys-
tematic approach is presented below for designing controller, Cy__(s) of Fig. 2.3 and
Fig. 2.4 for GFL and GFM inverter respectively using the generalized u-synthesis-based

robust control framework.

2.4.2 Modeling of Uncertainty

In both the GFL and GFM inverter open-loop plant model, the model uncertainty is
present as parametric uncertainties in 15 order transfer function (dashed ovals in Fig. 2.3
and Fig. 2.4 respectively). A systematic approach is followed here for characterizing and

modeling the uncertainly for both the cases as discussed below:
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Characterizing the Uncertainty for GFL Inverter

Variations in grid impedance (i.e. Lty and Rry,) results in real-parametric uncertainties
in the GFL plant model. The short-circuit ratio (SCR) is often used to characterize the
grid stiffness and can be employed in determining the Thevenin equivalent impedance of
the grid at the point-of-connection. SCR is defined as (V(,)?/[Ss \/ (wnLtn)? + R, ],

where Vfl,\IC and wy are the nominal voltage and frequency at point-of-connection, and

Sp is the rated apparent power of the GFL inverter. Usually the grid at point-of-
connection is considered as weak when the SCR is less than 3 [71, 70]. In this work,
with a pre-specified SCR (< 3) and X/R ratio (< 10), the nominal grid impedance
parameters, L?ﬁm and RI%Iﬁm, are determined. By considering +100% variations over
nominal values, it is assumed that Lty € [Lpy, Ltn] and Ry, € [Ryy, Rru). It is
to be noted that stiff to extremely weak grid conditions are accommodated with this

uncertainty characterization. As a result,
Loy = L¥ﬁm + ’erfwh(SL, Ry = Rgﬁm + w%héR, (2.16)

where, dr,,0r € [-1,1], L}P™ = %[ETh + L], RYY™ = %[RTh + Ry, why, = %[iTh -

Ly, w"Ff{h = % [RTh — Ry

Characterizing the Uncertainty for GFM Inverter

In this case, variation in equivalent loading (i.e. Rpeaq and Lreaq) results in real-
parametric uncertainties in the GFM plant model. In this work, the linear part of the
loading is modeled by a series combination of equivalent unknown Rpoaq and Lioaq
element. These elements are at nominal while the GFM inverter loading is at rated con-
dition. Considering rated VA loading as Syated, With active power, P,ated, and reactive

power, Qrated, the following hold for nominal values:

RNom _ 2Prated LNom o VQ Qrated 1 217
Load — YN SQ y H“Load — VN SQ ;7 ( . )
rated rated “N

where VN and wy are the nominal voltage and frequency of the network respectively.

By considering no-loading and overloading (200% loading) of GFM, it is assumed that
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Lioad € [LLoadv ELoadL Rioaa € [ELoadJ RLoad]- As a result,

Lioad :i= ng;(li + wIﬂoad(SL, (218)

Rioad :i= Rgggcll + wand5Ra (2.19)

Where, 6L75R € [_17 1]7 ngéﬁ = %[I/Load +LLoad]a RES;& = %[RLoad +ELOad], wIL;oad =

%[ELoad - LLO&d]’ and wIiR,oad = %[RLO&d - ELoad]‘

Generalized Representation of Uncertainty

In synthesizing the controller with defined uncertainties in R € [R, R] and L € [L, L]
when appearing in the form of 1/(Ls + R), linear fractional transformation (LFT)[72]
can be utilized to convert the model into an upper LFT, Fyy(M, A), given as:

1
Fu(M, A) = = Moy + M1 A[I — M1 A7 M
v(M, A) sL+ R 22 + Ma1 A 114] 12,
M M ) 0 1) -1,1
With M = 11 12 A= L ’ L€ [—1,1],
M21 M22 0 (SR 6R S [—1, 1],

T
LowR] Mz =My |1 1]
sw-  w 12 22 )
Mip =My | | oI,

SWw w Mo = Moy [swL wR} s
where Moy = —1/[$LNom + RNom], w" = %[f) — L], w® = %[i — L]. Tt is important to
note here that it is a generalized representation of uncertainty for both GFL and GFM
inverter where L = Ly, R = Rpy, for GFL inverter and L = Lioaq R = Riaq for GFM

inverter.

2.4.3 Shaping of Transfer Functions

The closed-loop objectives in designing the feedback control based on proposed robust
controller, C3__(s), as shown in Fig. 2.3 and Fig. 2.4 for GFL and GFM inverter, are as
follows:

i) Reference Tracking: ip tracks i, for GFL and vp tracks v, for GFM inverter
with minimum tracking error.

ii) Disturbance Rejection: Effects of vty on ig for GFL and effect of iy, on vo for
GFM inverter are attenuated.

iii) Control Effort Reduction: v;,, satisfies the respective bandwidth limitations for
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Figure 2.5: Bode plots of magnitudes of selected weighting transfer functions.

GFL and GFM inverter. Based on the objectives, user-defined weighting transfer func-
tions, Ws(s), Wecs(s), Wq(s), are designed. The guidelines for designing the weighting

functions are provided below.

Selection of Ws(s)

To shape the sensitivity transfer function, the weighting function, Ws(s), is introduced
so that i) The tracking error, e, (e := iyt — io and e := vpr — vo for GFL and GFM
inverter respectively) at fundamental frequency is small; ii) Resonance phenomenon of
the system is actively damped. Ws(s) is modeled to have peaks around wy and system’s
resonant frequency, w, (different in GFL and GFM plant), with 2°¢ order roll-off, ks 1 (s)

and formed as:

s + 2kg 2Cwns + w¥ 82 + 2kg 3Cwys + w?
s2+20wns +wf 82+ 2Cwrs + w?

Ws(s) = ks,1(s)

Y

where, kso and ks 3 are selected to exhibit peaks and ¢ addresses the off-nominal fre-

quency around the nominal values.

Selection of Wcg(s)

Wes(s) is designed to suppress high-frequency control effort to shape the performance
of vy for both GFL and GFM controller. Hence, it is designed as a high-pass filter
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Figure 2.6: Generalized (a) A-P-K control configuration, (b) A-N control configuration,
of Fig. 2.3 or Fig. 2.4 and closed-loop equivalent circuit model of (c) grid-following
inverter system, (d) grid-forming inverter system.

with cut-off frequency at switching frequency with the form:

s+ kcs1wN

W, =k
es(s) S+ kcs 2wn

, Where kCS,l << k‘CS,Q.

Selection of Wjy(s)

Wi(s) emphasizes the disturbances at fundamental and harmonic frequencies imposed
by v and 7, and emphasized by exogenous signal vy, and %h for GFL and GFM inverter
respectively, as shown in Fig. 2.3 and Fig. 2.4. It is designed by a low-pass filter, kq(s),

with peaks at selected frequencies and is given by:

s? + Qk‘d,hChWNS + h2w12\I
s + 2Chwns + h2w¥

Wals) =ka(s) ][]

h=1,3,5,7

)

where, the values of kq), are selected based on the regulated limits of 3", 5th 7th
harmonics in network voltage and current injection with respect to fundamental [73]. A

representative of selected weighting functions are shown in Fig. 6.5.

2.4.4 Preparing the Generalized Plant

In preparation for robust controller design, Cy__(s), the multi-loop closed-loop block
diagram in Fig. 2.3 and Fig. 2.4 for GFL and GFM inverter respectively are consolidated
into the general control configuration in Fig. 2.6(a) [72]. Here, P(s) is the generalized
multi-input-multi-output (MIMO) plant, K(s) is the proposed Cy_(s) controllers to be
designed for GFL and GFM inverter and A is the structured uncertainty. w is a vector

of the exogenous inputs (e.g., reference, disturbance), z are the exogenous outputs (e.g.,
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signals to be regulated). y and u are the controller input and output signals respectively.
za and wa are the vector of input and output signals of structured uncertainty block.
Note that in this continuous-time modeling framework, all variables are functions of the

Laplace variable, s; not explicitly shown for notational convenience. As a result, the

T T
generalized MIMO plant maps [wA w u} to [ZA F y} as follows:

ZA Pan Paw Paul| |wa
2| =1|Pia Puw Pu w |, (220)
) PyA wa Pyu u

where, the input and output signals are tabulated in Table 2.3 for both GFL and GFM
inverter system. The detailed MIMO transfer function models of (6.7) for both GFL
and GFM inverter systems are provided in Table 4.12 where

_ 1
Acrr, = [Lfo]SZ + [Rfo]S +1’
Bepr = L¢s + Ry
[L:Ct]s? + [ReCt]s + 1’
A _ 1
M T TLCr)s? + [ReCr + Lels + [L + R]
L¢s + Ry

B = .
GFM [Lfo]S2 + [Rfo + Lf]s + [1 + Rf]

P and K can be combined together by a lower LFT to form A in Fig. 2.6(b) as follows:

-
A — Pan Paw K Pau| |Pya
Pin  Pow [1 - Pyulq_l Pou wa
Naa Naw ZA wa
- . wh =N 2.21
[J\/ZA N | 2 w @20

Therefore, the uncertainty closed-loop transfer function from w to z, z = Muw, is related
to N and A by an upper LFT where M = Ny + NA AL — NaaA) " Nay.
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Table 2.3: Input-Output Mapping of the Generalized Plant

Signals GFL Inverter GFM Inverter
w livet On] " of Fig. 2.3 | [vref ]| of Fig. 2.3
z [zs zcs]| of Fig. 2.3 | [zs 2cs] ' of Fig. 2.4
U Uiy Of Fig. 2.3 Viny Of Fig. 2.4
Y e of Fig. 2.3 e of Fig. 2.4
WA wa of Fig. 2.3 wp of Fig. 2.4
ZA za of Fig. 2.3 za of Fig. 2.4
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2.5 Controller Synthesis and Stability Analysis

With reference to the general control configuration of Fig. 2.6(a), the standard p-
synthesis-based optimal control problem is to find all stabilizing controllers K(s) by

solving
min N|sos 2.22
K(s) stabilizing ‘ | | ’OO ( )
where, ||.||co refers to the p-synthesis norm. This problem can be readily solved using

the MATLAB Robust Control Toolbox. An algorithm for solving (6.9) along with the
theoretical underpinnings of this optimization problem can be found in [72]. Upon
finding a stabilizing controller, the requirement of stability and performance of the

closed-loop system are needed to be checked and can be summarized as follows:

Nominal Stable(NS) : A is internally stable, (2.23)
Nominal Performance(NP) : |[NVw|loo < 1 & NS, (2.24)
Robust Stable(RS) : pa(Naa) < 1,Vw, & NS, (2.25)
Robust Performance(RP) : ux(N) < 1,Vw, & NS, (2.26)

where, pua(Naa) and px(N) are the structured singular values of Naa and N for
the allowed structure of A and A := diag(A, Ap) respectively with Ap being an
unstructured uncertainty [72]. It is necessary to check whether stabilizing controller,
K(s) of (6.9) satisfies all the conditions of (6.10)-(6.13) to analyze robust performance
of the controller. In this work, an iterative approach is followed for p-synthesis problem
(i.e. finding the stabilizing controller that minimizes a given p-condition). Design

guidelines for selecting parameters of Ws(s), Wcs(s), Wa(s) are provided below:

e During design of the Ws(s), ks1(s), ks 2, ks,;3 and ¢ are required to be selected.
A desirable selection of kg 1(s) is a 2"d order roll-off low-pass filter with cut-off
frequency of around 10-15 times the fundamental frequency. It primarily deter-
mines the bandwidth of the resulting controller. The choice of high value of kg o,
ks 3 ensure to have significantly high value of Wy at fundamental power frequency
(this leads to significantly less tracking error) and at system’s resonance frequency
(this lead to sufficient active damping of resonance). Moreover, in microgrid sce-
narios, where frequency can vary significantly, it may be necessary to increase ¢

to broaden the frequency range where Wy is large.
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e During design of the Wes(s), kcs, kcs,1, and kcg 2 are required to be selected. It
is important to note that Wcg(s) corresponds to shaping the performance of u of
Fig. 2.6(a), i.e. viyy of Fig. 2.3 or Fig. 2.4. Therefore, Wcs(s) is usually designed
to suppress high-frequency control effort produced by the resulting controller. The
suitable choice of kcg 1, and kcs 2 (kcs1 << kcs,2) should be such that the cut-off
frequency is around the switching frequency of the inverter. Moreover, selection

of kcg will be determined based on the desired gain of the high pass filter.

e During design of the Wy(s), k4(s), ka1, ka3, kas and kg7 are required to be
selected. Wy(s) characterizes the response of expected disturbances. For systems
with linear and non-linear loads (such as diode rectifier loads and switching power
supplies etc), disturbance currents have components primarily at fundamental
frequency and harmonics at higher orders. The value of kq 1, kq,3, ka5 and kq 7
can be determined based on the relative harmonic distortion limits of various non-
linear loads as provided in [73]. By designing the kq(s) as a low pass filter with cut-
off frequency less than the fundamental power frequency, low-order disturbance

rejection is emphasized.

The selected weights are shown in Appendix A.3. The u-synthesis-based optimal con-
troller design procedure based on the generalized robust framework contains the follow-
ing steps:

Step-1. Based on the design guidelines, select the performance weights (i.e. Ws(s),
Wes(s), Wa(s)),

Step-2. Based on Section 6.4.1, characterize the uncertainties of the model (i.e. to
determine the M of Section 2.4.2)

Step-3. Construct the generalized plant, P. An analytical form of the generalized plant
for both GFL and GFM inverter system is given in Table 4.12.

Step-4. Solve the p-synthesis problem, as stated in (6.9), with the following iterations:
i) Synthesis-stage: Synthesize an H, controller for the generalized plant, P, with
initial choice of parameters as guided by Step 1-4.

ii) Checking-stage: Check the conditions of (6.10)-(6.13) are all satisfied or not. If
conditions are satisfied, p-synthesized optimal controller is achieved as the problem in
(6.9) is solved. If the conditions are not satisfied, return to Step-1 and adjust either
performance weights (i.e. Ws(s), Wes(s), Wa(s)) or uncertainty weights (i.e. w, w®)

and continue until conditions of (6.10)-(6.13) are all satisfied.
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Table 2.5: Stability Assessment of Resulting Controller.
Controller | NS | NP | RS | RP

GFL Inverter v 1049|091 | 0.94
GFM Inverter | v | 0.47 | 0.94 | 0.98

o - 360 =
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(a) (b)
Figure 2.7: Bode plots, (a) magnitudes, (b) phase, of Ggrr, Yarr of Fig. 2.6(c).

The optimal controller K(s) will have an order similar to the order of P. Thus, be-
fore implementation in actual inverter control board, model order reduction is used to
obtain a lower order controller using MATLAB’s balred command. Moreover, bilinear

transformation is used in the discretization stage of the resulting controller.

2.5.1 Analysis of Resulting Controller for GFL Inverter

Following the procedure of synthesizing the optimal controller for GFL inverter, a 13t
order Cy_ (s) of Fig. 2.3 is found to perform well. The closed-loop stability and desired
performances are met as summarized in Table 2.5. The closed-loop model for GFL
inverter with negative feedback loop transfer function with resulting controller, Cy__ (s),
in Fig. 2.3 can be derived by substituting viny(s) = C. (8)[iret — i0] in (2.4). It can be
written as i0 = GaorL(8)iref — YaorL(s)vry and represented as Norton’s equivalent model
connected to a voltage source as shown in Fig. 2.6(c). For an example, at nominal
plant condition with resulting optimal controller, the Bode plot of Garr,(s) and Yarr(s)
are shown in Fig. 2.7(a) and Fig. 2.7(b) respectively. It is observed that |Ggrr(jwn)l,
ZGarL(jwn) and |VarL(jwn)| are &~ 1, = 0° and ~ 0 respectively that leads to io & iyef
at fundamental frequency.
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Figure 2.8: Bode plots, (a) magnitudes, (b) phase, of Garm, ZcrMm of Fig. 2.6(d).

2.5.2 Analysis of Resulting Controller for GFM Inverter

Following the procedure of synthesizing the optimal controller for GFM inverter, a 14"
order Cy__(s) of Fig. 2.4 is found to be sufficient and performs well. The closed-loop
stability and desired performances are met as summarized in Table 2.5. The closed-loop
model for GFM inverter with negative feedback loop transfer function with resulting
controller, Cy__(s), in Fig. 2.4 can be derived by substituting viny(s) = Cx () [VUret — VO]
n (2.13). It can be written as vo = Garm($)vret — ZarMm(S)in and represented as
Thevenin’s equivalent model connected across a current source as shown in Fig. 2.6(d).
For an example, at nominal plant condition with resulting optimal controller, the Bode
plot of GorMm(s) and Zgrm(s) are shown in Fig. 2.8(a) and Fig. 2.8(b) respectively. It
is observed that |Garm(jwn)|, £Garm(jwn) and |Zarm(jwn)| are = 1, &~ 0° and ~ 0

respectively that leads to vo & vref at fundamental frequency.

2.6 Experimental Results and Verification

2.6.1 Experimental Configuration

A combined system-in-the-loop (SIL), controller hardware-in-the-loop (CHIL) and power
hardware-in-the-loop (PHIL) based experimental validation is conducted in order to
evaluate the efficacy and viability of the proposed p-synthesis-based controller for single-
phase GFL and GFM inverters. The ratings and parameters of the inverter systems are
tabulated in Table 5.4. Moreover, the efficiency curve of the inverter system under
study operating at 240 volt RMS is shown in Fig. 2.9. The laboratory-based experi-

mental setup is shown in Fig. 2.10. The experimental configuration is shown in Fig. 2.11.
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Figure 2.10: Figure of the laboratory-based experimental hardware setup.

Real-time Simulation and SIL Configuration

A residential sub-network of North American low voltage distribution feeder from CI-
GRE Task Force C6.04.02 [74], affiliated with CIGRE Study Committee C6 is emulated
using eMEGASIM platform inside the OP5700 RT-simulator (RTS) manufactured by
OPAL-RT. The original ratings of load at each bus and line parameters are modified
in order to make it compatible with the voltage rating and power capacity of the lab-
oratory. Moreover, the test system is modified by including sufficient non-linear loads
at various buses while respecting the recommended limits of harmonic distortions men-
tioned in [73]. Usually real-time simulation applied to the domain of power engineering

is classified into two categories: 1) fully real-time simulation (e.g., system-in-the-loop
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Table 2.6: 1-phase Inverter System Under Study

Inverter Value
Ratings (1-¢) 240 V, 60 Hz, 1.67 kVA, 0.9 pf
Inverter Parameters Vae = 500 V, fow = 20 kHz
Filter Parameters | Ly = 2 mH, Ry = 0.2 Q, C; = 20 uF

(SIL)), and 2) hardware-in-the-loop (HIL) real-time simulation. A fully real-time sim-
ulation (or SIL) requires the entire system (including control, protection, and other
accessories) to be modeled inside the simulator and does not involve external interfac-
ing or inputs/outputs [75]. As part of SIL-setup, one GFM and one GFL inverter are
emulated entirely (i.e. both power circuit and the control with proposed p-synthesis-
based controller) inside the RTS, connected at Bus; and Busjs respectively as shown in
Fig. 2.11.
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Controller Hardware-in-the-loop Configuration

This stage of validation is used in this work for rapid controller prototyping with the
proposed p-synthesis based robust controller for both GFL and GFM inverter systems.
As part of CHIL-setup, one GFM and one GFL inverter system are emulated with only
power circuit inside the RTS, connected at Busig and Busiy respectively as shown in
Fig. 2.11. The proposed p-synthesis-based control logic of both GFL and GFM inverter
systems are realized on two Texas-Instruments TMS320F28379D, 16/12-bit floating-
point 200 MHz Delfino micro-controller boards interfaced with RTS.

Power Hardware-in-the-loop Configuration

This stage of validation is used in this work for real hardware validation with the
proposed u-synthesis based robust controller for both GFL and GFM inverter sys-
tems. As part of PHIL-setup, one GFM (HUT-1 in Fig. 2.11) and one GFL inverter
(HUT-2 in Fig. 2.11), connected at Busjs and Busjg respectively, are physically real-
ized. In HUT-1 the physical inverter system, fed by MAGNA-POWER programmable
DC power supply (configured with user-defined I — V characteristic of battery cell), is
interfaced with low-cost Texas-Instruments TMS320F28379D, 16/12-bit floating-point
200 MHz Delfino micro-controller boards employed with proposed p-synthesis control
logic for GFM inverter with “Overload Mitigation Controller” based overcurrent protec-
tion scheme [76]. On the other hand, in HUT-2 the physical inverter system, fed by an-
other MAGNA-POWER programmable DC power supply (configured with user-defined
I — V characteristic of solar photovoltaic array), is interfaced with another low-cost
Texas-Instruments TMS320F28379D, 16/12-bit floating-point 200 MHz Delfino micro-
controller boards employed with proposed u-synthesis control logic for GFL inverter
with “Instantaneous Current Limiter” based overcurrent protection scheme [77]. The
ideal transformer model (ITM) based PHIL interface logic [78] is adapted for both the
hardware-under-tests (HUTs’). The power terminals of the inverters are connected
with power amplifiers. NHR 9410 regenerative grid simulator and Chroma 61605 pro-
grammable ac power source are used as the power amplifiers. The sensors to measure
inverter output current are realized by AEMC MN-260 current probe. Moreover, a
diode-bridge rectifier based load, realized using a “Chroma 63800 Series AC-DC Elec-

tronic Load Bank”, is also considered as non-linear load under test.
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Figure 2.12: The current reference tracking capability of GFL inverter with proposed

p-synthesis-based optimal controller in CHIL setup at Busj4 of Fig. 2.11 in (a) CASE-1,
(b) CASE-2.

2.6.2 Results and Discussions

Four test cases (two test cases each for GFL and GFM inverters) are demonstrated by
emulating a sequence of events. Two test cases for GFL inverters are as follows:

e CASE-1: The emulated distribution network of Fig. 2.11 is running in off-grid mode
and P-Q reference of GFL inverters jumps up by 50% due to increased demand.

e CASE-2: The network is running in off-grid mode and experiences a topology change
which results in 30% increase in equivalent Thevenin impedance at PCC of GFM in-
verters.

e CASE-3: The emulated distribution network of Fig. 2.11 has an on-grid to off-grid
mode transition. GFM inverters will have a maximum jump in loading from no-load
condition (during on-grid mode) to full-load condition (during off-grid mode).

e CASE-4: The same network has an off-grid to on-grid mode transition. GFM inverters

will have another maximum jump in loading from full-load condition (during off-grid
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Figure 2.13: The current reference tracking capability of GFL inverter in PHIL setup
at Buspg of Fig. 2.11 in CASE-1 with the proposed optimal controller.

mode) to no-load condition (during on-grid mode).

Clearly, CASE-1, CASE-2 and CASE-3, CASE-4 are designed in order to capture the ro-
bust performance of proposed GFL and GFM control during maximal model uncertainty
respectively.  Fig. 2.12(a) and Fig. 2.12(b) show the current reference tracking capa-
bility of the proposed p-synthesis-based optimal controller for GFL inverter (at Busi4 of
Fig. 2.11) in CHIL demonstration of CASE-1 and CASE-2 respectively. RMS instantaneous
current tracking error (rICTE in %), defined as 100 x RMS (iyef — i0)/[V2RMS (iyef )], is
used for assessing the tracking performance of the current controller. It is observed in
Fig. 2.12(a) that both the current reference and output current increases during 50%
increase in P-Q set-points due to adopted reference generation of Appendix A.1. The
proposed optimal controller has significantly small error in current reference tracking
before (rICTE ~ 1.7%) and after (rfICTE ~ 1.9%) the transition in CASE-1. Similarly,
Fig. 2.12(b) shows that the proposed optimal controller has significantly small error in
current reference tracking before (rICTE =~ 1.9%) and after (rICTE ~ 2.1%) the jump
of equivalent Thevenin impedance in CASE-2. Fig. 2.13 shows the current response of
GFL inverter (HUT-2 at Busjo of Fig. 2.11) as a part of PHIL demonstration of the
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Figure 2.14: The current reference tracking capability of GFL inverter in PHIL setup
at Buspg of Fig. 2.11 in CASE-2 with the proposed optimal controller.

same event. Here the result is focused on determining the harmonic compensation ca-
pability of the proposed optimal controller for GFL inverter during varying reference
set-point. It is observed that the total demand distortion (TDD) of current waveform
is < 5% before and after the transition as recommended in [73]. Thus, the proposed p-
synthesis-based controller for GFL inverter shows good reference tracking and harmonic
compensation capability in CASE-1. Similarly, Fig. 2.14 shows the current response of
GFL inverter (HUT-2 at Busjp of Fig. 2.11) as a part of PHIL demonstration of the
same event. Here the result is focused on determining the harmonic compensation ca-
pability of the proposed u-synthesis-based optimal controller for GFL inverter during
model uncertainty. It is observed here that the TDD of current waveform is < 5%
before and after the transition as recommended in [73]. Thus, the data corroborates
the efficacy of the proposed p-synthesis-based controller for GFL inverter for good ref-
erence tracking and harmonic compensation capability in CASE-2. The CHIL and PHIL
results substantiate the fact that the proposed p-synthesis-based optimal controller for
GFL is showing robust performance by making sure to have good reference tracking,

disturbance rejection and harmonic compensation capability under significant in the
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Figure 2.15: The output active and reactive power of the GFL inverter with proposed
p-synthesis-based optimal controller in PHIL setup at Busyg of Fig. 2.11 in (a) CASE-1
(b) CASE-2.

plant model uncertainty while supplying reference active and reactive power as shown
in Fig. 2.15(a) and Fig. 2.15(b).

Fig. 2.16(a) and Fig. 2.16(b) show the voltage reference tracking capability of the
proposed p-synthesis-based optimal controller for GFM inverter (at Busjg of Fig. 2.11)
in CHIL demonstration of CASE-3 and CASE-4 respectively. RMS instantaneous volt-
age tracking error (rIVTE in %), defined as 100 x RMS(vpef — v0)/[V2RMS (vyet)], is
used for assessing the tracking performance of the voltage controller. It is observed
in Fig. 2.16(a) that both the voltage reference and output voltage drop during jump
in loading (no-load to full-load) due to adopted droop-controlled reference generation
of Appendix A.2. The proposed u-synthesis-based optimal controller has significantly
small error in voltage reference tracking as shown in Fig. 2.16(a) before (rIVTE ~ 0.2%)
and after (rIVTE ~ 0.1%) the increase of equivalent loading. Similarly, it is observed in
Fig. 2.16(b) that both the voltage reference and output voltage, increase during drop in
loading (full-load to no-load). The proposed optimal controller has significantly small
error in voltage reference tracking before (rIVTE ~ 0.2%) and after (rIVTE ~ 0.1%)
the decrease in equivalent loading. Fig. 2.17 shows the voltage response of GFM in-
verter (HUT-1 at Busy of Fig. 2.11) as a part of PHIL demonstration of the same event.
Here the result is focused on determining the harmonic compensation capability of the
proposed optimal controller for GFM inverter during model uncertainty change due to

loading. It is observed that the total harmonic distortion (THD) of voltage waveform is
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Figure 2.16: The voltage reference tracking capability of GFM inverter with the pro-

posed p-synthesis-based optimal controller in CHIL setup at Busjg of Fig. 2.11 in (a)
CASE-3 and (b) CASE-4.

< 3% before and after the transition. This is significantly less than the voltage distor-
tion limit (< 8%) as recommended in [73]. Thus the data corroborates the advantage of
the proposed p-synthesis-based controller for GFM inverter shows robust performance
during model uncertainty caused in CASE-3. Similarly, Fig. 2.18 shows the voltage re-
sponse of GFM inverter (HUT-1 at Bus;2 of Fig. 2.11) as a part of PHIL demonstration
of the same event. Here the result is focused on determining the harmonic compensation
capability of the proposed optimal controller for GFM inverter during model uncertainty
change due to loading. It is observed that the total harmonic distortion (THD) of volt-
age waveform is < 3% before and after the transition. This is significantly less than
the voltage distortion limit (< 8%) as recommended in [73]. Thus GFM inverter shows
robust performance during model uncertainty caused in CASE-4. The CHIL and PHIL

results substantiate the fact that the proposed optimal controller for GFM is showing
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Figure 2.17: The voltage reference tracking capability of GFM inverter in PHIL setup
at Busis of Fig. 2.11 in CASE-3 with the proposed optimal controller.

robust performance by having good reference tracking, disturbance rejection and har-
monic compensation capability under significant in the plant model uncertainty while
sharing the active and reactive power demand as shown in Fig. 2.19(a) and Fig. 2.19(b).

An experimental study on the inverter systems are conducted to validate the plug-
and-play (PnP) performance of the inverter while operating in GFM mode with the
proposed p-synthesis-based optimal voltage controller and GFL mode with the proposed
p-synthesis-based optimal current controller. Accredited standards like [71, 79, 80] pro-
vides a basic guidelines for testing PnP capabilities of GFM and GFL inverter in a
microgrid scenario. In PnP testing, the following two test scenarios are validated in the
same test system for the inverters of HUT-1 and HUT-2:
e the performance during plugging-in of a GFL inverter system at the point-of-connection
with the microgrid network after a proper synchronization and during successive start
by injecting power into the microgrid network as requested,
e the performance during starting and then plugging-in of the GFM inverter at the
point-of-connection with the loads in the microgrid network after transitioning from
on-grid to off-grid mode.

Figure 2.20 shows the voltage and current waveform of the GFL inverter (HUT-2)
with the proposed u-synthesis-based optimal current controller during the PnP oper-
ation. At time t = t1, as highlighted in Figure 2.20, the GFL inverter starts synchro-

nization process with respect to the voltage waveform (yellow colored waveform) at
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Figure 2.18: The voltage reference tracking capability of GFM inverter in PHIL setup
at Busis of Fig. 2.11 in CASE-4 with the proposed optimal controller.

point-of-connection and within 3-4 cycles the synchronization is achieved by aligning
the inverter voltage (cyan colored waveform) with the grid voltage. At t = to the GFL
inverter is synchronized and plugged-in with the grid and starts injecting power into the
network. Similalrly, Figure 2.21 shows the voltage and current waveform of the GFM
inverter (HUT-1) with the proposed p-synthesis-based optimal voltage controller dur-
ing the PnP operation. At time t = t1, as highlighted in Figure 2.21, the GFM inverter
starts from black-start and generates smooth and stable voltage waveform across its
terminal (cyan colored waveform). It is observed that after having a ramp up time of
2-3 cycles, the GFM inverter generates a stable voltage across its terminal. At t = to the
GFM inverter is plugged-in with the loads in the microgrid and starts injecting power
into the network. These PnP operations are achieved in the absence of any sort of com-

munication among the inverters and the microgrid as recommended in the standards.

Moreover, it is important to validate the performance of the GFL inverter with the
proposed pu-synthesis-based optimal current controller while the inverter is interfaced
with a weak grid. An experimental study is conducted on the GFL inverter (HUT-2)
when it is interfaced with a weak grid, having low short circuit ratio (SCR< 2) emulated
by OPAL-RT and programmable voltage source. Figure 2.22 shows the voltage and
current waveform of the GFL inverter. During this experiment, the point-of-connection

of the emulated grid has a transition from strong grid to weak grid condition as observed
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Figure 2.19: The output active and reactive power of the GFM inverter with proposed
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Figure 2.20: Experimental results showcasing the plug-and-play performance of the GFL
inverter with the proposed p-synthesis-based current controller.

in the voltage waveform of the grid (the cyan colored waveform). It is observed here that
the current output of the GFL inverter with the proposed optimal controller have less
impact on the controller performance during, before and after the transition from strong
grid to weak grid condition. This corroborates the fact that the proposed u-synthesis-
based current controller is robust enough in its performance while experiencing a wide

range of variation in grid impedance.

2.6.3 Performance Comparison

To showcase the advantages of the proposed p-synthesis-based controller on robust per-
formance, a CHIL-based performance comparison study is conducted with two con-

trollers of the existing literature. The existing current controllers used in this study for
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Figure 2.21: Experimental results showcasing the plug-and-play performance of the
GFM inverter with the proposed p-synthesis-based voltage controller.

comparison purposes are, 1) conventional classical proportional4resonant (PR)-based
controller that can be found in many commercial grid-following inverter systems, and 2)
an nominal H.-based current controller considering a fixed grid impedance modeling
(i.e. modeling of uncertainty imposed by the variation of the grid impedance is not con-
sidered). This method is adopted from the existing work of reference [42]. Similarly the
existing voltage controllers used in this study for comparison purposes are, 1) conven-
tional classical PR-based controller that can be found in many commercial grid-forming
inverter systems, and 2) an nominal H..-based voltage controller considering a fixed
equivalent loading modeling (i.e. the modeling of the uncertainty imposed by variation
of equivalent loading is not considered). This method is adopted from the existing work
of reference [55]. Fig. 2.23(a) and Fig. 2.23(b) show the current reference tracking ca-
pability of the Hoo-based and PR-based current controller for GFL inverter (at Busi4 of
Fig. 2.11) in CHIL demonstration of CASE-2 respectively. It is observed that the nominal
Hoo-based robust controller has significant error in current reference tracking (rICTE
increases from ~ 2.5% to ~ 10%) after 30% jump in equivalent Thevenin impedance
from nominal value. It is observed that the PR-based controller has comparatively larger
error both before (rICTE ~ 6%) and after (tICTE ~ 10%) the transition of CASE-2. In
comparison, the proposed p-synthesis-based optimal controller has significantly small
error in current reference tracking before (rICTE ~ 1.9%) and after (rICTE ~ 2.1%)
the jump of equivalent Thevenin impedance in CASE-2 as shown in Fig. 2.12(b). Simi-
larly, Fig. 2.24(a) and Fig. 2.24(b) show the voltage reference tracking capability of the
Hoo-based and PR-based voltage controller for GFM inverter (at Busjg of Fig. 2.11) in
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Figure 2.22: Experimental results showcasing the performance of the GFL inverter with
the proposed p-synthesis-based optimal current controller while connected with weak
grid network.

CHIL demonstration of CASE-3 respectively. It is observed that the nominal H.-based
robust controller has significant error in voltage reference tracking (rIVTE ~ 1.2%) at
no-load condition. The PR-based controller has comparatively larger error both before
(rIVTE ~ 1.4%) and after (rIVTE ~ 0.8%) the transition of CASE-3. In comparison,
the proposed p-synthesis-based optimal controller has significantly small error in volt-
age reference tracking before (rIVTE ~ 0.2%) and after (rfIVTE ~ 0.1%) the increase
of equivalent loading as shown in Fig. 2.16(a).

Moreover, an experimental study is conducted to compare the dynamic and steady-
state performance of the proposed p-synthesis-based optimal voltage controller for GFM
inverter under diode-based nonlinear load with respect to the existing nominal H.o-
based robust controller and classical PR-based controller. The diode bridge rectifier-
based nonlinear load of the form as shown in Figure 2.25 is considered in this study.
Figure 2.26, Figure 2.27 and Figure 2.28 show the voltage and current waveform of the
GFM inverter with the proposed p-synthesis-based, nominal H..-based, and classical
PR-based voltage controller. It is observed that the GFM inverter is able to main-
tain a smooth and steady voltage waveform across the nonlinear load leveraged by

the enhanced reference tracking and disturbance rejection capability of the proposed
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Figure 2.23: Performance comparison of the current reference tracking capability of

GFL inverter in CHIL setup at Busy4 of Fig. 2.11 with, (a) H.-based controller without
considering uncertainty of Thevenin impedance, (b) the classical PR controller.

voltage controller in comparison with the existing voltage controllers. The change in
the plant model (plant uncertainty) due to the presence of non-linear load across the
GFM inverter has comparatively less impact on the performance of the proposed volt-
age controller compared to the existing controllers as observed in the results. The total
harmonic distortion (THD) of the voltage waveform are = 2.65%, ~ 9.1% and ~ 11.7%
for proposed p-synthesis-based, nominal H.-based and PR-based voltage controllers
respectively after the nonlinear load transition.

Similarly, an experimental study is conducted to compare the steady-state perfor-
mance of the proposed u-synthesis-based optimal current controller for GFL inverter
under distorted grid voltage condition with respect to the existing nominal H..-based
robust controller and classical PR-based controller. Figure 2.29, Figure 2.30 and Fig-
ure 2.31 show the voltage and current waveform of the GFL inverter with the proposed

p-synthesis-based, nominal H.-based, and classical PR-based current controller. It is
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Figure 2.24: Performance comparison of the voltage reference tracking capability of

GFM inverter in CHIL setup at Busg of Fig. 2.11 with, (a) Heo-based controller without
considering uncertainty of equivalent loading, (b) the classical PR controller.

observed that the GFL inverter is able to generate and inject a fairly smooth and steady
sinusoidal current into the grid while interfaced with a distorted grid voltage. The pro-
posed controller is able to nullify the impact of the distortion of the grid voltage on the
current output, leveraged by the enhanced reference tracking and disturbance rejection
capability of the proposed current controller under large variation of grid impedance
and grid voltage distortion in comparison with the existing current controllers. The
total demand distortion (TDD) of current waveform is ~ 3.4%, ~ 7.5% and ~ 9.4%
for proposed p-synthesis-based, nominal H,.-based and PR-based current controller

respectively with the distorted grid voltage.
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Figure 2.26: Experimental results showcasing the dynamic and steady-state perfor-
mance of the proposed p-synthesis-based optimal voltage controller employed in the
grid-forming inverter terminated at diode-bridge-based nonlinear load
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Figure 2.27: Experimental results showcasing the dynamic and steady-state performance

of the existing nominal H-based voltage controller employed in the grid-forming in-
verter terminated at diode-bridge-based nonlinear load
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Figure 2.28: Experimental results showcasing the dynamic and steady-state perfor-
mance of the existing PR-based voltage controller employed in the grid-forming inverter
terminated at diode-bridge-based nonlinear load.
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Figure 2.29: Experimental results showcasing the performance of the proposed pu-
synthesis-based optimal current controller employed in the grid-following inverter ter-
minated at grid with distorted voltage.
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Figure 2.30: Experimental results showcasing the performance of the existing nominal
Hoo-based current controller employed in the grid-following inverter terminated at grid
with distorted voltage.
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Figure 2.31: Experimental results showcasing the performance of the existing PR-based
current controller employed in the grid-following inverter terminated at grid with dis-

torted voltage.
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Chapter 3

Dynamic Microgrid: Novel
Seamless Transition Using

Grid-forming Inverters

3.1 Gist of the Chapter

Seamless recovery of power to critical infrastructures, after grid failure, is a crucial
need arising in scenarios that are increasingly becoming more frequent. This chapter
describes a seamless transition strategy using a single and unified mode-dependent droop
controlled grid-forming inverters. The control strategy achieves the following objectives:
1) regulates the output active and reactive power by the droop-controlled inverters to
a desired value while operating in on-grid mode; 2) seamless transition and recovery of
power injections into the load after grid failure by inverters that operates in grid-forming
mode all the time; 3) requires only a single bit of information on the grid/network
status for the mode transition. A framework for assessing the stability of the system
and to guide the choice of parameters for controllers is developed using control-oriented
modeling. A controller hardware-in-the-loop-based real-time simulation study on a test
system based on the realistic electrical network of a commercial-scale medical center
is conducted for initial prototyping of the control strategy. A hardware experiment is
conducted with two 3-¢, 480-V, 125-kVA grid-forming inverters, a 3-¢, 480-V, 270-kVA
grid simulator, a physical grid switch, and a physical load bank.

Note: More details on this work can be found in the published articles [81, 82]
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3.2 State-of-the-art on Seamless Transition Schemes

Table 3.1: A summary of major works on seamless transition of inverter system.
Ref. Pros and Cons

e Knowledge of magnitude, type of grid impedance

83, 84, 85] and coupling impedances of inverters are prerequisite.
Y e Inclusion of phase — locked loop dynamics in droop

law impacts overall stability by grid disturbances.

e Distributed or centralized master — slave based
mode — supervisory control suffers from loss of

[86, 87, 88, 89, 90] autonomy and independent nature of operation.

e Single or multiple point failure and undesired delays

in communication causes vulnerability in applications

e Addition of multiple new control layers for seamless
transition purpose only burdens the overall control
[91, 92, 93, 94, 95, 96] and requires tuning of additional control parameters.
e Emphasized specifically on re — synchronization

method of single inverter system with incoming grid.

e Single inverter is employed with dual mode control.

where current control mode for on — grid and voltage
[97, 98, 99, 100, 101, 102]

control mode for off — grid mode of operation.
[103, 104, 105, 106, 107, 108]

e Large deviations in voltage/current of inverters due

to switching of mode restricts smooth transition.

v Single and unified voltage control architecture

able to operate both in on — grid and off — grid mode.
v' Guaranteed regulation over active, reactive power
Proposed . . . .
to desired value during on — grid mode of operation.
v' Mode dependant droop with ease in implementation

enables seamless transition with reduced transients.

Critical infrastructure (CI) describes essential assets of society that include medi-
cal centers and security service centers. Disruption of power to Cls often result in a
debilitating impact on physical and economic security, public health and safety. Rapid
and seamless recovery of power to restore Cls online, possibly after a power blackout
caused by weather/climate disasters, is a crucial need arising in scenarios that are in-

creasingly becoming more frequent [109]. TEEE 602 recommends Type-U emergency
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power supply system (EPSS) by using local generation that enable Cls to have a seam-
less on-grid to off-grid and off-grid to on-grid transition with an uninterruptible power
supply to its critical loads during such contingencies [110]. Gas/diesel generator-based
traditional EPSS experiences difficulties in achieving such seamless transition due to it’s
long startup time from standby. NFPA 111 recommends stored-energy EPSS (SEPSS)
using battery storage-based grid-forming (GFM) inverter that provides an alternate so-
lution with better response time of EPSS for CIs [111]. To achieve seamless transitions
and uninterrupted supply to loads, GFM inverters are required to be synchronized and
connected all the time with the network of the CI irrespective of the availability of main
grid, unlike plug-and-play methods [112]. In addition, SEPSS needs to guarantee that
the GFM inverters do not supply power in on-grid mode in order to maintain sufficient
reserves of energy in battery storage units for emergency off-grid operation. Thus in on-
grid mode, all of the power to the CI is to be supplied only by the grid while the GFM
inverters remain on standby to enable a seamless transition to off-grid mode in case of
grid interruption [113, 111]. Moreover, SEPSS is required to ensure that the GFM in-
verters maintain a stable voltage and frequency while meeting the power demand locally
only in off-grid mode and realize a seamless off-grid to on-grid transition when grid re-
turns. Droop-controlled GEM inverters provide an autonomous and communication-less
solution for network in an off-grid mode operation. However, during the on-grid mode,
the voltage and frequency of the network are governed by the stiff grid and as a result
the control over output active and reactive power of the droop-controlled GFM inverter
becomes challenging [10]. In addition, a control strategy needs to be employed in GFM
inverter systems for seamless transition of the network between on-grid to off-grid mode
and vice versa.

A comprehensive overview of various control existing schemes, enabling seamless
transition and operation in on-grid and off-grid mode for microgrid, is provided in
[114] as summarized in Table 6.1. Reference [83, 84| proposes an adaptive droop con-
trol suitable for both on-grid and off-grid modes of operation. However, knowledge of
magnitude, type of grid impedance and coupling impedances of inverters are prereq-
uisite for the control strategy [83] which may not be practical. Moreover, inclusion
of phase-locked loop dynamics in the droop law has a serious impact on overall sta-
bility of the control influenced by the grid disturbances [84]. Reference [85] modifies
the droop control law to achieve operation in on-grid mode; here, the prime focus is
to inherit the advantages of the droop controller to limit the inverter current under

both normal and faulty conditions. Master-slave-based architecture in multi-inverter
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systems (electrically closest inverter to grid as master and rests as slaves) is proposed in
[86, 87, 88, 89] both for on-grid and off-grid modes. However, here, a coordinated archi-
tecture is required which compromises autonomy and independent nature of operation.
A distributed mode-supervisory control between multiple GFM inverters and the grid
is proposed in [90] to avail both on-grid and off-grid operation and seamless transition
capability. Even though the distributed architecture reduces communication burden,
multiple-point failure and undesired delays in communication makes the solution vul-
nerable in applications. A traditional inverter control with additional layer to generate
reference signals, enabling seamless mode transition for GFM inverters, is proposed in
[91, 92, 93]. However, the additional control layer and its parameter tuning for restor-
ing voltage deviations and synchronize phase to grid before connection/reconnection
makes the solution difficult to realize in practical control boards. Reference [94] pro-
poses a virtual impedance-based loop in the universal droop control layer to achieve
seamless transfer from the off-grid to on-grid mode. However, [94] is more focused
on the synchronization mechanism and doesn’t provide explicit strategies for control
over active and reactive power of GFM inverters in on-grid mode. Reference [95] pro-
poses a virtual torque and virtual flux linkage-based synchronizing technique, suitable
for seamless transition of synchronous inverters from off-grid to on-grid. [96] proposes
a pre-synchronization unit-based transition method where inverters can transfer from
grid current control to droop control in case of on-grid to off-grid transition and vice
versa. However, a dedicated inverter-based unit is required to be employed in the sys-
tem for the seamless transition purpose which is a costly solution. Dual mode operation
capability (i.e. grid-following operation in on-grid and grid-forming operation in off-
grid mode) is the typical strategy employed to meet seamless transition objectives [97].
Prior state-of-the-art on dual-mode control architecture provide methods to minimize
fluctuations in phase, frequency, and voltage amplitude of the network during the tran-
sitions [98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108]. However, large deviations
in the output voltage/current of inverters due to switching of its operating mode are
drawbacks that restrict a smooth transition and can affects the stability.

In the current state-of-the-art, there is a lack of unified and single control archi-
tecture that enables inverter to; 1) operate in GFM mode always, irrespective of grid
availability, with guaranteed regulation of output active and reactive power in on-grid
mode and operate autonomously in off-grid mode, and 2) exhibit seamless transition

capability between on-grid to off-grid and vice versa. This chapter proposes a novel
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Figure 3.1: Diagram of the system of a critical infrastructure under study.

mode-dependent droop control framework for GFM inverters to achieve these function-
alities with reduced communication burden and ease in implementability in practice.
The key features of the control framework are; 1) guaranteed regulation over output
active and reactive power of the GFM inverters to the desired value (for example, zero
active and reactive power sourced by GFM inverters) while in on-grid mode; 2) a fast
response time of recovery by GFM inverter with seamless transition when the main grid
fails; 3) requirement of minimal information of grid status (as a single 0/1 bit) for the

seamless mode transition.

3.3 Description of the System and Motivation

Here, the physical system, employed in this work, is described to instantiate the appli-
cation scenario. It comprises a CI as shown in Fig. 3.1 with multiple critical loads that
need continuous uninterrupted power supplied irrespective of the grid availability as de-
fined in NFPA 111 [111]. At the emergency bus (PCC), multiple sources are connected
in parallel. The grid, interfaced with feeder switch, is the main power supply in the
on-grid mode of the CI. Two inverters (GFM-1 and GFM-2), operating in grid-forming
mode with proposed mode-dependent droop control as described in Section 6.4, are
always synchronized and connected to the PCC by coupling lines irrespective of grid

availability. The flow of the proposed strategy for SEPSS of a CI is as follows:

e In on-grid mode, feeder switch is closed and status of the switch, Z,s = 1, is
transmitted to GFM-1 and GFM-2 of Fig. 3.1 that enables the SEPSS not to
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de-energize the batteries. Hence, grid alone supplies the entire load.

e In case of a grid failure, feeder switch is open and status of the switch, Zys = 0, is
transmitted to GFM-1 and GFM-2 of Fig. 3.1 that enables the SEPSS to ensure
that supply to the critical load demand is met by GFM-1 and GFM-2.

Design objectives of the controller are:

e Provide seamless power recovery where inverters are always connected to the CI
network while SEPSS ensures not to de-energize these energy sources in on-grid

mode.

e During on-grid mode, CI is required to be supported only by the grid and the

critical load demands need to be met.

e In case of a grid failure, SEPSS is required to ensure that the critical load demands

are met by the local inverters.

3.4 Design of the Proposed Droop Controller

The power circuit of i, 3-¢ H-bridge inverter consists of six switches distributed among
three legs as shown in Fig. 3.2. It is connected to the network at PCC with voltage,
vaRs, via an LCL filter (L¢;, Crj, Lg;) and associated equivalent series resistances (R ;
and R, ; of inductors) and a coupling line with line parameters, Liine i, Riinei- A dg-frame
multi-loop controller is employed that generates modulated voltage vector signal, m?bc,
to pulse-width modulation (PWM) controller to generate switching signals resulting in

terminal voltages, vf;, U};i and vg;. The control loop of Fig. 3.2 is described below.

3.4.1 Power Controller

dq

0,i?

filters with the time constant, 75; € R>q, to obtain P and @); as described by

v 7, and igg are used to determine p;, and ¢;. p; and ¢; are passed through low-pass

P = [1/(7’3718 + 1)]])1, Q; = [1/(7’5,15 + 1)]qi, (3.1)

where p; := 1.5[vd 4. 4+ 0949 ¢ = 1.5[v3.4d. — 0949 ].

0,i%0,i 0,i"0,i 0,i%0,i 0,i%,1
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Figure 3.2: Power circuit and control loops of ' GFM inverter.
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Figure 3.3: The proposed P-f and Q-V droop for seamless transition.

3.4.2 Droop Controller

Droop control is a proportional controller with active and reactive power as control
variables where the control gains (also the droop gains) dictate the steady—state power
sharing of the inverters. This chapter proposes a mode-dependent droop controller for ith
inverter for both on-grid and off-grid operation of the CI as shown in Fig. 3.3. The active
power, frequency, P-f, droop control is considered here as a proportional controller (with
proportional coefficient as n;) with error signal ep; := (1 —Zgs) Pref j — P, where P is the
control variable and (1 —Zy) Pret i is the reference. Whereas, the reactive power, voltage
magnitude, Q-V, droop control is considered here as a proportional-integral controller
(with proportional and integral coefficients as m; and min; respectively) with error
signal eqi 1= (1 — Zgs)Qrer,i — Qi where @ is the control variable and (1 — Zgs)Qref ;i is
the reference. The additional integral action in Q-V droop is effective only in on-grid

mode which is ensured by multiplication of Zys with the integral part. In summery, the
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Figure 3.4: The conventional inner-current-outer-voltage controller.

proposed droop law is as follows:

Wri = Wnom — nl[R - (1 - Igs)Pref,i]7 (32)
V},i = Vnom — MYy [Ql - (1 - Igs)Qref,i] - Igsmint,iwiQ’ (33)
le = /[Ql - (1 - Igs)Qref,i]dty (34)

The proposed droop control law differs from conventional droop characteristics in the

following way:

e Unlike conventional droop, an additional integral action is introduced in Q-V
droop while on-grid. This results in a proportional controller for active and
proportional-integral controller for reactive power with (1 — Zys)Preri and (1 —

Tos)Qret,i as reference signals respectively.

e Status of the feeder switch, Zy, is included in the droop law that makes it mode
dependent. The function of Zys is to modify the droop law based on the transition
from on-grid (Zgs = 1) to off-grid mode (Zys = 0).

1/11Q guarantees that the inverters in on-grid mode to supply no reactive power in steady-
state. This is further described in Section 3.6.A where it is established that in steady
state the GFM inverters will not source any active or reactive power while on the
on-grid operation. The addition of dependency on the variable, Zy, facilitates the
inverters seamless functionality for CI during the transition of on-/off-grid and off-/on-
grid modes. The values of n; and m; are typically chosen such that w; ; and V; ; are within
the allowed specification, defined by IEEE 1547 Standard [71], for all P € [0, Prated,i)
and Qi € [—Qrated,i, Qrated,i) respectively. Here, Pratedi and Qrated i are the rated active

and reactive powers that can be delivered by the i? inverter. The saturation limit
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in the integrator of the Q-V droop law ensures that the entire system remains viable
under compromised scenarios including significant delay in communicating Zss which
results in undesirable active integral operation during off-grid mode. A good candidate
for selecting the magnitude of the upper and lower saturation limit of the integrator,
+AV, is £10% of the nominal voltage rating as recommended by limits of IEEE 446
[115]. Although, these empirical upper bounds of droop co-efficient facilitate the initial
design of droop law, system stability-constraint bounds of n;, m; and Mmiu; require
special attention due to the system interconnection and its seamless transition between
on-grid and off-grid mode of operation. Rigorous modeling and analysis of the system is
required in order to assess the system stability and the power quality during transitions,

and the relation of the performance goals with the control parameters.

3.4.3 Inner-current-outer-voltage Controller

The conventional inner-current-outer-voltage controller architecture is employed for the
inverters [116] as shown in Fig. 3.4. For the inner-current controller, ii‘:‘mef is provided
as the reference signal to be tracked by the output signal, iif‘i. A proportional-integral
(PI) compensator is used for tracking the reference of the dg-axis inductor current.
For a desired time constant, 7, the parameters of the current controller are selected
as kpci = Lgi/Tci and kici = Ri/7ci. Depending on the switching frequency, 7; is
typically selected to be in the range of 0.5-2 ms [116]. Additional feed-forward signals,

vf}? and :Fwa’iiEdi facilitate the disturbance rejection capability. For outer-voltage con-

troller, [Vr’i 0] ! is the reference signal to be tracked by the voltage signal, vi?. A PI
compensator is used to enable reference tracking. For a desired phase margin and gain
cross-over frequency, the parameters of the voltage controller (kpy; and kiv,i) can be de-
signed based on symmetrical optimum method [116]. Similarly, additional feed-forward
signals, vi? and :F(AJCf’iU(?’? facilitate the disturbance rejection capability for the outer

voltage control loop.

3.5 Modeling of System Components

The system described in Section 6.3 is considered in this section for modeling and
analysing. By defining L;; := Lg; + Liine,i and Ry := Rg; + Riine,i for i = 1,2, model
of individual inverter will be developed in this section. The grid is assumed to be stiff;

commensurate with a real-world power system network. The grid parameters are L,
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and Ry,. It is to be noted that Lg; and Rg; are design parameters, whereas Liipe;
and Rjine; are uncertain line parameters. Here L, ; is chosen to be large enough such
that the impedance between the capacitor of the LCL filter and the PCC is largely
inductive. Moreover, the entire building network of CI along with loads are represented
by an equivalent lumped load (Ry, and Ly,) terminated at PCC, for the sake of stability

analysis. For the ease in analysis, the following assumptions are made:

e The inner-current-outer-voltage control loop is stable and has faster (> 10 times)
dynamics when compared to the power and droop controller and tracks its voltage

reference with minimal (assumed zero) tracking error as suggested in [116].

e Grid is modeled as a voltage source with voltage, Viom, and frequency, wnem, and

a Z-type load is considered [117].

e All abc-dq conversions are adopted w.r.t. a common reference with phase angle,

Oref, and frequency, wyes.

It allows to model a GFM inverter as a voltage source with controllable phase, frequency

and amplitude and the system in Fig. 3.1 can be represented equivalently by Fig. 3.5.

3.5.1 Modelling a Single Inverter in Off-grid Mode

h

The following non-linear state-space equations can be obtained for i*® inverter with

Zss = 0 for off-grid mode:

0; = Wri — Wref, Where 6; := 6,5 — Oyer, (3.5)
T8,iWr,i = Wnom — Wri — Ni[Pi — Prefil, (3.6)
7—S,i"/r,i = Vnom — ‘/r,i — mj [Qi - Qref,i]a (37)
L17iig,i = V;icosb; — Rl,iig,i —v8cc + WrefLLiig,i, (3.8)
Ll,iig,i = Vm sin (91 — Rl,iig,i — ngC — wrele,iigyi, (3 9)

where, p; 1= 1~5[Vr,iiii cos 6; + Vr,iig,i sin;], and ¢ = 1.5[—Vr71if)17i cos 6; + Vr’iigi sin 6;].

5th

This results in a 5"*-order non-linear electromagnetic model for the droop-controlled

inverter operating in off-grid mode.
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3.5.2 Modelling a Single Inverter in on-grid Mode

h

The following non-linear state-space equations can be obtained for i*® inverter with

Zss = 1 for on-grid mode:

0; = Wr i — Wref, where 6; := er,i — Oret,
7_S,i‘«;)r,i = Wnom — Wr,i — NipPi,

Q _ Q
miwi = Vnom - ‘/r,i - mint,iwi .

7—S,ivr,i = km,i(vnom - V},i - mint,iwiQ) — migi,

6th

and (3.8) and (3.9), where, ky, i := 1—75 Min¢,i/mi. This results in a 6""-order non-linear

electromagnetic model for the droop-controlled inverter operating in on-grid mode.

3.5.3 Modelling the Stiff Grid

The grid is modeled by the following non-linear equations:

g = Warid — Wret, Where Og := Ogriq — Ot (3.14)
LLgig =V cos by — RLgig - vgcc + wret L1 g7g, (3.15)
Ly gid = Vg sin g — Ry il — v — wpcoL g (3.16)

This results in a 3'9-order non-linear electromagnetic model for the stiff grid.

3.5.4 Modelling the Load at PCC

The following dynamics equations are derived for the load:

d _ d -d -q od __ -d -d -d
Lyit, = vpec — Buiy, + wrer Lriy,, if, = Zgs ig + 161 + g2

'.q o q -q d .q -q -q -q
Lyi;, = vpoe — Rty — wret LT, 17, = Tgs iy +i51 +tigo

Using (3.8), (3.9), (3.15) and (3.16) along with few algebraic manipulations, v, and
d

q . . X . -d -q . -1
Upgc can be represented by non-linear functions of g, i, Vg, Vii, ig, ig, i, io; for

i=1,2.
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Figure 3.5: Equivalent circuit model of the system of Fig. 3.1.

3.6 Analysis of System Model and Stability

3.6.1 Analysis of System Operating in on-grid Mode

While the system of Fig. 3.5 is operating in on-grid mode, it can be modelled by a non-
linear system, ., = G_ (z,,), where, G_ (.) consists of (3.10), (3.11), (3.12), (3.13),

~o0on (4011

(3.8), (3.9) for i = 1,2 and (3.14), (3.15), (3.16). Here,

zh =101 09 Oy we1 wen Vin Vi 1/11 % %1%2@2 Qg1 foo ig]- (3.17)

System Model in on-grid condition with Zgs = 1 is shown in Appendix B.1. As a result,

5th

the complete system in on-grid mode is a 15" order nonlinear autonomous system with

state vector z,

Theorem 1. Consider the system as shown in Fig. 3.5 operating in on-grid mode where
both the inverters are following droop laws given in (3.2), (3.3) and (3.4). In steady-
state, both the inverters will supply zero active and reactive output power with the grid

supplying the entire demand of the system.

Proof. While the system, shown in Fig. 3.5, is operating in on-grid mode, i.e. Zgs=1 and
grid is assumed to be at nominal, the complete system model is formulated by z,, =
Gon(Zon)- Therefore, in steady-state, G (Zon)| ,, = 0. Hence, (3.5) with i=1,2 and

“on

(3.14) yield wy1 = Wr2 = Werid = Wnom- However, from (3.11) for i=1,2, w1 = Wnom —

ni1p1 and wy 2 = Wnom —N2p2. Hence, it follows n1p; = nops = 0 which implies p; = p2 =
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0. Similarly, (3.12) for i=1,2 yields Vi 1 = Vaom — Mint 19/ and Via = Vaom — Ming 20052
Moreover, from (3.13) for i=1,2 it follows that miq1 = km1(Vaiom — Vi1 — mmt,lzp?)
and magz = km 2(Vhom — Vo2 — mint,yﬁg). As a result, m1q1 = mage = 0 which implies
q1 = g2 = 0. Hence, active and reactive power of both the inverters are zero and grid

alone supplies the total load demand of the CI. O
Based on the Theorem 1, following remarks can be made:

e Inverters with droop law stated in (3.2), (3.3) and (3.4) do not need to de-energize
and can remain connected to the system, while the grid is available to supply all

the electrical loads.

e Seamless power recovery can be achieved to CI while grid is disconnected as in-
verters are always synchronized to the system and no transfer-switching process

is required.

e While the same system is operating in on-grid mode without the integrator-loop
in @-V droop, it can be shown mathematically that active power sourced by both
the inverters will be zero. However, reactive power can be non-zero and the value
will depend on line parameters and droop coefficients. Due to limited space, the

derivation is not shown here.

Remark 1. The capability, where the GFM inverter imports power from grid to recharge
the battery during on-grid mode after supplying power to the loads in off-grid mode, can

be achieved by minor change in the droop laws of (3.2) as follows:
Wri = Wnom — T4 [R - (1 - Igs)Pref,i + IgSISOCPChI‘,i]7

where, Py is the power rating at which the ith battery can be recharged. Zsoc 1S an
indicator that determines whether battery connected to the GFM inverter needs to be
charged or not. Isoc = 1 signifies that the battery needs charging and Zsoe = 0 signifies
that the battery does not need charging. The modification is only in the P-f droop law
and the Q-V droop law is same. Strategies for generating Zsoc can be employed locally

or globally and kept for further research, as it is out of scope of the current work.

Clearly, the proposed technique adds another control parameter i.e. the integrator coef-

ficient, that needs to be tuned. Considering the system linearized around an equilibrium
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Figure 3.6: Eigenvalue spectrum of A for range of parameters in Table 3.2.

Table 3.2: Domain of Control Parameters for i = 1,2

Parameters Range Selected Value
n;i (rad/s/kW) [1.04 3.64] x 1072 2.5 x 1072
m; (volt/kVAr) [41.67 416.6] x 1073 192 x 1073
Mint i (volt/s/kVAr) [0 0.04] 0.01
7i (ms) [24.7 41.2] 33

point, zon such that Az, = AonAx,,, where Aoy = F,(xon) and F,(.) is the vec-
tor field of G, a systematic framework is developed for tuning the control parameters
ie. ni, n2, my, M2, Mint,1, Mint,2, T1, T2, S0 that asymptotic stability is guaranteed.
The linearized model of the system is further reduced by suppressing the EM dynam-
ics of the lines and loads. The assumption made here is that the characteristic EM
timescale for lines and loads are slower (~ 3-5 ms [117]) and are below the charac-
teristic timescale of droop controls (~ 30-40 ms [118]), dictated by the choice of the
parameter, 75 ;. This strong time-scale separation in the system between the slow states
denoted as ¥, = [01 02 05 wr1 wro Vi1 Voo @09 1/J§]T, and the fast states denoted

f d '(()1 «d -9 CI]T

e . .q .
as Loy = lig) lo2 g io1 lo2 ig

Ton , allows the assumption that the fast states reach
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close to their quasi-steady-state values (i.e. g(fm,ss), much faster than the slow states
[119]. Therefore, only remaining slow states are of interest from the stability point of
view of the reduced-order model of the system of given as Azy, = A Az? . With
the equilibrium point of this slow model and the parameters indicated in Table 3.2 and
5.4, the root locus-based analysis is conducted in order to obtain a range of various
control parameters. With the assumption of having homogeneous control parameters,
i.e. n1 = na, M1 = M2, Mint,1 = Mint,2 and 71 = 7o, the complete eigenvalue spectrum
of the system state matrix Af  are shown in Fig. 3.6. It is observed here that with
the increase of these control parameters individually, some of the low-frequency eigen
values gradually move away from the real axis, meanwhile being close to the imaginary
axis until the eigenvalues reach unstable right-half zone. On the contrary, some of the
stable eigenvalues gradually move on the real axis only away from the imaginary axis.
It is evident that the low-frequency eigenvalues near the imaginary axis are the most
dominant and crucial for system stability, while the eigenvalues close to the real axis
will affect the dynamic performance and damping properties of the system [120]. While
the analysis is provided for the system in Fig. 3.1, the methodology can be extended to

the general case of n GFM inverters, but not included here due to space constraints.

3.6.2 Analysis of System Operating in off-grid Mode

While the system of Fig. 3.5 is operating in off-grid mode, i.e. Zg = 0, it can be
modelled by a non-linear system, &, = G_g(2og), Where, G_+(.) consists of (3.5), (3.6),
(3.7), (3.8), (3.9) for i=1, 2. Here,

T _ d d g9 .q
Loff = [91 02 Wr,1 Wr,2 ‘/}71 ‘/}72 2651 %o0,2 Z0,1 ZO,Q] (318)

System Model in off-grid condition with Zss = 0 is shown in Appendix B.2. As a result,

0" order nonlinear autonomous system with

the complete system in off-grid mode is a 1
state vector x,g. The system in off-grid mode is similar to islanded microgrid with
two conventional-droop controlled inverters in order to share the common load and the

followings can be concluded:

e In steady-state, (3.5) and (3.6) for i = 1,2 yield wy1 = wr2 = wrer Which implies
n1 P = na Py iff n1Prer1 = N2 Pt 2-

e It is known that the reactive power sharing accuracy with Q-V droop control

is strongly affected by line parameters [120]. Therefore, if line parameters are
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Figure 3.7: Eigenvalue spectrum of A?; for range of parameters in Table 3.2.
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Figure 3.8: Switching of the system during on- and off-grid mode transitions.

neglected then V; 1 = V; o that implies m1Q1 = maQ2 iff M1 Qref,1 = M2Qret 2-

Similarly, considering the system linearized around an equilibrium point, gf;?f, such that
Agog = AogAzog, where Aoy = Fog(zih) and Fog(.) is the vector field of Gog(zog),
a systematic framework is developed for tuning the control parameters i.e. ni, no, my,
ma, T1, T2, so that asymptotic stability is guaranteed. Similarly by suppressing the

EM dynamics of the lines and loads with the assumption of reaching the fast states i.e.

ol = [id 1 05, ig1 ing]T to a quasi-steady-state (i.e. Lf)ff’ss), the reduced-order model
of the system with slow states, 2% := [61 02 w1 w2 Vid VLQ]T can be formulated as

Aie = ASgAx’y. Similar root locus-based analysis is conducted in order to obtain

a range of various control parameters as shown in Fig. 3.7. The sensitivity of droop
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Figure 3.9: Dynamic response of the output active power and reactive power during,
(a) Transition A, (b) Transition B of Fig. 3.8 of it inverter system.

control in off-grid mode w.r.t. X /R ratio of lines is also added in this stability study. It is
observed here also that with the increase of these control parameters individually, some
of the low-frequency eigen values gradually move away from the real axis, meanwhile
close to the imaginary axis until it reach to unstable right-half zone. Similarly, some
of the stable eigenvalues gradually move on the real axis only away from the imaginary
axis. Moreover, the same range of common control parameters (i.e. n;’s, mi’s, 7;’s are

obtained.

3.6.3 Analysis of System During on-/off-grid Mode Transition

Island detection and grid re-synchronization algorithms are necessary for on-grid to
off-grid and off-grid to on-grid transition respectively. While the system of Fig. 3.5
experiences transition from on- to off-grid mode and vice versa, the transient behaviors
are important to analyze. The transitions are triggered exogenously (due to some aspect
of grid failure determined via Z,s) which ensures that the stability and steady state
analysis of off-grid and on-grid hold for real scenarios. Fig. 3.8 shows the switching
of the non-linear system during on-grid to off-grid mode jump (“Transition A”) and
off-grid to on-grid mode jump (“Transition B”). During “Transition A”, the system of
Section 3.6.2 will have a trajectory staring from initial conditions of the states, giorgtial C
Zon, (where C denotes the common states between z g and z.,), to the steady-state
values, zot. Similarly, during “Transition B”, the system of Section 3.6.1 will have
a trajectory staring from initial conditions of the states, 2!l with gf)?f and added

initial states of 6, il 9 i, wl , ¢§, to the steady-state values, zo¢. As evidenced, the
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Table 3.3: Inverter and Network Parameters Under Study

Inverter Value
Ratings (3-¢) 480 V (L-L), 60 Hz, 120 kVA, 0.85 pf
Parameters Viae = 850V, fsw = 10 kHz
Filter Ly =150 pH, Ly = 15 pH, C; = 110 pF
Line Rijnei = 0.55 m€, Liine; =02 mH,i=1,2
Grid | 480 V (L-L), 60 Hz, Rz = 5 mQ, Ly = 30 uH

systems are highly non-linear in nature and as a result zgi and zi¢ are determined
numerically by solving G (z,,) =0 and G _g () = 0 using Newton-Raphson method
respectively. Forward Euler method is used for simulating the respective transitions
with selecting the control parameters from Table 3.2. The response of i*' inverter
output active power, P;, and reactive power, @); are shown in Fig. 3.9(a) and Fig. 3.9(b)
respectively. It is observed that with selected control parameters, both the transitions
are smooth enough after minor transients in output power dynamics. Moreover, the
response time of reaching new steady-states from initial conditions during the transitions

are within few power cycles that are sufficiently fast.

3.7 Controller Hardware-in-the-loop Based Validation

3.7.1 Controller Hardware-in-the-loop Configuration

The CHIL-based real-time (RT) simulation studies are conducted for rapid prototyping
of the proposed strategy of seamless transition on a test-system under study that is
developed based on electrical network of a commercial scale medical center [121]. The
entire system of Fig. 3.1 with R-L network, critical loads (180kW and 80kVAr), and the
power circuits of two GFM inverters (parameters tabulated in Table 5.4) are emulated
using eMEGASIM platform inside the OP5700 RT-simulator (RTS) manufactured by
OPAL-RT. The control loops of both the inverters are realized on two Texas-Instruments
TMS320F28379D, 16/12-bit floating-point 200 MHz Delfino micro-controller boards.

The control parameters used for validation are tabulated in Table 3.2.
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Figure 3.10: Controller Hardware-in-the-loop based results of active and reactive power
share of (a) GFM inverter-1, (b) GFM inverter-2, (c) the grid, and (d) RMS voltage
and frequency of the system during Case-1.

3.7.2 Validation and Results

To validate the proposed control architecture, two test cases are examined in the RT
platform. In Case-1, both the GFM inverters are configured for equal power sharing
functionality by selecting equal droop co-efficient. In Case-2, inverters are configured
for unequal power sharing functionality by selecting 2:3 droop co-efficient. In all cases,
the CI is initially operating in on-grid mode with a subsequent grid-disconnection and
eventually the grid returns. Fig. 3.10(a), Fig. 3.10(b), Fig. 3.10(c) and Fig. 3.11(a),
Fig. 3.11(b), Fig. 3.11(c) illustrate the active and reactive power sharing of the two GFM
inverters and the grid for Case-1 and Case-2 respectively. It is observed in all cases that
even if both the GFM inverters are connected and synchronized to the network, during
on-grid mode, the output active and reactive power of both the GFM inverters are zero.
Thus, the proposed droop controller in all cases makes sure not to utilize GFM inverters

while grid is available and supply the entire critical load by the grid alone. Once the
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Figure 3.11: Controller Hardware-in-the-loop based results of active and reactive power

share of (a) GFM inverter-1, (b) GFM inverter-2, (c) the grid, and (d) RMS voltage
and frequency of the system during Case-2.

[\)
(e

CI is disconnected from grid and operating in off-grid mode at t ~ 22s for Case-1 and
t =~ 21s for Case-2, the critical loads are served by both GFM inverters based on droop
sharing capability. When grid returns at ¢ =~ 54s for Case-1 and ¢ = 50s for Case-2, the
entire load is again served by the grid alone and output active and reactive power of the
GFM inverters become zero. Fig. 3.10(d) and Fig. 3.11(d) illustrate the voltage RMS
and frequency at PCC of the CI for Case-1, Case-2 respectively. It is observed that the
voltage RMS and the frequency during the transients and steady-state are within the
recommended limits IEEE 446 [115].

During off-grid to on-grid transition, iiiref drops down to [0 0] from some steady-

.dq,ss
state value of U} ref

ziqlisef is governed by the share of the total load demand of the system in off-grid mode.

and stays there as long as it operated in on-grid condition. The

Similarly, during on-grid mode to off-grid transition, i}jﬁ of jumps from [0 0]T to some
,8S
re

steady-state value of iii ¢ Figure 3.12 and Figure 3.13 show the response of the inner
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current controller (both i, 4 and i, 4 current loop) of the commercial scale 3-¢, 480-
V, 125-kVA, four-quadrant GFM inverter manufactured by Dynapower employed with
the proposed droop controller during on-grid to off-grid, off-grid to on-grid and during

on-grid and off-grid condition.

On-grid Off-grid
to to
Off-grid On-grid
Transition Transition

“ref ||
17, 4

i q

Figure 3.12: The response of i1, 4 during on-grid to off-grid transition and vice versa.

3.7.3 Performance Comparison with Existing Methods

To evaluate the performance of the proposed seamless transition method, a CHIL-based
study is conducted. Here a comparison of the always grid-forming strategy presented
in this chapter with the following two methods is presented: Method-1 : the seam-
less transition method of reference [92] by dual-mode control architecture with pre-
determined sinusoidal waveform detection and fast commutation current compensation,
and Method-2 : the seamless transition method of reference [107] where a separate
smooth transition compensator is added in the outer-voltage control loop of the GFM
inverter system. Fig. 3.14(a), Fig. 3.14(b) and Fig. 3.14(c) show the voltage wave-
form measured at the PCC during on-grid to off-grid transition at ¢t ~ 22s that results
employing GFM inverters with proposed seamless control, Method-1, and Method-2 re-
spectively. It is observed that the proposed seamless transition method has significantly

less transients in the voltage waveform where the existing transition methods, though
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Figure 3.13: The response of ir, 4 during on-grid to off-grid transition and vice versa.

seamless without any electrical interruptions, has distorted behavior in the waveforms.
Similarly, Fig. 3.14(d), Fig. 3.14(e) and Fig. 3.14(f) show the voltage waveform mea-
sured at the PCC during off-grid to on-grid transition at ¢t ~ 42s that results while
employing with proposed seamless control, Method-1, and Method-2 respectively. It is
observed that the proposed transition method with modified droop control has better
transient behavior compared to the existing methods. Critical loads in a CI are usu-
ally sensitive to the nature of voltage waveform and therefore the proposed seamless

transition method is seemed to be a better fit for EPSS applications.

3.8 Hardware-based Experiment and Results

3.8.1 High Power Hardware Configuration

A comprehensive hardware system is developed as shown in Fig. 3.15. The proposed
controller with parameters of Table 3.2 is implemented on two commercial scale 3-¢,
480-V, 125-kVA, four-quadrant GFM inverter manufactured by Dynapower with Aerovi-
ronment AV-900 and NH Research 9300 battery energy storage system, terminated at
PCC with a 3-¢, 480-V, 270-kVA Ametek RS-series grid simulator, LoadTec OSW4C-
based physical load banks with 180 kW, 80 kVAr. The inverters are equipped with
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Figure 3.14: Controller Hardware-in-the-loop based performance comparison of (a) pro-

posed method, (b) Method-1 (c) Method-2 during on-grid to off-grid transition and (d)
proposed method, (e) Method-1 (f) Method-2 during off-grid to on-grid transition.

AC voltage and frequency protective functionalities for under-voltage (UV) of < 50%
to over-voltage (OV) of > 120% of the nominal voltage and under-frequency (UF) of
< 57Hz to over-frequency (OF) of > 62Hz [122]. In compliance with the IEEE Std. 1547,
the minimum and maximum ride-through setting times (adjustable by the end user) are
0.16s-300s. Moreover, both instantaneous saturation limit and latched limit-based over-
current protection schemes are employed. A supervisory remote island detection is used
by means of modbus-based low-bandwidth communication to the inverters. IEEE Std.
1547.4-2011 [71] recommends that to initiate a reconnection of an islanded microgrid
and the utility grid, the voltage of the utility grid should be within the “Range B of
ANSI/NEMA (C84.1-2006, Table 1” and the frequency range should be between 59.3 Hz
and 60.5 Hz (for a system of 60 Hz nominal frequency), phase rotation must be correct,
and phase angle difference between the islanded microgrid and the utility grid should
be within specified acceptable limits. A passive synchronization method with stringent

condition (absolute value of voltage, frequency and phase deviations are within +0.03

79



Figure 3.15: Laboratory-based hardware setup for system of Fig. 3.1.

pu, £0.1 Hz, and £1° respectively) are employed using a SACE Emax 2 ABB switch,

as shown in Figure 3.16.

3.8.2 Validation and Results

The purpose of the hardware validation is to showcase the response of physical GFM
inverters with the proposed controller especially during on- to off-grid transition and vice
versa as shown in Fig. 3.17 and Fig. 3.18 respectively. It is observed from Fig. 3.17(a)
and Fig. 3.17(b) that during on-grid to off-grid transition at ¢ ~ 0.5s, the output active
and reactive power of both the GFM inverters jumps from zero to 90kW and 40kVAr
respectively. Fig. 3.17(c) and Fig. 3.17(d) show the output current waveforms of the
inverters during this transition. Fig. 3.17(e) and Fig. 3.17(f) show the instantaneous
voltage waveform, RMS value of the voltage and the frequency of the system respectively.
Similarly, Fig. 3.18(a) and Fig. 3.18(b) show that during off-grid to on-grid transition
at t &~ 0.3s, the output active and reactive power of both the GFM inverters jumps from
90kW and 40kVAr to zero respectively. Fig. 3.18(c) and Fig. 3.18(d) show the output
current waveforms of the inverters during this transition. Fig. 3.18(e) and Fig. 3.18(f)
show the instantaneous voltage waveform, RMS value of the voltage and the frequency
of the system respectively. The instantaneous waveforms substantiate the fact that both
the transitions are smooth and seamless with the proposed controller. Moreover, the
voltage RMS and the frequency during the transition and steady-state are within the
recommended limits of IEEE 446 [115].

Moreover, a hardware experiment is conducted to evaluate the performance of the
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Figure 3.16: Passive synchronization-based reconnection method of islanded microgrid
with utility grid in accordance with the IEEE Std. 1547.

proposed seamless transition strategy in presence of non-linear load and communication
delay. Case-3 is defined where the load in the system is modified by adding a three-
phase diode-bridge rectifier based non-linear load. The system experiences an on-grid to
off-grid transition at ¢ ~ 5s and an off-grid to on-grid transition at ¢t &~ 26s. Moreover, a
delay of ~ 2s is introduced for the signal Zys to be transmitted to GFM-2. Fig. 3.19(a)
and Fig. 3.19(b) show the active and reactive power share between the GFM inverters
and the grid. It is observed that the reactive power of GFM-2 after ¢t ~ 5s is gradually
decreasing until Q-V integrator hits the limit caused by the integrator loop of GFM-2
remaining active during off-grid mode due to communication delay. As a result, in order
to maintain generation-demand balance, GFM-1 supplies more reactive power during the
2s time span. However at ¢t &~ 7s, when the integrators’ are inactive in both the GFMs’,
the system returns with normal droop-controlled GFM inverters and reactive power
demand is shared accordingly. It is observed that due to the communication delay, there
is minimal impact on the active power sharing and control as shown in Fig. 3.19(a). The
similar situation arises during ¢ = 26s also where integrator is not active in GFM-2 after
off-grid to on-grid transition. As a result GFM-2 supplies reactive power during on-grid
mode for some time and as a result the grid is supplying less reactive power until the time

instant when the integrator is active again after the communication delay. Fig. 3.19(c)
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and Fig. 3.19(d) show the current waveform of the inverters where the total demand
distortion of the current waveforms of GFM-1 and GFM-2 are ~ 2.83% and 2.77% of
fundamental current that signifies that the harmonic load is almost equally shared by
the GFM inverters. Moreover, total harmonic distortion of the voltage waveform, as
shown in Fig. 3.20(a), is 1.16% due to harmonic voltage drop across the lines that is
less than limits recommends by [123]. Fig. 3.20(b) shows that the frequency and RMS

voltage during the transition and steady-state are within the recommended limits [115].
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Chapter 4

Dynamic Microgrid: Novel
Active Synchronization Using

Grid-forming Inverters

4.1 Gist of the Chapter

For smooth transition from islanded mode to grid-tied mode, synchronization to the
incoming grid is required for any islanded microgrid. This chapter describes a novel
active synchronization method for such islanded microgrids. In this method, the pro-
posed synchronization controller compensates the phase angle and voltage magnitude
difference between islanded microgrid side and the incoming grid side to zero by ad-
justing the droop laws of all grid-forming (GFM) inverter systems of the microgrid
dynamically via secondary control layer of microgrid hierarchical control architecture.
It is analytically shown that compensation on only phase angle and voltage magnitude is
sufficient for synchronization as frequency is compensated by this proposed method indi-
rectly by the phase angle compensation. A systematic approach for tuning the proposed
synchronization controllers are provided. For validation, a controller hardware-in-the-
loop-based real-time simulation is conducted using OP5700 RT-simulator manufactured
by OPAL-RT on a 3-phase, 480V, 500kVA, 55-bus urban microgrid system with 6 GFM
inverters where control of 2 GFM inverters are realized on low-cost Texas-Instruments
TMS28379D Delfino controller boards.

Note: More details on this work can be found in the published article [124].
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4.2 State-of-the-art on Synchronization Schemes

The emerging concept of microgrid has gained increased popularity in recent decades. It
is usually self sustained owing to its ability to integrate distributed generation units such
as photo-voltaics, wind generators, diesel generators, battery energy storage systems etc.
By virtue of such abilities, it can maintain reliable power supply to the local loads in
presence of a grid or in absence of a grid via grid-forming (GFM) inverter systems.
Moreover, it is capable of systematically connecting to or disconnecting from the grid
based on certain operating conditions. But to facilitate such operating capabilities, the
microgrids must have some well defined methods that will allow to connect or disconnect
from the larger utility grid.

One such important method is synchronization of an islanded microgrid with the
incoming grid before re-connection with it. During such synchronization process, the
islanded microgrid is required to fulfill some standard operating criteria. Accredited
standard IEEE 1547.4-2011 recommends that for synchronization of an islanded mi-
crogrid, its voltage should be within the “Range B of ANSI/NEMA (C84.1-2006” and
its frequency should be between 59.3-60.5 Hz, and phase rotation must be correct [71].
Further, the voltage, frequency, and phase angle between the islanded microgrid and
the grid should be within acceptable limits specified in IEEE 1547-2003 [125].

In literature many synchronization methods have been proposed and briefly men-
tioned in Table 4.2. Synchronization methods can broadly be classified into three cate-
gories [126]. The most basic of which is called “Open Transition Transfer” method that
simply de-energizes the whole islanded microgrid before connecting it to the utility grid.
Even though the simplicity of such methods reduces the capital cost and design complex-
ity, the interruption of power supply during re-connection process makes it less reliable
and less attractive in modern applications. A simple alternative is “Passive” method
[127, 128]. As summarized in Table 4.2, this method simply monitors the difference
between voltage, frequency and phase angle of the microgrid and the utility grid and
waits for a favourable condition to occur. Even though these methods are simple and
cost effective, it might come short in terms of reliability and speed. A more advanced
alternative is “Active” method [129, 130, 131, 132, 133, 134, 135, 136]. As described
in Table 4.2, these methods actively control voltage, frequency, or phase angle of mi-
crogrid side by utilizing various control methods to make the microgrid side favourable
for the re-connection and thus actively synchronize the microgrid with the grid. But

the existing active methods have some challenges and disadvantages. As pointed out in
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Table 4.2, some of these methods makes certain assumptions that are rarely satisfied in
real-world scenarios; some need costly and bulky equipment and high bandwidth com-
munication facilities; few methods use complicated controllers with challenging designs;
many of these methods create unwanted transients in the system.

The proposed method in this chapter alleviates such difficulties by implementing
a novel synchronization control method with droop-controlled GFM inverters in the
microgrid. It compensates the phase angle and voltage magnitude difference between
islanded microgrid side and the incoming grid side to zero by adjusting the droop laws
of all GFM inverter systems of the microgrid dynamically via secondary control layer
of microgrid hierarchical control architecture and as a result the frequency is also syn-
chronized indirectly. This modification allows for better synchronization conditions and

performs relatively fast and smooth synchronization process.
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Figure 4.1: An islanded microgrid with a single grid-forming inverter supplying load
while grid is disconnected by the microgrid switch.

4.3 Proposed Synchronization Mechanism

The proposed synchronization mechanism will be discussed in detail on a single GFM

inverter-based microgrid system first and then adopted for a generic microgrid system.

4.3.1 Synchronization for Single GFM Inverter-based Microgrid

A microgrid system while operating in islanded mode with single GFM inverter sup-
plying load and the grid is disconnected by a switch is shown in Fig. 4.1. The power
circuit of the 3-¢ H-bridge GFM inverter is connected across the load via an LC filter
with L¢, Cf and Ry as filter inductance, capacitance and parasitic resistance respec-
tively. A dg-frame multi-loop controller is employed that generates modulated voltage
vector signal, m?P°, to pulse-width modulation (PWM) controller to generate switching
signals resulting in terminal voltages, v, vP and v¢. This multi-loop control consists
of conventional inner-current-outer-voltage controller as discussed in [116]. By referring
Fig. 4.1, the power controller, the modified droop controller for the purpose of proposed

synchronization method and the synchronizing controller will be discussed next.
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Figure 4.2: Control architecture of the proposed active synchronization controller.

Power Controller

The dq component of output voltage, vgq, and current, igq, are used to determine
the instantaneous active power, p;, and reactive power, ¢;, of the GFM inverter and
processed through low-pass filters with the time constant, 7 € Rsg, to obtain the
average active power, P, = [1/(7ss + 1)]pi, and reactive power, Qi = [1/(75s + 1)]gi,
where p; := 1.5 x 444, + 0343 ] and ¢ := 1.5 x [vd4d, —0d3d .

0,i%0,i 0,i”0,i 0,i%0,i 0,i%0,1

Modified Droop Controller

The proposed modified active power/frequency, P-w, and reactive power/voltage, Q-V,

droop control law is described as follows:
Winy = WN — Np B + Wadj; Vinv = W — mqQi + Vadj, (4.1)

where, wy, Vx are the nominal frequency (in rad/s) and voltage (in volt) of the system
respectively. mp and mq are the P-w and Q-V droop coefficients respectively. The
values of np and mq are typically chosen such that w; and V; are within the allowed
specification, defined by IEEE 1547 Standard [71], while GFM is at rated loading con-
dition. wyqj (in rad/s) and v,g; (in volt) are the additional adjustments in droop laws

taken care by the proposed synchronizing controller.
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Figure 4.3: Proposed synchronization method adopted for generic microgrid.

Synchronization Controller

Unlike the power and droop controller that are employed inside GFM inverter system,
synchronization controller is situated inside the microgrid switch. The synchronizer of
Fig. 4.1 is shown in more details in Fig. 4.2. It measures the instantaneous voltage
waveforms of both sides of the microgrid switch, i.e. grid side and microgrid side. It
consists of three modules as follows:

e Computational Module: In this module, two conventional synchronous reference
frame-based phase-locked loops (SRF-PLL), that can be found in [137], are used to
compute the respective magnitude (vg, vuc), frequency (wa, wuc) and phase angles
(A, 0,c) of the main grid and the microgrid respectively w.r.t. the grid reference con-
sidered as common reference frame. The outputs of this module are dv := vg — v,q,
dw = wg — wyq and d¢ == 0g — 0,,G.

e Control Module: This module consists of two proportional and integral (PI) con-
trollers. The purpose of the PI controller with parameters, £ and k{’, is to regulate the
input signal, d¢, to zero. Whereas, the purpose of the PI controller with parameters, k;
and k', is to regulate the input signal, dv, to zero. It is important to mention that it is
sufficient to regulate d¢ = (wg —wpua) X t = dw X t to zero that results in regulating dw
to zero dynamically. The regulators are generating the required adjustment signals, waq;

and v,q; as output and these are sent to the GFM inverter droop controller to adjust
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the droop laws as given in (4.1). It is to be noted that both the adjustment signals,
Wadj and v,qj, can be transmitted to the local GFM inverter controller via conventional
secondary control architecture of a microgrid [138].

e Switch Initiation Module: This module is designed in order to find the suitable
time instant for re-connection of the islanded microgrid with the main grid by the mi-
crogrid switch. This module continuously tracks the dv, dw and d¢ across the switch
and checks whether these signals are within the pre-defined bound as shown in Fig. 4.2.
If all three signals are within their respective bounds continuously for tyai, then it
generates a signal, Sw, to make the microgrid switch on. The bound check and the
waiting conditions are making sure that the voltage waveform of the islanded microgrid
is sufficiently aligned with the voltage waveform of the grid and hence the microgrid

can be connected with the main grid.

Remark 2. Once the microgrid switch is closed, the same signal, Sw, is used to reset
the integrator in the Control Module. This makes the values of the adjustments zero
once the microgrid is connected to main grid. Hence, normal droop equations returns

on on-grid conditions.

4.3.2 Synchronization for a Generic Microgrid

For generic microgrid system as shown in left of Fig. 4.3 with multiple droop controlled
GFM inverters operating in parallel during islanded mode, the proposed synchronization
method, employed near the grid switch, can be adopted as part of secondary control
layer of microgrid control architecture [138]. In other words, the remote synchroniza-
tion switch and the control method generates the adjusted signals, w,qj and vaqj, and
transmit these to all GFM inverters as conventional secondary frequency and voltage
adjustments without employing additional communication medium. The very basic
idea of running each GFM inverters distributively but not in master-slave way during
synchronization, is the cause of transmitting the adjusted signals to all GFM invert-
ers to modify droop laws equally. For an example, in an islanded microgrid with two
droop-controlled GFM inverters, the steady-state frequency and voltage, before the ini-
tiation of synchronization, was wy, and Vi, and the total load was shared such that
np,1 P = npaPs and mq 1Q1 = mq2@2 as shown in right top and bottom of Fig. 4.3.
After the synchronization starts and adjustment signals are added to each GFM in-

verter equally, the new steady-state frequency becomes wi, + Aw,gj and Vip + Avygj.
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Figure 4.4: Equivalent representation of the microgrid system of Fig. 4.1.

The following can be stated in steady-state:

Win + Awadj = WN — np,1 Pl + Wadj = WN — np 2P + Wadj,

Vin + Avagj = VN — mQ,1@Q1 + Vadj = VN — mQ2Q2 + Vadj-

Therefore, the total load sharing will be intact such that np 1 Py = np 2P and mq1Q1 =
mq,2Q2 as shown in right top and bottom of Fig. 4.3. Therefore, this way of compen-
sation impacts less on the normal operating conditions of the islanded microgrid during

synchronization process.

4.4 Synchronization Control-loop Analysis

The goal of this section is to analyse the working principle and to guide the selection
of the parameters of the proposed synchronization control by referring the system in

Fig. 4.1. For the sake of ease in analysis, the followings are considered:

e The outer-voltage-inner-current control loop is stable and has faster (> 10 times)
dynamics when compared to the power and droop controller and tracks its voltage

reference with minimal (assumed zero) tracking error as suggested in [116].
e Load is assumed to be a Z-type with Ry, and Ly, in series.

e abc-dq conversions are adopted w.r.t. the main grid reference with fixed phase

angle, fq, frequency, wg and voltage, V.
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These allow to model a GFM inverter as a voltage source with controllable phase,
frequency and amplitude. As a result, circuit in Fig. 4.1 can be represented by Fig. 4.4.
To model the system with the remote synchronizer, the following non-linear state-space

equations can be obtained for modeling:

tig = wuc — wa, where Oig == 0,c — 0q,

TSWuG = WN — WuG — MPPuG + Wadj + TSWadj,

(4.2)
(4.3)
75Vue = W — Vg — MQuG + Vadj + TsVadj, (4.4)
LLZﬂG = V,a cosbig — RLiiG + wGLLizG, (4.5)

(4.6)

'.q _ . -q -d
LLZMG = V,a sinbig — RLZ“G — WGLLZ#@

where, p,q := 1.5 % [VMGZ.?LG cos g + VuGiEG sin 6ig] and g, := 1.5 x [_VuGiZG cos Oig +

VuGigG sin 6ig]. Therefore, the islanded microgrid system can be modeled as:

i‘uG = F(Q#G)QNG% qu = H(IuGﬁﬂuG)? (47)

- d .a
where, 2, = |6ig wua Ve [7e} %G] ’

UG = [Wadj @adj Vadj Vadi] 5 ¥, = (g Vic] -
Pl-based synchronizing controller equation can be written as:
s = K+ K [ Bt s = K+ 153 (4.8)
Vadj = kpVig + K / Vigdt; Vaqj = kgVMG + k' Vua; (4.9)

where, Vig = V,q — Vo. Based on the system and the controller models given in (4.2)-

(4.9), following remark can be made:

Remark 3. Considering a stable synchronization operation with properly tuned con-
troller parameters, in steady-state of the system (4.2), (4.3), (4.4), (4.8) and (4.9) result
o = wa and V3 = Vq. In other words, voltage of the islanded microgrid,

Iz Iz
vfféc, s synchronized with the grid voltage, v%bc.

N SS
m Oig =0, w

Now, in order to get a guidance for selecting a properly tuned parameters of the

synchronization controller ( i.e. kg, k, kj and k'), the system in (4.7) is linearized
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around the steady-state equilibrium point and can be written as follows:

oF oF
Az, =——| Az + Au,, e, (4.10)
nG aﬁ,uG e nGG a@uG . nG
AMG B;LG
OH OH
A =—| A — 1 Au,a. 4.11
Y 02, |og Zua+ Dtps o UG (4.11)
—_——
Cuc Duc

Taking Laplace transformation of (4.10), (4.11) and having some algebraic manipula-

tion, the following multi-input-multi-output (MIMO) transfer function model can be
derived for the system:

Abig(s) | _ | Gow(s) Gov(s)| |Awaqj(s) (4.12)
AV,c(s) Gvul(s) Gvv(s)| |Avaai(s) |

where, Gg,(s) = G11(s) + 5G12(s), Gov(s) = Gi3(s) + 5G14(s), Gvu(s) = Ga1(s) + sG22(s),
Gvv(s) = Gas(s) + sGaa(s) with the the state-space to transfer function conversion of
(4.10) and (4.11) of the linearized system as follows:

g G2 Gizs Gua _
= Cu(;[SI — AHG] lBuG + Dug.
Go1 Gaa Gaz Goa
The impact of Av,q; w.r.t. the impact of Aw,qj on Ab;g is significantly less as shown in
Bode magnitude plot of Gg,,(s) and Ggy(s) in Fig. 4.5 (a). Similarly, the impact of Aw,g;

w.r.t. the impact of Av,q; on AV)q is significantly less as shown in Bode magnitude
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Figure 4.6: The closed loop control systems of the proposed synchronization with, (a)
phase and frequency, (b) voltage synchronization control loop.

Table 4.2: Parameters of the Synchronization Controller

Types Value
Control Module ky =ky =04, k’ = kY = 0.01
Switch Initiation | [dview dVhigh] = £1V, [ddlow ddnign] = +1°
Module [dwiow dwnigh] = £3.77rad/sec, twair = 1 sec

plot of Gy, (s) and Gyv(s) in Fig. 4.5 (b). In other words, ||Ggv (5)||oo/||Gow(8)]]00 << 1
and ||Gvw(s)|leo/||Gvv(8)||leec << 1. Therefore, the cross-coupling transfer functions of
(4.12) can be neglected and as a result Fig. 4.6 (a) and Fig. 4.6 (b) show the closed
loop control systems with the linearized plant model and the proposed synchronizing
PI controllers. The controller parameters are tuned based on classical rule of thumb
(i.e. £6dB of gain margin and +45° of phase margin) followed in designing a stabilizing
controller with enough robustness. The resulting controller parameters are tabulated in
Table. 4.2.

4.5 HIL Demonstrations and Results

To substantiate the proposed synchronization method, a controller hardware-in-the-loop
(CHIL)-based simulation study is conducted on OP5700 RT-simulator manufactured by
OPAL-RT as shown in Fig. 4.7. The microgrid test system under study is developed
based on a 55 bus urban distribution network [139]. For demonstration, the synchroniz-
ing switch is employed near the grid connection and 6 GFM inverters are connected at
various buses in the network. The proposed active synchronization method is employed
inside “Synch” that transmits the required adjustments to all the GFM inverters as
shown in Fig. 4.7. Parameters of the network and the GFM inverters are tabulated
in Table 5.4. Control of 2 GFM inverters are realized on low-cost Texas-Instruments
TMS28379D Delfino controller boards. Two case-studies are demonstrated as follows.
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Figure 4.7: Hardware-in-the-loop-based simulation platform with 55-bus microgrid sys-
tem and Texas Instruments Delfino TMS320F28379D controller board.

Table 4.3: Parameters of the Test System Under Study
Inverter Value

Ratings (3-¢) 480 V, 60 Hz, 100 kVA
Filter Parameters | Ly = 150 mH, Ry = 50 m Q, C; = 110 pF
Other Parameters | Vg, = 1000 V, fsw = 20 kHz, 7¢ = 0.025 s

Droop np = 5 mHz/kVA, mq = 0.48 V/kVA
Network Value
Ratings (3-¢) 480 V, 60 Hz, 500 kVA
Transformer 3-¢, 60 Hz, 5 kVA, 480/208 V

e Case 1 : To showcase the instantaneous voltage waveforms that are synchronized by
the proposed method.
e Case 2 : To showcase the dynamic performance and impacts on system operation
during the synchronization.

In the demonstration of Case 1, the microgrid was initially running in islanded mode
by supplying all the loads by 6 GFM inverters. At t =~ 5.3 s, the synchronization process
is initialized and at t &~ 5.8 s, the synchronization is completed and the synchronizing

switch connects the microgrid with the grid after a waiting time, fyait, of 0.2 s. The

¢

: a a b b c
instantaneous waveform of v ;; and VyGrid» YCrid and VuGrid» Vrid and V3G

q and
instantaneous waveform of current through synchronization switch during connection,

i2b<. .., are shown in Fig. 4.8(a), Fig. 4.8(b), Fig. 4.8(c) and Fig. 4.8(d) respectively.
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The zoomed waveforms are shown during the synchronization process and it shows
that vZGrid, UEGrid and vﬁGrid are dynamically being aligned quickly with vg 4, v'(o;rid
and vg,;q respectively by the synchronization method with the help of adjustments in
the droop curves of all GFM inverters simultaneously. It is observed here that the
voltage waveforms of microgrid side during the synchronization process have minimal
distortions and the transients during final re-connection of the microgrid with the main
grid is smooth and seamless. The current waveform through the synchronization switch
during connection shows that the magnitude jump is under a reasonable upper limit
during transients.

Similarly in Case 2, the microgrid was initially running in islanded mode by sup-
plying all the loads by 6 GFM inverters. At t = tgiart =~ 33.1 s, the synchronization
process is initialized and at t = tgy, ~ 35.2 s, the synchronization is completed and the
synchronizing switch connects the microgrid with the grid after a waiting time, tyait,
of 1 s. Fig. 4.9(a) shows the dynamic response of the frequency in Hz of the micro-
grid, fuarid, of the main grid, fariq, and the difference between them, Af, respectively.
Similarly, Fig. 4.9(b) shows the dynamic response of the RMS line-to-line voltage in
PU of the microgrid, V,}(%ridv of the main grid, V(%g;d, and the difference between them,
AV, respectively. Moreover, Fig. 4.9(c) shows the dynamic response of the phase angle
difference, A¢, in degree between the microgrid and the main grid. As it is observed
that before t = tsiart, the frequency and voltage magnitude of the islanded microgrid
is less than frequency and voltage magnitude of the main grid. This results in negative
values of Af and AV that need to be compensated by the synchronization method.
Moreover, due to non-zero value of Af, A¢ will change continuously from —180° to
180°. Once the proposed synchronization method starts at t = tggart, both Af, AV and
A¢ are regulated inside their respective limits within 1 s with the help of adjustments
in the droop curves of all GFM inverters simultaneously. After a waiting period of 1 s,
the microgrid is connected with the main grid at tsy,. It is observed here also that the
voltage waveforms of microgrid side during the synchronization process have minimal
distortions and the transients during final re-connection of the microgrid with the main
grid is smooth and seamless. Moreover, Fig. 4.10 and Fig. 4.11 show the active and
reactive power flow before, during and after the synchronization process. It is observed
that the dynamic adjustments of droop curves in all GFM inverters do not alter the
system operation significantly and hence the active and reactive power supplied by the

GFM inverters are not changing significantly during the synchronization process.
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Figure 4.8: Instantaneous voltage waveform of grid side and microgrid side during syn-
chronization process, (a) A-phase, (b) B-phase, (c) C-phase, and (d) instantaneous

waveform of current through synchronization switch during connection after synchro-
nization.
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Figure 4.9: Dynamic behavior of, (a) frequency of the islanded microgrid and the main
grid and the difference, (b) line-to-line voltage of the islanded microgrid and the main
grid and the difference, (c) instantaneous phase angle difference between the islanded
microgrid and the main grid, during synchronization.
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Figure 4.10: Active power output of 6 GFM inverters in the islanded microgrid, the
main grid and the load during the proposed synchronization process.
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Figure 4.11: Reactive power output of 6 GFM inverters in the islanded microgrid, the
main grid and the load during the proposed synchronization process.
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Chapter 5

Resilient Microgrid: Design and
Large Scale Hardware

Demonstration

5.1 Gist of the Chapter

Seamless recovery and sustained power to critical infrastructures (CIs), after grid failure,
is a crucial need arising in disaster scenarios that are increasingly becoming more fre-
quent. Accreditation standards recommend Cls to have emergency power supply system
(EPSS) in order to form a local microgrid network with backup resources (generation
units/renewable resources) in case of sudden power blackouts of main grid supply. The
standards also recommend enhancements such as seamless transition capability during
on-grid to off-grid jump and vice versa, efficient and optimal operation while maintain-
ing the standard regulation and power quality limits during power contingencies, and
operation with sustenance of reliable power for long periods of time. This chapter is
proposing a comprehensive design of the EPSS for uninterrupted operation of Cls by
employing novel techniques, such as 1) mode-dependent droop controlled grid-forming
inverters for seamless transition capability; 2) fast-acting optimal net-load management
engine for efficient and optimal operations maintaining regulation and power quality
limits; 3) optimization-based horizon of viability engine for longer, sustained and viable
operation in the aftermath of grid failure as recommended in standards. Two stage

validations are conducted using defined test cases while considering various types of
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contingencies on a 3-¢, 60 Hz, 480 V, 450 kVA test system based on a realistic electrical
network of a commercial scale medical center. The comprehensive controller-hardware-
in-loop and power-hardware-in-the-loop based experiments corroborate the efficacy and
robustness of the proposed strategy for EPSS employed in the CI. The mode-dependent
droop controller enables seamless transition of the critical infrastructure between the
off-grid and the on-grid modes. Inverters operate in the gird-forming mode when the
ClI is off-grid and also when the CI is on-grid while keeping frequency and voltage regu-
lated between +0.5 Hz and +10% of the nominal respectively. The fast-acting net-load
management engine maintains the balance in total available generation and the power
demand by determining the optimal decisions within 100 ms during various contingen-
cies while regulating the voltage, frequency, and total harmonic distortion (THD) of
the system under the strict limit recommended by the grid codes. The horizon of vi-
ability optimization engine showcases advantages over conventional scheduling engines
with higher utilization of critical loads and maintaining higher energy at the end of an

1-hour experiment.

5.2 State-of-the-art on Emergency Power Supply Systems

Critical infrastructure (CI) describe essential assets of society, including medical centers,
security service centers, food production and distribution centers, and communication
facilities. Disruption of power to CI often results in a debilitating impacts on physi-
cal and economic security as well as public health and safety. The rapid recovery of
power, possibly after a power blackout caused by increasingly frequent weather/climate
disasters, for CI is a crucial need [109].

Accreditation standards, such as IEEE 602, require CI to have an emergency power
supply system (EPSS) to form a local microgrid network with local generation and auto-
matic transfer switches, in case of sudden power blackouts of the main grid supply [110].
Depending on the level of criticality and the urgency of the electrical loads, the EPSS is
required to form the local microgrid within a specified amount of time to restore the op-
eration of the CI. Various types of EPSS include Type-U characterizing uninterruptible
EPSS, and Type-10 where the EPSS is allowed 10 s for recovery [140, 113]). Gas/diesel
generator sets are traditional choices for most CI as local energy units for EPSS due
to their sustained and robust power supply capability; however, the long startup time
from standby mode makes the task of a seamless and rapid power restoration of CI dif-

ficult to achieve with these sources [115]. Battery energy storage units interfaced with
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power electronic inverters provide uninterrupted power supply (UPS) system that are
an alternate solution that enhances the ease in operation and reduces the response time
of EPSS for CI. Accreditation standards, such as NFPA 111, recommend stored-energy
EPSS (SEPSS), which employ batteries/fuelcells/ultracapacitors as the main energy
harvesting units along with inverter topology to assist in restoring of power to CI in the

case of the grid failure [111]. Briefly, these standards for CI recommend the following:

e To circumvent any short/temporary electrical interruptions to the critical and
sensitive loads of the CI, Type-O/Type-U SEPSS are recommended, which posses
the capability of seamless transition during the on-grid to off-grid jump and vice

versa.

e The EPSS is recommended to efficiently operate the CI, by maintaining standard
regulation and power quality limits and to operate optimally enabling smart and
dynamic prioritizing of critical loads based on real-time situational awareness of

the overall system.

e After the initial recovery from a power blackout, the EPSS is recommended to
operate the CI while sustaining reliable power for long periods of time in such

emergency situations.

In [141], a comprehensive literature review is conducted on service restoration through
microgrid formation techniques for distribution networks. Planning and service restora-
tion through microgrid formation, virtual power plants, grid-forming inverters and smart
circuit breakers are some promising solutions for emergency power systems [142, 143,
144]. However, a thorough design and procedure for restoration of a microgrid net-
work after power blackout are not discussed in these works. Moreover, being compliant
with the grid regulation code during the restoration process is critical for the health
of equipment in critical infrastructures. The role of power electronic converters in cli-
mate emergency is highlighted in [145]. References [146, 147, 148, 149, 150] develop
emergency power systems that address prolonged power blackouts for various facilities
such as hybrid advanced traction power supply system and medical centers. To the
best of the authors’ knowledge, there are no works present in the current literature that
provide a comprehensive framework/strategy for EPSS to operate CI with the recom-
mendations of NFPA 111 under emergency situations [151, 152, 153, 154]. This chapter

proposes a comprehensive design of an EPSS for the uninterrupted operation of CI by
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employing novel techniques to enhance the capabilities of the EPSS as recommended in
the standards.

1. The seamless transition capability of the EPSS is achieved by using novel mode-
dependent droop-controlled grid-forming (GFM) inverters [155]. The control strat-
egy achieves the following objectives: 1) the seamless transition and recovery of
power by the GFM inverters after the grid failure and 2) the seamless transition
and re-synchronization by the GFM inverters after the grid returns. Further,
the control strategy only requires information on the grid switch status for the
mode transition. The advantage of the seamless transition capability, as proposed
in [155], is that it does not require an additional control layer and parameter
tuning to restore the voltage, frequency, and phase during transitions and syn-
chronizations. Moreover, it ensures significantly less deviations in the output
voltage/current of the inverters during the switching of its operating mode, unlike
some existing works [91, 94, 102, 106]. The seamless control strategy of [155] is
selected as a good candidate for this EPSS application.

2. To enhance the quality, resiliency, and reliability of the EPSS in the operation
of the CI, this chapter proposes a centralized, high-speed, and cost-optimal coor-
dination and allocation of loads during operational contingencies as an essential
improvement, especially during off-grid mode of operation after the grid failure
or during a complete black start operation of the CI [11, 12]. Unlike some exist-
ing works [156, 157, 158], the “net-load management” (NLM) engine of [11, 12]
is superior in the optimal coordination process in applications with much larger
numbers of net-load resources and fast-changing generation resources. It is also
capable of accurately meeting a specific aggregate power set point to generation
resources while achieving dispatch on a faster timescale and maintaining the stan-

dard regulation and power quality limits.

3. To guarantee the viability of a sustained, reliable supply of power over a sub-
stantial time horizon for the CI operation in the aftermath of the grid failure, an
intelligent optimization scheme, the “horizon of viability” (HoV) engine, based
on the cost-optimal portfolio of the locally available distributed energy resources
(DERs) and the loads, is proposed and employed in the EPSS [13]. The ad-
vantage of the proposed HoV engine over existing works [159, 160, 161, 162], is

that it ensures sustained viable operation of the CI for a longer time horizon by
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supplying critical, sub-critical, and non-critical loads via using the backup DERs
based on the historical load and solar irradiance forecast profiles and the real-time

awareness of the run-time capabilities of the DERs.

This chapter assimilates three novel techniques for enhancing the capability of the EPSS

of CI. These are as follows:

1. mode-dependent integrator-based droop-controlled grid forming inverters for seam-
less transition capability of the EPSS during on-grid to off-grid jump and vice versa
[155),

2. fast-acting optimal net-load management engine for efficient and optimal opera-
tions of the EPSS, maintaining regulation and power quality limits throughout

the operation [11],

3. optimization-based horizon of viability engine for longer, sustained and viable
operation of the EPSS via local and emergency energy resources in the aftermath
of grid failure [13].

The main challenge here, is to employ all three techniques and operate all of these si-
multaneously so that the combined functionalities of these novel techniques serve the
purpose of enhancing the capability of the EPSS of the CI. Therefore, the main contri-
bution of this chapter is to provide a systematic guidelines for implementing such novel
techniques for EPSS of the CI and highlighting the key challenges in the implementa-
tion and operation of such large system. The proposed advancements for EPSS of a
CI are validated in two stages using defined test cases while considering various con-
tingencies. In the first stage, a controller hardware-in-the-loop (CHIL)-based real-time
simulation study is conducted on a test system based on the realistic electrical network
of a commercial-scale medical center. This stage of validation establishes the prelim-
inary evidences showcasing the advantages of these novel techniques in the EPSS of
a CI. In the second stage, a comprehensive power hardware-in-the-loop (PHIL)-based
real-time study is conducted on the same electrical network. The test system under
study is an R-L network of 3-¢, 60Hz, 480V and it has critical loads of 150kW, 72kVAr;
sub-critical loads of 60kW, 30kVAr; and non-critical loads of 240kW, 115kVAr. The
test system is equipped with two 3-¢, 125-kVA, 4-quadrant GFM inverters, two 3-¢,
125-kVA, 4-quadrant GFL inverters, and, one 3-¢, 135-kW diesel genset. The large-
scale PHIL-based validation corroborates the fact that the employment of these novel

techniques enhances the capabilities of the EPSS of a CI.
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Figure 5.1: The power circuit of the critical infrastructure under study.

5.3 Description of the Existing EPSS of the CI

5.3.1 Existing Power Circuit and Operational Engine of the CI

The one-line diagram of the 3-¢ power circuit of the CI is shown in Fig. 5.1. The
considered CI has three classifications of loads, as defined in NFPA 99 [140], namely:
i) critical load: loads that need continuous uninterrupted power supply irrespective of
the grid availability (e.g., critical operation room, life-saving equipment in a medical
center); ii) sub-critical load: loads that allow the temporary shutdown of services in
case of grid failures (e.g., general patient room, HVAC system in a medical center);
and iii) non-critical load: loads that allows temporary/permanent shutdown of services
in case of grid failures (e.g., public lighting and elevators in a medical center). The
building electrical network of the CI has a main feeder bus and an emergency bus and
are connected to each other via a switch. Loads are connected to the buses via transfer
switches. The grid is connected to the feeder bus via a feeder switch. At the emergency
bus, multiple emergency DERs are connected via switches in parallel. They include two
diesel generation sets, two GFM battery inverter systems, one solar inverter system, and
one grid-following (GFL) mobile battery inverter system. The diesel generation sets are
operated with load-frequency-based governor control and voltage-reactive power-based
automatic voltage regulator control [117]. The solar and mobile battery inverter system
are operated in GFL mode with a d-q axis-based conventional inner-current controller

and globally/locally provided P-Q set points [15]. The battery inverter systems are
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Physical Component Layer

» mode-dependent integrator-based droop-control for GFM inverters
» seamless transition during on-grid to off-grid jump and vice verse
» controlled transient during on-grid to off-grid jump and vice verse

Communication & Control Layer

» fast and optimal coordination and allocation of loads and generatic
» maintain system viability (generation > load) during contingencies
» maximize serving of critical loads based on their priorities

Communication & Decision Layer

» cost-optimal portfolio-based dispatch decision for local sources and load:
» decision based on load, generation forecasts, and state of the resources
» guarantying sustained, reliable operation over a time horizon after black

Figure 5.2: The methodology flowchart of the proposed enhancements for the emergency
power supply system of a critical infrastructure.

operated in conventional GFM mode with d-q axis-based conventional outer-voltage-
inner-current controller and P-f/Q-V-based droop control laws [163]. The existing EPSS
of the CI enables the following:

e In on-grid mode, the grid at the feeder bus is the main power supply of the CI.
At the emergency bus, apart from the solar GFL inverter, all other DERs are
disconnected. While the main grid is available, the total demand of the CI (i.e.,
entire critical, sub-critical, and non-critical loads) is met. The EPSS enables the

entire sets of load to be activated due to the availability of the grid.

e In off-grid mode, the DERs in the emergency bus are the main power supply of
the CI. In case of a grid failure, the EPSS activates its emergency protocol for
operation, and the operational engine starts priority-based load shedding, which
is decided by the criticality of the loads. As a result, the EPSS supplies only
the critical loads for sustained and viable emergency operation depending on the
available rating of the DERs.
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5.3.2 Challenges in the Existing EPSS for CI

The existing EPSS for CI has the following challenges:

e The existing EPSS is unable to provide a rapid and seamless power recovery (on-
grid to off-grid transition and vice versa without electrical interruption) in case
of a grid failure. The fundamental cause is the types of DERs and their control
architectures. For example, traditional gas/diesel generator sets, while having
sustained and robust power supply capability, have inherently long startup times
from standby mode [113]. The GFM battery inverter system (not connected to
the emergency bus during on-grid mode), while having a quick startup time, can
supply power only after successful synchronization and connection of the switches
to the emergency buses [111]; therefore, with the existing EPSS management for
the CI, Type-U-based emergency recovery (seamless power restoration) of the

entire CI is challenging.

e The existing EPSS load management engine is not designed for the sustained and
viable operation of the CI in emergency situations. Currently, the operational
engine follows a mere brute-force method to allocate loads based on their criticality
for CI operation, depending on the available DER capability. As a result, it
cannot operate the CI optimally (in the sense of the allocation of critical loads
and longer viable operation of CI) during emergency situations. A centralized
and intelligent control and monitoring method of the system, including sources
and loads, to obtain the situational awareness and to take automatic corrective

actions is lacking.

5.4 Proposed Enhancements of the EPSS for CI

To overcome the challenges mentioned in Section 5.3.2, this chapter proposes various
enhancements to be employed in the EPSS for the CI. The proposed enhancements in
the EPSS aims to achieve (i) seamless transitions of the CI from on-grid to off-grid
transition and vice versa, (ii) centralized load management control to optimally manage
the CI operation, (iii) intelligent load management for longer viable operation during
emergency situations. The methodology flowchart of the proposed enhancements for
EPSS of a CI is shown in Figure 5.2. The proposed enhancements are further described

as follows:
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e Enhancement 1: Ensuring seamless transitions (i.e., without any electrical in-
terruption to the loads of the CI) from on-grid to off-grid and from off-grid to
on-grid is an essential improvement for the uninterrupted operation and health
of sensitive loads of the CI during emergency situations. As mentioned in Sec-
tion 5.3.2, the existing circuitry and control architectures of the DERs are unable
to provide seamless transition capability. The modification in the droop control
law of the GFM battery inverters, as mentioned in Section 5.5.1, is proposed to

achieve seamless transition capability [155].

e Enhancement 2: Ensuring fast and optimal coordination and allocation of loads
during operational contingencies in the CI based on its criticality is another essen-
tial improvement for the EPSS, especially during off-grid mode of operation after
the grid failure or during a complete black-start operation of the CI. The em-
ployment of the proposed centralized NLM engine, as mentioned in Section 5.5.2,
ensures enhancing the quality, resiliency, and reliability of the emergency power

supply operation of the CI [11, 12].

e Enhancement 3: Guarantying the viability of a sustained, reliable supply of
power over a substantial time horizon is crucial for CI operation in the aftermath
of a grid failure caused by increasingly frequent catastrophic events. An intelligent
optimization scheme based on the cost-optimal portfolio of the locally available
DERs and the loads, leveraged by the increasing expertise in accurate load and
generation forecasts, is employed in the EPSS of the CI to achieve the target [13],

as mentioned in Section 5.5.3.

5.5 Description of the Proposed Modifications

5.5.1 Modified Droop Law for Seamless Transition Capability

The proposed control strategy of the inverters aims to achieve the following objectives:
1) regulate the output active and reactive power by the droop-based battery inverters
to a desired value while operating in on-grid mode, 2) perform seamless transition and
recovery of power injections into the critical loads after a grid failure by the inverters
operating in GFM mode all the time, 3) require minimal, single-bit information on
the grid status for the mode transition of droop control. The design guidelines and the

control architecture are briefly described below. Reader can find detailed descriptions in
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Figure 5.3: The power circuit and various control loops for the i*® GFM inverter.

reference [155]. The power circuit of the i, 3-¢ H-bridge inverter is shown in Fig. 5.3.
It is connected to the network at point-of-common-coupling via an LCL filter and a
coupling line. The control architecture, as shown in Fig. 5.4, is described here.

1) Power controller: It determines the averaged active, P,, and reactive power, Q;,
of the it GFM inverter as follows:

-— 6.1
7SS+ 17 :
1
i = i 5.2
@ 78,iS + 1q1 ( )
where,
. 2 d .d q :q
pi = 3[vo0 + Vool (5.3)
2 d )
g ‘= g[vcc)l,iZO,i — Uy 12271]7 (54)
where, vii, vg,i, ig,ia id. are the dg-components of output voltage and current and

7s,i € Ryo is the time constant of the low-pass filters.
2) Droop controller: The mode-dependent droop controller for the GFM inverter for
both the on-grid and off-grid operation of the CI is shown in Fig. 5.4. The proposed
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droop law is as follows:

wri =wN — Nib (5.5)

Vii = VN — miQ; — Lgski / Qidt, (5.6)

where, wnom, Viom are the nominal frequency (in rad/s) and voltage set-point (in volt)
of the system, respectively; n;, m; are the coeflicients of the P-f and Q-V droop law,
ki is the integral coefficient of the -V droop law. Zs = 1 and Zgs = 0 in on-grid
and off-grid mode respectively. Zgs ensures that the integral action in the @-V droop
is effective only in on-grid mode. This droop law ensures that the GFM inverters in
on-grid mode supply no reactive power in steady state. The addition of dependency
on the variable, Z,, facilitates the GFM inverters seamless functionality for CI during
the transition of on-grid to off-grid and off-grid to on-grid modes. The values of n;
and m; are typically chosen such that w,; and V;; are within the allowed specification,
defined by IEEE 1547 Standard [71], for all P; € [0, Pated,i] and Qi € [—Qrated,i, Qratedi]
respectively. Here, Pated i and Qrated,i are the rated active and reactive powers that can
be delivered by the it* GFM inverter. The saturation limit in the integrator of the Q-V
droop law ensures that the entire system remains viable under compromised scenarios
including significant delay in communicating Zss which results in undesirable active in-
tegral operation during off-grid mode. A good candidate for selecting the magnitude of
the upper and lower saturation limit of the integrator, +AV, is +£10% of the nominal
voltage rating as recommended by limits of IEEE 446 [115].

3) Inner-current-outer-voltage controller: The conventional inner-current-outer-
voltage controller is employed here, as shown in Fig. 5.4. For the inner-current con-
troller, a proportional-integral (PI) compensator with parameters kpe; and kicj, is used
for tracking the reference of the dq-axis inductor current with the desired time constant,
Tei (typical range from 0.5 —2 ms) [116]. Similarly, for the outer-voltage controller, a PI
compensator, with parameters ky,; and kv, is used to enable reference tracking with
the desired phase margin and gain crossover frequency, based on the symmetrical opti-
mum method [116]. Additional feed-forward signals facilitate the disturbance rejection

capability of each layers.
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Figure 5.4: Inner-current-outer-voltage control loop with the proposed modified P-f,
Q-V droop controller for the i*" GFM inverter.

5.5.2 NLM Engine for Reliable Operation

The NLM engine is a central dispatch control system that provides high-speed, cost-
optimal coordination of a set of net loads (a combination of generation and controllable
loads). The reader can find a more detailed description of the NLM engine in references
[11, 12]. The high-level objectives of the NLM engine are to:

1. Maintain system viability (generation capacity > load), including a specified gen-
eration reserve margin, by triggering dispatch actions each time the generation

reserve margin falls below or exceeds the target range.

2. Minimize the overall cost (the sum of the unit cost change in the active power of

the net load resource for all resources) of each dispatch action.

3. Maximize the amount of controllable load that is served using the available gen-

eration based on their priorities.

The system, called as the net-load-unit (NLU), contains an aggregated single un-
controllable (critical) load; Nq number of controllable (non-critical) loads; Ng number
of solar and mobile battery-based GFL battery inverter system(s) and an aggregated
single entity called the slack bus that comprises single/multiple GFM battery inverter
systems and diesel generation sets. To meet these objectives, the NLM engine at any

time instant, tg, performs the following functionalities:
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1. The NLM engine receives measurements from the off-grid NLU and tracks the

latest system state.

2. At each measurement update, the NLM engine evaluates the current power sys-
tem operating margin (a comparison between the current operating power of the
slack bus, Py (to), and the largest slack bus capacity that can be provided, | Py**|)
and determines if a dispatch is needed to maintain:

[P = 2Rm < Pax(to) < [P — R, (5.7)

S

where Ry, is the specified reserve margin. Specifically, if Pax(to) > [P — Rm,
then it commands a decrease of Pyx(to). If Pax(to) < |PJ| — 2Rm, then it

commands an increase in Pyy(to).

3. If a set point is required to maintain the viability of the NLU with the margin (5.7),
the NLM engine finds the optimal set of dispatch commands (on/off decisions for
the controllable loads, dispatch set points to GFL inverters) that accomplishes

these objectives using an optimization problem.

The optimization problem is given below:

Ny Ng
subject to

Ny Ng

Z TP+ Po — Z(PG,J' + APq ;) = Pax + APy (5.9)
j=1 j=1

APES™ < APgj < APER, v j, (5.10)
APg; = Pg,j(t) — Pg,jto), ¥ J, (5.11)
APax = Pax(t) — Pax(to), (5.12)
z; € {0,1}, V j (5.13)
Zi=1—uj, Vj, (5.14)

where cr,j; and cq j are the participation unit costs for the 4*" controllable load and the
7 GFL inverter in the NLU, respectively. x; is the switch ON/OFF signal of the Gt

controllable load. P, j and P are the active powers of the 4*" controllable load and
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the base active power rating of the j'" GFL inverter, respectively. APg;, AP&S and
AP&%‘”H are the computed optimal headroom, and upward and downward headroom
limits of the j*® GFL inverter, respectively. ¢ and tq are the current time instant and
the time instant when the contingency happens, respectively. Pyy(to) and Pc(tg) are the
active power capacity of the combined slack bus and uncontrollable load, respectively,

at time instant tg. APy is the total active power change of the slack bus.

5.5.3 HoV Engine for Sustainable Operation

Considering a grid interruption event and the CI is working in off-grid mode while being
supported by its own available backup sources. The objective of the HoV engine is to
sustain a viable operation of the CI for a longer time horizon by supplying critical,
sub-critical, and non-critical loads by using only the available backup DERs. A trivial
solution for the microgrid is to shut down all the sub- and non-critical loads of the
CI and use the available DERs to supply only the critical loads (existing brute-force
method of the EPSS of the CI); however, this might lead to a reduced quality of service
in the CI due to no sub- and non-critical loads being served. Hence, there is a need
to devise an optimal scheduling policy for the net-load resources in the CI. To achieve
this objective, the optimization algorithm of the HoV engine determines a portfolio of
generation and loads to guarantee the viability of all the critical loads while maximizing
the level of service of the sub- and non-critical loads in the CI over a given time horizon
[13].

A CI contains a collection of net-load resources: ng controllable loads (i.e. sub- and
non-critical loads), n. non-controllable loads (i.e., critical loads); n, diesel generator
sets; np, GFL solar inverter systems; ny, GFM battery inverter systems and a slack bus
(combination of all the GFM inverter systems in the CI) to maintain stable voltage
and frequency. Let P]fj denote the power output of the j* grid-following solar inverter
system at time ¢t. The power delivered by the ;" diesel generator set and j*" GFL battery
inverter system at time ¢ are denoted by Pgtj and Ptj, respectively. Power delivered by
the slack bus at time ¢ is denoted by P!. Here, each GFL battery inverter system, j, is
characterized by maximum available energy capacity, Ep;, and maximum discharging,
Wh,, and charging, —W4,, power transfer rates. The maximum power dispatch capacity
of the j*" diesel generator set and the slack bus are denoted by Wy, and W, respectively.
The maximum available energy in the diesel generator, j, is denoted by Eg;.

The HoV engine solves a convex optimization problem at each discrete time-instant,
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to, to determine the net-load scheduling decisions at some future time instant, to + t,
where t € {1,2,...,T}, with T being the horizon length. Denote by z* := [z{, ...z} ] €

0,1}, Pt = [Pgtl, LPL] € R PY =[P, P ] € R™ and P! € R, Ty i=

{to,..., T + to — 1}. stg(j) and sg; are the state-of-energy (SOE) and state-of-charge
(SOC) of the diesel generator set and the GFL battery inverter systems respectively, at
time tg. Let 5{)(; =—-(1- s};‘;). The optimization problem is given by:

miniﬂmize C(x,pg,pb,sg’,sgo), subject to :
0< Z,f?;o 1Pt < stOEg , for j=1,...,n,,
§E;Ebj < Zztzo 1 Pt < stOEb , for j=1,...,ny,

0< Pgtj < Wy, for j=1,...,ng,t € Ty,
— Wy, < ng <Wh,, for j=1,...,np,t €T,

0< P < WS, for t € Ty,
S kB YT P Y P P
- an Pt + P, for t € Ty,
:EJt € {0,1},for j =1,...,nq, fort € Ty,

where the objective function is:

C(xvpg7pba Sb,Sg) = ZtT:—;BO_I [ZJ 1 Cb (Sb ’Pt )

- Zyil ng (T,gj (Pgtj)) + Z;Lil ng (1 - w})P[t/] N

The dispatch decisions are based on renewable generation forecasts, predicted profiles
of the loads in the CI, and information about the latest SOC and SOE (the amount of
energy equivalent fuel remaining relative to its reserve capacity), of the GFL battery
inverter systems and diesel generator sets, respectively. This process is repeated at the
subsequent time instants with updated sets of measurements. More details about the
constraints and the objective function design of the HoV engine optimization problem
can be found in [13].
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5.6 Designed Test Cases for the EPSS of the CI

This section describes three test cases that are designed based on the challenges and
the proposed modifications of the EPSS for the CI.

5.6.1 Test Case 1:

Test Case 1 is described in Table 5.1. Test Case 1 is designed to:

e Test the capability of having seamless transitions from on-grid to off-grid mode of
the CI after a grid interruption with the help of the proposed modification in the

GFM inverters, as described in Section 5.5.1, while serving critical loads.

e Test the operation of the CI with successive increases in generation through the
available diesel generation sets and by serving more critical loads while maintaining
stringent power qualities and regulations with the NLM engine, as described in
Section 5.5.2.

e Test the capability of the CI to prioritize critical loads with the NLM engine,
as described in Section 5.5.2, when solar irradiance is reduced while maintaining

standard power qualities and regulations.

118



‘IN'IN £q speo[ SUl[IR)IND ‘SOSBOINOP SOURIPRILII IR[OS @

JUOAG] JO 90ULLINDI() VAL 90T = VALY = 395 — UeD [oso1d +
Aqrenyut speoy Ajddnsusx) [ose1(] pue siolieAu] AJ ‘A1ejied e peor] [eon) VALL'O = 10110AU LD Ad + =1
TP, TeTITa] VAMEET = 1310AU] INAD A103yed
‘IN'IN £q eouefeq 1emod ‘Pajoauuod s39G-Usr) [9S9I(] @
JUOAT] JO 90ULLINDD() VALY = 10§ — Uox) [so1(] +
‘poads SNOUOIYDIUAS SADIYDOR S10G USK) [9SI(] @ VAIEEE = VANEE = 10310au] TAD Ad + ) =19
‘Arentur speol SutA[ddns are s1ejreau] AJ ‘A1eijeqg e PEOT [EOBED VANEET = Iog1eau] N D) A1ejreg
‘ourduy] JNTIN Aq 90oUuR[R( PURBWISOD UOI}RIDUSS OADIYOR @
peoT (BN | VANEET = I0M0AUT INAD A10)yeq
QUI[UO oR( IY3IN0IQ dIR S}OG — UK) [9SAI(] @
TOMIPUO)) (o]
"Po30oUUODSIP PLIS ‘Pa1oalap SI PLIS Ul A[ewouy e
JUOAL] JO 90ULIIMDI() VA99E =
‘romod Furd[ddns jou 03 PojoouU0d sAemle oI SISIDAUT N L) e PEOT [#ORHO-UON+ VAIEE = OOAUL TAD Ad + 0=1
‘IO @Y) Jo peol aarjuo oY) sorddns I99I0AUl A J PUR PLIY) e deM/MMMNWO PHD
uorydiaoss(q yusAy uorjIpuoy)) peor 8oanog Arewtaqg [s] euurT,
"$90IN0SOI A3I9Ud [RI0] BIA SPRO[ [BIIILID SUIAISS A UorjeIddo d[RIA PUR QIN[IR] PLIS I99Je 9POW PLIS-JO 0} PLIS-UO WOIJ

SUOI}ISURI) SSO[UIRDS 9ART 0 10 ® 10] ssdo pasodord oy Jo ANyiqeded o) 9)RIISTOUISD 0} POUSISOP 9skD 1S9, :T°G 9[qe],

119



‘1omod Furd[ddns jou ‘pajoouuod SN ‘SUIn}ol pLIy) e VAN99C =
JUSAT JO 9dUSIINId() peor] [eonuIo-uoN+ VANEE = 10%10Au] A Ad + b
( ‘ 1=1
peop A[ddns 49 S[IGOIN PU® Ad ‘INAD ‘$198 UY) [9S91(T @ VANEET = Pl
UONIpUO) [eljiu] proT [eONLD
‘IN'IN £q peol Surreymo ‘paddir} are sjog uor) [9s9I(] @
VALY = 10319AUT S[IGOIN +
JUSAT] JO 90USIINII() VANEET =
. . VAMNEE = To310AU] TAD Ad + £ =1
peop A[ddns 49 9[IGOIN PU® Ad ‘INJAD ‘$198 UD) [9S91(T @ PpeOT 821D
T VANEET = 1Y0AUT INJD L1913eg
UonIpuoy [eriuy
*SpRO[ soseaIoul NN ‘OUI[uo 1ySnoiq rTq5) S[IqOJN e VAYL9 = Io10AU] o[IqOJN +
JUSAT] JO 90USIINID() VAN00E = VALY = 198 — U8x) [9s91(] + o
“Areniut speof Ajddns AJ pue WAD ‘$19S U9 [9Sd1( e proT [N VANEE = I0310au] 14D Ad + =
UONIpuoy) [etjiuf VAMEET = 1310AU] NAD A193yed
‘SpRO] soseaIoul N'IN ‘QUI[UO JYSNoIq $30G Udr) [9S9I(]
5108 1oD 1% VALY = 108 — Ud) [PsoI +
JUSAT] JO 90USIINII() VANEET =
VANEE = 10%10au] TAD Ad + =1
poads SNOUOIYOUAS 9ASIYDOR 0) MO[S oIR8 S)0G USK) [9SI(] @ prOoT [edTHII))
R — VANEET = 130Ul WD L1390
UuonIpuoy) Teniuy
auISud IN'IN PU® Ad ‘INAD 4q 11es — e[ e
FUBAY JO OOUBLINIO0O VAN99T = VAMNEE = T1o310AU] TAD Ad + _
‘pazi8ious — op A[eje[dwiod pur spow PLIS — O UL ST [ e preorT [eoNI) | VANEET = IojIeau] NJD A101jeqg 0=42
UomIpuoy) Teniuy
uor1}d1Iosa(q JUaAH uoI}Ipuoy) peory 92anog Arewrra g [s] euur,

"SOOINO0SOI ABI0US [RIO] RIA SPRO[ [RIIILID SUIAISS Aq uorjerado sqera pue
uonjerado 1Ie)s-yoe[q sary 0} 1 ® 10J ssde pasodoid o1y Jo Ajriqeded oY) 9)RIISUOWSP 0) PAUSISSP 9SeD IS, (GG S[R],

120



5.6.2 Test Case 2

Test Case 2 is described in Table 5.2. Test Case 2 is designed to:

e Test the capability of the EPSS to black-start the CI using local generation sources
and using the fast-acting NLM engine, as described in Section 5.5.2, while main-

taining stringent power qualities and regulations.

e Test the capability of the CI to demonstrate the performance of the NLM engine in
tackling contingencies, such as tripping diesel generation sets, while maintaining

power qualities and regulations according to standards.

e Test the capability of having seamless transitions from off-grid to on-grid mode of
the CI after the grid is restored with the help of the proposed modification in the
GFM inverters.

5.6.3 Test Case 3

Test Case 3 is designed to:

e Test the capability of the EPSS to operate the CI for a longer time horizon using
the proposed HoV engine, as described in Section 5.5.3, compared with the Base

Case engine, as described in Section V.A of [11].

e Showcase the advantage of the proposed HoV engine in the EPSS over the existing

Base Case engine.

To evaluate the performance of the developed HoV engine, the following metrics are
defined:

Total remaining energy (TRE) The TRE (in kWh) of the DERs in the CI (i.e.,
battery inverters and diesel generators) at the end of the time horizon [0, 7] is defined

as:

g np
TRE(T) :=Y sl Eg + > s] By, (5.15)
j=1 j=1
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Table 5.3: Metrics on Voltage, Frequency Regulation Limits and Power Quality Mea-
sures.

Metric Type Metric Value
. o Frequency range <+ 0.5 Hz
Regulation Limit
Voltage range <+ 10% pu
THD in voltage < 8% pu
Power Quality Limit — - & - = °AP
Individual distortion < 5% pu

Cost-weighted energy (CWE) The total CWE delivered to all critical and deferrable

loads in the microgrid over a time horizon [0, 7] is defined as:

T nd+nc

.
CWE(T) := / CWP dt = / > e PRt (5.16)
0 0 =1

where CWP is the cost-weighted power delivered; and Pﬁi is the per-unit power of
load, 7. The metrics in (5.15) and (5.16) capture the trade-off between the guaranteed
viability of power for the CI units (higher remaining energy implies the availability of
more energy in the generation resources of the CI units) and the level of service of
the required loads of the CI (higher CWE implies that more higher-priority loads are
running). Note that the performance of the proposed EPSS system in all three test cases
will be examined based on the accredited standards on voltage and frequency regulation
limits and power quality measures, i.e., total harmonic distortion (THD) and individual

harmonic distortion, as recommended by [71, 115] as tabulated in Table 5.3.

5.7 CHIL-based Validation and Results

5.7.1 CHIL Configuration

A CHIL-based real-time (RT) simulation studies are conducted on a test-system under
study that is developed based on the electrical network of a commercial-scale medical
center [121]. The CI shown in Fig. 5.1 is an R-L network of 3-¢, 60Hz, 480V (line-to-
line), and it has critical loads of 150kW, 72kVAr; sub-critical loads of 60kW, 30kVAr;
and non-critical loads of 240kW, 115kVAr. The main feeder and the DERs of the
CI are tabulated in Table 5.4. The entire CI network with the grid and DERs is
emulated inside the OP5700 real-time simulator (RTS) manufactured by OPAL-RT
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Figure 5.5: Controller-hardware-in-the-loop simulation set-up with real-time simulator
interfaced with physical micro-controllers and server workstations.

using the eMEGASIM platform for electromagnetic transient simulation. The control
loops of one GFL solar inverter system and one GFM battery inverter system are realized
on two Texas Instruments TMS320F28379D, 16/12-bit floating-point 200MHz Delfino
microcontroller boards. The NLM and HoV optimization engines are implemented
on a server workstation, developed using Python 3.7.1, with commercial optimization
solver, MOSEK. A device control gateway is realized using standard User Datagram
Protocol (UDP), which emulates the communication layer for continuously listening to
the measurements sent from the RTS and dispatching commands from the NLM/HoV
engine to the RTS, as shown in Fig. 5.5. The CHIL experiment is conducted to evaluate
the performance in Test Case 1, Test Case 2, and Test Case 3, and results are discussed

next.

5.7.2 CHIL Simulation-based Validation and Results

The CHIL-based validation of Test Case 1 for 360s and corresponding results are shown
in Fig. 5.6. The active and reactive power output of GFM battery-supported inverters
are shown in Fig. 5.6(a), Fig. 5.6(b), respectively. Fig. 5.6(c), and Fig. 5.6(d) show the

active and reactive power outputs of the grid and solar GFL inverter, respectively. It is
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Table 5.4: 3-Pha

se Parameters of Grid Feeder and DERs of the CI

Inverter Value of the Parameters
Ratings (3-¢) 480 V (L-L), 60 Hz, 125 kVA, 0.85 pf
DC Side Vie = 850 V, fsw = 10 kHz
LCL Filter Ly = 150 pH, Ly = 15 pH, C; = 110 pF
mHz volt volt/s
D trol i=4 ——, m;=0.2 ———, k;=0.
roop Contro n oW m;=0 VAL 0.67 VAL

GFM Control

kpc,i=0.45, kici=150, kpyi=0.1, kiy ;=37.1,

GFL Control

PLL's PI Regulator: k' =0.05, k”"'=0.5

Diesel Set

Value of the Parameters

Ratings (3-¢)

480 V (L-L), 60 Hz, 135 kVA, 0.85 pf

Droop Control

ng(P-f) = 4 mHz/kW, mg(Q-V) = 0.2 V/kVAr

Grid

Value of the Parameters

Ratings (3-¢)

13.8 kV fed Y-Y 0.75 MVA, 13.8/0.48 kV Xr.

Feeder Line

Riy =5 mS, L1, — 30 uH

observed that all the critical, sub-critical and non-critical loads of the CI are supplied
by the grid and the solar GFL inverter alone in on-grid mode. With the help of the
modified droop law employed to GFM inverters, the EPSS achieves seamless transition
from on-grid to off-grid mode around t &~ 180s. The diesel generation sets are brought
online and synchronized after time to ~ 250s; Fig. 5.6(e) and Fig. 5.6(f) show the
At t3 ~ 300s, the

The NLM engine

performs a fast-acting control to increase/decrease loads to maintain balance between

active and reactive power output of diesel gen-set, respectively.

output power of the solar inverter curtails due to low irradiance.

generation and demand. Similarly, the CHIL-based validation of Test Case 2 for 540s
and the corresponding results are shown in Fig. 5.7. The active and reactive power
output of GFM battery-supported inverters are shown in Fig. 5.7(a), and Fig. 5.7(b).
Fig. 5.7(c), and Fig. 5.7(d) show the active and reactive power outputs of the grid
and solar GFL inverter, respectively. The NLM engine is making sure to supply the
major critical load and some sub-critical loads during the initial black start condition
and increases the load when the diesel generation sets are brought online at t; ~ 300s
and the GFL mobile battery inverter system is synchronized at to ~ 360s, as shown in
Fig. 5.7(e) and Fig. 5.7(f), respectively and decrease load at t3 ~ 420s when the diesel
generation sets are disconnected due to exhausting the fuel limits. At t4 =~ 480s, the
grid returns, and the entire load is supplied alone by the grid and solar GFL inverter
system. Fig. 5.6(g), Fig. 5.6(h), Fig. 5.6(g), and Fig. 5.6(h) show the voltage RMS,
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the system frequency, and the instantaneous voltage measured at the emergency bus
during Test Case 1 and Test Case 2, respectively and it is observed that all the metrics,
as tabulated in Table 5.3, are satisfied during both test cases. Note that the GFM
inverters, which are still connected to the emergency bus, have regulated the output
active and reactive power by the enhancement in the droop curve, as mentioned in
Section 5.5.1, once the grid comes online.

Figs. 5.8 demonstrates the performance of the HoV engine compared to the Base
Case with respect to the TRE and CWE metrics, in (5.15) and (5.16), respectively.
Fig. 5.8(a) demonstrates that the HoV engine provides more total CWE than the Base
Case engine during the 1-hour horizon; therefore, the HoV engine provides power to more
high-priority critical and sub-critical loads in a resource-constrained scenario during the
time duration of the experiment. Fig. 5.8(b) provides a comparison based on the TRE.
The HoV optimization engine optimally schedules the available generation sources that
result in a higher TRE available at the end of 1 hour that can be used to serve the critical
and sub-critical loads in the CI at a later time instant. This shows the advantage of the
proposed HoV engine over the existing Base Case engine in the sense of extending the
horizon of the viable operation of the CI. It is observed that, initially the HoV engine
is inclined toward running more load in the CI, which is similar to Base Case engine;
therefore, initially, the HoV engine is aggressive in terms of maintaining a good quality
of service to the load, but it adjusts to conserve generation for future times of operation.
During the end of the time horizon, when the SOC level of the batteries is low, the HoV

engine jumps to a more energy-saving mode compared to the Base Case engine.

5.8 PHIL Based Validation and Result

5.8.1 PHIL Configuration

The PHIL-based experimental configuration and the large-scale laboratory-based hard-
ware systems are shown in Fig. 5.9(a) and Fig. 5.9(b). The hardware under test of the
PHIL setup has the following components:

1) two 3-¢, 125-kVA, 4-quadrant GFM inverters, manufactured by Dynapower; inter-
faced with Aerovironment AV-900 and NH Research 9300 bidirectional battery storage
systems,

2) two 3-¢, 125-kVA, 4-quadrant GFL inverters, manufactured by Dynapower, two inter-
faced with Magna Power MT250-1000 unidirectional battery and PV emulator systems,
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3) four 3-¢, 250-kW LoadTec OSW4C-based load banks,

4) one 3-¢, 135-kW Cummins C150D2RE diesel genset.

The control parameters of the GFM inverter, GFL inverter, and diesel generation units
are tabulated in Table 5.4. The PHIL interface consists of the following:

1) one 3-¢, 270-kVA Ametek RS-series power amplifier,

2) three LEM DVL750 voltage transducers,

3) three LEM LF-350-S current transducers.

An Opal RT OP5700-series real-time simulator with a time step of Ty = 50us is used
to execute the in-the-loop system, which consists of P-Q) loads, the emulated grid, and
a novel PHIL interface control block, as discussed in [164], which consists of a virtual
GFM inverter model and three discrete-time PHIL interface compensators. The pa-
rameters of the controller and the power circuit of the virtual inverter are similar to
the physical GFM inverter system under study with the same control parameters as
tabulated in Table 5.4. PHIL experiment is conducted to evaluate the performance of

Test Case 1 and Test Case 2, and, results are discussed next.

5.8.2 PHIL Simulation-based Validation and Results

Table 5.5: Resulting Values of the Metrics on Voltage, Frequency Regulation Limits,
and Power Quality Measures in PHIL.

Metric TC 1 TC 2 TC 3
Freq. | Max[ 1] | +0.03 Hz | +0.05 Hz | +0.04 Hz
Range | Max[ | ] | —0.31 Hz | —0.32 Hz | —0.29 Hz
Volt. | Max[1] | +0.9% +0.8% +0.9%
Range | Max[ ||| —8.9% -8.1% -9.2%
THD Max 6.3% 6.8% 6.7%
Volt. Min 1.1% 1.5% 1.9%
Ind. Max 4.3% 4.9% 4.7%
Dist. Min 0.9% 1.2% 1.4%

The PHIL-based validation of Test Case 1 for 300s and the corresponding results
are shown in Fig. 5.10. The active and reactive power flow of both physical and virtual
GFM battery-based inverter systems during the events of Test Case 1 are shown in
Fig. 5.10(a) and Fig. 5.10(b), respectively. As emphasized in the figures, the enhanced
droop control for the GFM inverters, as described in Section 5.5.1, enables the EPSS

to achieve seamless transition capability from on-grid to off-grid mode (t; ~ 100s)
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with substantially less transients. Moreover, during on-grid mode, the output active
and reactive power of both GFM inverters are regulated to the desired value (in this
case, zero); therefore, during on-grid mode, all the critical, sub-critical, and non-critical
loads of the CI are supplied by the grid and the solar inverter system alone, as shown in
Fig. 5.10(c) and Fig. 5.10(d) respectively. With this seamless transition to off-grid mode,
however, the GFM inverters along with the solar inverter systems supply the critical
loads and some sub-critical loads based on the decision made by fast-acting NLM engine,
as mentioned in Section 5.5.2. The NLM engine is able to make the decision of optimal
loading based on available generation within 96ms. Diesel generation sets are brought
online and synchronized after time to &~ 180s, as shown in Fig. 5.10(e) and Fig. 5.10(f),
respectively. Eventually, the NLM engine decides to add and supply more critical loads
due to the increase in the available generation capability of the EPSS and is able to
make the decision within 97ms. Moreover, at t3 ~ 240s, the output power of the solar
inverter curtails due to low irradiance, and the fast-acting NLM engine takes care of the
contingency situation by curtailing some sub-critical loads to maintain balance between
generation and demand. It is observed that during every contingencies, the fast acting
NLM engine is able to find the optimal solution of loading by 100ms based on generation
capability.

Similarly, the PHIL-based validation of Test Case 2 for 300s and the corresponding
results are shown in Fig. 5.11. The active and reactive power flow of both the physical
and virtual GFM battery-based inverter systems during the events of Test Case 2 are
shown in Fig. 5.11(a) and Fig. 5.11(b), respectively. With the advanced and fast-acting
NLM engine decision within 97.14ms and GFM capability, the major critical load and
some sub-critical loads are being supplied during the initial black-start condition. The
diesel generation sets are brought online and synchronized at time t; &~ 65s, as shown in
Fig. 5.11(e) and Fig. 5.11(f), respectively. Eventually, the NLM engine decides to add
and supply more critical loads due to the increase in the available generation capability
of the EPSS and the decision is made by 95ms. Moreover, at to ~ 120s, the GFL
mobile battery inverter system is synchronized and connected, and as a result, the fast-
acting NLM engine adds and supplies more critical and sub-critical loads, as shown in
Fig. 5.11(c) and Fig. 5.11(d), respectively. At t3 ~ 180s, the diesel generation sets are
disconnected as they exhaust the fuel limits, and the NLM engine tackles the contingency
situation by curtailing some loads to maintain balance between generation and demand.
In this major contingency, the NLM engine completes the optimal solution by 95ms. At
tq4 &~ 240s, the grid returns, and all the loads of the CI are supplied alone by the grid
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and solar inverter system once the grid is synchronized and connected to the CI. Note
that the GFM inverters, which are still connected to the emergency bus, have regulated
output active and reactive power by the enhancement in the droop curve, as mentioned
in Section 5.5.1, once the grid comes back online.

Figs. 5.12 demonstrate the performance of the HoV engine compared to the Base
Case with respect to the ratio of TRE and CWE metrics as mentioned in (5.15) and
(5.16) respectively. These two figures show the run time ratios of the CWE and TRE
metrics (pcwr and prre). Fig. 5.12(a) demonstrates that the HoV engine provides
more total CWE than the base case engine over the 1 hour horizon (the ratio is more
than 1); therefore, the HoV engine provides power to more high-priority critical and
sub-critical loads in a resource-constrained scenario during the time duration of the
experiment. Fig. 5.12(b) provides a comparison based on the total remaining energy.
The HoV optimization engine optimally schedules the available generation sources that
result in a higher total remaining energy available at the end of 1 hours that can be
utilized to serve the critical and sub-critical loads in the CI at a later time instant. This
shows the advantage of the proposed HoV engine over the existing base case engine
in the sense of extending the horizon of the viable operation of the CI. It is observed
that initially the HoV engine is inclined toward running more load in the CI that is
similar to base case engine. Therefore, initially, the HoV engine is aggressive in terms
of maintaining a good quality of service to the load, but it adjusts itself to conserve
generation for future times of operation. However, during the end of the time horizon,
when the SOC level of the batteries are low, the HoV engine jumps to more energy
saving mode compare to the base case engine case. It can be observed that the HoV
engine is equally conservative in restoring the energy of the batteries in the CI but more
aggressive in terms of supplying a higher number of prioritized loads compared to the
base case engine (indicated by pcwr > 1 and prre =~ 1). Yet, toward the end of the
horizon, the HoV engine is more aggressive in restoring the energy of the batteries in
the CI but equally aggressive in terms of supplying prioritized loads compared to the
base case engine (indicated by pcwg ~ 1 and prrg > 1).

5.9 Discussions on Results

Based on the initial CHIL-based, and the large scale PHIL-based demonstrations and

the corresponding results, the following observations can be made:
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1. During on-grid to off-grid and off-grid to on-grid transition of the CI, the inte-
grator in the Q-V droop law ensures that the reactive power output of the GFM
inverters are zero and the P-f droop law ensures the active power output is zero.
The experimental data establishes the effectiveness of the always grid-forming op-
eration and control of inverters in meeting power delivery objectives when on-grid
and off-grid under various kinds of loads and scenarios while minimizing tran-
sients, i.e. frequency is kept under +0.5 Hz and the voltage is kept under +10%
of the nominal voltage rating, before, after and during transitions. These strict
regulations on the frequency and voltage of the system are well under the limits
recommended by IEEE standards [71, 110]. The novel mode-dependent droop
controller for the GFM inverters enhances the seamless transition capability of
the EPSS that is a significant improvement over the existing solutions for EPSS
of CI.

2. During the test cases, various contingencies are tested during the operation of
the EPSS of the CI. During major contingencies such as on-grid to off-grid jump,
off-grid to on-grid jump, tripping of diesel gen-sets, drop in solar irradiance, etc.,
the fast-acting NLM engine was always able to maintain the balance in total
available generation and the power demand by determining the optimal amount
of loads and power set-points of GFL inverters. These optimal decisions were
successfully determined within 100 ms during various cases, that is significantly
fast in action in comparison with conventional EPSS for CI. The performance of
the fast-acting NLM engine during these contingencies corroborate the fact that
the operation of the EPSS employed with the NLM engine regulates the voltage
and frequency of the system under the strict limit recommended by the grid codes
[71, 110]. Table 5.5 shows that the maximum frequency deviation is —0.32 Hz and
the maximum voltage deviation is —9.2% of the nominal voltage during all three
test cases. These numbers are well within the recommended limits suggested by
IEEE 1547 Std. Moreover, the maximum total harmonic distortion (THD) and
the individual harmonic distortion limits of the voltage waveform at emergency
bus are 6.7% and 4.9% during all three test cases, that follow the recommendations
of the IEEE Std. 519 [73].
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Figure 5.6: CHIL results of (a) active power output, (b) reactive power output of
GFM battery inverter systems, (c) active power output, (d) reactive power output of
the grid, loads, and solar inverter system, (e) active power output, (f) reactive power
output of the diesel generation sets, (g) line-to-line voltage RMS and frequency, (h)
instantaneous voltage waveform measured as emergency bus of the CI system of Fig. 5.1
during Test Case 1 of Table 5.1.
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battery inverter systems, (c) active power output, (d) reactive power output of the grid,
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of the diesel generation sets and mobile grid-following inverter system, (g) line-to-line
voltage RMS and frequency, (h) instantaneous voltage waveform measured as emergency
bus of the CI system of Fig. 5.1 during Test Case 2 of Table 5.2.
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Figure 5.10: PHIL results of (a) active power output, (b) reactive power output of GFM
battery inverter systems, (c) active power output, (d) reactive power output of the grid,
loads, and solar inverter system, (e) active power output, (f) reactive power output of
the diesel generation sets of the CI system of Fig. 5.1 during Test Case 1 of Table 5.1.
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Figure 5.11: PHIL results of (a) active power output, (b) reactive power output of GFM
battery inverter systems, (c) active power output, (d) reactive power output of the grid,
loads, and solar inverter system, (e) active power output, (f) reactive power output of
the diesel generation sets and mobile grid-following inverter system of the CI system of
Fig. 5.1 during Test Case 2 of Table 5.2.
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Chapter 6

Design of a Robust Power
Hardware-in-the-Loop Digital

Real-time Simulation Platform

6.1 Gist of the Chapter

The power hardware-in-the-loop (PHIL) framework provides an attractive platform for
evaluating new frameworks and power hardware including transformers, converters and
machines. It allows for conducting diverse tests on a laboratory scale, providing re-
sults that closely resemble real-world scenarios, all while avoiding the high costs and
risks associated with experimentation on a full-scale power system. However, despite
its advantages of the PHIL framework, considerable challenges remain where often the
performance is not robust and the fidelity to the real-world needs to be quantified and
improved. This chapter addresses these challenges by synthesizing an interface between
the hardware and software components of PHIL while employing a modern control per-
spective for managing inherent uncertainties. The chapter describes a methodology that
quantifies model uncertainty caused by the point-of-connection in the emulated power
network of the software system and the model uncertainty stemming from the varying
nature of the hardware-under-test. To overcome these uncertainties, the chapter pro-
poses a robust PHIL interface controller based on p-synthesis. This controller ensures
multiple objectives are met that includes robust stability, performance, accuracy, and

tracking capabilities. To assess the effectiveness and viability of the proposed PHIL
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interface, a PHIL experiment is conducted. The experiment involves interfacing an em-
ulated software system based on a 225-bus, 110V, 60Hz, IMW residential sub-network
of the University of Minnesota and suburb Minneapolis. The interface is established us-
ing a real-time simulator and a physical hardware system consisting of two 1-¢ 1.67kVA

inverter systems and one linear and nonlinear load, each with a capacity of 1.8 kVA.

6.2 State-of-the-art on PHIL Interface Scheme

Enabled by advances in computational technology, real-time simulation (RTS) provides
an effective framework for emulating the behavior of power systems in real-time. RTS
provide high fidelity emulation by solving dynamical equations that model the power sys-
tem employing a real-world clock [165]. The impact of RTS is substantially enhanced in
the power hardware-in-the-loop (PHIL) framework, where, real physical hardware com-
ponents (termed hardware-under-test (HUT)) such as electrical machines, converters
and various kinds of loads, can be tested where the HUT interacts with a power system
emulated in RTS software. It serves as an efficient in-laboratory testing methodology
for the power hardware under close-to-real conditions [166].

Developing a PHIL simulation requires special attention to be paid to the interface
between the RT'S and the HUT to ensure proper operation. Stability and fidelity issues
that arise due to mismatch between the RTS and HUT caused, for example, from
time-delays between the analog signals in HUT and their representations provided to
the digital RTS, require detailed analysis followed by mitigation strategies [167]. A
variety of interface algorithms (IAs) are reported; a summary is provided in [168, 169].
Common algorithms include; 7) ideal transformer model (ITM) method [170, 171, 172],
i1) partial circuit duplication (PCD) method [173, 174], iii) feedback current filtering
(FCF) method [175], iv) damping impedance (DIM) method [176, 177], v) time-variant
first-order approximation (TFA) method [178], and vi) transmission-line model (TLM)
method [179]. The ITM method is most commonly used due to its superior accuracy,
ease of implementation, and suitability for a large range of ratings of HUT [180, 181].
However, the original ITM method often suffers from stability issues due to varying
nature of HUT, as discussed in [182]. As a result, various improvements are proposed
in the ITM method that can be broadly classified as: a) uncompensated open-loop
ITM methods [183, 184, 185, 186, 187], and b) compensated closed-loop ITM methods
[188, 189, 190, 191, 192]. Table 6.1 provides a comparative study of these enhancements
of ITM-based interface algorithms proposed since last decade. FExisting ITM-based
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Table 6.1: a summary of major improvements in the itm-based ia.
Ref. Pros and Cons
e Classical uncompensated open-loop ITM interfaces are
modified using various enhancements to improved stability.
e E.g., Smith predictor compensator eliminating the impact
of delays, open-loop voltage-source inverter to be used as
(183, 184, 185, 186, 187] | power amplifier for better bandwidth and accuracy,
multirate partitioning using small time step interfaces, etc.
o Suffers stability with active HUT (GFL/GFM inverters).
e Most are designed for passive load based HUT and
emulated systems without considering uncertainties.
e Feedback compensation is used in the I'TM interface to
stabilize PHIL test designed with GFL inverter-based HUT.
e Proportional-resonant controller-based compensator is
used for better voltage tracking compared to [183, 184, 185, 186, 187].
e Not agnostic to nature of HUT, PoC of the emulated
network. Lacks robustness in accuracy under uncertainties.
® Ho-based robust feedback compensator is designed for
GFL inverter-based HUT modeled as a fixed current source.
e Nominally enahanced stable interface is achieved with
improved accuracy, performance compared to prior works.
e Lacks robustness in accuracy under uncertainties of HUT.
e Robustness not guaranteed under varying emulated PoC.
e Classical proportional-resonant controller-based feedback
compensation with virtual GFM inverter inside emulated
system is used to stabilize PHIL test designed for a GFM
inverter-based HUT with better performance and accuracy.
e Suffers robustness in performance and accruracy under
uncertain nature of HUT, and the varying emulated PoC.

[188, 189)

(190, 191]

[192]

IAs, both uncompensated open-loop and compensated closed-loop methods do not a
priori address the uncertainty in the emulated system and in the types of HUT. To
the authors’ best knowledge, the state-of-the-art lacks a study of PHIL TA under the
impact of uncertainties imposed by the RTS and the HUT; however the need for robust
IA is evident. Moreover, even-though the concerns lend themselves to a multi-objective
description, current interface design addresses these interacting objectives in a ad-hoc

manner.

6.3 Problem Formulation and Motivation

A description of a closed-loop compensated ITM-based PHIL interface, is shown in
Fig. 6.1 which consists of the following systems:

1) Software System: It comprises the emulated power system model terminated by
the equivalent current source model of the HUT and the closed-loop interface controller.
2) Hardware System: It comprises hardware interfacing components such as analog-

to-digital (A/D) converters, digital-to-analog (D/A) converters, voltage sensor, current
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sensor and power amplifier, across which the HUT is terminated.
The instantaneous voltage waveform, v,, and current waveform, i}, across the power
amplifier are relayed from the Hardware System back to the Software System, as v),

-/

il respectively, that involves the voltage and current sensors along with the A/D con-

verters. The interface controller has v/, i, and the voltage waveform at the PoC in the

*

emulated system (across which the HUT is considered to be connected), v,

as input
signals. The controller generates a voltage signal, u,, relayed via a D/A converter to
the power amplifier for generating a voltage waveform at the terminal and across the
HUT. The controller also provides the current signal, i,, as an input to the equivalent
current source model of the HUT in the Software System. It is important to note that
the additional path from v, to v) realized using a voltage sensor and an A /D converter
followed by the Interface Controller with an output u, makes the PHIL interface to be
closed-loop which is different from conventional uncompensated open-loop interfaces of
[170, 171, 172, 183, 184, 185, 186, 187]. The block diagram of the uncompensated ITM-
based PHIL interface is shown in Fig. 6.2. GX,(s), Gi;(s) are the transfer functions
representing the D/A converter in the voltage path and A/D converter in the current
path respectively. Gcog(s) is the transfer function that models the current sensor. Gpa (s)
is the power amplifier’s transfer function, and Zp(s) is the output impedance of the
power amplifier. The mathematical models and parameters used in this work are sum-
marized in Table 6.2. Kfg = 1/A&" and Kdown = 1/A%, are the current and voltage
scaling factors. wvrp(s) and Zpp(s) are the Thévenin equivalent voltage source, and
Thévenin equivalent series impedance, respectively, that represent the equivalent model
of the electrical network of the Software System of Fig. 6.1. Yyur(s) is the equivalent
admittance model of the HUT in the Hardware System of Fig. 6.1. The loop-gain of
the SISO closed-loop system of Fig. 6.2 is given by:

Zru(s)Vaur(s)
1+ Zpa(s)Yaur(s)

Pun(s) = Lu(s) Li(s), (6.1)
where, L,(s) = K$"GXo(s)Gpa(s) and Li(s) = Ges(s)Gh(s)Ki. Transfer function

from vy, to v, Gpe, (s), and vy to i6, G2, (s), are given by:

uh (5)/Z1n(s)

Vo _ ﬁV(s)
Gom (2) 1+ Pek(s)

R ON

(6.2)

respectively. The stability of the system of Fig. 6.2 can be assessed by applying Nyquist
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Figure 6.2: Block diagram of the uncompensated [TM-based PHIL interface.

stability criteria to the characteristic equation, given by 1+ Pgh(s) = 0. Two sources

of uncertainties are described below.

e uncertainty caused by the emulated electrical network inside the Software System
(shown as Uncertainty-1 in Fig. 6.2). The emulated electrical network may have
many possible PoC, at which the physical hardware system is connected. For each
PoC, the parameters of the equivalent model, Z1y,(s), will be different depending

on the electrical position and stiffness at the PoC in the emulated network.

e uncertainty caused by the HUT in the Hardware System (shown as Uncertainty-
2 in Fig. 6.2). The HUT can either include active elements (e.g. GFL or GFM
inverters) or passive elements (e.g. linear and non-linear loads) or any combination

of these. Various combinations of varying nature of the HUT cause uncertainty in

Yuur(s).

Thus the controller has to provide performance with respect to multiple objectives while
being robust to uncertainty in models of both hardware and software subsystems. A

case study of the performance of the system described in Fig. 6.2 with an extreme high
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Figure 6.3: An unstable instantaneous voltage and current response of the conventional
uncompensated I'TM-based PHIL interface method with the extreme candidates of the
uncertain Z7y(s) and Ypur(s).

value of Z1y,(s) (signifies weak-grid at PoC) and an equivalent YVyur(s) (parallel com-
bination of a GFM and a GFL inverter) is considered here. Fig. 6.3 shows that for
a bounded vy (t), the instantaneous voltage waveform, v,(t), and current waveform,
io(t), of the system of Fig. 6.2 collapse after few cycles. Indeed, it is observed that for
the selected Zy(s) and Yuur(s), the system is unstable which can also be assessed
based on Nyquist stability criteria using 1+ Pup(s) = 0. Thus, these uncertainties pose
significant challenges and if unaddressed will result in unacceptable performance and
can impact the stability of the system [193, 194, 195, 196]. This chapter provides a
methodology for designing a robust-enough and stable PHIL interface controller based
on p-synthesis which meets the satisfactory performance criteria under worst-case ad-

missible uncertainties while addressing multiple objectives.

6.4 p-synthesis-based Control Framework

Motivated by Section 6.3, this section will describe the control framework and the

required modeling for p-synthesis-based robust PHIL interface controller synthesis.
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Table 6.2: Models and parameters of the phil interface.

Model Parameters Values
e A%a: Amplifier gain 302
1
Gpa= P2 —sT3a | TDW. Time constant 10~ 3s
1+ sTI]f;V pa
TI‘};: Amplifier I/O delay 50 x 10755
R,,: Amplifier resistance 0.5Q
ZPA:Rpa + SLpa pa P . .
Lp,: Amplifier inductance | 1 mH
g :Aiin(l — e Ta") | AB": Filter gain 1
Al sTsm (1 + sTHY) | T9™: Sample time 2.5 x 1075
=G1 TPW: Filter cutoff 16 x 10~ 5s
Gro=e *Ts T3 Conversion time 105
e A8S: Voltage sensor gain 1073
Gyg=— —sT% | Tb%. Sensor time constant | 40 x 10~%
1+ sTbw vs
T4 Sensor 1/0O delay 20 x 107%
48 A8Y: Current sensor gain 1073
QCSZH% —sT& TCbSW: Sensor time constant | 100 x 10~ 5s
* T4 Sensor 1/O delay 175 x 1075
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6.4.1 Developing the Control Framework

A block diagram representation of the entire ITM interface-based PHIL configuration
of Fig. 6.1 is shown in Fig. 6.4(a). The proposed robust PHIL interface controller, IC(s),
is shown inside the blue box. The uncertain equivalent model of the electrical network
in the Software System, and the uncertain model of the generic HUT in the Hardware
System are shown inside the red boxes. The shaping transfer functions for designing
the robust controller are shown in yellow boxes. These components are all discussed in
later sections. Rest of the components that includes D/A and A/D converters, voltage
and current sensors and the power amplifier of Fig. 6.1 are modelled judiciously in this
section. Cg(s) = 1 is the feedforward gain for the conventional uncompensated ITM in-
terface, GX;(s), is the transfer functions representing the D/A converter in voltage path.
Gvs(s) is the transfer function that models the voltage sensor. Rest of the modelings
was described earlier in Section. 6.3. The mathematical models and parameters used in
this work are summarized in Table 6.2. Ky = 1/A% is the voltage scaling factors. A
second-order Padé approximation is used to model the exponential time delay (e*ST)
[197].

Modeling of Uncertainty

A systematic approach is followed here for characterizing and modeling the uncertainly
for both Software and Hardware System as discussed below:

a) Uncertainty of Software System: The equivalent model of the emulated elec-
trical network at a particular PoC is designed based on Thévenin equivalent circuit

representation with voltage harmonic distortion as follows:
Vg(8) = vrn(s) — Z1n(8)io(s) + vn(s), (6.3)

where, vy (s), Zrn(s) are the Thévenin equivalent voltage source, and Thévenin equiva-
lent series impedance respectively. In accordance with IEEE Std. 519 [73], the harmon-
ics component, vy (s), is defined as vp(s) := > 4 v4(s). where d € {3 57 9}. Equivalent
Thévenin impedance, Z1y,(s) varies due to ever-changing generation-demand situation
[198], change in topology due to network contingencies [199], and variation in system fre-

quency [200]. These variations are captured by modeling the Z1y,(s) as a multiplicative
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uncertainty of the following form:
Zrn(s) = [1+ Wrn(s)A1(s)] 2757 (s), (6.4)

where, ZX°™(s) is the nominal Thévenin equivalent impedance, and A (s) is a normal-
ized dynamic Linear Time-invariant (LTI) system such that [|A1(s)||cc < 1. Wrn(s) is
a stable, proper weighting function selected such that a large spectrum of variation of
Z1h(s) can be captured. The short-circuit ratio (SCR) is used to characterize the grid
stiffness and is employed as the nominal Thévenin equivalent impedance at the PoC,
ZRom(s). SCR is defined as (VA9™)?/[Se|ZX0™ (jwnom)|], where VRO and wyom are
the nominal voltage and frequency at PoC, and Sp is the rated apparent power of HUT
at PoC. Usually the grid at PoC is considered as weak when the SCR is less than 3
[71]. In this work, with a pre-specified SCR (< 3) and wnomLY™/RYS™ ratio (< 10),
zZRem(s) := RYem 4+ s£Yom is determined.

Remark 4. Note that a wide range of conditions including a stiff Wrn(s) = 1 and
Aq(s) = —1) and extremely weak (Wrn(s) > 0 and Ai(s) =1) PoC are accommodated
with this uncertainty modeling. vy(s) entering the system as an exogenous disturbance
and provides a means to accommodate PoC voltages that are near sinusoidal to signals

that are heavily distorted by higher harmonics..

b) Uncertainty of Hardware System: Characterizing the nature of the HUT is
essential in the process of designing the interface controller. In this work, the HUT is
modeled by a parallel combination of four components. First component is the linear
passive load which is modeled as an admittance, Vi (s). To capture the variation of

the loading, the following multiplicative uncertainty is defined:
Viin(s) = [1+ Da()]VER™(5), (6.5)

where, YNom(s) := 1/[RNom + g£Nom] - Considering 50% rated VA of the linear load as

SLin " with active power, P and reactive power, QX the following holds:

PpLin Q 1
RN.om _ ( Nom)Q rat. Nom __ ( Nom)? rat.
Lin PoC (SrLal*él)2 » HLin PoC (Srat.)2 WNom :
Ay(s) is a normalized dynamic LTT uncertainty such that ||As(s)||cc < 1, where, ||.||oo

refers to the Hoo norm. In accordance with IEEE Std. 519 [73], the second component

is the non-linear harmonic load, in(s), is defined as in(s) := > 444(s). where d €
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{3 579}. The third and forth component includes active source-based HUT i.e. GFL
and GFM inverter system respectively. The GFL inverter system is represented by the
Norton equivalent model as igrr, = i&pr, — VarL(s)vo. Usually Varr(s) includes the
admittance of the filter capacitor of the GFL inverter [201]. The GFM inverter system
is represented by the Thévenin equivalent model as icrm = Yarm(s)[vo — v&pp], Where
YorMm(s) is modeled by a multiplicative uncertainty as Yorm(s) := [1 + As(s)]|Varm(s)
to capture the varying power transfer by the GFM inverter. Usually YVarm(s) includes
the admittance of the grid-side filter inductance with parasitic resistance of the GFM
inverter [202]. As(s) is a normalized dynamic LTT uncertainty such that ||Az(s)||eo < 1.

As a result, the generic uncertainty model of the HUT is given by:
io(8) = VLin(8)Vo + in — iGFL — iGFM, (6.6)

Remark 5. It is observed that no-load (Aa(s) = —1) to full rated (As(s) = 1) linear
load, and no GFM connection (As(s) = —1) to GFM connection with non-zero power
transfer (As(s) # —1) are accommodated with this uncertainty modeling. iy(s) and
igrL(s) work as exogenous disturbances and = 0/ # 0 capture the absence/presence of

non-linear load and GFL inverter system in the HUT.

Shaping of Transfer Functions

The closed-loop objectives in designing the PHIL interface controller (Ky,e, (5), Kuje,(5),
Kuger (5), Kuge, (s) of Fig. 6.4(a)) are as follows:
i) Reference Tracking: v, and i, track v} and 4} with minimum tracking error re-
spectively.
ii) Disturbance Rejection: Effect of i} on v, and effect of v} on i, are attenuated.
iii) Control Effort Reduction: u; satisfies the bandwidth limitations of the power
amplifier.

Based on the objectives, user-defined weighting transfer functions with design guide-
lines are provided below.
a) Selection of W, (s) and Ws;(s) : To shape the sensitivity transfer functions of
voltage and current loop, the weighting function, Ws(s) and Ws i(s) are introduced
so that the tracking errors, e, := v} — v, and e; := i}, — i, at fundamental and selected

harmonic frequency are small. Both are modeled to have peaks around fundamental
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Figure 6.5: Bode plots of magnitudes of weighting transfer functions.

and harmonic frequencies with 2°¢ order roll-off, kg(s) and formed as:

s+ 2ks hnChwns + hzwﬁI

Wei(s) = Whils) = ks(s) ] 52 + 2Chwns + h2w

h=1,3,5,7,9

)

where, kg, is selected to exhibit peaks at R harmonic and ¢ addresses the off-nominal
frequency around the nominal.

b) Selection of Wcg(s) : It is designed to reduce high-frequency control effort to shape
the performance of u; for the power amplifier. Hence, it is designed as a high-pass filter

with cut-off frequency, governed by the power-amplifier’s bandwidth., with the form:

S+ kcs’le

W, =k
cs(s) sy Fos 20

, Where kCS,l << kCS,Q-
Representative of weighting functions are shown in Fig. 6.5.

Preparing the Generalized Plant

Toward designing a robust PHIL controller, the multi-loop closed-loop block diagram
in Fig. 6.4(a) is consolidated into the general control configuration in Fig. 6.4(b)(i)
[72]. Here, P(s), IC(s) and A(s) := diag(A1, Ag, As) are the generalized MIMO plant

model, controller model and the structured uncertainty respectively. Moreover, w :=
T

T T
[vTh+vh UEFM iEFL—i-ih] ; WA = [wAl WA, wAJ y B 1= |:ZS,V Z8. ch] ,

T T T
Zp = {Zm 2A, ZA:;} , U= {ul ug} and y := [yl yQ} . The generalized MIMO
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plant maps as follows:

ZA Paa(s) Paw(s) Pauls)

wa
z | = PZA(S) Pzw(s) qu(s) w |- (67)
Yy Pya(s) Pyw(s) Pyuls) u

The detailed MIMO transfer function models of (6.7) are not provided due to limited
space. P(s) and K(s) can be combined together by a lower LFT [72] to form N (s) in
Fig. 6.4(b)(ii) as follows:

r B T
P Paw Pau P
No= |Tas Taw \Pan ey pokgt YA
PzA Pzw qu wa
_N N y -
= aa A , where 2 =N A . (6.8)
‘/\/'ZA ‘/\/'ZW 4 w

All variables are functions of the Laplace variable, s; not explicitly shown for notational
convenience. The uncertainty closed-loop transfer function from w to z, z = Fw, is
related to M and A by an upper LFT where F = Myw +NZAA(I - J\/AAA)_INAW.
To analyze robust stability of F, the system can be re-arrange into M-A structure of
Fig. 6.4(b)(iii) where M = Naa.

6.5 Controller Synthesis and Stability Analysis

With reference to the configuration of Fig. 6.4(b), the p-synthesis-based robust control
problem is to determine a stabilizing controller KC(s) that solves
min | (6.9)
K(s) stabilizing
This problem is solved using the MATLAB Robust Control Toolbox [203]. An algo-
rithm for solving (6.9) along with the theoretical underpinnings of this optimization

problem can be found in [72]. Upon finding a stabilizing controller, the requirement of

stability and performance of the closed-loop system are checked and can be summarized
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as follows:

Nominal Stable(NS) : A is internally stable, (6.10)
Nominal Performance(NP) : ||[NMaw||oo < 1 & NS, (6.11)
Robust Stable(RS) : ua(M) < 1,Vw, & NS, ( )
Robust Performance(RP) : ux(N) < 1,Vw, & NS, (6.13)

where, pa(M) and pux(N) are the structured singular values of M and N for the
allowed structure of A and A := diag(A, Ap) respectively with Ap being an unstruc-
tured uncertainty [72]. In this work, the following iterative approach is followed for the
p-synthesis problem:

Step-1. Based on the design guidelines, determine the performance weights, i.e. Ws(s),
Wsi(s), Wes(s),

Step-2. Construct the generalized plant, P(s),

Step-3. Solve equation (6.9) with the following iterations:

i) Synthesis-stage: Synthesize an H, controller for P(s), with initial choice of pa-
rameters as guided by Step 1-2.

ii) Checking-stage: Check if the conditions of (6.10)-(6.13) are satisfied or not. If
conditions are satisfied, p-synthesized optimal controller is achieved as the problem in
(6.9) is solved. If the conditions are not satisfied, return to Step-1 to lower the specifi-
cations on performance imposed via the filters Ws (s), Ws.i(s), Wcs(s) and continue
until conditions of (6.10)-(6.13) are all satisfied. The optimal controller /C(s) will have
an order similar to the order of P(s). Thus, before implementation in actual RT simu-
lator, model order reduction is used to obtain a lower order controller using MATLAB’s
balred command. Moreover, bilinear transformation is used in the discretization stage
of the resulting controller. As a result, an 18" order MIMO K(s) is found to perform
well. The closed-loop stability and desired robust performances under uncertainties are
met by obtaining NS = True, NP = 0.48, RS = 0.93 and RP = 0.96.
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6.6 Experimental Results

6.6.1 Experimental Configuration

The PHIL experiment setup, as shown in Fig. 6.6 and Fig. 6.7, consists of the following;:
i] Software System: A 225 bus, 110V, 60Hz, IMW residential sub-network of Univer-
sity of Minnesota and suburb Minneapolis is emulated using multi-timescale real-time
simulation method, with time-step of Ty = 50us and Ty = 5ms via eMEGASIM and
ePHASORSIM platform respectively using the OP5700 RT-simulator (RTS) manufac-
tured by OPAL-RT. The test system is modified to make it compatible with the lab-
oratory capability while respecting the recommended limits of harmonic distortions as
mentioned in IEEE Std. 519[73].

ii] Software Interface: It consists of the discrete-time proposed robust PHIL inter-
facing compensators.

iii] Hardware Interface: It consists of two types of hardware components; 1) one
OP5330-based and two OP5340-based analog-out and analog-in port respectively, both
realized using OP5700 RTS, 2) one power amplifier realized by 4kVA Chroma 61605
programmable ac source, and one voltage and current sensor realized by BK Precision
PR-60 active differential probe and AEMC MN261 current probe respectively.

iv] Hardware System: It consists of the generic HUT under study realized by two
1-¢, 110V, 60Hz, 1.67kVA voltage source inverter systems (one operating in GFL and
other in GFM mode). These inverter systems are controlled by Texas-Instruments
TMS320F28379D, 16/12-bit floating-point 200 MHz Delfino micro-controller boards and
interfaced with MAGNA-POWER programmable DC power. Linear and non-linear
load are realized using 1.8kVA Sorensen SLH-500-6-1800 and 1.8kVA Chroma 63800

electronic load bank respectively.

6.6.2 Metrics for Performance Evaluation

In order to evaluate the performance of the proposed PHIL interface method, the follow-

ing accuracy measures are defined: (1) instantaneous voltage tracking error, et(t) :=

v3(t) — vo(t); (2) fundamental voltage RMS error, efint (%] := 100 x [V — Vo1l / Vi

[¢]

3) fundamental voltage phase error, eV bhase .— Vo _ 7°: (4) instantaneous current
ge p Fund 1 1

tracking error, el"*(¢) := i%(t) — io(t); (5) fundamental current RMS error, e.g}lll\fds [%]

= 100 x [I5; — Ion]/I54; (6) fundamental current phase error, eibhase . — glo — gl

(7) total harmonic distortion error, eYyp[%] := 100 x [THDy= — THD,,]/THDy:; (8)
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Figure 6.6: Figure of the experimental hardware configuration.

Table 6.3: Performance of the proposed phil interface

Error Metrics of V Error Metrics of 1
Error
eVRMS evPhase eV elMag eiPhase eI
Fund Fund THD Fund Fund TDD

Max 1.85% 0.08° 2.77% | 1.29% 0.09° 3.59%
Min 0.19% 0.02° 1.09% | 0.48% 0.04° 1.24%
Mean 0.55% 0.04° 1.23% | 0.88% 0.06° 2.25%

total demand distortion error, elpp[%] := 100 x [TDD;; — TDD;, ]/TDD;:; (9) active
power tracking error, ep|[%] := 100 x [Pgur — Pemul/Paur; and (10) reactive power
tTaCking error, eq[%] := 100 x [Quut — Qrmul/Quut; where Vi, 151, Vo, o, Qq;’
qSl , O1°, if, THDyx, THD,,, TDD;:, TDD;, are the RMS Values and phase angles of
the fundamental component and total harmonic distortion (THD) and total demand
distortion (TDD) of the voltage and current reference and output signals of Fig. 6.4(a).
Moreover, active and reactive power of the HUT (i.e. Pyyur, Quur) are determined
based on power calculations using v, (t) and ¢} (t), whereas active and reactive power of
the emulated system (i.e. Prpvu, @Emu) are determined based on power calculations

using v} (t) and i,(t).
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Figure 6.7: Figure of the laboratory-based experimental hardware setup.

6.6.3 Experimental Results and Discussions

Fig. 6.8 and Fig. 6.9 show the performance of the instantaneous voltage and current
tracking capability of the proposed robust PHIL interface controller and provide a com-
parison with the conventional uncompensated ITM-based PHIL interface method [172].
Here, a combined HUT of P = 1.96kW and () = 0.35kVAr containing GFM and GFL
inverters and linear and non-linear loads are used. It is observed that after t = 1 s,
while operating with the proposed robust PHIL interface, el is within 4+ 2.4V and
e%nSt is within 4+ 0.25A which are significantly improved from the case before t = 1 s,
where e is within £35.91V and €!"* is within £7.94A, where the conventional uncom-
pensated ITM-based PHIL interface is employed. Fig. 6.10 shows the improvement of
the active and reactive power tracking capability of the proposed PHIL interface method
(ep = —0.47% and eq = —0.53%) over the uncompensated ITM-based PHIL interface
(ep = 16.41% and eq = —13.2%) during the same case study. Over 100 PHIL simulation
runs are conducted to showcase the robust performance of the proposed PHIL interface
under varying HUT with various points of connection in the emulated system. Various
loading of the power amplifier (0%-100%) caused by various combinations of the HUT
are realized by varying connections of GFL and GFM inverters along with linear and

non-linear loads with varying power set-points. Moreover, multiple point of connection
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Figure 6.8: Instantaneous voltage tracking capability after switched to the proposed
robust PHIL interface method from conventional uncompensated I'TM-based PHIL in-
terface method.
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Figure 6.9: Instantaneous current tracking capability after switched to the proposed
robust PHIL interface method from conventional uncompensated I'TM-based PHIL in-
terface method.

in the emulated system are realized with varying equivalent Thevenin Impedance at
PoC, Z1y, € [0 5+ 5j] PU. Table 6.3 shows the values of the metrics, as defined in
Section 6.6.2, achieved by the proposed robust PHIL interface method. The following
metrics are satisfied, efiMS € [0.19 1.85]% with a mean of 0.55%, e}-hase € [0.02° 0.04°]
with a mean of 0.04°, eYp € [1.09 2.77]% with a mean of 1.23%, elfM5 € [0.48 1.29]%
with a mean of 0.48%, el’hase € [0.04° 0.09°] with a mean of 0.06°, ef.pp € [1.24 3.59]%
with a mean of 2.25%. Moreover, the Whisker plots of Fig. 6.11 show the distributions
of ep and eq under varying equivalent Thevenin impedance of the PoC in the emulated
system under four different types of HUT; Type 1: linear and non-linear load without

inverter systems, Type 2: linear and non-linear load with GFL inverter, Type 3: linear
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Figure 6.10: Active and reactive power tracking capability after switched to the proposed
robust PHIL interface method from conventional uncompensated I'TM-based PHIL in-
terface method.

and non-linear load with GFM inverter, and Type 4: linear and non-linear load with
both GFM and GFL inverter. Fig. 6.11(a), Fig. 6.11(b) for Type 1 HUT, Fig. 6.11(c),
Fig. 6.11(d) for Type 2 HUT, Fig. 6.11(e), Fig. 6.11(f) for Type 3 HUT, Fig. 6.11(g),
Fig. 6.11(h) for Type 4 HUT show the ep and eq respectively and it is observed that the
corresponding tracking errors are consistently within +£2% in all cases. These results
corroborate that the proposed PHIL interface method exhibits significantly improved
and robust performance under varying condition of HUT and PoC in the emulated
system under study. A comparison study with two existing compensated ITM-based
PHIL interface methods of [189, 191] is also conducted to showcase the superiority of
the proposed robust PHIL interface method. However, the results are not added in this

version due to limited space.
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Figure 6.11: Tracking performance of (a) active power, (b) reactive power under Type 1
HUT, (c) active power, (d) reactive power under Type 2 HUT, (e) active power, (f)
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Type 4 HUT, of the proposed robust PHIL interface method.
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Chapter 7

Conclusions and Future Research

7.1 Summery of Completed Works

This thesis makes several contributions in developing a robust, dynamic, resilient mi-
crogrid that promises dramatic transformations in the way people make and consume
reliable, resilient, clean and economically viable energy.

In Chapter 2, a generalized p-synthesis-based robust control framework is designed
utilizing the fact that there is a voltage-current duality in the plant dynamic model of
GFL and GFM inverter. The uncertainties in grid impedance parameters and uncertain-
ties in equivalent loading parameters for GFL and GFM inverters are modeled respec-
tively. The generalized control framework results in the controllers that are single-loop,
hence simple and cost-effective enough to be implemented, and optimal, in the sense
of robustness in performance under uncertainties. The resulting current-controller for
GFL inverter provides inherent active damping under grid parameter variation whereas
the resulting voltage-controller for GFM inverter enhances the dynamic performance
during load transients as desired by a robust microgrid.

Chapter 3 develops a seamless transition strategy for microgrid using GFM inverters.
It is shown both analytically and experimentally that none of the inverters supply power
to the network while operating in on-grid mode where the entire load is supplied by
the grid as specified. During off-grid mode, both inverters share the required demand
between them with a seamless transition from on-grid mode following a grid failure.
The viability of the proposed control is corroborated by CHIL-based simulation studies
for initial prototyping of the control strategy. A large-scale hardware experiment on real

commercial inverters and the results validate the functionality of the proposed control
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in the seamless transition and improved power flow control as desired by a dynamic
microgrid.

In Chapter 4, a novel synchronization controller is designed that compensates the
phase angle and voltage magnitude difference between the islanded microgrid and the
incoming grid side to zero by adjusting the droop laws of all GFM inverters of the
microgrid dynamically via secondary control layer. It is analytically shown that com-
pensation on only phase angle and voltage magnitude is sufficient for synchronization as
frequency is compensated by this proposed method indirectly by the phase angle com-
pensation. A systematic approach for tuning the proposed synchronization controllers
is also provided. It is concluded from the validation that the proposed synchronization
method is relatively fast and makes the re-connection with the incoming grid relatively
smooth with less transients as desired by a dynamic microgrid.

Chapter 5 is devoted to proposing a comprehensive design of the emergency power
supply system for the uninterrupted operation of a microgrid by employing various
novel techniques, including 1) novel mode-dependent droop-controlled GFM inverters
for seamless transition capability; 2) a fast-acting optimal net-load management engine
for the efficient and optimal operation of microgrid; and 3) a novel optimization-based
HoV engine for longer, sustained, and viable operation in the aftermath of a grid failure
as recommended in the standards. Both CHIL- and PHIL-based studies using defined
test cases on the test system based on the realistic electrical network of a commercial-
scale medical center are performed in the validation stage. The results corroborate
the efficacy and empirical robustness of the proposed strategy for a resilient microgrid
by achieving good regulation limits and power quality measures while considering the
enhancements as recommended by the standards.

In Chapter 6, a u-synthesis-based robust PHIL interface controller is developed. In
the synthesizing process of the interface controller, two fundamental model uncertainties
are quantified and characterized systematically. It includes model uncertainty caused
by the point-of-connection in the emulated power network of the software system and
the model uncertainty caused by the varying nature of the hardware-under-test of the
hardware system. It is shown analytically that the proposed interface controller guar-
antees robust stability and robust performance under model uncertainties. Extensive
PHIL demonstrations corroborate the fact that the proposed robust PHIL interface
has improved accuracy, and tracking performance under varying conditions of software
and hardware system. This design methodology is the first to design a multiple-input

multiple output optimal controller.
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7.2 Future Works

After delineating the contributions in developing a robust, dynamic, resilient microgrid,
this thesis also highlights a few eminent open research questions that must be addressed
to enable the widespread adoption of microgrids in future electric grid. A summary of

open research topics that warrant further investigation is provided below:

e A relevant direction of future study is to investigate the nuances of the traditional
voltage controllers of grid-forming IBRs. A grid-forming IBR becomes a pivotal
entity for future microgrids. State-of-the-art covers various types of structures
of voltage controllers for a GFM IBR that includes open-loop, single-loop and
cascaded double-loop voltage controllers. The cascaded double-loop voltage con-
troller, also known as the outer-voltage-inner-current, is the most common and
well-accepted both in industry and academia. However, the current state-of-the-
art lacks a good study that investigates the root cause of this dominance in ac-
ceptance of the double-loop structure over other structures of voltage controllers.
However, it is essential to study and analyze the superiority of the double-loop
voltage controller and document it. A re-look at the design objectives of a voltage
control for a GFM IBR and establishing the problem statement in the robust con-
trol framework to investigate the optimally of the double-loop structure for voltage

controller is a promising field of research that is currently under investigation.

e The works related to the seamless transition capability of microgrids offer room
for several proximate extensions. The current method for the seamless transition
from on-grid to off-grid condition, described in Chapter 3, is dominantly focused
on the scenario of disengaging a microgrid from a stiff grid. The re-synchronization
method for seamless and smooth off-grid to on-grid transition, described in Chap-
ter 4, is also focused on the scenario of engaging a microgrid to a stiff grid. How-
ever, in multi-microgrid systems, it is important for every microgrid to have a
similar seamless and smooth transition capability to engage/disengage to/from
another microgrid. In the design stage of such seamless transition methods, it
is essential to consider the stiffness of the microgrid systems. The role of con-
trollers of the IBRs, especially the droop-based control law and its modification

for developing such capabilities in microgrids is required to be investigated further.

e One essential extension in the PHIL-based DRTS system is to understand the

phenomenon of parallel operation of multiple PHIL interfaces. In microgrids,
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multiple DERs are dispersed across the network and connected at different point-
of-connections. Therefore, operating multiple HUTs interfaced to the emulated
system via multiple PHIL interface controllers running in parallel becomes nec-
essary to emulate such realistic scenarios. However, most of the existing works
on the design of PHIL interface controllers usually deal with a single HUT in-
terfaced to the emulated system via a single PHIL interface controller. Current
state-of-the-art lacks a study and analysis of the issues and challenges of operating
multiple PHIL interfaces in parallel. It is necessary to understand the impact of
one PHIL interface controller on another PHIL interface controller when both are
running in parallel. A sufficient study of the impact will potentially form the base
for modifying the existing type of interface controllers or designing a new type
of interface controller to ensure stable operation in parallel. Hence, the study
and design of PHIL interface controllers suitable for parallel operation is a further

promising field of research. This extension is currently under investigation.

In conclusion, there are many challenging open questions regarding the design and
implementation of a robust, dynamic, resilient microgrids. The author hopes that the
work conducted in this thesis may help to answer some of these questions and serve as

a base for a large variety of challenging future research directions.
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Appendix A

A.1 Reference Generation for Grid-following Inverter

The outer ‘Reference Generation Block’ of Fig. 2.1(a) eventually generates the i, signal
using its pre-specified reference active power, P.f, and reactive power, Qef, (defined

locally/centrally) and output signals from phase-locked loop (PLL). The expression of

/ P2 2
\/iref‘;% sin <~ me)) (A.1)

iref 1S given by

0 — arctan ——
ref

lref =

where, a 1-¢ second order generalized integrator-based synchronous reference frame
PLL (SOGI-SRF-PLL) operates with its grid-synchronization technique and generates
the RMS value, V, and synchronized phase information, 6, of vo [204].

A.2 Reference Generation for Grid-forming Inverter

A P-f/Q-V droop control strategy is adopted for outer ‘Reference Generation Block’
of Fig. 2.1(b). The droop characteristic equations are as follows [205]:

w=wN—npP, V=V —-mqQ, (A.2)

Vpet = V2V sin ( / wdt), (A.3)

where, wy and Vi are nominal frequency (in rad/sec) and voltage (RMS) respectively.
P and () are averaged active and reactive power output of GFM inverter. np and mq are

the droop coefficients and the values are typically chosen such that w and V are within
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the allowed specification, defined by IEEE 1547 Standard [71], for all P € [0, Prated]

and @ € [—Qrated, Qrated] respectively. Here, Piateq and Qrateq are the rated active and
reactive power of the GFM inverter.

A.3 Shaping Transfer Functions

5.97 x 10° y 52 + 314s + (2760)?
(s+5278)2 = 2+ 31.4s + (2760)2
52+ 1.2 x 10*s + 1.5 x 108

52 + 2455 + 1.5 x 108
s + 2760

5+ 1500 x 2760
_ 75398 s% + 628.1s + (2760)?
s+ 7540~ 52 + 31.4s + (2760)2
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52 + 3145 + 49 x (2760)?
s2 + 31.4s + 49 x (2760)2
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Appendix B

B.1 System Model in On-grid Condition

System Model in on-grid condition with Zgs = 1:

92 = Wr2 —Wr1, where 92 = 0r,2 — 9r71,
ég = Wegrid — Wr,1, where 9g = agrid - 01‘,17 Werid = Wnom; Ve = Vaom
7—S,lwr,l = Wnom — Wr,1 — NipP1,
T$,2Wr,2 = Wnom — Wr,2 — N2P2,
TS,1‘71"71 = km,l(vnom - V;,l - mint,lw?) — miqi,
7_S,2"/r,2 = km,2(vnom - V},Q - mint,Qw;Q) — Mmaq2,
ml@b? = Vhom — V;,l - mint,l“ﬁ?-
m2¢§ = Vhom — ‘/},2 - mint,ng'
Liyidy = Ve — Ripidy — vheo + weaLiaid g,
L1,1i§,1 = —Ri1ig; — vpoc — wr,1L1,1ig,17
LLgig’Q = V;2co86y — Rl,gig’z — vgcc + wnlLl’gz’g’Q,
L1,2i2,2 = Vigsinfy — Ryzigy — vpee — wr,lLl,zig,z,
Ll,gi’g = Vg cosf, — legig —v8cc + wr 1L gig,

'.q _ . _ -q o q o d
Ll,gzg = Vg sint, Rlygzg Upco wr’lLngg.

LLz’% = fugcc - RLZ'% + wr71LLi%, where z'% = ig + ig}l + iiz

q _ .9 q d q _ .q, . q
Lyi;, = vpoe — Ruiy, — w1 Lyiy, where ip = (i AT
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B.2 System Model in Off-grid Condition

System Model in off-grid condition with Zgs = 0:

0 = wr2 — wr,1, Where Oy := 0,2 — 0,1,

7—S,l(v;)r,l = Wnom —
TS,Zwr,Q = Wnom —
TS,lvi“,l = vnom -

TS,ZV;,Q = Viom —

We1 — NP1 — Pref,1)

w2 — N2[p2 — Pret 2],
Vir —mifqr — Qrer,1],
Vio — malga — Qret 2],

o d d .q
Lygig, = Vig — Rinig 1 — vpcc + wriliidg g,

q -q q -d
Ll,12071 = _Rl,llo,l — Upcc — Wr,lLl,l%Ja

-d -d d .
LLZZO,Q = ‘/}’2 cos Oy — RLQZO’z — Upcc T wr’lLngg,Q,

'.q _ . -q q d
Lygig o = Vi2sinbs — Rigi, 5 — Upoe — wr,1 L2749,

‘o d
Lyiy, = vpoe —

q __ .4
Lyif, = vpoe —

Rpif + w1 Ly, where if, = i8 | + 9,

:q «d q _ .q :q
Ryji; — weLyiy, where if = P61t o
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