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Abstract
Traditionally, a microgrid relies on electro-mechanical generators to achieve reliable and
stable operations. With recent technical advancement in the fields of renewable energy and
energy storage, a modern microgrid can operate autonomously with only inverter-based
energy sources. While the three-phase microgrid has been extensively studied in recent
years, the single-phase microgrid has been barely investigated. However, massive numbers
of single-phase microgrids (or nanogrids in some references and this thesis) are now being
deployed in conjunction with the introduction of electric vehicles (EVs) and household
power generators (such as photovoltaic solar) to the 130 million single-phase consumers
in North America. The lack of single-phase microgrid analysis represents a significant
knowledge gap.
The objective of this thesis is to advance the understanding of single-phase nanogrids
consisting of both grid-supporting and grid-forming inverters. Three topics are covered in
this thesis.
•

Integration of the EV in the nanogrid: a novel control and optimization strategy
for On-board Battery Charger (OBC) is proposed. It is based on Direct Current
Hysteretic Control (DCHC) with optimized switching patterns and dead time. The
strategy can significantly reduce the switching losses of Silicon Carbide (SiC)
based inverters.

•

A voltage control loop tuning approach for grid-forming inverters: by
extending the Modulus Optimum algorithm to the stationary reference frame, the
proposed approach provides a simple and reliable method when tuning the voltage
control loop.

ii

•

A systematic single-phase modelling methodology: a synchronous dq0 frame
model of the single-phase inverters is developed. It allows the application of three
phase stability analysis techniques/tools to single phase systems.

iii
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Chapter 1. Introduction
1.1

Background

Currently, electrical transmission and distribution losses in North America constitute more
than 5% of total electrical energy production[1], [2]. This is enough electricity to power
the Canadian province of Ontario for an entire year.
One promising approach to reduce energy losses while also improving reliability is the use
of Distributed Generators (DGs) in microgrids [3], [4]. A microgrid is defined as:
Microgrid: a group of interconnected loads and distributed energy resources
within clearly defined electrical boundaries that acts as a single controllable entity
with respect to the grid. A microgrid can connect and disconnect from the grid to
enable it to operate in both grid-connected or island mode.1
DGs reduce transmission and distribution losses by bringing power generation closer to the
consumer’s site losses. DG formed microgrids can connect to a grid or operate
autonomously in islanding mode [4].
Nowadays, a microgrid can operate without the support of electromechanical generators
using power electronics based inverters powered by renewable energy sources, battery
storage or fuel cells. [5].
Moreover, Electrical Vehicles (EVs) connected to the microgrid can act as Distributed
Storage (DS) for peak power shaving or peak delivery [4], [6], [7].

1

Definition from the federal US Department of Energy (DOE).

1

While the size of the microgrid (which varies from a few kW to GW [8], [9]) has a
significant impact on its modelling, analysis and control [9]–[12], the number and type of
the components in the microgrid is also crucial.
The massive introduction of EVs in the foreseeable future may have a substantial socioeconomic impact on the 130M single-phase consumers in Canada and USA (see Fig. 1-1),
who currently consume (see Fig. 1-2) more than 30% of electrical energy produced in these
countries [1], [2]. EVs can provide the consumer distributed mobile storage [4], [6], [7],
[13], [14], which can be used for peak shaving and even to transport energy from one place
to another.

Consumers per Sector in North America
140,000,000
120,000,000

100,000,000
80,000,000

60,000,000
40,000,000

20,000,000
0
Residential

Commercial

Industrial

Fig. 1-1 Consumers of electrical energy per sector in North America

Massive EV deployment could, however, stress the current power infrastructure, especially
the distribution transformers. It could also cause increased losses on the distribution lines
2

[15]–[24]. Community-based, single-phase nanogrids could help to relieve this stress and
reduce these losses
A nanogrid is defined as:
Nanogrid: a small electrical domain connected to the grid of no greater than 100
kW and limited to a single building structure or primary load or network of off-grid
loads not exceeding 5 kW, both categories representing devices (such as DG,
batteries, EVs, and smart loads) capable of islanding and/or energy self-sufficiency
through some level of intelligent DER management or controls.2
Deployment and integration of EVs into nanogrids will therefore stimulate electrical
production from renewable sources, and co-generation from both residential and office
spaces [17].

2

A term originated by Lawrence Berkeley National Laboratory.
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Fig. 1-2 Electrical energy consumption per sector in North America

To fully prepare the grid and/or electric system for the massive integration of EVs, the
Ontario government created the Smart Grid Fund (SGF) initiative. It is aimed at addressing
the challenges mentioned above and gathering experimental data from the integration of
DGs and energy storage. [25].
A specific integration challenge is the control of grid-forming inverters during autonomous
operation of household nanogrids without the support of the main grid. Data gathered
includes the data associated with grid-support operations, such as peak shaving and timeshifting of generation.

4

This research originates from the Ontario Smart Grid Fund (SGF) initiative. It is focused
on the small-signal stability problem associated with the control of grid-forming inverters
in community-based single-phase nanogrids.

1.2

Objective and Scope

Over the past two-decades, microgrid research has mainly focused on three-phase systems.
Single-phase systems were neglected.
This research originates from the technical challenges observed during the implementation
of a single-phase nanogrid project. The aim of the thesis is to continue the research recently
started by [9] and answer the following general question: What are the similarities and
differences between the small scale single-phase nanogrid and the traditional
electromechanical generator based grid and why?
More specifically, this thesis tries to answer the following four specific questions:
•

What are the benefits of Direct Current Hysteretic Control (DCHC) in AC-DC
converters using wide-bandgap semiconductor (WBS) switches?

•

How to generalize the tuning process for the resonant controller used in the gridforming inverter application? Which parameters of the load affect the inverter’s
performance?

5

•

How to model inverters in a single-phase nanogrid in order to apply classical
stability analysis?

•

How to validate the methodologies and conclusions resulting from the above three
questions?

The scope of this thesis can be summarized as follows:
•

To conduct a comprehensive literature survey in the area of modern control
methods for WBS based power converters and inverters, resonant controller tuning
optimization, and nanogrid modelling and stability analysis. The survey covers the
topics of (1) control and optimization strategy for bi-directional AC-DC converters,
(2) control and tuning optimization methods for stand-alone and grid-connected
inverters, (3) the modelling and control of single-phase grid-forming inverters, and
(4) the nature and characteristics of the small scale nanogrid.

•

To establish a method for efficiency optimization of the bi-directional SiC-based
AC-DC converter

•

To establish a generic optimization method for tuning resonant controllers in the
stationary frame

•

To establish adequate mathematical models to represent the single-phase gridforming inverter in synchronous dq0 frame without losing information regarding
inner stationary frame voltage and current loops. The validity of the developed
models is evaluated using both circuit level simulation (Matlab/Simulink) and
6

experimentation. The mathematical models developed form the foundation on
which the single-phase grid-forming inverter and single-phase nanogrid can be
investigated and evaluated.

1.3

Thesis Outline

This first chapter briefly described the challenges observed during the implementation of
a single-phase household nanogrid project. The remainder of the thesis is organized as
follows:
The single-phase household nanogrid project mentioned above is presented in Chapter 2.
Chapter 3 provides a comprehensive literature review related to the observed problems. It
also presents a methodology of how the literature review was conducted.
Chapter 4 pre introduces a novel control and optimization strategy for a bi-directional,
three-stage, On-board Battery Charger (OBC) achieving 80 PLUS Titanium efficiency
(previously published [26]).
Chapter 5 addresses the lack of a generalized tuning method for a resonant controller
(which is an essential component of an off-grid inverter voltage control system). The
Modulus Optimum tuning method is revised for application to a resonant controller. This
research work has been presented at CCECE, Edmonton, 2019 [27].

7

A modelling approach for analyzing the single-phase nanogrid and its components is
proposed in Chapter 6. It introduces a time-invariant model in the synchronous frame for
the single-phase grid forming inverter.
Further discussion and conclusions of this thesis along with suggestions for future work
are presented in Chapter 7.

8

Chapter 2. The Single-phase Nanogrid Project
This chapter provides a brief overview of the single-phase nanogrid project and the
practical challenges observed during project execution. These observed challenges and the
lack of publications on the single-phase nanogrid triggered this research.

2.1

Single-Phase Nanogrid Project Overview

Hydro Ottawa and the Government of Ontario initiated a single-phase household nanogrid
project in 2015 to address issues related to integration of distributed sources, storage and
EV in the traditional grid [25], [28]–[31]. The program goal is a “smart” integration of DGs
in Ontario’s grid on the community level. It aims to help mitigate the negative effect from
the time difference between EV charging and solar energy production on the local
distribution grid including its transformers. In this project, ten nanogrid field sites were
installed in Hydro Ottawa’s coverage area. The size of PV generation in the nanogrids
ranged from 3 kW to 6 kW. Battery storage size ranged from between 6.8 kWhr to 11.2
kWhr. Nanogrids were installed in single-family houses with compatible roofs. Fig. 2-1
shows a typical single-phase nanogrid topology diagram. The main nanogrid components
consist of:
•

Photovoltaic (PV) inverters;

•

On-board battery charger (OBC) (for experimental laboratory installation).

•

Bi-directional grid forming battery inverters (see Fig. 4-2 for details);
9

•

Intelligent Distributed Panel (IDP);

•

Grid-Tie Switch (GTS);

•

Utility communication and control, homeowner monitoring device.

The nanogrid can operate in two modes: grid-tie and autonomous (islanded or selfforming).
Grid-tie mode is intended to provide the following grid support services:
•

Time shift PV power production using storage;

•

Smooth short term (minutes) fluctuations in load or PV generation;

•

California Rule 21 [32] behaviours e.g. fault ride through, Volt –Watt, Volt – Vars;

•

Hard limit on peak demand, e.g. 10 kW;

The self-forming nanogrid mode has the following distinguishing features:
•

No “master” generator setting grid voltage or frequency;

•

Battery inverters provide four-quadrant power flow and operate as a grid-forming
inverter;

•

PV inverters provide two-quadrant power flow and operate the same as grid-tie
operation mode;

•

The grid is formed by the first battery inverter to start;

•

Next battery inverter connects and synchronizes its phase and frequency to the first
battery inverter;
10

•

PV inverters connected by the IDP once the grid is formed.
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Chapter 3. Literature Review and Gap Analysis
The literature review was conducted to shed light on the problems found during the initial
nanogrid test. A variety of control methods, from traditional to state-of-the-art were
reviewed and are summarized in this section. Literature search strategy is an important
topic for thesis research. The following search strategy was used:
•

Separate search methodology for Classical and State of the art control methods;

•

The search time frame for Classical methods was restricted to the past twenty-five
years (1994-2019).

•

Moreover, The search time frame for the state-of-the-art methods was restricted to
the past five years (2014-2019).

IEEE and IET journals, conference papers, and books in the IEEE Xplore digital library
were searched. The Carleton University library website was used for papers and books not
available on IEEE Xplore.
The keywords used in the literature search include: hysteresis current control,
proportional-resonant controller, small-signal stability, microgrid, nanogrid. Any search
results concerning hybrid microgrids (i.e. involving rotational machinery) were discarded.
This rest of this chapter is organize as follows Section 3.1 presents the results of the OBC
performance optimization literature review ; Section 3.2 provides a literature review and
gap analysis of tuning optimization for the inverter voltage control loop in off-grid systems.
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Section 3.3 details the literature review and gap analysis in the field of nanogrid modelling.
Lastly , section 3.4 summarizes the major findings.

3.1

Bi-Directional OBC Performance Optimization

An increasingly popular application for EVs is to serve as distributed storage and provide
grid support during peak hours by integration into the grid. option [33]. An OBC would
provide the interface between the EV’s battery and the grid. The choice of the OBC’s power
topology and control scheme is crucial for a successful integration of EVs [34], [35].
A Bi-directional OBC typically includes a bi-directional Power Factor Correction (PFC)
stage and an isolating DC-DC stage. The primary side of the DC-DC stage connects to the
PFC and its secondary side connects to the battery. One of the favorite candidates for the
isolating portion of the DC-DC stage is the Dual-Active Bridge (DAB). The main
advantages of the DAB are its simple current control scheme and its ability to reverse
energy flow within a few switching cycles [36], [37]. However, there are two major
disadvantages of the DAB: its limited Zero-Voltage Switching (ZVS) operating zone and
its large recirculating current. Although the ZVS operating zone can be extended by using
Wide-Bandgap Semiconductors (WBS) devices such as Silicon Carbide (SiC) or Gallium
Nitride (GaN), the recirculating current is still a problem and can significantly reduce
efficiency.
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Recently, a Capacitor-Inductor-Inductor-Inductor-Capacitor (CLLLC) resonant converter
topology was reported as another candidate for an OBC’s bi-directional isolating DC-DC
stage [38], [39]. This topology provides high efficiency with low recirculating current near
the unity gain operation point. Because the gain of CLLLC is unity, its operating range is
achieved by widely varying the bulk voltage on the PFC stage. However, this can result in
high switching losses on the PFC stage and thus a reduction on efficiency [38].
Direct Current Hysteretic Control (DCHC) was developed for control of the current in the
inverter stage to enhance the control bandwidth and improve steady-state performance
[40]–[44]. The switching pattern is optimized by using variable frequency and adaptive
dead-time provided by the software-hardware based DCHC.

3.2

Resonant Controller Tuning Optimization

Nowadays, distributed generators produce a significant amount of energy for both gridtied and off-grid applications. Control of distributed generators has attracted research
attention in the past twenty years, along with advancements in the areas of power
electronics and renewable energy [40], [45]. There are two basic types of controllers for
distributed generators: synchronous frame controllers and stationary frame controllers
[46]–[48]. For the synchronous frame controller, the reference variables and the controlled
variables under steady-state conditions are DC values. For the stationary frame controller,
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the reference variables and the controlled variables are sinusoidally varying wave forms
[49].
Stationary frame resonant controllers are widely used in distributed power generation
control [50].
A Proportional Resonant (PR) controller eliminates the need for the abc to d-q
transformation in the case of single-phase systems [49] and provides zero steady-state error
at AC frequency with minimal computational burden [49], [51], [52]. The PR controller is
valid for both single- and three-phase systems with grid-tie and off-grid inverters. The
behavior of the PR controller can be described through analogy with the better known PID
controller. The resonant term is analogous to the integral term of the PID controller and
allows precise steady-state regulation at the AC frequency[49], [53].
Optimization of the PR controller for the grid-tie inverter current control loop is widely
presented in publications [49], [51]–[60]. The optimization methods include rootplacement analysis [54], [56], [58], duality with PID controller [51]–[53], [59], and
artificial intelligence approaches [55],[57]. The effect of the inverter’s parameters on
controller coefficients and the control loop stability for the optimized control loop are
discussed in [51], [52].
Research efforts in the past decades were focused mostly on application-oriented
performance optimization for grid-tie operation. A PR controller for off-grid applications
is only reported in a few papers related to Uninterruptable Power Supplies (UPS) [61],
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[62], and more recently for single-phase nanogrid applications [63], [64]. However, singlephase nanogrid research is essential for North America, where a massive introduction of
EVs to the continent’s 130M single-phase consumers is beginning [1], [2]. EVs can act as
a household’s distributed mobile storage [4], [6], [7], [13], [14] but can also stress the grid
infrastructure. Community-based, single-phase nanogrids could help to reduce this stress
and mitigate transmission and distribution losses associated with the introduction of EVs.
To understand the importance of optimizing the inverter’s inner voltage control loop, a
closer look should be taken at the latest trend in three-phase microgrid research and the
influence of the fast inner control loop on the stability of the slower modes [9]–[12], [65]–
[67]. This motivated this research to study the stability and optimization of the voltage
loop of the single-phase off-grid inverter.
The general idea of PID controller optimization is to find a set of control coefficients, which
provides a fast response to high frequency command , zero or near-zero static error,
disturbance rejection, and reasonable phase and gain margins.
The most common optimization criteria include the Integral Absolute Error (IAE), the
Integrated Time Absolute Error (ITAE), and the Integrated Square Error (ISE) [68], [69].
The Modulus Optimum (MO) is also a PID controller design approach based on
optimization [69]. The MO shapes a transfer function to desired optimized characteristics
by adding a control function. Therefore, MO is considered to be a loop-shaping technique.
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The tuning optimization of a control loop in the stationary frame must consider the sine
wave signal nature of controlled variables. Therefore, the following additional
requirements for tuning optimization in the stationary frame should be considered [49]:
•

High rejection ratio for undesirable harmonics content (DC, 3rd, 5th, …, nth);

•

Zero or near-zero static phase tracking error;

•

Zero or near-zero static amplitude tracking error.

This research intends to extend the MO tuning technique to tune the PR controllers in a
stationary reference frame while satisfying all the requirements listed above. The wide
variety of operating conditions and their dynamics present a challenge for the tuning
optimization of the voltage control loop for off-grid voltage source inverters. Root-Loci
and pole-placement analysis represent the current research activities of PR controller
tuning optimization in the voltage control loop [61], [62]. A thorough root-loci analysis for
single-loop voltage control of off-grid inverter is given in the paper [61]. However, the
main focus of the analysis is the effect of the controller digitizing method on the control
loop. The paper does not establish the relationship between proportional and resonant part
of the controller. In addition, it does not analyze the effect of the different operating
conditions. Reference [62] investigates the effect of Smith's predictor on improving the
inner current loop dynamics, and as a consequence, an improvement in the voltage loop is
achieved. Optimization of the voltage control loop, however, is not discussed in this paper.
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Reference [63] discusses the harmonic compensation of a voltage source inverter in an
islanded single-phase nanogrid. This is an important topic, as it allows producing a lowTHD voltage, even while supplying a highly non-linear load. Harmonic compensation is
realized using a group of resonant controllers, each tuned to control different harmonics of
the voltage. However, the tuning method of the harmonic compensation is not provided.
Reference [64] provides a comprehensive analysis of another nanogrid operating mode: the
transition between islanded and grid connected operation. However, similar to previously
discussed references, the optimization and stability concerns of the inner voltage control
loop are not considered.
To help address these gaps, Chapter 5 of this work proposes a modified MO tuning method,
which extends the MO method to the stationary frame. The proposed technique has the
same dynamic behavior as the original MO method, but the steady-state performance is
revised to mitigate steady-state amplitude and phase errors in the stationary frame. This
method can be directly applied to the transfer function of the voltage source inverter in a
stationary frame. Optimum utilization of the presented control bandwidth is achieved, and
the relationship between the PR controller’s proportional and resonant coefficients is
obtained.
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3.3

Nanogrid Modelling

Although single-phase, grid-connected and stand-alone inverters modelling, control and
analysis [49], [51]–[53], and single-phase instantaneous power theory [70]–[73] have been
heavily explored during last two decades, the single-phase nanogrid was off of most
researchers’ radar. Single-phase nanogrid research has only appeared in a few isolated
publications, initially related to paralleling Uninterruptable Power Supply (UPS) [63], [64],
[74]–[81]. This could be explained by the simple fact that single-phase nanogrids did not
represent a significant source of power productions and disturbance in the past.
Therefore, the lack of single-phase nanogrid research represents a significant knowledge
gap and could potentially influence or delay the introduction of single-phase, community
base nanogrids in North America.
Historically, the stability control scheme and the analysis techniques for a power
electronics inverter driven microgrid or nanogrid were similar to those used in the
conventional grid. A reduced-order model, similar to the synchronous generator model
[82], was used during these studies [77]. This approach yields good results for systems
with low-frequency dynamics and significant wire impedance.
In recent years, however, researchers began to study the behavior of small-scale inverter
driven three-phase microgrids [9]–[12], [65], [67], [83]–[89]. These small-scale microgrids
have L/R=3.1ms-10ms and the typical line length is between 1km and 5km [9]. These
studies conclude that the network dynamics, despite their fast nature, appear to have a
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major influence on the stability of slower modes. Therefore, a major emerging trend in the
stability analysis of the small-scale microgrids is to use a detailed inverter model [84], [85],
[87], and to study the mechanism of fast variables participation in the dynamic of slow
modes [9]–[12], [65]–[67]. Although it would be preferable to obtain a compact, simplified
model of the single-phase inverter for nanogrid stability analysis, a detailed model is
required to understand the dynamic behavior of the inverter.
In light of the trends listed above, single-phase nanogrid related publications were
reviewed. Paper [77] investigates the dynamics of the single-phase stand-alone AC-supply
system. The inverter was modelled las an ideal voltage source with controlled amplitude
and frequency however the dynamics of the control loop and inverter filter were excluded
from the investigation. According to recent research [9], this approach cannot provide
high-fidelity results for a single-phase nanogrid. Additional consideration of the inner
control loop is required.
Reference [75] presents the most comprehensive small-signal stability analysis of a singlephase nanogrid to date. However, stability analysis was conducted in the same manner as
[77] and using a simplified inverter model that only took considered the external power
loop, and not the effect of the internal control loop.
The same short comings apply to [74], where the researcher credited the power-sharing
control loop for power-sharing under non-linear load conditions even though the power
measurement loop does not have enough bandwidth for this.
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Reference [64] provides a comprehensive analysis of another nanogrid operation mode: the
transition between islanded and grid connection operation. Similar to the references
discussed above, all of the credit for power control and sharing is given to the powersharing loop despite the power measurement circuit’s low bandwidth in single-phase
applications.
It can be concluded that recent studies in the field of single-phase nanogrids do not take
into consideration the dynamics and stability of the inner control loop and are all based on
a simplified dynamic model of the power-sharing loop. This contradicts the latest research
trend for small-scale, three-phase microgrid studies [9]–[12], [65], [67], [83]–[89]. It can
partially be explained by the complexity of system modelling when one part of the system
is operating in the synchronous frame and another one in the stationary frame. Papers [63],
[64], [74]–[77] use dq0 synchronous frame to conduct stability analysis of converters in a
nanogrid without consideration of the stationary frame dynamic and its contribution to the
final result. To overcome this problem, a number of research papers convert the
synchronous frame part of the inverter to the stationary frame and apply the theory of
oscillators to solve the stability problem of the system [78]–[81]. Although this approach
has promising results, interpretation is not as straightforward as the commonly used dq0
frame for stability analysis. Moreover, the inverter’s control loop parameters are not easily
correlated with the obtained results.

22

The conclusion of this literature review is that there is a significant knowledge gap in
modeling techniques for stability control and analysis of single-phase nanogrids. Chapter
6 of this work attempts to fill this gap.

3.4

Summary

This chapter provides a comprehensive literature review of the topics of this thesis
including: WBS’s based bi-directional OBC performance optimization, tuning of PR
controllers for off-grid applications, and modeling the single-phase nanogrid. The
following gaps have been discovered:
•

Lack of information regarding hysteretic controller for WBS’s

•

Lack of generalized optimization method for the stationary frame controller;

•

Lack of modelling methodology for single-phase nanogrid and grid-forming
inverters.

These gaps are addressed in the following chapters of this thesis.
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Chapter 4. Three-Stage SiC-Based Bi-Directional OBC with Titanium
Level Efficiency
This chapter proposes a novel control and optimization strategy for a bi-directional, threestage, OBC that meets the 80 PLUS Titanium efficiency standard.
An OBC can be an integral part of the nanogrid or work with the conventional grid. The
proposed control strategy utilizes the benefits of Silicon Carbide (SiC) devices and is based
on Direct Current Hysteretic Control (DCHC) with optimized switching patterns and dead
time.

Fig. 4-1 The diagram of the on-board battery charge under consideration

As shown in Fig. 4-1, the first stage of the OBC is an isolated bi-directional DC/DC stage,
which consists of a Solid-State Transformer (SST) that provides the isolation barrier and
is operated under Zero-Current Switching/Zero-Voltage Switching (ZCS/ZVS) conditions.
The second stage of the OBC is a bi-directional buck-boost converter that operates in
CRritical conduction Mode (CRM) with automatic dead time optimization to achieve ZVS
operation. The third stage is a high-efficiency H-bridge inverter with a DCHC controlled
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current loop to optimize dynamic and steady-state performance and provide a smooth
transition between CRM and Continuous Conduction Mode (CCM). The DCHC is
implemented using a hybrid software/hardware approach.
The experimental results in Section 4.3 confirm that the OBC can not only change the
power flow direction within a few milliseconds but can also provide reactive power support
for the grid. Additionally, the OBC achieves a peak efficiency of 96.65% and a minimum
Total Harmonic Distortion (THD) equal to 1%.
This chapter is based on the results [26] previously published in IET Power Electronics.
The rest of this chapter is organized as follows. Section 4.1 presents the topology and basic
operation of the proposed OBC. In Section 4.2, the principle of the improved DCHC is
explained. Section 4.2 also discusses the switching pattern optimization technique.
Experimental results and analysis are presented in Section 4.3. The summary and
conclusion are presented in Section 4.4.

4.1

Topology and the Principle of OBC Operations

Fig. 4-2 shows the bi-directional OBC design used in this research and Table 4-1 lists the
design parameters of the OBC. The 1 kVA OBC prototype was designed for 48V LithiumIon batteries. The control of the OBC is implemented using Solantro Semiconductor’s
IXC2 digital power processor.
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The OBC’s charging mode operates as follows. The inverter sinks power from the grid.
The buck-boost converter controls the power flow to the battery via the isolated bidirectional DC/DC stage and provides the voltage conditioning between the isolated bidirectional DC/DC stage’s input voltage and the inverter stage’s bulk voltage to extend and
widen the operating range. The isolated bi-directional DC/DC stage operates with a
constant gain and transforms voltage and current to the battery while providing galvanic
isolation. In discharge mode (grid-support), the OBC operates in the same manner except
for the direction of the power flow. Moreover, the OBC can also provide reactive power to
support the grid in this mode.
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Table 4-1 Parameters of Bi-Directional On-Board Battery Charger under Considerations

Parameter

Value/Type

Nominal Battery Voltage

48 V (DC)

Battery voltage range

33-63 V (DC)

Nominal Battery Current

21.5 A (DC)

Nominal AC voltage

230 V (AC)

Nominal AC current

4.4 A (rms)

Isolated bi-directional DC/DC stage operating
frequency

125 kHz +/- 10%

Buck-boost and H-Bridge operating frequency

Variable 40kHz-400kHz

High side switches

C3M0065090J by CREE

Low side switches

IPT012N08N5 by Infineon
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Fig. 4-2 Three-stage Titanium efficiency SiC based hardware platform. Initially used as
bi-directional OBC, later adopted as a grid-forming battery inverter for islanded
applications

4.2

The Efficiency and Control Optimization Strategy
4.2.1. Principle of Hybrid DCHC Operations

The inner current loop of the inverter stage and the bi-directional buck-boost stage are
implemented using DCHC. Fig. 4-3 shows the DCHC block diagram and the DCHC
settings for both Critical Conduction Mode (CRM) and Continuous Conduction Mode
(CCM) mode. DCHC is achieved using a hybrid software-hardware approach. The
significant difference between DCHC and a traditional hysteretic control method is a
controllable hysteretic band. In traditional hysteretic control the hysteretic band is defined
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by a constant hysteresis value . The settings for the DCHC hysteretic band however, are
calculated by IXC2’s CPU and updated on each interrupt cycle based on the geometrical
relationship described by equations (4-1) - (4-3) (see Fig. 4-3).

Hysteretic
Controller
Reference
Computation

I rPeak ( n )

I ref ( n )
I recirculated

I rTrough ( n )

COMPeak
DAC

Gate
Control
Signals

COMTrough

iinductor ( n )

I rTrough ( n )
I ref ( n )

CRM

2I ref ( n )

I rPeak ( n )

DAC

Digital Processor

Hardware
Accelerator

CPU
I RippleMax ( n )

Time

I ref ( n )

I rPeak ( n )
I RippleMax ( n )

I rTrough ( n )

CCM

I rTrough ( n )

Time

Fig. 4-3 DCHC block diagram (top), and DCHC settings for CRM (middle) and CCM (bottom)

DCHC is implemented by the IXC2’s hardware which includes low-latency comparators
and a dedicated hardware accelerator. The operating frequency is independent of the CPU
interrupt cycle. This method provides flexibility for the DCHC and mitigates the
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computation burden when WBS switches are used. To ensure self-resonance of the
switching node and ZVS conditions in CRM mode, the lower limit of the inductor current
is set to a negative value. The upper limit of the inductor current is set to twice the current
reference (Iref (n)) plus the recirculated current (4-1). The value of the recirculated current
is a constant and depends on the type of semiconductor switch and the switching inductor
value. The inductor current in CCM mode is limited around the current reference by the
value of the hysteresis band IRippleMax (n) (4-2). The transition between CRM and CCM
occurs seamlessly when the current reference reaches a half value of the hysteresis band
IRippleMax (n) (4-3).
IrTrough (n)=Irecirculated
(4-1)
IrPeak (n)=2Iref (n)+IrTrough (n)
IrTrough (n)=Iref (n)-IRippleMax (n)/2
(4-2)
IrPeak (n)=Iref (n)+IRippleMax (n)/2
Iref (n)≥IRippleMax (n)/2

(4-3)

It should be noted that the inductor ripple current, IRipple, varies during CRM operation and
is constant during CCM operation.
IRipple = {

2Iref (n)+2Irecirculated CRM
IRippleMax (n)
CCM

(4-4)
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In hysteretic control, the state of the switches is a result of the current peak and current
trough hysteretic control settings (IrPeak , IrTrough ) [41] - [42].
4.2.2. Inverter Efficiency and Control Optimization Strategy
The inverter is controlled in the following way: the CPU computes the current reference
Iref (n) for the inverter based on the mode of operation (charging or grid supporting). The
DCHC settings are calculated according to equations (4-1) to (4-3). At low power, the
inverter operates in CRM with a dead-time, which is automatically optimized to achieve
optimum ZVS condition. However, at high power, the inverter operates in a combination
of CRM and CCM to reduce conductive losses.
Unlike classical pulse width modulation (PWM) control with a constant switching
frequency and variable ripple current, DCHC operates with a variable switching
frequency[41] - [42]. High-frequency switching during CCM would cause excessive
switching losses. Therefore, the switching frequency pattern during CCM operations
should be optimized to find an optimum balance between inverter’s switching and
conductive losses. The following observation can be made: most of the losses for a given
power level are distributed between the switching semiconductors and the switching
inductor [3]. Therefore, the losses can be expressed as the conduction and switching losses
of the semiconductors (ΔPcond and ΔPsw) and the core and copper losses (ΔPcore and ΔPcopper)
of the switching inductor.
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The total loss (∆Plosses ) can be expressed as Equation (4-5). It should be noted that the
individual losses in Equation (4-5) have a non-linear dependence on the ripple current
IRipple, the operation point current IDC, the switching frequency fsw, and the temperature of
the device T.
∆Plosses =∆Pcond (IRipple , IDC , T)+∆Psw (IRipple , IDC ,fsw , T)

(4-5)

+∆Pcore (IRipple , fsw , T)+∆Pcu (IRipple ,IDC ,fsw , T)
The switching frequency and the inductor ripple current have a significant impact on the
high-frequency losses. This work proposes to find the optimum switching frequency and
inductor ripple current for the system experimentally. During the experiment, the ripple
current becomes a dynamic variable, and it is modified when the frequency during CCM
operations stays almost constant near the target value ftarget (4-6). In (4-6), VDC (n) is the
instantaneous bulk voltage, and VAC (n) is the instantaneous mains voltage. The experiment
was first carried out at full power. The inverter stage losses were measured by the
integration of the input power under steady-state temperature conditions. After the
optimum switching frequency for a full power level is determined, the experiment was
repeated at other power levels.
V2dc [n]-V2ac [n]
Iripple [n]=
2ftarget [n]Vdc [n]L

(4-6)

Table 4-2 lists the inverter losses and the switch temperature test results at full power vs
maximum switching frequency at CCM. The temperature was measured using a Type-K
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thermocouple and a Keithley 2700 data acquisition system. The temperature of the device
under test is a reasonable indicator of the switching semiconductor power losses. The
temperature of the switching semiconductors monotonically increases with the maximum
switching frequency. However, a minimum in he overall losses is achieved at the switching
frequency of 50 kHz due to the losses in the inductors.
Table 4-2 Efficiency optimization test results for inverter stage of OBC

Maximum Switching

Inverter Stage Losses

Frequency at CCM

Switching Semiconductor
Temperature

40 kHz

15.2 W

70 °C

50 kHz

13.8 W

75 °C

60 kHz

15.5 W

83 °C

70 kHz

16.6 W

92 °C

Fig. 4-4 shows the inverter’s inner loop controller’s variables, which were obtained during
the full power (1kW) charging tests. The figure plots the current reference, the peak and
trough settings of the DCHC and the inverter switching frequency over one grid cycle. It
can be observed that the inverter freely transitions from CRM to CCM. The inverter’s
maximum operating frequency in CCM is set to around 50 kHz to keep it close to the
maximum efficiency point.
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Fig. 4-4 Plot of internal microcontroller’s variables: hysteretic controller settings over the grid
cycle, switching frequency, and operation modes for 1kW charge operation

4.2.3. Bi-Directional DC-DC stage operations
The isolated bi-directional DC/DC stage and the buck-boost converter jointly form the
OBC’s bi-directional DC-DC stage. This stage provides galvanic isolation between the grid
and the battery and controls the battery current. The isolated bi-directional DC/DC stage is
implemented as a series resonant converter with a high ratio between its resonant and
magnetization inductances to mitigate losses associated with magnetization current (see
Fig. 4-5).
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Fig. 4-5 Isolated bi-directional DC/DC stage simplified schematics (Top) and its equivalent circuit
(Bottom)

The isolated bi-directional DC/DC stage operates near its resonant operation point with
unity gain, and the buck-boost converter defines the direction of the power flow and its
value. The operating frequency of the isolated bi-directional DC/DC stage is automatically
adjusted by the IXC2 control chip to accommodate the tolerances of the resonant tank’s
components. The isolated bi-directional DC/DC stage inherits ZVS switching on its
primary switches and ZCS on its secondary switches from the nature of a series resonant
converter [90]. The bi-directional buck-boost converter is responsible for the battery
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current and its direction, as well as the voltage conditioning for the inverter. To optimize
performance, this stage operates with a high voltage (400V to 575V) and a nominal current
of 2.5A in CRM.

4.3

Experimental testing and analyzing

Dynamic performance, THD, and efficiency tests were carried out to validate the
effectiveness of the proposed control and optimization approach. The control algorithm is
implemented in the IXC2 digital power processor. Fig. 4-6 depicts the test setup for the
efficiency and THD measurements. The test setup for dynamic measurements includes a
48V Li-ion battery from Simpliphi instead of an electronic load.

Fig. 4-6 The setup for efficiency and THD, and dynamic measurements. Setup is not energized.
1) PA4000 power analyzer by Tektronix; 2) 2.4kW electronic load by BK Precision; 3) 3kVA AC
source by California Instruments; 4)Oscilloscope; 5) Unit Under Test
OBC power flow direction change from grid supporting mode at 750W (discharge) to battery 36
charging mode ( -375W)

Fig. 4-7 shows the dynamic performance of the OBC as it changes operating mode from
grid-support mode to battery charging mode.

Fig. 4-7 OBC power flow direction change from grid supporting mode at 750W (discharge) to
battery charging mode (-375W)

Fig. 4-8 OBC reactive power flow direction change from inductive (-950VA) to capacitive
(950VA) power in grid support mode
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Fig. 4-8 shows the OBC’s dynamic response to a change of reactive power from inductive
to capacitive in grid-support mode. It can be observed that the inverter’s current changes
direction within 1ms for both tests, but the battery current’s direction change (in Fig. 4-7)
takes 20ms to reduce stress on the battery.
Fig. 4-9 and Fig. 4-10 shows the OBC’s per stage and total conversion efficiencies,
compared to the 80 PLUS Titanium Standard [91]. The test was performed under nominal
operating conditions (see Table 4-1) in battery charging mode (see Fig. 4-9) and
discharging (grid support) mode (see Fig. 4-10).
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Fig. 4-9 OBC total conversion efficiency, and OBC per stage conversion efficiency compared
with the 80 PLUS Titanium Standard in battery charging mode. The red line is the Titanium
Standard, blue is total OBC efficiency, green is the Isolated Bi-Directional DC/DC stage
efficiency, yellow is the inverter stage efficiency, and magenta is the Buck-Boost stage efficiency.
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Fig. 4-10 OBC total conversion efficiency, and OBC per stage conversion efficiency compared
with the 80 PLUS Titanium Standard in battery discharging mode (grid support operations). The
red line is the Titanium Standard, blue is the total OBC efficiency, green is the Isolated BiDirectional DC/DC stage efficiency, yellow is the inverter stage efficiency, and magenta is the
Buck-Boost stage efficiency.

The OBC conversion efficiency was calculated using the expression for multistage
converter efficiency (4-7) with an integration window (t2-t1) equal to 120 seconds.
𝑘

𝜂= ∏
𝑛=1

𝑡

2
∫𝑡1 𝑃𝑘𝑜𝑢𝑡 (𝑡)𝑑𝑡

𝑡

2
∫𝑡1 𝑃𝑘𝑖𝑛 (𝑡)𝑑𝑡

∙ 100%

(4-7)

At 750W, the system has a peak efficiency of 96.65% during charging operations and
96.73% during discharging operations. The discharge efficiency is marginally better than
the charging efficiency for any given power level. This is because of the additional diode
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reverse recovery losses in the isolated bi-directional DC/DC stage during synchronous
rectification. It can also be observed that the overall conversion efficiency results exceed
the Titanium Standard for both charging and discharging operation modes. The OBC’s
THD was measured according to the IEEE 1547 standard at unity power factor. It was 1%
at maximum power, 2% at 66% of maximum power, and 3% at 33% of maximum power.

4.4

Summary

This Chapter proposes a novel control and optimization strategy for a bi-directional, threestage OBC. The proposed technique is based on DCHC and leverages the features of WBS
(specifically SiC) switches. The OBC, under the proposed control and optimization
strategy, exhibited an efficiency above the 80 PLUS Titanium Standard, with a maximum
efficiency of 96.65%.
Moreover, a THD of 1% was also obtained at maximum power. The operating points of
each stage in the three-stage topology were individually optimized. A simple experimental
optimization technique can be used for the DCHC.
The optimization strategy has the following features and advantages:
•

the inverter switching frequency and operating mode are dynamically optimized to
achieve optimum efficiency;

•

the Buck-boost converter operates in CRM in soft-switching mode, with highvoltage but low current;
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•

the isolated bi-directional DC/DC stage operates at its resonant point to reduce
conductive losses and performs ZCS on the synchronous rectification side.
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Chapter 5. Tuning the Voltage Control System based on an Extended
Modulus Optimum Method
Proportional-resonant (PR) controllers are widely used both in grid-tie and off-grid
inverters. PR controllers can not only achieve zero steady-state control error at the AC
fundamental frequency, but also provide high rejection ratio to the undesired harmonic
contents with minimal computational burden. Research effort in the past decade was
mainly focus on application-oriented performance optimization for grid-tie inverters. Only
a limited number of papers discussed PR controllers for off-grid applications.
In this research, the Modulus Optimum (MO) tuning method was extended to the stationary
frame. This extended MO method was then applied to the off-grid inverter voltage control
loop. As the extended MO method can be directly applied to the transfer function of the
voltage source inverter in a stationary frame, an optimum utilization of the existing control
bandwidth can be achieved. Moreover, the relationship between the proportional and
resonant coefficients can be obtained.
The tuning procedure for an off-grid inverter’s voltage control system is demonstrated via
a bi-directional, four quadrant, off-grid battery inverter. Numerical simulations and
laboratory tests were used to validate the proposed tuning method. Experimental results are
in good agreement with theoretical results.
The initial findings were presented at the CCECE 2019, in Edmonton [92]. In addition to
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those initial findings, this chapter presents the theoretical analysis, numerical simulations,
and the experimental tests.
The rest of this chapter is organized as follows. The extension of the MO method and its
comprehensive analysis are provided in Section 5.1.
Section 5.2 describes the application of the proposed extension of the MO method to the
off-grid inverter voltage control loop tuning, and discusses the numerical simulation
results. Voltage source inverter simulation results are presented in section 5.3
The experimental results for the proposed tuning methodology are presented in Section 5.4.

5.1

The PR Controller and the Stationary Reference Frame Extension of the

Modulus Optimum based Tuning Method
PR controllers have gained significant interest in the past decade both in academic research
and industrial applications. A PR controller’s transfer function could be derived from the
PI controller’s in the synchronous frame by modulating it into the stationary frame using
equation (5-1) [49].
𝐺𝐴𝐶 (𝑠) =

1
(𝐺 (𝑠 − 𝑗𝜔) + 𝐺𝐷𝐶 (𝑠 + 𝑗𝜔))
2 𝐷𝐶

(5-1)

References [46], [49], [53], [63] provide a general expression for the transfer function of
the PR controller, which includes a non-ideal resonant term with leakage ωc as shown in
(5-2):
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𝐾𝑝 +

𝑠2

𝐾𝐼 𝑠
+ 2𝑠𝜔𝑐 + 𝜔𝑛 2

(5-2)

The performance of the control loop is usually optimized by tuning the control coefficients
according to a certain rule [68]. The MO based tuning method shapes the open-loop transfer
function to the desired performance by adding additional control elements (usually PID
controller). The coefficients of proportional, integral and differential elements are obtained
as a result of the optimization process. Equation (5-3) [69] shows the shaping curve for
MO:
𝐺𝑂𝐿 (𝑠) =

1
1
2𝑇𝑂𝐿 𝑠 (𝑇𝑂𝐿 𝑠 + 1)

(5-3)

This method is widely used to tune PID controllers in the synchronous frame. The tuned
transfer function exhibits the following features:
•

Phase margin equal to 63.50 degrees,

•

Two conjugate poles with the natural frequency

1
√2𝑇𝑂𝐿

, and damping ratio 𝜁 =

√2⁄ .
2
The features mentioned above are a good compromise between response time, overshoot
and stability [68], [69]. Additionally, the infinity gain at zero frequency mitigates the
steady-state error in the synchronous frame.
However, if both the reference signals and the controlled variables are sinewaves at a
frequency in the vicinity of ωn like in the case of the stationary frame mentioned above,
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then the infinity gain at zero frequency cannot mitigate the steady-state error. Therefore,
the MO tuning technique needs be extended to the stationary frame to optimize the PR
controller loop.
Transformation (5-1) is applied to the integral term of the MO, and the result combined
with the low-pass filter term to obtain a stationary reference frame extension of the MO
based tuning method. After these mathematical manipulations, equation (5-3) is
transformed to equation (5-4). Fig. 5-1 shows the bode plots of equations (5-3) and (5-4).
The proposed extended MO method has a finite high gain at the fundamental frequency,
rejection of high-frequency harmonic content and zero gain at DC. The expression for the
ideal resonant term is obtained by setting ωc =0 in (5-4).
𝐺𝑂𝐿 (𝑠) =

1
𝑠
1
2
2
2𝑇𝑂𝐿 𝑠 + 2𝑠𝜔𝑐 + 𝜔𝑛 (𝑇𝑂𝐿 𝑠 + 1)

(5-4)

The phase and gain margin are computed to confirm that the loop-shaping function
obtained (5-4) inherits the same behavior as the original MO. Equation (5-4) has a value
of unity at a frequency of ω1=1/(2TOL), under the assumption of 1/(2TOL) >> ωn.
Substituted this value back into (5-4), gives the phase margin (5-5).
𝑃𝑀 = 180° − 𝜑 (1⁄2𝑇 ) ≅ 63.5°
𝑂𝐿

(5-5)

The gain at the fundamental frequency is infinite for an ideal resonant term and
20 𝑙𝑜𝑔 4𝑇

1
𝑂𝐿 𝜔𝑐

when leakage term ωc is presented, the high-frequency harmonic content
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mitigation is inherited from the features of the resonant controller [49] for the extended
MO method.

Fig. 5-1 Bode plot of MO shaping curve (solid line), and proposed extension stationary frame
extension of MO shaping curve (dashed line). TOL=1/(2π1000) s, ωc=10 rad/s

The expression of the closed-loop transfer function can take the form of equation (5-6),
under the assumption of 1⁄𝑇

𝑂𝐿

𝐺𝐶𝐿 (𝑠) =

≫ 𝜔𝑛 .

1
𝑠
2
2𝑇𝑂𝐿 (𝑠 + 2𝑇 𝜔 2 ) (𝑠 2 + 1 𝑠 + 1 )
𝑂𝐿 𝑛
2
𝑇𝑂𝐿
2𝑇𝑂𝐿

(5-6)
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The settling time and overshoot of the modulated step response signal are defined by two
conjugate poles and the damping factor. These parameters have the same values as the
original MO tuning method. Section 5.2 below illustrates the tuning process of the voltage
control loop using an off-grid battery inverter example.
5.2

Off-Grid Battery Inverter Tuning Example

The tuning process described in Section 5.1 is further illustrated using a single-phase, offgrid battery inverter.
5.2.1. Off-Grid Inverter Model Development
Fig. 5-2 depicts the block- diagram of the output cascade of an off-grid inverter, and Fig.
5-3 presents the internal hysteretic current control loop. The inverter has the following
components:
•

A single-phase inverter power train with EMI filter;

•

A current control closed-loop system based on the hysteretic current controller;

•

An output voltage control loop based on the PR controller.
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Fig. 5-2 The simplified block-diagram of the off-grid voltage source inverter output cascade

The output filter, except for output capacitor C3, is not a part of the load. The voltage
feedback signal is measured across C3.
The PR controller calculates the current reference Iref (n) based on the error between the
voltage reference signal and the measured output inverter voltage. Both voltage signals are
in sinewave form.
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Controller
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I rPeak ( n )

I ref ( n )

1
2𝜋𝑓𝑇𝐶𝐿

I rTrough ( n )

DAC
COMPeak
DAC

Digital Processor

Hardware
Accelerator

CPU
I RippleMax ( n )

Gate
Control
Signals

COMTrough

I ref ( n )

I rPeak ( n )
I RippleMax ( n )

iinductor(t)

I rTrough ( n )

Time

Fig. 5-3 Simplified block-diagram of the hysteresis non-linear current controller connected to
CPU on the top, and hysteretic control settings on the bottom

The current reference Iref(n) feeds into the inner current control loop (Hc). The non-linear
hysteresis hybrid software-hardware based controller [40] performs cycle-by-cycle control
of the inverter’s current loop Hc. The hysteretic controller practically controls the current
ripple via an inductor to keep it inside the desired hysteresis band. Unlike the traditional
PWM technique, the state of the switches in the hysteretic control technique is a result of
the hysteresis band settings ( IRippleMax ) [41], [42]. Therefore, the resulting operation
frequency of this controller varies. For this example, the operating frequency varies
between 40 kHz and 400 kHz.
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The CPU computes the peak and trough settings values (IrPeak(n) and IrTrough(n) ) of the
hysteretic controller based on the current reference command and the desired hysteresis
band (IRippleMax ) as shown in Equation (5-7).
IrTrough (n)=Iref (n)-IRippleMax (n)/2
(5-7)
IrPeak (n)=Iref (n)+IRippleMax (n)/2
The hysteretic controller itself is implemented in the control chip hardware accelerator by
low-latency windows comparators and a dedicated digital processor. Its operating
frequency is independent of the CPU interrupt cycle. This implementation provides
flexibility to the hysteretic controller and mitigates the computation burden when Wide
Bandgap Semiconductors (WBS) are used.
The behavior of the hysteresis controller cannot be described by a linear model. However,
because the rate of update of the reference is slower than the switching frequency, an
approximation, in the form of a first-order transfer function with time constant equal to the
interrupt time can be used [40]. Moreover, the low-pass filter with time constant TCL is
added after the voltage controller in series with the current controller to guarantee
appropriate roll-off of the open-loop transfer function and to prevent unwanted interaction
between the current control loop and EMI filter. Therefore, the TCL defines the actual
tracking dynamics of the current control loop. Thus, a complete mathematical model of the
output cascade of the inverter presented in Fig. 5-2 can be developed to analyze system
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stability and to obtain the optimized parameters of the voltage controller according to the
extended MO method shown in (5-8).
The state matrixes AF, BF, CF, and DF, represent the output filter of the inverter. The state
matrixes ACCL, BCCL, CCCL, and DCCL, represent the current controller, and the state matrixes
Av, Bv, Cv, and Dv represent the PR controller in stationary frame. The input and output of
the mathematical model are the voltage reference signal vref and the generated voltage vg,
respectively.
𝑿̇𝒗
𝑨𝒗
[𝑿̇𝑪𝑳𝑳 ] = [𝑩𝑪𝑳𝑳 𝑪𝒗
𝟎
𝑿̇𝑭

𝟎
𝑨𝑪𝑪𝑳
𝑩𝑭 𝑪𝑪𝑪𝑳

𝟎
𝑿𝒗
𝑩𝒗
𝟎 ] [𝑿𝑪𝑪𝑳 ] + [𝑩𝑪𝑳𝑳 𝑫𝒗
𝑨𝑭 𝑿𝑭
𝟎

𝟎
𝟎
𝑩𝑭

𝟎
𝟎] [𝒗𝒓𝒆𝒇 ]
𝟎
(5-8)

𝒀 = [𝟎

𝟎

𝑿𝒗
𝑪𝑭 ] [𝑿𝑪𝑪𝑳 ] + [𝑫𝑪𝑪𝑳 𝑫𝒗
𝑿𝑭

𝑫𝑭

𝟎][𝒗𝒓𝒆𝒇 ]

The state-space equation (5-8) is a Linear Time-Invariant (LTI) system under the
conditions of constant load.

5.2.2. Tuning Considerations
The transfer function of the off-grid voltage source inverter is load-dependent as shown in
(5-8). The operating conditions of the off-grid inverter can change rapidly and
unpredictably compared to a grid-connected inverter. For instance, the disconnect of a load
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can bring the system from a well-damped condition to an undamped condition within a few
microseconds..
Therefore, researchers [61] have proposed to optimize the controller at no-load and then
evaluate the performance at other loading conditions. It is important to understand whether
the controller coefficients are load-dependent and to investigate the impact of the load
variation on system performance. This thesis proposes the following two step method to
assess the impact of loading conditions: in the first step the coefficients of the controller
are obtained based on a simplified inverter model. In the second step a detailed inverter
model is used to trace eigenvalues of the closed-loop system versus load variations.
It is reasonable to assume that the required bandwidth of the voltage control loop is ωv, and
it lies below the poles of the EMI/RFI filter. Therefore, the dominant impedance of the
output filter (𝑍𝑓 ) can be defined by the total EMI/RFI filter capacitances Cf shown in
equation (5-9). Hence, a simplified open-loop transfer function can be expressed as
equation (5-10), where ZL is the load impedance.
𝑍𝑓 =

𝐺𝑂𝐿 = (𝐾𝑝 +

𝑠2

1
𝑠𝐶f

𝑍𝑓 𝑍𝐿
𝐾𝐼 𝑠
1
)
2
+ 2𝑠𝜔𝑐 + 𝜔𝑛 𝑇𝐶𝐿 𝑠 + 1 𝑍𝑓 + 𝑍𝐿

(5-9)

(5-10)

The open-loop transfer function (5-10) is compared with the values of the proposed tuning
function (5-4) at the cut-off frequency (5-11)-(5-14), and at the nominal frequency (5-15)(5-18) to compute optimized values of proportional and resonant coefficients respectively.
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The optimized value of the proportional coefficient KP is then obtained for resistive loads
(5-11), inductive loads (5-12), capacitive loads (5-13) and no-load (5-14) respectively.
|

𝑅𝐿
𝐾 |
1 + 𝑠𝐶𝑓 𝑅𝐿 𝑃 𝑠=𝑗
KP ≅

|

1
2𝑇𝑂𝐿

|

(5-11)

=1
(5-12)

𝐶𝑓
2𝑇𝑂𝐿

1
𝐾 |
𝑠(𝐶𝑓 + 𝐶𝐿 ) 𝑃 𝑠=𝑗
KP ≅

=1

𝐶𝑓
2𝑇𝑂𝐿

𝑠𝐿𝐿
𝐾 |
1 + 𝑠 2 𝐶𝑓 𝐿𝐿 𝑃 𝑠=𝑗
KP ≅

|

1
2𝑇𝑂𝐿

1
2𝑇𝑂𝐿

=1
(5-13)

(𝐶𝑓 + 𝐶𝐿 )
2𝑇𝑂𝐿

1
𝐾 |
𝑠𝐶𝑓 𝑃 𝑠=𝑗
KP ≅

1
2𝑇𝑂𝐿

=1
(5-14)

𝐶𝑓
2𝑇𝑂𝐿
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The capacitance of the output filter and the capacitive load have a dominant effect on the
system bandwidth. As a compromise, the value of KP obtained for resistive, inductive, or
no-load operation is taken for further considerations.
The coefficient of the resonant term of PR controller (K 𝐼 ) is obtained by comparing the
simplified open-loop transfer function and the shaping curve at the nominal frequency for
resistive (see Equation (5-15)), inductive (see Equation (5-16)), capacitive (see Equation
(5-17)) and no-load (see Equation (5-18)), respectively.
|

𝑅𝐿
𝐾𝐼
1
|
=
1 + 𝑠𝐶𝑓 𝑅𝐿 2𝜔𝑐 𝑠=𝑗𝜔
4𝑇𝑂𝐿 𝜔𝑐
𝑛

K 𝐼 ≅ 𝐾𝑃

|

1
𝐶𝑓 𝑅𝐿

𝑠𝐿𝐿
𝐾𝐼
1
|
=
1 + 𝑠 2 𝐶𝑓 𝐿𝐿 2𝜔𝑐 𝑠=𝑗𝜔
4𝑇𝑂𝐿 𝜔𝑐
𝑛

K 𝐼 ≅ 𝐾𝑃

|

(5-15)

(5-16)

1
𝜔𝑛 𝐶𝑓 𝐿𝐿

1

𝐾𝐼
1
|
=
4𝑇𝑂𝐿 𝜔𝑐
𝑠(𝐶𝑓 + 𝐶𝐿 ) 2𝜔𝑐 𝑠=𝑗𝜔
𝑛

K 𝐼 ≅ 𝐾𝑃 𝜔𝑛 (1 +

(5-17)

𝐶𝐿
)
𝐶𝑓
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|

1 𝐾𝐼
1
|
=
→ K 𝐼 ≅ 𝐾𝑃 𝜔𝑛
𝑠𝐶𝑓 2𝜔𝑐 𝑠=𝑗𝜔
4𝑇𝑂𝐿 𝜔𝑐

(5-18)

𝑛

It can be observed from (5-15)-(5-18) that unlike the proportional coefficient, the resonant
coefficient is load-dependent. A theoretical phase margin reduction of 20o is observed
when the resonant coefficient optimized for full load condition is used at no-load. The
theoretical phase margin was computed by substituting equations (5-15) to (5-17) into
equation (5-10) under the condition that ZL=∞. This also confirms the approach proposed
in [61] (i.e., optimizing the controller for no-load operation as the worst-case scenario).
Therefore, a conservative approach of optimizing the resonant coefficient should be based
on the no-load conditions, i.e., (5-19) should be taken.
K 𝐼 ≅ 𝐾𝑃 𝜔𝑛

(5-19)

5.2.3. Stability Validation under Different Load Conditions Using the Full
Order Model
Stability validation of the proposed tuning method was carried out using the full order
model (5-8). The PR controller for the voltage loop control has coefficients calculated by
equations (5-14) and (5-19). Table 5-1 lists the inverter's output filter and control loop
parameters.
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Fig. 5-4 Eigenvalues migration of voltage source inverter with varying load. The magnified view
of the dominant pole region is on the left, and the magnified view near zero region is on the right.
From top to bottom: inductive load (ZL∈[100ZLmax, ZLmax]) with dissipation factor 1%; resistive
load (RL∈[100RL, RLmax]); and capacitive load (ZC∈[100ZCmax, ZCmax]) with dissipation factor
1%

Fig. 5-4 depicts the eigenvalues of the closed-loop system for the off-grid voltage source
inverter under variation of resistive, inductive and capacitive load. The load was swept
from 100Zmax to Zmax. The eigenvalues migration as a function of load shows that the
inverter remains stable under a broad set of load conditions with well-damped dominant
poles.
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5.3

Voltage Source Inverter Simulation Results

The numerical simulation of an off-grid inverter with the PR controller tuned according to
the proposed method is presented in this section (a laboratory test is presented in Section
5.4).
Table 5-1 lists the design parameters of the inverter and Fig. 5-5 depicts the simulation
results. The stability at light load is one of the major concerns. Therefore, it was decided
to simulate both no-load conditions and resistive load steps.

Fig. 5-5 Simulation results: inverter output voltage (upper left) and load current (bottom left).
The upper right and bottom right are magnified views of the inverter voltage and load current
around transient time respectively
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The simulation results shown in Fig. 5-5 confirm the system is stable at both no-load and
resistive load. Fig. 5-5 also shows that the inverter generates a stable sine-wave signal in
steady-state conditions and that the settling time meets control loop tuning requirements.
Thus, it can be concluded that the theoretical analysis and the numerical simulation results
are in good agreement.
Table 5-1 Output Cascade Parameters of the 500VA Off-Grid Battery Inverter under Test

Parameter

Value

Remarks

C1 ,C2, C3

1.5 µF

EMI filter capacitor

L1

600 µH

Switching inductor

L2, L3

150 µH

EMI filter line inductor

TCL

1/2/π/2000 s

Time constant of the internal current
loop

Smax

500 VA

Maximum output power

fsw

40kHz-400kHz Inverter switching frequency

Tsample

16.6kHz

CPU interrupt time for voltage loop

KP

0.02826

Proportional coefficient of the PR
controller

KI

10.64

Resonant coefficient of the PR controller

ωc

10 rad/s

Leakage term of PR controller
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5.4

Experimental Results

The theoretical analysis and the numerical simulation results were further validated by the
laboratory tests presented in this section. Two evaluation platforms were used for this
purpose:
•

500VA bi-directional off-grid battery inverter (see Table 5-1); and

•

1kVA wide-band semiconductors based, 80 PLUS Titanium efficiency, bidirectional off-grid battery inverter (see Table 5-2 and Fig. 4-2).

Three tests were performed:
•

Resistive load step response (500VA platform)

•

Inductive load step response (1kVA platform)

•

Capacitive load step response (1kVA platform).

The 300W resistive load step test results are plotted in Fig. 5-6. It can be observed that
both the measured current and voltage waveforms are in the good agreement with the
theoretical analysis (see Fig. 5-4) and simulation results (see Fig. 5-5). The inverter under
test exhibits a stable waveform under no-load conditions. When the load is applied the
output, voltage is stabilizes after 1ms. Moreover, no steady-state error is observed.
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Table 5-2 Output Cascade Parameters of the 1kVA Bi-Directional Off-Grid Battery Inverter
under Test

`Parameter

Value

Remarks

C1

2 µF

EMI filter capacitor

C2

-

Not Installed

C3

1 µF

EMI filter capacitor

L1

400 µH

Switching inductor

L2

150 µH

EMI filter line inductor

L3

50 µH

EMI filter line inductor

TCL

1/2/π/2000 s

Time constant of the internal current
loop

Smax

1 kVA

Maximum output power

fsw

55kHz-400kHz

Inverter switching frequency

Tsample

16.6kHz

CPU interrupt time for voltage loop

KP

0.0185

Proportional coefficient of the PR
controller

KI

7.1

Resonant coefficient of the PR
controller

ωc

10 rad/s

Leakage term of PR controller
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Fig. 5-6 Step response of 500VA bi-directional off-grid battery inverter for 300W resistive load
step. Channel 3 is an output voltage; Channel 4 is an output current

The remaining two tests were performed on the 1kVA inverter platform. Fig. 5-7 presents
the response of the 1kVA inverter under a 300VA inductive load step change. The 300VA
inductive load creates resonant pole with inverter output capacitance at approximately
130Hz.
Fig. 5-8 shows the response under a 100VA capacitive load step change. A 50(Ohm) NTC
(Negative Thermal Coefficient) resistor was used as an inrush prevention device in this
case. The value of 100VA was chosen to observe the effect of the inverter control loop
slow-down by factor of two. The results confirm that the inverter is stable under inductive
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and capacitive load steps. Moreover, the non-linear behavior of the inductive load does not
create any negative effects on the voltage waveform using the optimized coefficient KI.

Fig. 5-7 Step response of 1kVA wide-bang semiconductor based bi-directional off-grid battery
inverter for 300VA inductive load Channel 1 is an output voltage; Channel 2 is an output current;
Channel 3 is an inverter bulk voltage, and Channel 4 is a battery current
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Fig. 5-8 Step response of 1kVA wide-bang semiconductor based bi-directional off-grid battery
inverter for 100VA capacitive load step. Channel 1 is an output voltage; Channel 2 is an output
current; Channel 3 is an inverter bulk voltage, and Channel 4 is a battery current

5.5

Summary

This chapter presents a stationary reference extension of the MO tuning technique and
demonstrates the optimization of the PR controller for the off-grid voltage source inverters
using it. This extended MO method based tuning process has the same features as the
original MO in terms of high-frequency response. However, the low-frequency and steadystate behavior is modified to accommodate the sinewave nature of the reference and control
signals.
A thorough theoretical analysis of the proposed tuning method was carried out to examine
stability, response time and steady-state performance. The validity of the proposed method
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and tuning considerations have been demonstrated through an off-grid, voltage source
inverter example.
The method was further validated through laboratory tests using two different hardware
platforms. The results of the laboratory tests show good agreement with theoretical results.
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Chapter 6. Novel Systematic Approach for Single-Phase Nanogrid
Stability Analysis
At present, the dynamic stability analysis of a single-phase nanogrid relies mainly on a
simplified model, which is based on the dynamic of a power-sharing loop. This contradicts
the latest trend in small-scale three-phase nanogrid studies: the influence of fast dynamics
on system stability. This deficiency is partially because of the complexity of system
modelling as one part of the system is operating in the synchronous frame and the other
part is in the stationary frame.
This chapter introduces a novel and simple modelling technique that allows obtaining the
detailed model of the single-phase inverter in the dq0 frame without loss of information
regarding fast dynamics of the inner inverter loops. The developed model is suitable for
linearization and use in classic stability analysis. Both computer simulations and laboratory
tests have validated the proposed model.
The rest of the chapter organizes as follows. Section 6.1 introduces the proposed modelling
approach and provides comprehensive background information regarding single-phase
grid-forming inverter control and power-sharing mechanisms in the Low Voltage (LV)
grid. Section 6.2 validates the proposed modelling approaches by numerical simulation and
laboratory experiments. Section 6.3 studies the impact of the different control blocks on
dynamic stability. A summary and future steps are given in Section 6.4.
66

6.1

Theoretical Analysis of the Proposed Modelling Approach

The understanding of an inverter driven nanogrid relies on understanding the behavior of
its key element – the grid-forming inverter and the power-sharing mechanism between
inverters.
Fig. 6-1 shows the active power droop diagram. The power-sharing mechanism in Low
Voltage (LV) nanogrids is dominated by the resistive impedance [8], [9], [93]. This is
contrasts with medium voltage and high voltage grids where the impedance is dominated
by inductive impedance [82]. The active and reactive power components that are going
into the grid in steady-state conditions are shown in (6-1). The active power component
depends on voltage magnitude and the reactive power component is dominated by phase
angles when the angle θinv is small.

Vg
Vinv

I

R

Active Power Sharing
Vinv
Vg
IR
Reactive Power Sharing
Vinv

θinv
Vg

jIR

Fig. 6-1 Active and reactive power sharing by active power droop method
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𝑃=

𝑉𝑔
(𝑉 cos 𝜃𝑖𝑛𝑣 − 𝑉𝑔 )
𝑅 𝑖𝑛𝑣

(6-1)

𝑉𝑔 𝑉𝑖𝑛𝑣 sin 𝜃𝑖𝑛𝑣
𝑄=
𝑅

Fig. 6-2 Output cascade of single-phase grid-forming inverter with power-sharing loop. The
stationary signals are in blue, the synchronous signals are in red, and interface between two
systems are in light green.
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Fig. 6-2 shows typical block-diagram examples of the output cascade of the single-phase,
voltage source, grid forming inverter [63], [75].
The example inverter hardware is based on the H-bridge topology. Typically, the inverter
control scheme consists of the following control loops:
•

Current control loop, stationary frame;

•

Voltage and virtual impedance control loop, stationary frame;

•

Power-sharing control loop, synchronous frame.

There are three computation blocks to support these control loops:
•

Orthogonal system generator (OSG);

•

Instantaneous power computation;

•

Inverse Park-Clarke modulation.

The external power control loop should fulfill the requirements of power-sharing (6-1),
which can also be expressed by the instantaneous power (6-2) together with the control
rules (6-3)-(6-4). Equations (6-3)-(6-4) define power-sharing rules. The power-sharing
loop computes the magnitude and angle of the voltage vector. Therefore, it could be
concluded that the power-sharing loop operates in the synchronous frame. The obtained
signal is modulated (6-5) to the stationary frame. The reference signal to the voltage control
loop is a superposition of (6-5) and virtual resistance voltage droop (6-6).
•

Instantaneous Power:
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𝑣𝛼
𝑝
[𝑞 ] = [−𝑣

𝛽

•

𝑣𝛽 𝑖𝛼
𝑣𝛼 ] [𝑖𝛽 ]

(6-2)

Control Rules:
[

𝐾
𝑉𝑖𝑛𝑣
]=[ 𝑣
𝜔𝑖𝑛𝑣
0

0 𝑝
𝑉
] [𝑞 ] + [ 0 ]
𝜔0
𝐾𝜔

(6-3)

𝑑𝜃𝑖𝑛𝑣
= 𝜔𝑖𝑛𝑣
𝑑𝑡

(6-4)

𝑣𝑟𝑒𝑓 = 𝑉𝑖𝑛𝑣 cos(𝜃𝑖𝑛𝑣 )

(6-5)

𝑣𝑑𝑟𝑜𝑜𝑝 (𝑠) = 𝐼𝑔𝑟𝑖𝑑 (𝑠)𝑍(𝑠)

(6-6)

The instantaneous power measurement mechanism in the single-phase system is more
complex than the one for the three-phase system. It involves the computation of the
artificial orthogonal system [71], [73], [94]–[96]. The measured instantaneous values of
grid voltage and inductor current pass through OSG [71], [73], [94]–[96]. The outcome of
this block is an artificial orthogonal system for instantaneous voltage and current
measurements. The OSG, in our example, is implemented by using the Second Order
General Integrator (SOGI) filter (6-7) [5], [63], [71], [94]. However, another
implementation, such as Hilbert transformation [96], is also possible. The obtained
orthogonal components are used for the calculation of the instantaneous active and reactive
power (6-2).
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−𝑘𝜔𝑛
𝑋̇𝑠𝑜𝑔𝑖 = [
𝜔𝑛
𝑌𝑠𝑜𝑔𝑖

−𝜔𝑛
𝑘𝜔
] 𝑋𝑠𝑜𝑔𝑖 + [ 𝑛 ] 𝑢𝑠𝑜𝑔𝑖
0
0

(6-7)

1 0
=[
]𝑋
0 1 𝑠𝑜𝑔𝑖

It could be noticed that at steady-state OSG-SOGI resembles the Park transformation [5],
[40], [71]. However, unlike the Park transformation which is a linear axis transformation,
OSG-SOGI is a filter with transient response, dynamics and cross-coupling (6-7).

6.1.1. Challenges of Modelling the Single-Phase Grid-Forming Inverter
It can be easily observed that the control loops of the discussed voltage source grid-forming
inverter operate both in:
•

stationary frame (current and voltage control loops, artificial impedance)

•

synchronous frame (power control loop).

Moreover, they also include the interface between two of these operation frames:
•

Stationary to synchronous frame uses OSG-SOGI;

•

Synchronous to stationary uses inverse Park-Clarke transformation.

Equations (6-3)-(6-4) represent power-sharing control, equation (6-7) is an OSG, and (6-8)
is a stationary portion (power train, current and voltage control loop). It complicates the
stability analysis of the single-phase nanogrid.
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̇ = 𝑨𝒔𝒕 𝑿𝒔𝒕 + 𝑩𝒔𝒕 𝑼𝒔𝒕
𝑿𝒔𝒕
𝒀𝒔𝒕 = 𝑪𝒔𝒕 𝑿𝒔𝒕

(6-8)

𝑖𝑜𝑢𝑡
𝑼𝒔𝒕 = [𝑣 ]
𝑟𝑒𝑓
6.1.2. Novel Systematic Approach for Modelling the Single-Phase Inverter in
Synchronous dq0 Frame
The dq0 system of coordinates, the so-called synchronous frame, allows us to eliminate
time dependence. However, if dq0 transformation is applied directly to the single-phase
system, the obtained results still include a time-dependent component, that cannot fulfill
our requirements [46], [48], [49].

For instance, when the sinewave signal (6-9) is

multiplied by cos(ωt) and sin(ωt), the resulting expressions have a time-dependent
component (6-10).
𝑢(𝑡) = 𝑈 cos(𝜔𝑡 + 𝜃1 )
𝑢𝑐 (𝑡) =

𝑈
(cos(𝜃1 ) + cos (2𝜔 + 𝜃1 ))
2

(6-9)

(6-10)

𝑈
𝑢𝑠 (𝑡) = (sin (−𝜃1 ) + 𝑠𝑖𝑛 (2𝜔 + 𝜃1 ))
2
An artificial three-phase system is proposed to address the time-dependence problem of
the single-phase transformation to the dq0 frame. This system is introduced by shifting the
original system of coordinate by 120 and 240 degrees, respectively (see Fig. 6-3). In this
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case, the new system consists of orthogonal vectors, and each phase is independent of each
other.
Assume that A, B, C, and D represent a state-space matrix of a single-phase circuit, the
state-space equation (6-11) represents an artificial three-phase system as seen in Fig. 6-3.

v

Z

Fig. 6-3 Artificial three-phase grid. Black is an original single-phase grid, and grey is an original
one shifted by 120o and 240o degree respectively.

𝑿̇ = [𝒅𝒊𝒂𝒈 (𝑨)]𝑿 + [𝒅𝒊𝒂𝒈(𝑩)]𝑼
(6-11)
𝒀 = [𝒅𝒊𝒂𝒈(𝑪)]𝑿 + [𝒅𝒊𝒂𝒈(𝑫)]𝑼
Applying a Park-Clarke transformation on this artificial three-phase system yields the
general form of the transformation(6-12).
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𝑿̇𝒅
𝑨
𝒅𝒊𝒂𝒈 (𝝎𝒊𝒏𝒗 ) 𝑿𝒅
𝑩
[ ̇ ]=[
] [𝑿 ] + [
𝒅𝒊𝒂𝒈(−𝝎
)
𝑨
𝟎
𝑿𝒒
𝒒
𝒊𝒏𝒗
𝒀𝒅
𝑪
[𝒀 ] = [
𝟎
𝒒

𝟎 𝑿𝒅
𝑫
] [𝑿 ] + [
𝑪
𝟎
𝒒

𝟎 𝑼𝒅
][ ]
𝑩 𝑼𝒒
(6-12)

𝟎 𝑼𝒅
][ ]
𝑫 𝑼𝒒

The proposed transformation can be directly applied to the stationary portion of the system
under consideration (6-8). However, the synchronous portion (6-3)-(6-4) and an interface
between two of them (6-5) - (6-7) requires additional considerations.
6.1.3. Application of the Proposed Method to Power Sharing Loop Modelling
The proposed transformation does not affect the power-sharing loop because it is initially
in the synchronous frame. However, instead of using the inverse Park-Clarke
transformation form (6-5), the following expression is used (6-13).
𝑟𝑒𝑓

𝑉𝑑

= 𝑉 cos 𝜃𝑖𝑛𝑣

𝑟𝑒𝑓
𝑉𝑞

= 𝑉 sin 𝜃𝑖𝑛𝑣

(6-13)

6.1.4. Application of the Proposed Method to Interface between Stationary
and Synchronous Frame
In Fig. 6-2, the OSG-SOGI filter serves as an interface between the stationary frame and
the synchronous frame for the single-phase, voltage source inverter. It has to be
transformed to interface with the model proposed in this research. The following steps are
used to find a synchronous frame representation of the OSG-SOGI interface:
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First, let us assume that the stationary frame portion of inverter has already been
transformed according to (6-12). The original synchronous frame, as mentioned in Section
6.1.3 remains the same. Therefore, an inverse Park-Clarke transformation should be added
before OSG-SOGI and a Park-Clarke transformation should be added after OSG-SOGI
(see Fig. 6-4). Thus, the transfer function of the OSG-SOGI interface takes the form:
𝐺𝑂𝑆𝐺−𝑆𝑂𝐺𝐼 𝑑𝑞 (𝑠) = 𝑈′(𝑠)/𝑈(𝑠). It can be derived by applying Laplace transformation on
(6-14)-(6-16).
𝑢𝑎 (𝑡) = [cos(𝜔𝑖𝑛𝑣 𝑡)

𝑢𝑑 (𝑡)
]
𝑢𝑞 (𝑡)

(6-14)

𝑢𝛼 (𝑡)
] = 𝐺𝑆𝑂𝐺𝐼 (𝑡) ∗ 𝑢𝑎 (𝑡)
𝑢𝛽 (𝑡)

(6-15)

𝑢′𝑑 (𝑡)
cos(𝜔𝑖𝑛𝑣 𝑡) sin(𝜔𝑖𝑛𝑣 𝑡) 𝑢𝛼 (𝑡)
]=[
][
]
(𝑡)
𝑢′𝑞
− sin(𝜔𝑖𝑛𝑣 𝑡) cos(𝜔𝑖𝑛𝑣 𝑡) 𝑢𝛽 (𝑡)

(6-16)

[

[

− sin(𝜔𝑖𝑛𝑣 𝑡)] [

Assuming, that in the real system 𝜔𝑖𝑛𝑣 is in close proximity to 𝜔𝑛 , and solving equations
(6-14)-(6-16) for 𝑈′(𝑠)/𝑈(𝑠) yields 𝐺𝑂𝑆𝐺−𝑆𝑂𝐺𝐼 𝑑𝑞 (𝑠) (6-18)-(6-21).
𝑑𝑒𝑛(𝑠) = 𝑠 4 + 2𝑘𝜔𝑛 𝑠 3 + (𝑘 2 𝜔𝑛2 + 4𝜔𝑛2 )𝑠 2 + 4𝑘𝜔𝑛3 𝑠 + 𝑘 2 𝜔𝑛4

(6-17)

𝑢𝑑′ (𝑠) 𝑘𝜔𝑛 𝑠 3 + 𝑘 2 𝜔𝑛2 𝑠 2 + 2𝑘𝜔𝑛3 𝑠 + 𝑘 2 𝜔4
=
𝑢𝑑 (𝑠)
𝑑𝑒𝑛(𝑠)

(6-18)

𝑢𝑑′ (𝑠) −𝑘𝜔𝑛2 𝑠 2 − 𝑘 2 𝜔𝑛3 𝑠
=
𝑢𝑞 (𝑠)
𝑑𝑒𝑛(𝑠)

(6-19)
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𝑢𝑞′ (𝑠) −𝑘𝜔𝑛2 𝑠 2 − 2𝑘𝜔𝑛2 𝑠 + 𝑘𝜔𝑛2
=
𝑢𝑑 (𝑠)
𝑑𝑒𝑛(𝑠)

(6-20)

𝑢𝑞′ (𝑠) 𝑘 3 𝜔𝑛3 𝑠 + 𝑘 2 𝜔𝑛4
=
𝑢𝑞 (𝑠)
𝑑𝑒𝑛(𝑠)

(6-21)

The original abc
to αβ interface
ud
dq0 representation
uq
of the original
stationary frame u0=0
system

dq0

abc

ua

uα
OSG-SOGI uβ

αβ

dq0

u`d
u`q

The original
synchronous
frame portion of
inverter

The dq0 representation
of the original abc to αβ
interface

Fig. 6-4 Block-diagram of the original abc to αβ interface vs its dq0 representation

Fig. 6-5 shows the step response of the 𝐺𝑂𝑆𝐺−𝑆𝑂𝐺𝐼 𝑑𝑞 (𝑠) defined by equations (6-18)(6-21). The step response was calculated by using MATLAB. Two conclusions can be
drawn from the above analytical and simulation results.
1) In contrast to the three-phase Park-Clarke transformation, the OSG-SOGI
transformation is dynamic, due to the nature of the SOGI filter. It could potentially
slow-down the power-sharing loop, and this dynamic behavior should be
considered during system stability analysis.

76

2) There is cross-coupling between the d and q terms, in contrast to the Park-Clarke
transformation, which could potentially introduce an undesirable response in the
power-sharing loop. Since this phenomenon is well damped, it may not affect
small-signal stability; however, its impact on large-signal stability could be visible
and require additional investigation.

Fig. 6-5 Step response of the GOSG-SOGIdq (s) transfer function.
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6.2

Model Validation

The single-phase, 500VA, bidirectional battery inverter (see Table 5-1 for parameters) was
chosen for validation of the proposed theoretical approach by numerical simulation and
laboratory test. The H-bridge implements the output cascade of this inverter with bipolar
modulation.
The battery inverter could be used as a stand-alone device or as part of a nanogrid. These
types of applications require a fast voltage loop that is stable under different load conditions
and provides rejection of disturbances from non-linear loads. Solantro Semiconductors
mixed-signal MCU SA4041 (IXC64K) [97] was chosen to control the bidirectional battery
inverter. SA4041 a control chip designed and manufacturing by Solantro Semiconductors
Corp. It includes a computation core, an analog front end, and hardware accelerators.
The control loop structure of this inverter is depicted in Fig. 6-2. The current control loop
is implemented by a non-linear, cycle-by-cycle hysteresis controller [40] (see Section 5.2.1
for details). The voltage control loop is implemented with a PR controller [51]–[55], [58]–
[62].
The PR controller (6-22) is chosen for the voltage control loop because it can achieve zero
steady-state error at the AC fundamental frequency and can provide a high rejection ratio
for undesired harmonic content with minimum computation burden. The PR controller runs
in the CPU of the MCU with an interrupt time Tsample=60uS. The current reference signal
is set for the hysteresis controller at the end of each interrupt cycle.
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−𝜔𝑐
𝑥 ̇
[ 𝑃𝑅1 ] = [−𝜔
𝑥𝑃𝑅2
̇
𝑛

𝜔𝑛 𝑥𝑃𝑅1
𝐾𝑖
𝜔𝑐 ] [𝑥𝑃𝑅2 ] + [ 0 ] 𝑢𝑒𝑟𝑟
(6-22)

𝑥𝑃𝑅1
𝑦𝑃𝑅 = [1 0] [𝑥 ] + 𝐾𝑝 𝑣𝑒𝑟𝑟
𝑃𝑅2
Fig. 6-6 depicts the simulation test-bench for validation of the proposed transformation.
The validation was performed in MATLAB/SIMULINK. One of the single-phase systems
is modelled in the stationary frame, and the other is modelled in the synchronous frame.
Both were simulated under similar operating conditions. The power-sharing loop is not a
part of the simulation testbench because it is not affected by the proposed transformation.
Artificial impedence Z is set to zero during the test. Both systems start from no-load
condition. The same resistive load step is applied when the system reaches its steady-state
condition. Fig. 6-7 and Fig. 6-9 show the results of the simulations. Fig. 6-8 shows the
result of the laboratory test.
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Vgrid,I grid
uq
u0=0

dq0

abc

ua

Inverter in
Stationary
Frame

Inverter in
Synchronous
frame

Psogi
Qsogi

Vd,I d,Vq,Iq
Psogi
Qsogi

Fig. 6-6: Simulation test bench for the numerical verification of the proposed method. The
simulation where performed in MATLAB/SIMULINK

The originally obtained dq voltage and current from the proposed model were modulated
from synchronous to stationary frame using inverse Park-Clarke transformation. It can be
observed that the voltage and current simulation waveforms are in good agreement between
simulation setups and laboratory tests. Fig. 6-9 presents the instantaneous active and
reactive power waveforms. It can be seen that the difference between these two plots is in
the high-frequency component. This is because that the instantaneous power computation
is based on OSG-SOGI transfer functions in the dq0 frame (see equations (6-18)-(6-21))
and these transfer functions have a double frequency component as a result of a
modulation-demodulation process artifact. This frequency component is well damped and
does not have a major impact on stability analysis. Also, as a result of OSG-SOGI
transformation, cross-coupling between both power terms is observed. This phenomenon
should be considered for both small and large signal stability analysis.
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Fig. 6-7 Output voltage and load current of the inverter. Upper left is the resulting stationary
model voltage, lower left, modulated synchronous model voltage. Upper right: stationary model
load current and lower right is modulated synchronous model load current.

Fig. 6-9 also shows the impact of OSG-SOGI dynamics on the measured instantaneous
power results. The measured active power has a significant delay compared to the actual
power in the system. The measured power reaches its steady-state value after an
approximately 10ms delay. One important conclusion can be drawn: during the transient
the system remains in an open-loop condition with respect to the power-sharing loop for a
significant amount of time. Therefore, the stability of the voltage control loop and internal
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impedance defines the behavior of the system during the transient, and the power-sharing
loop affects only the slow frequency load fluctuation.

Fig. 6-8. Step response for 300W resistive load step. Channel 3 is an output voltage; Channel 4 is
an output current.
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Fig. 6-9 Measured instantaneous output active and reactive power. Upper left is an active power
from stationary model, lower left is synchronous model instantaneous reactive power. Upper
right is an instantaneous reactive power from stationary model, lower left is instantaneous
reactive power from synchronous model. Dashed line: is an actual instantaneous power.

6.3

Application of the Proposed Modelling Approaches for Voltage Control Loop

and Power Measurement Block Analysis
The model obtained previously in this chapter can be used as a benchmark for stability
validation of the single-phase systems. However, it would be interesting to study the impact
of the different control blocks on dynamic response and stability.
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The following appoach was taken:
•

Firstly, the inverter is modeled using the voltage loop and artificial impedance loop
only without considering the external power sharing loop.

•

Secondly, the dynamic behavior of the power measurement loop is studied by using
proposed method.

This approach is similar to the one used in [82] where a synchronous generator is
represented by the classical model without an external control loop and connected to the
infinite bus via impedance Z.

Vg
Inverter

I

Zw

Vinv
Fig. 6-10 Block diagram of the system under investigation.

Fig. 6-10 shows a grid-forming inverter connected to an infinite bus via impedance Zw .
This reflects the classical approach to inverter/generator stability analysis and accurately
represents the case of microgrid connection to the major grid, an inverter connected to a
voltage source of higher power or to rotating machinery (motors or generators).
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6.3.1. Voltage and Artificial Impedance Loop Analysis
In this analysis the power-sharing loop is eliminated from the model. The approach is
similar to considering synchronous generator stability based on the classical model. This
step allows the inverter’s stability to be investigated and the effect of artificial impendence
Z, and leakage term ωc in the voltage control loop to be understood.
The following assumption has been taken:
•

The poles of EMI filter lie above the bandwidth of the voltage control loop.
Therefore, the EMI filter can be represented only by its capacitance.

•

The closed loop current control has a significantly higher bandwidth than the
voltage control loop. Therefore, it can be approximated by unity gain.

The PR controller representation according to proposed modelling approaches is
considered first before starting overall inverter modelling. It is important to mention that
the PR controller originated from a modulation of the PI controller with an ideal or nonideal integrator from the synchronous frame to the stationary frame [46], [48], [49]
(6-23),(6-24). Therefore, modulation back to the synchronous frame should be considered
as a demodulation process and provides additional poles with 2ωn frequency

(6-25).

These artifacts can be dropped as in a regular demodulation process without the loss of
system information [98]. The final expression is
controller can be obtained by setting ωc=0 in

(6-26). The expression for the ideal
(6-26). It should be noted that, as the
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original PR controller regulates both components of voltage (in-phase and quadrature), the
transformed controller also has two channels for dq components.
1
𝐺𝐴𝐶 (𝑠) = (𝐺𝐷𝐶 (𝑠 − 𝑗𝜔) + 𝐺𝐷𝐶 (𝑠 + 𝑗𝜔))
2

(6-23)

1
𝑠
↔ 2
𝑠 + 𝜔𝑐
𝑠 + 2𝑠𝜔𝑐 + 𝜔 2

(6-24)

𝑥̇ 𝑑𝑃𝑅1
−𝜔𝑐
𝑥̇ 𝑑𝑃𝑅2
−𝜔0
𝑥̇ 𝑞𝑃𝑅1 = [−𝜔𝑖𝑛𝑣
0
[𝑥̇ 𝑞𝑃𝑅2 ]

𝜔0
−𝜔𝑐
0
−𝜔𝑖𝑛𝑣

𝐾𝑖
0
+[
0
0
𝑦𝑑𝑃𝑅
1 0 0
[𝑦 ] = [
𝑞𝑃𝑅
0 0 1

𝑥̇ 𝑑𝑃𝑅
−𝜔
[𝑥̇ ] = [ 𝑐
0
𝑞𝑃𝑅

𝜔𝑖𝑛𝑣
0
−𝜔𝑐
−𝜔0

𝑥𝑑𝑃𝑅1
0
𝜔𝑖𝑛𝑣 𝑥𝑑𝑃𝑅2
][
]
𝜔0 𝑥𝑞𝑃𝑅1
−𝜔𝑐 𝑥𝑞𝑃𝑅2

0
0 𝑢1
][ ]
𝐾𝑖 𝑢2
0
𝑥𝑑𝑃𝑅1
𝐾𝑝
0 𝑥𝑑𝑃𝑅2
] [𝑥
] + [0] [
0
0 𝑞𝑃𝑅1
𝑥𝑞𝑃𝑅2

𝐾𝑖
𝑥𝑑𝑃𝑅
0
][
]+[2
−𝜔𝑐 𝑥𝑞𝑃𝑅
0

𝑦𝑑𝑃𝑅
𝐾𝑝
1 0 𝑥𝑑𝑃𝑅
[𝑦 ] = [
] [𝑥
] + [0] [
0
𝑞𝑃𝑅
0 1 𝑞𝑃𝑅1

(6-25)

0 𝑢1
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(6-26)
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Fig. 6-11 Single-wire Thevenin model of the single-phase grid-forming inverter presented by
voltage control loop.

Fig. 6-11 shows the single-wire diagram of the simplified system. The internal impendence
of the inverter can be derived from the inverter model using a simplified representation of
the PR controller

(6-26) for the conditions of 𝑍 = 0 and 𝜔𝑐 = 0:
𝑍𝑖𝑛𝑡 =

𝑍𝑖𝑛𝑡

1
𝑠 + 𝜔𝑐
,𝑍 = 0
𝐾𝑃 𝑠 + 𝜔 + 𝐾𝐼
𝑐
2𝐾𝑃

𝐾𝐼
1 𝑠(1 + 𝑍(𝑠)𝐾𝑃 ) + 𝑍(𝑠) 2
=
, 𝜔𝑐 = 0
𝐾𝐼
𝐾𝑃
𝑠 + 2𝐾
𝑃

(6-27)

(6-28)

One conclusion which can be drawn from the equations above is that the leakage term in
the resonant controller provides the functionality of an artificial resistance. They both can
serve as an artificial inverter impendence similar to the reactance of a synchronous
generator. Without ωc and Z, the system does not have an internal impedance and has a
singular solution when Zw=0.
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The equation (6-27) is analyzed under the assumption that the voltage controller is tuned
according to symmetrical optimum (see Chapter 5 for details). Therefore, KP/KI=~1/ωn ,
and (6-27) takes the form of (6-29).

𝑍𝑖𝑛𝑡 =

1
𝑠 + 𝜔𝑐
1 𝑠 + 𝜔𝑐
≅
,𝑍 = 0
𝜔
𝐾𝑃 𝑠 + 𝜔𝑐 + 𝑛 𝐾𝑃 𝑠 + 𝜔𝑛
2
2

(6-29)

Fig. 6-12 shows a normilized plot of the equation (6-29). It can be observed, that in this
case impedance at low frequencies and high frequincies has a resistive nature, while at
frequencies near 2ωn the impedance has a capacitive nature.
The usage of artificial impedance Z(s) is explained below. Let us neglect cross-coupling
between axes in artificial impedance when the transformation (6-12) is applied. When
Z(s)=R in (6-28), and its value is restricted by single-digit Ohms level for the 1kW inverter
to fulfill IEEE 1547 requirements for AC voltage limits [99], then RKP<<1, and equation
(6-28) becomes (6-30). It is obvious that the artificial resistiance has the same dynamic
behavior as the non-ideal resonant term in the original PR controller.

𝑍𝑖𝑛𝑡

𝐾𝐼
1 𝑠+𝑅 2
=
, 𝜔𝑐 = 0
𝐾𝑃 𝑠 + 𝜔𝑛
2

(6-30)
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Fig. 6-12 Normalized internal impedance of inverter. The magnitude is normalized with factor
KP, ωc=10 rad/s, Z=0.

When Z(s)= R+sL, expression (6-28) becomes (6-31). It is observed from (6-31) that the
resistive portion of Z(s) defines the dynamic behaviour at low frequency. The inductive
portion of Z(s) defines the dynamic behaviour at high-frequency. This inductance can
potentially resonate with capacitance present in the microgrid, such as the input filter
capacitance.

𝑍𝑖𝑛𝑡

𝐾𝐼
𝐾𝐼
2
1 𝑠 (1 + 𝑅𝐾𝑃 + 𝐿 2 ) + 𝑠 𝐿𝐾𝑃 + 𝑅 2
=
, 𝜔𝑐 = 0
𝜔
𝐾𝑃
𝑠+ 𝑛
2

(6-31)
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If the artificial impedance has an capacitive nature, i.e., Z(s)= R+1/(sC), then the
expression (6-28) becomes (6-32). It should be noted that capacitive impedance has an
infinite value at DC. Therefore, use of capacitive impedance is unpractical.

𝑍𝑖𝑛𝑡

𝐾𝐼 1
1 𝐾𝐼
2
1 𝑠 (1 + 𝑅𝐾𝑃 ) + 𝑠 (𝑅 2 + 𝐶 𝐾𝑃 ) + 𝐶 2
=
, 𝜔𝑐 = 0
𝐾𝐼
𝐾𝑃
𝑠 (𝑠 + 2𝐾 )
𝑃

(6-32)

A stability analysis is conducted for the three systems with internal impedances defined by
equations (6-29), (6-31), and (6-32). Fig. 6-11 shows a single-wire diagram of the system
under investigation. The system includes an inverter connected to an infinite bus via
impedance Zw. The inverter is represented by a voltage source, internal impedance, and
capacitance of the output filter.
First, assuming that Zw=0, the system can be representedy by (6-29), which has a pole at
s=-ωc, and remains stable from a small-signal perspective. The maximum current is
restricted by the internal impedance (6-29) for large signal analysis.
The system with inductive impedance (6-31), when R=0, has a pole at s=0, and becomes
𝐾

unstable. The system with capacitive impedance (6-32), when R=0 , at 𝐶 ≤ 2𝜔𝑃 has a pole
𝑛

𝐾

at the right side plane and become unstable. If the capacitance impedance at 𝐶 > 2𝜔𝑃 , then
𝑛

the system has two conjugate poles at 𝑠 = −

𝐾𝑃
𝐶

𝐾

𝐾

± 𝑗√ 𝐶𝑃 ( 𝐶𝑃 − 2𝜔𝑛 ) .
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Fig. 6-13 Original (blue) and simplified (red) system in sub-stability region. In(1) is a inverter
voltage reference, In(2) is an infinite bus voltage, Out(1) is an inverter current, and Out(2) is a
bus current

It can be observed that the introduction of an artificial impedance of different types other
than resistive can potentially cause system instability. The artificial impedance in
nanogrid/microgrid systems has one purpose: to stabilize the system by adding damping
and inertia. Since the introduction of inductive impedance can potentially cause system
instability, and capacitive impedance is unpractical due to its infinite value at low
frequencies, it was decided to limit the study to resistive impedance. Moreover, the
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approach with a non-ideal integrator (resonant term) was chosen for further investigation
due to the following reasons:
•

Provides resistive damping at low and high frequencies (see Fig. 6-12);

•

Simplifies the design and tuning of the control loop;

•

Use of non-ideal resonant controller prevents practical implementation issues[49].

An additional test was conducted to validate the fidelity of the simplified system against
the original one. The step change was applied to both systems which operate on the edge
of the stability region (see Fig. 6-13). As it can be observed, the proposed simplification
does not affect the amplitude of oscillation and has a neglectable impact on the oscillation
frequency.

6.3.2. Power Measurement Loop Analysis
The dynamic of the power measurement block, which includes OSG-SOGI and power
computation, is investigated in this subsection.
The effect of OSG-SOGI on instantaneous power measurements was previously shown in
Fig. 6-9. To study this effect, a linearized transfer function was developed to represent the
power measurement block. Fig. 6-14 shows the frequency response of the linearized
transfer function on active power measurements and Fig. 6-15 shows the same for reactive
power.
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Fig. 6-14 Bode plot of linearized transfer function PSOGI(s)/PMEAS(s) at Vd=1,Id=1, Vq=0,Iq=0 (blue),
and Vd=0, Id=0, Vq=1, Iq=1 (red)

The instantaneous power measurement loop has an effective bandwidth of ~30 Hz. This
confirms the delay previously observed in the time-domain simulations (see Fig. 6-9). The
typical bandwidth of the voltage loop and associated artificial impedance loop is between
1 kHz and 2 kHz, Therefore, one important conclusion can be drawn: the voltage and
artificial impedance loop and the power sharing loop have a minimal impact on each other
due to clear time separation. Moreover, the artificial impedance loop is responsible for
power sharing during transient, or at non-linear load situation.
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Fig. 6-15 Bode plot of linearized transfer function Q SOGI(s)/QMEAS(s) at Vd=1, Id=0, Vq=0, Iq=1
(blue), and Vd=0, Id=1, Vq=1, Iq=0 ( red)

6.3.3. Experimental Validation
A series of tests were performed to verify the results from the theoretical analysis. The
parameters of the control loop are artificial impedance Z=0 and ωc=10rad/sec. The wire
impedance Zw is neglectable.
Fig. 6-16 shows a single-wire diagram of the experimental setup for load sharing. Fig. 6-17
and Fig. 6-18 show test results: transient response of inverters and sharing of high crest94

factor load. Fig. 6-19 shows a single-wire diagram set up for an air-compressor start-up
test, and Fig. 6-20 shows the test results. It can be observed that the current is distributed
evenly between inverters during transient and non-linear load conditions. The system also
remains stable during no-load conditions.

AC Self-Forming Bus
Voltage source
inverter

SW

Vrefcos(θref)
Power sharing
loop

V(t),i(t)

Z

X(2...4)

Fig. 6-16 Single-wire diagram of the test bench for investigation of load sharing during transient and
non-linear load sharing. Artificial impedance Z=0, and ωc=10rad/sec. The wire impedance, Zw is
negligible.
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Fig. 6-17 Load step on AC. Channel 3 is an AC bus voltage Channels 1, and 4 are output currents
of battery inverter #1, and #2 respectively. Artificial impedance Z=0, and ω c=10rad/sec, wire
impedance, Zw is negligible.
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Fig. 6-18 Sharing of high crest-factor load by four grid-forming inverters.

Harmonic

compensator is off. Channel 1 is an inverter 1 current, Channel 2 is an inverter 2 current, Channel
3 is inverter 3 current, and Channel 4 is self-forming microgrid voltage. Current of the fourth
inverter is not presented due to scope channels imitation. Artificial impedance Z=0, and
ωc=10rad/sec. Wire impedance, Zw is negligible.

AC Self-Forming Bus
240:120

Voltage source
inverter

M

Vrefcos(θref)

V(t),i(t)
Power s haring loop

x4
Fig. 6-19 Single-line diagram of air compressor start-up experimental setup. Artificial impedance
Z=0, and ωc=10rad/sec. The wire impedance, Zw is negligible.
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Fig. 6-20 Air-Compressor start-up. Air-compressor is connected through step-down transformer
to AC bus formed by four inverters. Channel 3 is an AC bus voltage Channels 1, 2 and 4 are
output currents of battery inverter #1, #2 and # 3 respectively. Output current of battery inverter
#4 was not acquired due to scope channel limitation. Artificial impedance Z=0, and ωc=10rad/sec.
The wire impedance, Zw is negligible.

6.4

Summary

This chapter presents a systematic approach for modelling the single-phase, grid-forming
inverter in synchronous dq0 frame. The proposed approach includes the effect of the
stationary frame voltage, current and artificial impedance control loops into the dq0 model.
The effect of high-dynamic components is crucial for small-signal stability investigation
of the small-scale nanogrid because of its significant contribution to model fidelity.
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The proposed method is based on an artificial extension of the single-phase system to threephase with special consideration given to the interface between the stationary and
synchronous frame. The proposed modelling approach leads to a time-invariant, non-linear
model which is commonly used in power system analysis [82]
A set of comprehensive validation tests was conducted to verify the fidelity of the proposed
modelling method. Numerical simulation of the stationary frame model and synchronous
model of the same inverter was also conducted and compared with laboratory test results.
This work has both theoretical implications and practical applications. It enhances our
knowledge on understanding the dynamic behavior of single-phase voltage source inverter.
The result of this research can serve as a basis for small-signal stability analysis of the
standalone inverter and single-phase nanogrid. Moreover, a reduced-order high-fidelity
model can also be obtained using the proposed approach, which includes the effect of highfrequency dynamics.
It can be concluded that the proposed modelling method could be considered as the most
comprehensive modelling method for single-phase inverter to date. The obtained
theoretical results and simulations results are in good agreement with laboratory test
results.
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Chapter 7. Conclusions and Future Work
This chapter summarizes the contributions of this research. The limitation of this research
and potential future work are also described in this chapter.
7.1

Conclusions

The main contributions and conclusions of this research are summarized as follows:
•

This thesis studies an application of the hysteretic control method for WBS based
power converters. The hybrid DCHC control method mitigates the computational
burden of high-frequency switching. A novel method of efficiency optimization,
based on DCHC, is introduced. This method is based on experimental methodology
and does not require expensive 3-D finite element software. An 80 PLUS Titanium
Level efficiency can be achieve using the proposed control method.

•

An extended MO method based tuning technique is proposed to optimize the PR
controller for off-grid voltage source inverters. The extended MO method based
tuning technique has the same features as the original MO for high-frequency
response. Low-frequency and steady-state behavior is modified to accommodate
the sinewave nature of the reference and control signals. A thorough analysis of
the proposed tuning method was carried out to examine stability, response time
and steady-state performance.

•

A systematic modelling approach of the single-phase, grid-forming inverter in
synchronous dq0 frame is presented in this thesis. The proposed modelling
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approach includes the effect of stationary frame voltage, current and artificial
impedance controller into the dq0 model. The effect of fast-dynamics components
is crucial for small-signal stability investigation of small-scale nanogrid because
of its significant contribution to model fidelity. The proposed modelling approach
leads to a time-invariant, non-linear model which is commonly used in power
system analysis and can be used by engineers with a classical education
background.
Overall, this thesis presents a deep investigation of the characteristics of inverter control,
modelling and performance optimizations in the single-phase nanogrid. The analysis
methods and conclusions derived from the thesis support the adaptation of inverter-based
DG technologies in modern power systems.

7.2

Thesis Limitation and Suggestion for Future Work

The limitations of this thesis are as follows:
•

This research is limited to the single-phase nanogrid; however, the author believes
that the results and methodology described in this thesis can be easily adapted to a
three-phase nanogrid of similar capacity.

•

The thesis uses only an optimum control method, other control methods such as
adaptive methods are outside the scope of the presented research
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In continuation of the work of this thesis, the following topics are suggested for future
research:
•

With the massive introduction of the high-frequency WBS, the following
philosophical question was raised by the power electronics community: should
WBS be used as a substitute for conventional devices or should new topology be
introduced? A similar question was raised regarding control methods: should
conventional constant frequency control be used, or non-linear variable -frequency
control methods be considered? Therefore, the DCHC method for control and
optimization of the WBSs based topologies is an important research topic. These
research activities are currently underway and covering the Totem-Pole PFC
topology.

•

Initially, the goal of this research was to conduct a comprehensive stability
investigation of the single-phase nanogrid. This topic remains open. The proposed
modelling technique opens the way to conduct this type of investigation. Stability
analysis of the single-phase nanogrid using the proposed model is an important
topic to help with single-phase nanogrid adaption.

•

To comply with the state-of-art microgrids modelling requirements, the simplified
high-fidelity model for single-phase grid -forming inverters should be used, as well
as the active load, high-fidelity model.
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