Operational Control and Analysis
of a Hybrid AC/DC Microgrid

by
Hasan Alsiraji

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Electrical and Computer Engineering

Waterloo, Ontario, Canada, 2018

© Hasan Alsiraji 2018



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the Examining

Committee is by majority vote.

External Examiner: Mohamed E. EI-Hawary
Professor
Department of Electrical and Computer Engineering
Dalhousie University

Supervisor Ramadan A. El-Shatshat
Lecturer
Department of Electrical and Computer Engineering
University of Waterloo

Internal Member Kankar Bhattacharya
Professor
Department of Electrical and Computer Engineering
University of Waterloo

Internal Member Sagar Naik
Professor
Department of Electrical and Computer Engineering
University of Waterloo

Internal-external Member Gordon Savage
Professor
Department of System Design Engineering
University of Waterloo



Author’s Declaration

I hereby declare that | am the sole author of this thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.



Abstract

In light of the growing demand for electrical power around the globe, the need to increase electrical
power generation in order to diminish total carbon emissions has led to the installation of renewable
resources to replace traditional generators. Most of today’s microgrids are AC microgrids, whose
advantages and shortcomings with respect to control techniques and stability assessment have been
demonstrated through extensive studies reported in the literature. These considerations have led to the
recent proposal and investigation of DC microgrids, accompanied by the introduction of the hybrid
AC/DC microgrid as a means of combining the advantages and benefits of both types of microgrid.
However, since a hybrid microgrid is viewed as a weak system with low inertia, controlling and
assessing the performance of a hybrid microgrid constitutes a high-priority issue that requires further
investigation. The lack of inertia of power electronics converters, especially in an islanded hybrid
microgrid, poses a threat to stability and control. For these reasons, effective stability analysis has

become a necessity with respect to the implementation of hybrid microgrids.

Because of these challenges, the emulation of synchronous machine (SM) inertia and damping is now
viewed as necessary for enhancing the effect of a VSC on an active distribution system and for
facilitating its participation in voltage and frequency support. Improving the stability and performance
of a hybrid microgrid therefore requires the introduction of a form of inertia into a hybrid microgrid.
This research first proposes the incorporation of a novel form of virtual inertia into a hybrid microgrid
using virtual synchronous machine (VSM) control of the intertying converter (IC) controller. The
second proposal of this research is to employ the VSM control to establish autonomous control of the
IC.

A first research component, a novel control strategy for the Intertying converter in hybrid AC/DC
microgrid has been proposed to ensure the benefit of a virtual synchronous machine (VSM) control
algorithm in the hybrid AC/DC microgrid. The VSM controller application in hybrid AC/DC microgrid
is capable to enable an IC converter to support the AC-side voltage and frequency as well as the DC-
side voltage. The proposed control application of the VSM is chosen based on a comprehensive
assessment of VSM control algorithms that are exist in the literature. Moreover, proposing an
autonomous operation control of the VSM intertying converter based on dual droop characteristics
which is quite different compared to using only current controller. The autonomous operation of the

intertying converter based on dual droop control is modified and proposed to be capable to feed the
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VSM controller (swing equation) to ensure accurate power exchange management between the AC and

DC sub-subsystems.

The most important portion for the hybrid microgrid system is the stability study due to that fact
that the behavior of the system when it is subjected to a temporary disturbance is the main concern. In
hybrid microgrid, the disturbances take place continuously because of the load changing endlessly.
Satisfying the hybrid microgrid operation during the disturbances conditions must be achieved in order
to supply the demand. Therefore, the second part of the research introduces a generic small-signal state
space model of the hybrid AC/DC microgrid system, and built to carry out the stability analysis. The
development of the small-signal state-space model for the entire hybrid AC/DC microgrid was
developed to investigate the overall system stability under different operating points.

The final part of this thesis reveals three serious issues of operating hybrid AC/DC microgrid; some
of these issues are temporary take a place based on the system operating conditions. In hybrid AC/DC
microgrid, an Intertying converter (IC) becomes harmonics voltage source due to the antiparallel diodes
and the shunt capacitor at its DC side. The nonlinearity behavior of I1Cs introduces another operation
issue that is circulating current in case of parallel ICs. Reconnecting an IC after abnormal operation
condition or schedule maintenance requires an extra challenging synchronization control due the
variation of the AC subgrid voltages and frequency; which is the third issue. This part proposes a
solution for all these issues by developing a new control strategy that combines the VSM control

concept with a dual based droop control. The developed VSM controller on the IC solves these issues.

The test system used in this research, which is simulated in a PSCAD/EMTDC environment,
consisted of simulated voltage source converters with two AC voltage levels; while the stability analysis

is conducted in MATLAB environment.
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Chapter 1

Introduction

To meet the increased demand for electrical power and address environmental concerns, increasing
levels of renewable energy sources (RESS) are being integrated into traditional AC distribution systems
because of their potential to diminish the need for energy derived from fossil fuels and to decrease
greenhouse gas emissions. A traditional distribution system is based solely on a unidirectional power flow
from the grid (utility) to the customers (load) throughout distribution network. However, the installation
of distributed generation (DG) on the load side (close to customers) has altered this characteristic because
DG units are capable of meeting local load demands, which makes the distribution system to become an
active system that can be disconnected from the grid (utility) and function in islanded operation mode.

Interconnecting DGs into classical AC distribution systems usually can be done by using power
electronics converters interfacing either an AC/DC or DC/DC converters; which depends on the system
types. However, each type of connection has its own advantages and disadvantages. Roughly, comparing
the AC connection option with the DC connection option is that for short distances between the renewable
source and AC systems, the AC connection option is more reasonable due to the fact that there is not much
reactive power flowing because of less capacitance in the transmission lines[1], [2]. Also, the skin effect
would be less in distribution system compare to the transmission level. On the other hand, implementing
DC distribution system is promising option due to the absence of frequency stability issue as well as the

reactive power issues.

Microgrids, known in the literature as active distribution systems [3], have become a widely
accepted option for distribution power systems over the past decade. Recently, the concept of microgrids
— either AC or DC systems — has become an extensively established in practical for the accommaodation
of the large-scale integration of renewable energy sources (RESSs) into distribution systems. To take
advantage of the benefits offered by both AC and DC microgrid systems, the concept of combining both

types of microgrid is forming a hybrid microgrid; which has been introduced [4].

A hybrid AC/DC microgrid includes the interconnection of an AC and a DC microgrid via a voltage
source converter (VSC) that names an intertying converter (IC). Hybrid AC/DC microgrids have two
operating modes: grid-connected mode and isolated mode; which is similar to AC and DC microgrid.
Maintaining the frequency for the AC microgrid and the DC voltage for the DC microgrid to be within an
acceptable standard range for both sub-grids is the most important issue associated with hybrid microgrids,
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particularly for isolated hybrid AC/DC microgrids. The high penetration of RESs affects the system’s DC
voltage and frequency and, hence, its stability [5]. The intertying of AC and DC sub-grids via the intertying
converter (IC) ensures stability of the hybrid AC/DC microgrid via bidirectional power sharing between
sub-systems; thus, intertying converter (IC) control is the primary means of ensuring stable operation of
the entire hybrid AC/DC microgrid.

An existing AC power grid infrastructure can be used with an AC microgrid, while a DC microgrid
facilitates the minimization of conversion stages with an accompanying reduction in implementation costs
and power losses [6], [7]. The desirability of both sets of advantages have led to the introduction of
combined AC and DC microgrid systems as hybrid microgrids [4], [8]-[10], an example of which is
illustrated in Figure 1-1.
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Figure 1-1: Hybrid Microgrid Structure.

Numerous benefits can be derived from the implementation of microgrids. First, they enhance the
overall reliability of the system because they can operate autonomously when no main utility grid is
present [11], a type of operation that provides a means of avoiding the possibility of load shading. For
instance, microgrid contains of sensors that provide a freedom to the system operators to operate the
system independently from the main grid when it is necessary. Secondly, a microgrid can engage in
voltage support of the main grid during peak loads [12]. A third advantage is the energy efficiency
provided by a microgrid, because environmental factors such as temperature mean that local generation
will entail much lower losses than generating large amounts of power from a thermal generator [13]. A
microgrid is also associated with a reduced environmental impact because of its smaller global carbon

footprint [14], a positive feature that is driving the increased penetration of renewable resources.
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Microgrids concept leads the distribution is to be more resilient compared to conventional distribution

system.

1.1 Research Motivation

High levels of renewable energy source (RES) penetration can create stability problems and affect
system dynamics [15]-[18]. Due to their numerous benefits and superior performance, voltage source
converters (VSCs) have become a practical way of providing an interface with renewable resources that
are characterized by either variable frequencies or direct current, such as wind, photovoltaics (PV), and
fuel cells. However, unlike synchronous machines (SMs), VSCs that interface with RESs lack the inertia
needed to support and participate in the frequency and voltage control of an AC system and are hence
unable to contribute to the enhancement of system stability. In fact, lack of inertia constitutes the foremost
challenge related to the microgrid concept. A microgrid is applied primarily in a distribution system, where
unbalanced AC voltages commonly occur [19], constituting a second, but nonetheless equally important
challenge. The control technique commonly implemented in microgrids is based on a droop strategy to
mimic the governor of the synchronous generator [20]; however, this technique lacks precise power flow
control [2], and the small bandwidth involved in droop-based control has a negative effect on microgrid
stability. A final challenge is the fact that the load changing that occurs with a microgrid causes
disturbances that could, in turn, create stability issues, especially in islanded operation mode.

A variety of microgrid power generation sources, such as PV, fuel cells, energy storage, and wind,
require power electronics conversion stages. For example, power produced by a PV panel, energy storage,
and fuel cells is generated as DC value and must be inverted to AC via a DC-AC converter to enable it to
be interconnected into an AC microgrid. The power electronics interfacing stages that are clearly required
in an AC microgrid increase the costs of implementation [21], resulting in the introduction of DC
microgrids [6] as a means of decreasing these stages [7]. Although, as mentioned, each type of microgrid
(either AC or DC) offers specific advantages [22] that have led to the recent proposal and examination of
hybrid microgrids, including studies of their use from a control perspective [8]-[10], [23]-[26], issues
remain with respect to the multistage power electronics interfacing in a DC microgrid. Both DC and AC
microgrids are also associated with energy losses [7] and expensive implementation [21]. For these
reasons, any microgrid research must include investigation of all three categories: AC, DC, and hybrid
[21].



A hybrid microgrid has two different operating modes: grid-connected and islanded. In islanded
mode, in particular, the lack of frequency support to the AC sub-system and the absence of voltage support
to the DC sub-system make the stability of a hybrid microgrid the most important issue to be addressed.
An extremely critical factor in system stability is the power sharing between the AC and DC sub-systems
because of the bidirectional power flow involved. Since microgrids are generally considered to be weak
systems, they are subject to changes in generation or loading conditions that can cause large frequency
deviations and create further instability problems [27]. In [28], the authors demonstrated that increasing
AC microgrid loading moves the dominant system poles to an unstable region. Therefore, the stability in
a hybrid microgrid is dependent not only on the AC sub-system but also on the DC sub-system due to the
power exchange thought out an IC.

The hybrid microgrid concept requires further in-depth study that includes exploration of control
operation, power sharing, and stability. Researchers have proposed and examined the autonomous power
sharing operation of a hybrid microgrid based on droop control both for all DGs and for the intertying
converter (IC) [23], [29], [30]. It is clear that the IC is the most important factor in hybrid microgrid
operation and stability because of its bidirectional power flow feature. Supplying or absorbing power via
the IC affects the dynamics and performance of both the AC and DC sub-systems and could lead to
stability issues for the whole hybrid system due to the lack of inertia in the VSC interface. Therefore,
considering only one IC decreases the system reliability as well as affects the AC sub-system dynamics’
as can be seen based on [23],[30]. Introducing multiple ICs increases the system reliability[31], but the
AC sub-system dynamics and performance become worst and more sensitive to power exchange. Due to
the pervious issues, the idea of including an energy storage (ES) to achieve smooth power exchange
between sub-system is proposed [25], but it is clearly be noted that the implementation cost of the ES and
the operation issue are raised[32]. Also, additional area for subsequent investigation for hybrid microgrid

will be power sharing.

Based on previous issues and overcoming on the challenges earlier declared above, a hybrid ac/dc
microgrid concept below a smart grid paradigm requires a sufficient control and stability analysis

evaluation. Therefore, there is a need for:

- Improving the system dynamic and its performance.
- Smoothing energy exchange among the AC and DC sub-grids.

- Efficient coordination control of AC/DC sub-grids.
4



- Improving synchronization for reconnecting a converter after abnormal operating conditions or

schedule maintenance.
- Enhancing power quality.

- Sufficient system inertia as a microgrid is considered a weak system.

1.2 Research Objectives:

The literature review revealed a number of gaps and issues that should be investigated in order to
improve the performance of a hybrid microgrid and to increase its reliability. The thesis research goal is
the development of new solutions for hybrid AC/DC microgrids that incorporate the SM concept as a new
strategy for efficiently controlling and operating hybrid microgrids in isolated modes. Emulation of SM
inertia and damping is necessary for mitigating the effect of the VSC on a hybrid ac/dc microgrid and
enabling the VSC to participate in voltage and frequency support. Consideration of the inclusion of a
virtual synchronous machine (VSM) control algorithm in the IC in a hybrid microgrid is a novel idea not
previously reported in the literature. The development of such an algorithm will be the first contribution
of the research presented in this thesis. Then, it is necessary after implementation of the VSM in a hybrid
ac/dc microgrid IC to ensure the bidirectional power flow between subsystems. Due the VSM control
concept is a slightly different compare to the controller that is exist in the literature, an autonomous power
control should be capable to be implemented on VSM control algorithm to allow bidirectional power flow
between sub-systems. Moreover a small-signal dynamic model of the hybrid microgrid must be created
as a means of evaluating the stability of the hybrid ac/dc microgrid into which the proposed VSM control
strategy has been incorporated. These are the goals of this thesis, and they can be divided into two specific
objectives related to the device level and the system level. The device level objective is focused on the
development of a robust and efficient primary control structure for microgrid VSCs. The system level
objective is centred on the development of a comprehensive framework for the power management of
hybrid ac/dc microgrids in a manner that ensures reliable and autonomous hybrid microgrid operation in
isolated mode. The proposed solutions address the technical problems associated with the steady-state and

transient operation of hybrid microgrids. Details of the specific objectives can be summarized as follows:

e Investigate and examine a variety of VSM models to determine the most efficient model for
implementation on a hybrid microgrid IC. The literature includes references to several differently
structured control algorithms. However, synchronous machine inertia and damping characteristics

must be mimicked, which makes the cost and simplicity of implementation important from an
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economic perspective. This objective presents a comprehensive comparison of VSM control
algorithms, and the most significant factors should be investigated. This task presents the viability
of VSM algorithms during the kind of abnormal operation that might raise instability issues with
respect to practical operation issues such as short circuit, unbalanced AC voltage, and total

harmonic distortion.

Develop a VSM control algorithm for controlling the 1C. The proposed controller should enable
an IC converter to support the AC-side voltage and frequency as well as the DC-side voltage and
ensure bidirectional power flow between the AC and DC sub-systems through the IC converter.
This task examine the benefit of a virtual synchronous machine (VSM) control algorithm that
emulates the properties of traditional synchronous machines in the hybrid ac/dc microgrid.
Therefore, this objective presents a novel control of the intertying converter based VSM. The most
significant factor investigated in this stage is based on the power exchange from the AC into DC
side, and vice versa using simple representation of AC and DC microgrid as shown in the figure
1.2 below.

Figure 1-2: Simple Representation of Hybrid AC/DC System

Develop an autonomous operation control of the VSM intertying converter based on dual droop
characteristics which is quite different to conventional droop. This is determined by measuring
the DC voltage level and AC sub-grid’s frequency at its AC and DC sides instantaneously.
Therefore, the input reference consists of a summation of AC droop associated with AC sub-grid
frequency, and DC droop associated with DC sub-grid DC voltage that should feed the VSM
controller. This task must ensure the power sharing flow between the AC and DC sub-systems in
the case of a shortage of active power in each of the sub-system, and provide support for both

microgrids during disturbances.

Develop mathematical and fully detailed simulation models in PSCAD/EMTDC environment for
a hybrid ac/dc microgrid based on IEEE Standard 399 configuration [33] to ensure the proposed
6



controller should enable an IC converter to support the AC-side voltage and frequency as well as
the DC-side voltage and ensure bidirectional power flow between the AC and DC sub-systems

through the 1C converter.

Develop the dynamic model for the hybrid AC/DC microgrid is the most important component of
the control design and stability assessment. The main benefit of the small-signal modelling is to
present further investigation of the hybrid microgrid once the eigenvalues and the stable region
are determined. Particularly, the small-signal model of hybrid microgrid presents the system
stability and also the effect of the system parameters changing such as PI controller coefficients.
Therefore, it becomes necessary for studying the small-signal model to find the large-signal
dynamic model of the hybrid microgrid first; which is represented using nonlinear differential
equations. This task should evaluate the system stability during different mode of the IC operation,
which are namely: a rectification mode of the IC (during power exchange from AC into DC sub-

system) and an inversion mode of the IC (during power exchange from DC into AC sub-system).

Examine the impact of the ICs’ behaviour during power exchange from AC/DC sub-system which
is identical to nonlinear load. Therefore, the parallel ICs degrades the AC voltage of the entire AC
sub-system. As a result, circulating current between parallel 1Cs will raise and exist even in
islanded operation mode with droop control concept, so this issue must be solved in order of
achieving sufficient operation performance of the system. Furthermore, reconnecting an IC after
abnormal operating conditions or schedule maintenance is another issue should be included in this
task due to the requirement of synchronization control. In fact, these issues have not been

investigated yet in hybrid AC/DC microgrid application in the literature.

1.3 Thesis Outline

The organization of this thesis consists of seven chapters as follows:

Chapter 2 presents an overview of the background topics significant to the research containing

VSC control strategies, recent work on hybrid AC/DC microgrid, and VSM control concept.

Chapter 3 presents a comprehensive evaluation of several VSM control concept in order to
determine the most efficient control algorithm performance during normal and abnormal

operation conditions such as step load changing, short circuit, and unbalance AC voltage.



Chapter 4 presents a novel control strategy application for the hybrid AC/DC intertying converter
(IC). The proposed control application is based on VSM including a modified dual droop control
characteristics to ensure autonomous bidirectional power sharing between sub-systems.
Moreover, this chapter compares the proposed controller application with the controller that exists

in the literature.

Chapter 5 presents modelling hybrid AC/DC microgrid based on small-signal state space model,
and the stability analysis is evaluated using the aid of developing the small-signal state space

model.

Chapter 6 reveals some operation issues of hybrid AC/DC microgrid that is associated with the
existence of parallel IC. Therefore, proposing VSM control application remedies these operation

serious issues.

Chapter 7 summarizes and highlights the main contributions in the thesis, and it offers

recommendations for future research work and directions.



Chapter 2

Background and Literature Review

Using virtual synchronous machine (VSM) control in the hybrid microgrid is a novel control
application concept. Therefore, the literature review is divided into three main sections. The first section
introduces the background of voltage source converter (VSC) control concept. The second section reviews
the previous work on hybrid microgrid, while the third section focuses on the proper and efficient control
algorithm of the VSM.

2.1 VSC Control Strategies

The control strategy of VSC mainly depends on a phase voltage difference between the two points
on the AC side filter of the VSC. Therefore, the value of the phase voltage determines the direction of
power flow either from DC to AC side or AC to DC side. On the other hand, the reactive power can be
controlled via varying the voltage magnitude of the AC voltage, because the reactive power moves from
a high voltage point into a low potential voltage point. To clarify the active and reactive power control
concepts of VSC, Figure 2.1 shows AC side filter of VSC.

Lf
. W ————

Vpcc & VCOV&

Figure 2-1: AC Line Inductance.

Based on Figure 2.1, the active and reactive power equations are shown [34]:

% X |V
p= | PCClel convl . sind (2.1)
0= [Vpecl? _ Vecel X IVeonwl 0S8 (2.2)
wL wL ’

It is obvious that the active power flow mainly depends on the phase voltage angle as written in
equation (2.1). However, the main factor that dominates the reactive power is the voltage magnitude;

which is represented in equation (2.2). Based on the literature there are more than three strategies to control
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the active and reactive power of VSC: direct power control (DPC), proportional resonance control, model
predictive control (MPC), and vector control which is the most commonly used. These control strategies
are known in the literature as the primary control which is necessary to form the voltages and currents to
control the VSC.

2.1.1 Direct Power Control (DPC)

As this strategy does not depend on a PWM technique, a VSC will be fired (pulsated) based on the
instantaneous difference between the desired and predicted power [35]. In other words, this strategy has
not have fix switching frequency which means that there are more harmonics production. Moreover, there
are no inner current control loops to decouple a reactive power from an active power. The controls of the
active and reactive powers are correlated; thus, deviation in the value of the active power will immediately

affect the reactive power.

2.1.2 Proportional Resonance Control (PRC)

The PRC strategy has the superior advantage of zero steady state error, and it is easily designed and
tuned. Moreover, there is no need for decoupled terms in order to separate the active and reactive powers.
However, the fatal disadvantage of this strategy is that it is very sensitive to the frequency variation [36],
[37] which is a common situation in the islanded microgrid. It is obvious that this control strategy is not

suitable for use in microgrid applications.

2.1.3 Model Predictive Control (MPC)

MPC is a control concept based on solving a minimization optimization problem that can control
the VSC. The objective function this optimization control problem is known as a cost function; which is
formed by the difference between the desired value of the control target and the predicted future value[38].
This control technique offers decouple independent control for an active and a reactive power. However,
due to an online solution of this objective function, the switching frequency is not fix. This method suffers
from non-deterministic harmonics production; which is hard to be filtered and similar to the DPC

harmonics issue.

2.1.4 Vector Control (VC)

This control strategy is used mostly for VSC, specifically in microgrid applications [9], [10], [23],

[26], [39] due to the fact that it produces less voltage harmonics than a DPC. Moreover, this strategy

allows independent control of reactive power and active power [2]. The real values of the voltage and
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current in abc frames transform into DC vector components using Park transformations, which are
represented in a d-q frame. These vectors have a small margin of error that can be corrected using a

proportional-integral controller (P1). This method will be considered in this dissertation.

2.1.4.1 Vector Control Design of VSC

Controlling a VSC requires two stages of controllers: the inner controller and the outer controller.
The inner controller’s inputs are fed from the outer controllers that are responsible to provide currents
references based on the desired control employed such as the active and reactive power control or AC
voltage control. The inner control loops prevent overloading during electrical problems and evaluate the
voltage drop value at the AC side. In order to design, implement, and tune the inner and outer controllers,

the dynamic model of the VSC must be derived.

2.1.4.2 Mathematical Model of VSC Interfacing DG Unit into AC Microgrid

Deriving the dynamic model for the VSC is the most important point associated with control design
and stability assessment. The general representation of a VSC that interfaces a DG unit into an AC

microgrid is shown in Figure 2.2.

iconv Rf Lf Ro Lo i
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Cf =

Figure 2-2: Schematic Single Line of VSC

Applying KVL at the AC side in Figure 2.2 gives an equivalent differential equation of a voltage
drop across the inductance and the resistance in terms of the d-q frame after considering Park
transformation. Also via KCL, the differential equation of the voltage across the shunt capacitor can be
determined. Therefore, the dynamic model equations of the voltages and current for LCL electrical circuit

known as large signal model can be written in d-q frame as follows: {for further details see appendix}

diconv,

P Veonvy —Vogz — Rf.iconvg + w. Lf . icony, (2.3)
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diconvq

P Veonv, — Vo, — Rf.iconv, — w.Lf.iconvg (2.4)
dvod . . 2.5
Ccf - w.Cf.vog + iconvy — iog (2.5)
dvo
Ccf dtq = —w.Cf.voy + iconv,; — io, (2.6)
diOd . . 2.7
L0?= Vog —Vgq — Ro.iog + w.Lo.io, (2.7)
dio
Lod_tq = Vog, —Vgq — Ro.iog — w.Lo.iog4 (2.8)

Where o in equation (2.3)-(2.8) is the angular speed of the rotation of the d-q frame that is found
from Park transformation. The LC filter and coupling components of the VSC are represented by
Rf,Lf,and Cf, for the filter, while the coupling components to the AC microgrid are represented via Ro

and Lo.

2.1.4.3 VVSC Controller Structure

This subsection will discuss the controller loops of the VSC in detail. The controller loops of the
VSC consist of three different stages in case of islanded operation mode: current controller loops, voltage

controller loops, and power droop controller loops.

2.1.4.3.1 VSC Current Controller

Due to the small margin of error while using the vector control, the current controller loops of
equations (2.3) and (2.4) can be arranged to include the proportional integral (PI) transfer function.
Designing the inner current controller includes eliminating an inductance crossing term in the controller
loop effect by a feed-forward. Involving PI controllers into equations (2.3) and (2.4) has an advantage, as
the dominant poles of the VSC can be cancelled by the zeroes of the PI controllers. Thus the current loops

controller of the VSC is achieved from these equations. Accordingly, the nonlinear term can be achieved
by tracking i, and igef in the inner control loops with instantaneous values of iconv, and iconv, as

written in equations (2.9) and (2.10).

diconv K;

L =gt = (Ko + 747 x (1704 — iconvy) @9)
diconv, K; _ )

b= = (e =) (0T = deon) @10
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Substituting equations (2.9) and (2.10) with equations (2.3) and (2.4) respectively allows
implementation of the inner current controller loops of the VSC as depicted in Figure 2.3. The main current

controller loops equations of VSC become:

K:
(Kpc + %) X (i”’fd - iconvd) = Vconvy —Vog — Rf.iconv, + w.Lf.icony, (2.11)

K:
(Kpc + %) X (i”’fq - iconvq) = Vconv, — Vo, — Rf.iconv; — w.Lf.iconvgy (2.12)

Generally, the resistance term in the current controller is neglected due to the fact that it is small
and does not have an effect on the VSC dynamic, especially in power applications [40]. Moreover, the
feed forward voltage is used to minimize the slow dynamic response of cascade loops controllers [41] and
to achieve fully decoupled d-g components [42].

] ref
iconvd

iconvd

iconvq

i ref
iconvq

Figure 2-3: Block Diagram of Current Controller Loops

2.1.4.3.2 VSC Voltage Controller

Designing the voltage controller follows the same procedure as the current controller. The voltage

controller eliminates a capacitance crossing term in the controller loop effect by a feed-forward. By
including PI controllers into equations (2.5) and (2.6), the nonlinear term can be achieved by tracking ugef
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and v;ef in the voltage control loops with instantaneous values of vog and vo, as written in (2.13) and

(2.14). The feed-forward in the voltage controller loops is the output converter current [43].

dvo K;
¢ dtd - (KP” + i) x (vo™ 4 = vog) (2.13)

S

dvo K;
e R MG @1

Substituting equations (2.13) and (2.14) with equations (2.5) and (2.6) respectively allows
implementation of the voltage control loops of the VSC as shown in Figure 2.4. Generally the feed-forward

in the voltage controller loops is multiplied by a gain of less than 0.8 in order to expand the bandwidth of
the controller loops [44].

K:
(Kp,, + %) x (vo™f 4 —vo,) = w.Cf. v0og + iconvy — iog (2.15)
K. Kiv ref _ . . 216
ot X (vo™f ; —vo,) = —w.Cf.vog + iconv, — o, (2.16)
iod - H

+ ref

ref i
Vod P HSQ)- g
vod » C
vo( » »C
ref 2 ) ref
Voq Pl | iconvq

00— H

Figure 2-4: Block Diagram of VVoltage Controller Loop for VSC

2.1.4.3.3 VSC Power Controller

The power control of the VSC connected to microgrid should be based on droop control in order to

mimic the governor behaviour of synchronous generator [20]. The active and reactive powers can be
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calculated using the instantaneous output voltages and currents in d-q frame as shown in equations (2.17)
and (2.18) respectively. Due to the effect of switching on the calculated instantaneous voltages and
currents, the calculated powers should pass through a low pass filter (LPF) to determine the instantaneous
value which matches the fundamental system frequency [43], [45]. Moreover, the power control
bandwidth is the smallest compared to voltage and current control; therefore, the cut-off frequency of the
LPF based on the literature is equal to 10% of the fundamental system frequency [20], [45], [46].

p= ((vod *i04) + (voq * ioq)) (2.17)

N|W N|Ww

q= ((vod * ioq) — (voq * iod)) (2.18)

Including the LPFs into equations (2.17) and (2.18) results in rewriting the instantaneous active and

reactive powers as follows:

p= ( “r f) G((vod v i0g) + (vo, * ioq))> (2.19)
Q= < i )(%((vod *i0g) — (vog * iod))> (2.20)

s+a)f

Finding the instantaneous filtered active and reactive powers as shown in equations (2.19) and
(2.20) facilitates the development of the droop control for the VSC. Figure 2.5 shows the droop
characteristics for controlling the VSC active and reactive power that should be implemented into the VSC

controller in order to emulate the governor behaviour.

(03]
A
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Figure 2-5: Droop Characteristics for Active and Reactive Powers.
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The linear relationships of the droop graphs for both active and reactive powers can be written as

shown below in equations (2.21) and (2.22):

. w. — Wmi .
Wyep = WMV — (M) *P =™ —myxP (2.21)
max
. V. — VUi i
Vrop = VIV (M) £Q =i —n % Q (2.22)
Qmax

Where w™ and v are the outputs frequency and voltages magnitude at no load condition. The
allowable range of maximum and minimum voltage and frequency of the VSC are notated via Vmax, Vimin,
Wmax, and Wmin, respectively. These limits are determined by IEEE standard for interconnecting distributed
resources with electric power systems[47]. The rated powers of the VSC are notated by Pmax and Qmax
based on power capability limits [48]. It is shown that the outputs of the power controllers are angular
speed and the voltage magnitude; however, it is necessary to find out the phase angle in order to transform
all voltages and current quantities in d-q frame. Therefore, by integrating the angular speed that is achieved
from active power droop, the phase angle will be determined. In order to clarify the determination of the

angular speed and the phase angle, the power control implementation is depicted in Figure 2.6.

vod
iod

vo(q
10q

100

ref
vod

Figure 2-6: Power Controller for VSC.
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2.1.4.4 Mathematical Model of Half-Bridge DC-to-DC Interfacing DG Unit into DC Microgrid

The general representation of the DC-to-DC converter that is interfacing a DG unit into DC
microgrid is shown in Figure 2.7. In fact, it is similar to the AC microgrid, but the main difference is the
converter circuit structure which is a half-bridge DC-to-DC converter, and the LC filter and the DC line

are represented in single line circuit.

iconv Rf Lf Ro” Lo i
——FAMN—T T ANN—T T 1
Vin yic Vg,
Cf —

Figure 2-7: Half-Bridge DC-to-DC Converter.

Applying KVL at the filter side and the DC line in Figure 2.7 gives an equivalent differential
equation of a voltage drop across the inductance and the resistance. Also via KCL, the voltage across the
shunt capacitor can be determined. Therefore, the dynamic equations of the voltages and currents known

as large signal model for DC-DC converter including the DC line can be written as follows:

dil’
Lf'—== Vin—Vo' —Rf".il (2.23)
dio’
Lo’ = Vo' —Vg'—Ro'.io (2.24)
dt
dvo’
! = il —io’ 2.25
cf T il —io (2.25)

The DC filter components of the half-bridge are represented by Rf’,Lf’,and Cf’, while the

coupling components to the DC microgrid are represented via Ro’ and Lo'.

2.1.4.4.1 Half-Bridge DC-to-DC Converter Controller Structure

The half-bridge DC-to-DC converter controllers are similar the VSC that is interfaced a DG unit
into an AC microgrid, which consists of current, voltage, and power droop controller. However, there is

no need to use Park transformation due to the fact that the control quantities are already constant as DC
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values. The following subsections will discuss the controller loops of the half-bridge DC-to-DC converter

in detail.

2.1.4.4.2 Half-Bridge DC-to-DC Converter Current Controller

According to equation (2.23), developing the current controller including the PI can be considered
by substituting the nonlinear term by the PI transfer function to track il"®/ with instantaneous value of
il as written in equation (2.26):

dil’

K:
e CR S [ 229

Due to no coupled control components in the DC control quantities, there is no need for a feed-
forward in the half-bridge DC-to-DC converter current controller loop. Figure 2.8 shows the current

controller loop for the half-bridge DC-to-DC converter.

_ref Vdm

Figure 2-8: Current Controller for Half-Bridge DC-to-DC Converter.

2.1.4.4.3 Half-Bridge DC-to-DC Converter Voltage Controller

The output control quantities of the voltage controller are the input reference to the current
controller. Referring to equation (2.25), the nonlinear capacitor voltage term can be replaced by PI transfer
function, and is written in equation (2.27) by tracking the DC capacitor voltage. Nevertheless, using the
output current as feed-forward in the voltage controller improves the dynamic response during the load
transient [49], as depicted in Figure 2.9.

dvo’ K;
R (S [ (227)
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Figure 2-9: Voltage Controller for Half-Bridge DC-to-DC Converter.

2.1.4.4.4 Half-Bridge DC-to-DC Converter Power Controller

In a DC microgrid, the droop characteristic depends on either DC voltage versus active power [50]
or the DC current versus DC voltage [51]; accordingly, the droop characteristics based on DC voltage

versus active power are considered in this thesis, as depicted in Figure 2.10.
Vdc
A
vdc™

AVdc
Vdcmin

Pmax
Figure 2-10: Droop Characteristics for Active Power in DC Microgrid.

The linear relationship of the droop graph for active power verses DC voltage can be written as
shown in equation (2.28):

Vdcmarx — Vdcmin

Vdcyes = Vdci™ — ( ) £ P = Vdc™ — K, x P (2.28)

Pmax
Where Vdc™ is the output DC voltages at no load condition.

The maximum and the minimum voltages are based on the allowable range of the DC voltage as
notated by Vdcmax and Vdcmin. The rated power of the VSC is notated by Pma. Due to measuring the
instantaneous values of outputs DC voltage and current in order to determine the required reference, the
LPF is required to eliminate the switching frequency effect. As shown in Figure 2.11, the power controller
of the half-bridge DC-to-DC converter is presented.
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Figure 2-11: Power Controller for Half-Bridge DC-to-DC Converter.

2.2 Small-signal Modeling

This section reviews the small-signal-model of AC microgrid presented by Pogaku [20] as well as
the small-signal model of the DC microgrid published in [52]. Small-signal dynamic model analysis is
commonly used to analyse the dynamic performance of the microgrid and to design the control DG units
[53]. The advantage of the small-signal modelling is to provide further investigation of the system once
the eigenvalues are determined such as the relationships between the system parameters and the stable
region. In other words, the small-signal model not only shows whether the system is stable or not, but it
can also show the changing effect in either the system parameters such as lines resistances and inductances
or the controller parameters such as Pl coefficients [20]. In order to develop the small-signal dynamic
model for an electrical system such as a microgrid, it is first necessary to identify the large signal model
that is represented via nonlinear differential equations that are presented previously in form of the

following equations:

& F®,u) (229
y = g(x(),u(t)) (2.30)

Where equation (2.29) is a state equation in which x(t) represents the state vector, and u(t)
represents the input vector. Equation (2.30) is known as output equation. These equations can be written
in standard form of the state space representation. Nevertheless, the nonlinear differential equations must
be linearized around the operating points in order to study the stability of the system. Therefore, the small-

signal model representation of equations (2.29) and (2.30) become the following:

dA

o o AAx+B.Au (2.31)
dt

Ay = C.Ax + D.Au (2.32)

20



Where:

A is a state matrix that contains of the system parameters and characteristics.
B is a matrix that contains of the system inputs.

C is a matrix that contains of the system output.

D is a matrix that contains of the system feedforward.

2.3 Hybrid Microgrids

Due to its recent proposal, more investigation is needed into the limitation of controlling hybrid
microgrid and analysing its stability [4], [7]-[10], [23], [25], [54]. The complexity of controlling hybrid
microgrid is primarily based on numerous control objectives that must be handled via sub-grids and IC as
well. These control objectives are namely sufficient power sharing in AC and DC sub-grids, voltage and

frequency stability, and power exchange among the sub-grids [21].

The autonomous power control of hybrid microgrid with only one 1C was proposed in [8]. The
authors presented the droop principle for the sub-grids as well as for the IC. In this method, the input
reference to the IC is based on combining AC and DC droop characteristics. In other words, the droop
characteristics should apply to both AC and DC sides for the IC. In the DC side, the droop characteristics
depend on DC voltage and DC power, while in the AC side, the droop characteristics depend on the AC
power and frequency as shown in Figure 2.12. Therefore, because of the bidirectional power flow of the
IC the droop characteristics should be merged by summing them with respect to reference input sign to
ensure bidirectional power flow. The implementation characteristics of a droop controller to control an
active power of the IC are shown in equations (2.33) and (2.34). In general, conventional droop can be

simplified as a linear relationship as shown in Fig. 2.

Max _ a)min
Prep = {Pmeas - <—> X Vicreas 1 fOr DC — to — AC power flow (2.33)
Pmax
max __ ,,min
— Vic dc
Vicer = {Vdcmeas + <—P ) X Ppeas,for AC —to — DC power flow (2.34)
max
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Figure 2-12: Droop Characteristics: (A) DC Voltage versus Active Power, (B) Frequency versus Active

Power.

The topology of hybrid microgrid with just one IC decreases the reliability of hybrid microgrid;
therefore, multiple 1Cs were proposed in order to achieve high system reliability [30]. Multiple ICs provide
high system reliability, as proposed in [30]; however, the effect of both sub-grids” dynamics are increased,
especially in islanded operation mode due to the variation of the AC and DC voltage and the AC system
frequency. The autonomous control scheme for multiple 1Cs was introduced as normalized DC voltage
versus the frequency [28]. Nevertheless, operating multiple ICs via applying normalized droop does not
provide an accurate operation of the parallel 1Cs [21]. The reason behind this issue is the circulating

current.

Due to the system dynamics sensitivity in hybrid microgrid during power exchange between the
sub-grids, the authors in [6] proposed using energy storage to achieve smooth energy exchange. It is clear
that this proposed solution is costly and has certain operation issues such as lifetime characteristics [31].
The other associated issues of considering the energy storage are: cooling system for supper conducting
bearing, low energy density, charging and discharging ability, and thermal losses [38]. This method suffers
from imprecise power sharing, particularly for the ICs due to the droop control concept, and the existence

of both zero sequence and cross circulating currents.

The authors of [32] proposed a centralized power management control for hybrid microgrid. The
proposed centralized control was investigated for grid-connected mode. This control method requires
communication infrastructure and more sensors to measure the load demand in the AC and DC sub-grids.
Moreover, this method has not been validated with droop-based control, which is important in the case of

islanded mode.
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In [30], the centralized power management of hybrid microgrid was introduced for islanded
operation mode. The purpose of this centralized power management control is to avoid the false operation

of the hybrid microgrid in the case of changing the droop coefficient.

Also, the hybrid microgrid dynamics are affected during power exchange between both sub-grids
which could potentially lead to stability issues due to the lack of inertia and load-dependent voltage [12],
[11], [33], and [34].

2.4 Virtual Synchronous Machine (VSM)

The high penetration of renewable resources causes the electrical system to be unstable due to the
lack of inertia in converters compared to traditional synchronous machines (SMs). The benefit of the
synchronous machine inertia in an electrical system is that it stabilizes the grid frequency [32] by
supplying energy for a short time period [55]; thus, synchronous machines support and participate in the
AC system’s frequency and voltage control. Moreover, the majority of the renewable resources (such as
wind, PV, and fuel cell) are interconnected via voltage source converter (VSC). VSC is commonly used

in microgrid and HVDC applications and does not have either an inertia or behave as a traditional SM.

This issue can be addressed through the application of the concept of virtual synchronous machine
(VSM) controllers, which combine VSC and SM characteristics. The VSM control algorithm of a power
electronics converter is a control feature that can be added to a converter controller to enable it to behave
as an SM [56]. The algorithm allows the incorporation of virtual inertia and damping behaviour into the
loop controllers of an interfacing converter [57], [56], [58], [59], and [60]. Thus, the VSC has no physical
mass of inertia as in the case of practical SMs; i.e., it does not have limited inertia or constant damping
values. Instead, only the converter power response mimics the inertia response of a real SM as illustrated

in Figure 2.13.
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VSC VSM:SM’s behaviour

Figure 2-13: Mixing of Power Electronics Converter Technology with Synchronous Machine

Characteristics.

VSM control algorithms, which can be implemented through a slight modification to the VSC
controller, are categorized as either high-order or low-order VSM control algorithms. Although both types
of VSM algorithms provide active and reactive power control, each has a specific control frame, as will
be discussed in Chapter 3[61].

A number of VSM control algorithms have been developed to enable a VSC to mimic the behaviour
of an SM. In [58], the implementation of virtual inertia in the converter controller loops with a storage
unit was introduced as a virtual synchronous generator (VSG). The authors of [16] presented a different
VSM concept named VISMA as represented by a hysteresis current-controlled SM model for controlling
a three-phase inverter. The control of a VSG that emulates SM transient as well as steady state
characteristics was further investigated in [57], [59], and [62], while a VISIM algorithm was adopted by
the authors of [16], [18], [63], [64], and [65]. As an alternative, synchronverters were employed in the
work reported by [66], [67], and [68], and a theoretical review of these control algorithms was provided
in [56] and [69].

These types of VSMs can be classified either in terms of their output references [69] or their
topologies [56]. The majority of the studies related to VSM control algorithms that are described in the
literature have been focused on the development and implementation of VSMs [56], [69]. In [17], the

dynamic characteristics of VSGs were compared with droop control under normal operating conditions.
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The authors of [70] examined the inertial dynamics of a VSG used with doubly fed induction generator-

(DFIG) based wind turbines by including a short circuit in the AC-side system which is remote from the

converter. A VSG for grid-connected DFIG-based wind turbines was studied with respect to different

damping coefficients and varied short circuit ratios (SCRs) [71]. In other work [68], the performance of a

multi-terminal direct current (MTDC) was evaluated under single-fault conditions with a VSM-based

synchronverter. The most VSM control concept algorithms are classified based on the control order as

pictured in Figure 2.14.

Virtual Synchronous Machine (VSM) Control
Algorithms

l

The first stage categorize the types of VSM control algorithms, and the second stage shows variety ways
of SM model applied on VSC controllers. The last stage shows the major difference among these VSM
models.
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Figure 2-14: Classification of VSM Based on Model’s Order.

Indeed, the process of choosing an appropriate VSM control algorithm (low or high-order) to

implement is critical, complex, and requires further investigation. Only limited comparative studies of
VSM algorithms are available [72],[18]. The authors of [72], [43] studied the equivalent of a VSM for
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conventional frequency droop control and compared it with VSC droop control in order to demonstrate
similar behaviour during load step changes. Another study focused on the difference between the
implementation of two types of high-order SM models with respect to implementation simplicity and the

behaviour of the converter with balanced AC voltages [18].

All of these previous studies involved the investigation and comparison of VSM controllers based
on an ideal voltage source. An important element of determining the most appropriate algorithm is
therefore examining and comparing the dynamic characteristics and behaviour of VSM control algorithms
and their performance during abnormal conditions that commonly occur in distribution systems, such as

short circuits and unbalanced AC voltages.
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Chapter 3
Comprehensive assessment of virtual synchronous machine based voltage source converter

controllers !

3.1 Introduction

The majority of the previous works of VSM control concept in the literature were focused on the
implementation of VSM, but, they did not carried out the serious issues as an unbalance AC voltage and
short circuit situation. This chapter presents a comprehensive examination and assessment of VSM control
algorithms in order to establish suitable choices of VSM control algorithms for implementation and use
in a variety of applications. Therefore, this chapter reveals the serious issue with implementing the high
order model in the practical real system; which might lead to unstable operation especially in AC
microgrid application. The study presented in this chapter also entailed an investigation of the equivalence
of a low-order VSM control algorithm with a high-order VSM control algorithm under normal and
abnormal conditions, such as unbalanced AC voltages and short circuits. A comparison of the dynamic
and performance behaviour of VSM control in grid-connected mode for different operating scenarios is
provided. However, since conventional frequency droop control provides behaviour equivalent to that of
a VSM [72], consideration of both algorithms in this study was unnecessary because conventional
frequency droop control lacks an inertia coefficient in the control loops, which means zero inertia [72].
Also, in grid connected mode of operation, the droop control concept cannot be implemented due to the
fixed system’s frequency.in other words, the variation of system’s frequency does not exist. The system
discussed in this chapter is based on a full detailed switching VSC model in order to evaluate the VSM

controllers during short circuit conditions, which was simulated in a PSCAD/EMTDC environment.

This chapter is organized as follows: Section (3.2) provides a brief overview of VSM control
algorithms and their categorization, Section (3.3) presents the simulation results and analysis, and the final

section offers conclusions of this chapter.

This chapter has been published in [61]:
e H. Alrajhi Alsiraji and R. El-Shatshat, "Comprehensive assessment of virtual synchronous machine based
voltage source converter controllers,” in IET Generation, Transmission & Distribution, vol. 11, no. 7, pp.
1762-1769, 5 11 2017.
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3.2 Virtual Synchronous Machine Types

The nature of renewable energy source is not deterministic, so the power will fluctuate; therefore,
the voltage level and the system’s frequency can be affected [55]. Solving this issue can be done via
adding an extra inertia to the system [56]. Therefore, the operation of several synchronous machines is a

hint of combining power electronics with the behaviour of the synchronous machines to be emulated [65].

There are enormous applications for VSM control concept. Using the second order VSM model for
smart grid application was studied to show the seamless transition between grid connected mode and
islanded mode[73]. Moreover, applying the VSM based on high order model was investigated for parallel
inverter in AC Microgrid[74]; however, this model does not provide the converter either overloading or
overcurrent protection. In grid connected DFIG-based wind turbines was studied with high order VSM
including currents limitation[71], but the model mainly depends on measuring the instantaneous voltages.
Therefore, in case of unbalance voltages and short circuit conditions did not investigated yet; which will
affect the system stability. The power distribution system with high penetrations of converters was studied
with including the VSM control concept to improve system performance[75]. Nevertheless, the VSM
control concept can be implemented for single-phase bidirectional battery charger for providing vehicle-
to-grid services[76]. In HVDC application connected to weak AC system using the VSM control concept
offers frequency support to the weak AC system with low inertia [77]. Moreover, in AC microgrid
application, the transition from islanded mode to grid connected mode presents large transients in voltages
and currents that reflects high transient in power might hit the stability boundaries of the microgrid. Using
the concept of VSM control provides smooth transition of the AC microgrid operation[78].

Due to the existence of several VSM control algorithms for VSC, they can be classified into two
categories which are high-order and low-order VSM. Also, the VSM models can be divided based on the
requirement of an extra component such as energy storage; therefore, Figure 2.13 in the previous chapter
summarizes the differences of VSM models at different stages, and they were found in the literature.
Therefore, the choice of the VSM models to be assessed and studied is based on the fact that there is no
need of an extra component as shown in Figure 2.13 in the light blue box. However, the VSM based on
phasor SM is not considered due to a serious problem when its implemented in d-g frame that is the model
become unsteady state in case of unbalanced load [64]. Moreover, the droop control does not have yet
virtual inertia unless by includes a low pass filter (LPF) to filter out the active power, but still the virtual

damping does not exist with the LPF. It is clear that without (LPF) the droop control has zero inertia[72].
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3.2.1 High-order VSM Model

Mimicking the behaviour of SM inertia on VSC control algorithm can be achieved via introducing
virtual inertia and damping characteristics into VSC control using the mathematical model of SM [56]-
[62]. Subsequently, the idea of implementing a virtual inertia to the converter controller loops with storage
unit is introduced as virtual synchronous generator (VSG)[57], which requires an extra storage unit. Also,
the author of [16] presented another concept of virtual synchronous machine (VISMA) which is
represented as hysteresis current controlled of the high-order of traditional synchronous machine model
to control the three-phase inverter. Moreover, in [18], the authors presented and investigated the
behaviours of two high-order models of VSM based on current-to-voltage and voltage-to-current of SM
model, so they used different switching techniques which are a PWM controller and a hysteresis controller

respectively.

The high-order model of the synchronous machine is used to calculate the reference values. It is
worthwhile to notice that the mathematical model of SM consists of mechanical and electrical parts. The
mechanical part is responsible for generating the angular speed and a positive phase voltage angle which
is known as swing equation (3.1). The electrical part is the stator winding equations which are energized
by the phase angle to generate either the current or voltage references to the controller. The interaction
between the mechanical and electrical parts is simplified as shown in Figure 3.1.

Lsa R
sa Rsa

Figure 3-1: Simplified Synchronous Machine Model.

The equations (3.1)-(3.5) are based on a SM simplified model which is retrieved from[16].
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In equations (3.3)-(3.5): where E,, Ep, and E. are the voltages at PCC which are measured values;
Va, Vb, and v are the induced back EMFs; the symbols Rs and Ls represent the stator resistances and the
stator inductances respectively. In (3.1), the machine’s inertia is donated by J; the mechanical input power
is donated by Prech, and the electrical power is represented Pee. The damping coefficient is donated by Dy.
The f(t) is the phase compensation term. In equation (3.2), the angular speed donated by ® and a positive

phase voltage angle represented by 6.

The high-order VSM control algorithm has two configurations. In[16], the first configuration is
presented in detail which is a voltage-to-current model, and it mainly depends on measuring AC voltage
at PCC. In contrast to [66], a current-to-voltage model was presented and studied [18], but without energy
storage. A comparison between both high-order control algorithms of VISMA was studied in [18] under
normal operation conditions with different switching techniques. The control structure of using this model
depends on these equations, so this control strategy of can be done using a hysteresis current control
technique or PWM control technique[18]. Therefore, the voltage-to-current model provides the reference
current values to control the VSC as shown in Figure 3.2, while the reference voltage values are provided

by current-to-voltage model and can be seen in Figure 3.3.
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Figure 3-2: Block Diagram of Simplified High-Order SM Model Represents Voltage-to-Current model.
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Figure 3-3: Block Diagram of Simplified High-Order SM Model Represents Current-to-Voltage model.
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Where Vg4 and igare the voltages at PCC and the output converter’s currents; the excitation voltage
of the SM is donated by Vs. the symbol wq represents the grid angular speed, and the Py is the command
reference. The Vi and irer are the output of the SM which are used as input signals to the converter
controllers.

3.2.2 Low-order VSM Model

The high-order VSM control algorithm described above provides the same properties as SM does.
However, the low-order VSM control algorithm is equivalent to the conventional droop mechanism;

which mainly depends on swing equation[69],[72]as shown in Figure 3.4.
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Figure 3-4: Control block implementation of Swing Equation for Low order VSM model.

As the main target of introducing VSM is to mimic the SM behaviour, the emulation of SM’s
inertia and damping can be captured using just the swing equation. Therefore, the general form of the
swing equation for SM based on Newton’s law is written in term of torque parameters as shown in equation
(3.6)[79], and also it can be written based on active power in case of implementing the VSM control by

Multiplying equation (3.6) by the rotor synchronous speed wy sy as shown in equation (7) [43].

d%s déd
dez + Dy dt =Tm — Tele (3.6)
d%s dsd
] Wysm- 7z + Dwysy i B — Pete @3.7)

According to [1], the derivative term of the rotor angle do/dt =Aw® = @vsm — ®q IS the rotor speed
deviation in electrical radians per second; thus it is more convenient to replace the second-order

differential equation term in equation (3.7) by two first-order equations as the following:
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The phase angle and angular speed are used to convert the voltages and the currents in d-q vector
control frame[72].Where the inertia is donated by J; the mechanical input power is donated by Pmech Which
is the reference power command, and the electrical power is represented Pe.. The damping coefficient is
donated by D 4. The symbol s represents the synchronous speed that is generated by the swing equation

while ay is the estimated grid angular frequency via PLL.

The VSM can be implemented on an inverter with a classical cascaded voltage and current control
loops. Even though, the VSM based on the swing power equation is simple, the required behaviour of the
inertia and damping is available. The outcomes of the swing equation are a phase voltage angle 6 and

angular speed .

The cascaded controller loops of the VSC voltage source converter consist of two stages: the inner
and the outer controller[43],[46] and Figure 3.5 shows the cascaded control structure of VSC[2]. This
control strategy is used mostly for VSC applications due to the fact that it produces less voltage

harmonics[1]. Also, this strategy allows independent control of a reactive and an active power[43], [46].
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Figure 3-5: Control block implementation of Cascaded Voltage and Current Controllers including

Virtual Impendence.
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The main difference between the high and low-order VSM control algorithm is the controlled loops
structure of the VSC. Even though, the high-order and low-order VSM provides independently an active
and a reactive power control, each of these algorithms has a specific control frame. Hence, there is no
doubt that both high-order and low-order VSM algorithms emulate and mimic the SM inertia and damping
due to the existence of the swing power equation in their control structure. Still it is not clear which type
of these is the most efficient choice. For this reason, this chapter presents a comprehensive study between
high-order and low-order VSM control algorithms in order to achieve clear guidance for choosing the
appropriate VSM algorithm.

3.3 Simulation results and analysis

The system model used in this study consists of a fully detailed switching VSC model, and whose
parameters are set out in Table 1. A detailed VSM-based controller was built in PSCAD/EMTDC
environment. The reason for building a fully detailed system was to study and compare static and dynamic
properties during normal and abnormal operation, such as that which occurs with sudden load changes,
unbalanced AC voltages, and short circuits. The two VSM control approaches proposed in [16] and [46],
[72] were considered. The study presented here was concentrated on four important factors: the amount
of active power, the virtual inertia generated, the system frequencies, and the value of the virtual damping.
The comparison of the two VSM algorithms was based on their dynamic properties, the total voltage and
the current harmonic distortion, sudden load changes, and unbalanced AC voltages. Moreover, the
switching control techniques for both high-order and low-order VSM are based on PWM switching
concept.

Table 3-1: VSC System Parameters.

Quantity Value Unit
Converter rated power 20 kVA
AC Voltage (L-L) r.ms 208 \

AC side resistance 0.15 Q

AC side inductance 2 mH
AC side capacitance 45 MF
Switching frequency 2 kHz
System frequency 60 Hz
DC voltage 450 \
Virtual inertias 0.05& 0.025 kg. m?
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3.3.1 Case 1: Dynamic Properties of VSM Algorithms during Load Changes

This case investigates the similarity between the low- and high-order based VSM controllers. The
results shown in Figure 3.6 and Figure 3.7 sequentially have indicated that both VSM models have almost
symmetrical and identical behaviours in terms of dynamic properties. However, it remains unclear as to
which type of VSM control is the most efficient choice. In other words, using VSM, for example, in
distribution system applications might lead to unstable operation in the case of unbalanced AC voltages;
which is commonly occurred in distribution system. In this case, both VSM algorithms exhibited similar
power and frequency response behaviours for the same inertia values (J = 0.05 and J = 0.025 kg.m?). The
damping coefficients for the VSM control algorithms are unequal because the low-order VSM is
dependent on just the swing equation expressed while the virtual stator resistances and inductances in the

high-order VSM affect the damping coefficient.

P of Low-Order VSM
P of High-Order VSM

Time (sec)

Figure 3-6: Dynamic Properties of VSM Algorithms of Power response for both VSMs with virtual
inertia = 0.05 kg.m?,
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Figure 3-7: Dynamic Properties of VSM Algorithms of Power response for both VSMs with virtual
inertia = 0.025 kg.m?.

Both algorithms exhibit similar response behaviours for J = 0.05 and J = 0.025 kg.m? as displayed
in Figure 3.6 and Figure 3.7, respectively. It is clear that the power oscillated once command of the active
power took place at t = 2 sec due the small damping coefficient. These figures show that both VSM

algorithms mimicked the behaviour of a real synchronous generator.

Figure 3.8 and Figure 3.9 display the system frequency response due to sudden load changes.
Although virtual inertia is replicated in the VSC controller through the use of both algorithms, the
implementation of the low-order VSM is preferable due to its superior design and simplicity of

implementation.
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Figure 3-8: Dynamic Properties of VSM Algorithms of Effect of 0.05 kg.m? of virtual inertia on the

system frequency.
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Figure 3-9: Dynamic Properties of VSM Algorithms of Effect of 0.025 kg.m? of virtual inertia on the
system frequency.

The effect of the virtual inertia and virtual damping coefficient when the system frequency change
in case of island AC microgrid in response to the J = 0.05 kg.m? and J = 0.025 inertia values is shown in
Figure 3.10 and Figure 3.11, respectively. Att = 3 sec, the system frequency decreased within an allowable
range: 0.3 %. The response of both VSMs based on the virtual inertia was almost symmetrical. The low-
order VSM is also an equivalent to the SM frequency droop mechanism, so this algorithm mimics real
practical SM characteristics. In fact, no doubt exists that both VSM algorithms provide similar properties
with almost equal levels of accuracy when the frequency deviations associated with the high-order
algorithm are considered. Therefore, it is clear that increasing the virtual inertia helps to support the grid

with more active power.
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Figure 3-10: Dynamic Properties of VSM Algorithms of Effect of virtual inertia on the drop in system
frequency for J = 0.05kg.m?
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Figure 3-11: Dynamic Properties of VSM Algorithms of Effect of virtual inertia on the drop in system
frequency for J = 0.025kg.m?

3.3.2 Case 2: Total Harmonic Distortion at the PCC

This case demonstrates the efficiency of the VSM control algorithms in terms of power quality. The
results in Case 1 do not show any differences between the high and low order VSM performances.
Therefore, the purpose of this case is to compare the efficiency of VSM control algorithms based on the
total harmonics distortion. This case shows the advantage of using the low-order VSM over the high-order
VSM control algorithm. Although this section of the study has not been carried out previously in literature,

it is necessary from a power quality perspective to improve the system’s quality and performance.

For this case, the voltage and current harmonics distortion at the PCC were measured in order to
compare the control algorithms from a power quality point of view. As clearly shown in Figure 3.12, the
low-order VSM control algorithm generated more voltage harmonics than the high-order VSM algorithm,
but in low-order model the voltage harmonics is almost equal to 2.8% compared to the high-order model;

which is almost fixed.
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Figure 3-12: Total Harmonic Distortion at the PCC Voltage harmonics distortion (THD).

Based on the previous figure, the total harmonics voltage distortion using the high-order VSM
algorithm was fluctuating around 2%. It is clear that the high-order model produces non-characteristic
harmonics compared to the low-order model. On the other hand, the total harmonics current distortion
using the low-order VSM algorithm was roughly 0.55 %, but in the high-order VSM algorithm, it was
about 0.9 % as shown in Figure 3.13. The high-order VSM algorithm thus spread the harmonics over the
entire voltage and current spectrum. In contrast, the low-order VSM has specific harmonics in voltage and
current as well, but they can be easily filtered due to their deterministic pattern.
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Figure 3-13: Total Harmonic Distortion at the PCC Current harmonics distortion (THD).

The harmonics order and the output voltage can be determined from equation (3.10) and equation

(3.11), respectively [80]. The total voltage and current harmonics distortions can be calculated using
equation (3.12) and equation (3.13), respectively [81].

horger =6k +1  ¥k=12,- (3.10)

39



v
= L1 (3.11)

i, ViP
= 3.12
Vrip (%) = ~—;—— % 100 (3.12)
1
i Ik
= 3.13
ITHD(%) = I— x 100 ( )
1

Where h,,.q. represents the characteristic and non- characteristic harmonics distortion. The Vrup
and ltup represent the total harmonics distortion for voltage and current. The symbol k represent an

individual harmonic order.

3.3.3 Case 3: Comparison of Short Circuit Performance

Both controller algorithms were investigated in case of the three-phase to ground short circuits that
take place in the middle of the line that connects the PCC to the main grid for durations of 0.1 sec, or
about five cycles. For this case, the dynamic responses of the active power for both controllers are
indicated in Figure 3.14 and Figure 3.15, respectively. It can be seen that for a short circuit applied at t =
6 sec, the power of both VSM models decreased almost to zero and that they delivered quite similar levels
of dynamic performance. However, the output power that is measured from the converter side of both
VSM control algorithms do not reach the zero due to the existence of the virtual inertia and damping

behaviours in controller loops.

P of Low-Order VSM
P of High-Order VSM

8 6 6.2 6.4 6.6 6.8 7 7.2 7.4
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Figure 3-14: Short Circuit Performance Active power behavior of both VSMs under a three-phase-to-

ground fault from Grid Side.
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Figure 3-15: Short Circuit Performance Active power behavior of both VSMs under a three-phase-to-
ground fault from Converter Side.

In fact, the three-phase short circuit is not enough to compare the VSM models with each other because
based on Figure 3.2 the high-order VSM model it mainly depends on the instantaneous measured voltage
at the PCC. Therefore, it is necessary to investigate the performance of both VSM models under either
two-phase-to-ground or single-phase-to-ground short circuit in order to show a fair comparison. For this
reason, the two-phase-to-ground is carried out in this case to reveal the issue of unstable operation that is
correlated with high-order model of VSM. As shown in Figure 3.16 the two-phase-to-ground short circuit
takes place at t=6 sec. Hence the power of the high-order VSM model supplied almost 40% of its reference
power, and it has a quite large oscillatory behavior compared to the low-order model. On the other hand,

the low-order model is supplying approximately 50% of the reference value as shown in Figure 3.16.

P of Low-Order VSM
P of High-Order VSM | ]

8 6 6.2 6.4 6.6 6.8 7 7.2 7.4
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Figure 3-16: Short Circuit Performance shows Active power behavior of both VSMs under a two-phase-

to-ground fault.
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It can clearly be seen that during the two-phase-to-ground short circuit low-order VSM model shows
better performance over the high-order model under the short circuits study. Indeed, this case shows the
undesirable performance of the high-order VSM model compared to the low-order VSM model during the

two-phase-to-ground short circuit study.

Results in this case indicate that, the low-order VSM model shows better transient performance. The
control structure of low-order VSM, however, offers limited options to protect the converter from
overcurrent issues, which is a very complex process in the case of high-order VSM model implementation.
Also the control structure of low-order VSM offers limited options to protect the converter from

overcurrent issues; which is very complex in case of high-order VSM model implementation.

3.3.4 Case 4: Unbalanced AC Voltage

The VSM control algorithms were compared under unbalanced AC voltages because of the
common occurrence of these voltages [19]. The standards permit a small window of deviation in
unbalanced AC voltages. For example, operating an electrical distribution system with a voltage
unbalanced by more than 5 % is not endorsed by ANSI/NEMA [82] nor by IEEE standards. In the case
examined in this study, the phase voltage unbalance rate (P\VUR) was calculated according to equation
(3.14), which is based on the IEEE definition [83].

82 X \/Vazbe + Vbzce + Vc?ze (3'14)

PVUR % =
V;zver
Where V,,, Vi, V2o represent the line to line voltages. The Vawer represents the average line voltages.

The Vape, Vice, Veae represent the difference between the line voltage and the average line voltages.

Figure 3.17 shows a 5 % unbalanced rate in the phase voltage, a scenario that is still permitted under
the IEEE standard. The active power for both VSMs oscillated due to the effect of the unbalanced voltages,
as is evident in Figure 3.18. If the enormous potential for the incorporation of interconnected renewable
resources into an electrical system using power electronics converters is realized, system stability will be
significantly affected because of the lack of inertia [26]. As well, commonly used three-phase distribution
systems will cause unbalanced voltages when the loads are not equally distributed. During unbalanced
voltage conditions, the active power usually oscillates around the reference command value, as indicated

in Figure 3.18 when a step change in load happened at t = 2 sec (zero to 10kW).
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distortion.

16 P of Low-Order VSM |
~ 14 r P of High-Order VSM |
=12 .
=< 10} P
g B *

6 L -

T 4f -

2 L -

0 M 1 i i ]

1 2 3 4 5 6
Time (sec)

Figure 3-18: Unbalanced AC Voltage Performance Presents Effect of a 5 % voltage unbalance on active
power for both VSMs.

In the case of a sudden increase in the unbalanced rate of the phase voltage to 25 % at t = 4 sec, the
high-order VSM failed to emulate SM behaviour, and the average value of the active power was also
decreased compared to that of the low-order VSM algorithm, as shown in Figure 3.19 at t = 4 sec. The

extreme unbalanced voltage by 25% in distribution system could occur during a short circuit situation[84].
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Figure 3-19: Unbalanced AC Voltage Performance Presents Effect of a 25 % voltage unbalance on
active power for both VSMs.

It is obvious that the low-order VSM algorithm is more reliable than the high-order VSM control
algorithm. In addition, according to [69], using a high-order model to emulate the inertia and control VSC
might lead to numerical problems due to dependence primarily on measurements of the AC voltages,
which is not ideal. The stability of both control algorithms was examined based on an unbalanced AC
voltage, which is a usual occurrence in electrical systems. It is obvious that the low-order VSM based on
a frequency droop mechanism control algorithm is the more promising algorithm and remains stable even
during the abnormal conditions that are common in electrical distribution systems. The cascaded voltage
and current control associated with the low-order VSM protect the converter from problems arising from

overloading, and it also has a feature that can restrict the power flow direction.

3.4 Conclusion

The concept underlying VSM control algorithms has been reviewed with the goal of providing an
efficient and stable VVSC control algorithm that features the emulation of a classical SM. This paper has
categorized a variety of VSM implementations in terms of additional control loops or equipment required
and the simplicity of the control structures. It has been demonstrated that during normal and abnormal
operating conditions. A low-order VSM algorithm is more stable than a high-order VSM algorithm. The
possibility that the VSM will be unstable during abnormal operating conditions was therefore studied in
order to investigate the numerical instability that might occur in a practical implementation. Because of
its modified traditional droop control characteristics, the low-order VSM proved to be a valuable and
useful option that enables a VSC to mimic SM behaviour. The impact of unbalanced AC voltage on VSM
control algorithms was validated using a test system consisting of a detailed switching VSC terminal,

simulated in a PSCAD/EMTDC environment.
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Chapter 4
A Novel Control Strategy for an 1C in Hybrid AC/DC Microgrid 2

The integration of renewable energy resources into electrical distribution systems through the use
of power electronics converters is accompanied by challenges related to stability, especially under low
inertia conditions. This chapter introduces a virtual synchronous machine (VSM) control strategy for a
hybrid microgrid that addresses these issues by mimicking the properties of traditional synchronous
machines (SMs) to improve the performance of a hybrid AC/DC microgrid. A novel method is presented
for controlling an intertying converter (IC) that is based on a VSM while also ensuring the autonomous
bidirectional power-sharing capability of the IC. The most significant factor investigated in this work is
power exchange in both directions between an AC and a DC microgrid.

4.1 Introduction

Recently, the concept of microgrids, whether in AC or DC system, has become a widely acceptable option
that can fully accommodate large-scale integration of RESs in distribution systems. Due to the advantages
of both, the concept of combining both types of microgrid with each other as a hybrid microgrid was
introduced [4]. A hybrid microgrid consists of both AC and DC sub-systems intertied by voltage source
converter (VSC). The hybrid microgrid has two different operation modes: grid-connected mode and
islanded mode. Maintaining the frequency of the AC sub-grid and the voltage of the DC sub-grid, to be
within an acceptable standard range, is the most important issue, specifically in islanded hybrid microgrid.
The high penetration of RESs affects the frequency and the voltage within the hybrid microgrid and, hence
its stability [5]. The main pillar of ensuring the stable operation of the hybrid microgrid is the intertying
converter (IC) control. The IC plays an important rule to ensure the stability of the hybrid microgrid via

bidirectional power sharing among sub-grids.

Initially, power electronics interfacing is an essential component in order to integrate different types

2Some parts of this chapter has been accepted to be published in:

e [85] H. Alrajhi Alsiraji, R.EIShatshat,and A A. Radwan, "A Novel Control Strategy for the Interlinking
Converter in Hybrid Microgrid”, Proc. IEEE PES General Meeting, Jul. 2017.

e [86]H. Alrajhi Alsiraji, A A. Radwan, and R. ElShatshat “Modelling and Analysis of a Synchronous
Machine-Emulated Active Intertying Converter in Hybrid AC/DC Microgrids,”" in IET Generation,
Transmission & Distribution, Accepted.
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of distributed energy resources into all types of microgrid. Due to the numerous benefits of power
electronics interfacing and the superior performance they offer, power converters have become a practical
way to interface renewable sources. These are characterized by either variable frequencies or direct
current, such as wind, photovoltaic, and fuel cells. However, unlike synchronous machines (SMs), the
power converters that interface with RESs lack the inertia needed to support and participate in the
frequency and voltage control of an AC system and, as a result, are unable to contribute to the
improvement of system stability. Thus, high penetration level of VSCs may also lead to stability problems
and affect system dynamics [4], [87], [88].

Standalone microgrids are generally considered a weak system as there is no frequency support to the
AC sub-grid nor DC voltage support in the DC side. As a result, the power sharing between AC and DC
sub-grids is extremely critical to the microgrid stability. Consequently, changing in the generation or
loading condition causes large frequency deviations; which could cause instability problems [27]. In [28],
the authors show that increasing the loading of the AC microgrid moves the dominant system poles to an
unstable region. Therefore, the stability in hybrid microgrid is not only dependent on the AC microgrid,
but also on the DC microgrid. Moreover, supplying or absorbing power via IC affects both the dynamics
and performances of AC and DC sub-grids, this may lead to unstable operation for the whole hybrid
system. With regards to power sharing, other attempts investigated and studied the autonomous operation
of hybrid microgrids[23], [29] . Furthermore, studies were performed based on droop control for all

distributed resources and the IC was proposed in [30].

This chapter, however, addresses the above issues through the application of the concept of virtual
synchronous machine (VSM) controllers, which combines VSC and SM characteristics. The VSM control
algorithm of a power electronics converter is a control feature that can be added to a converter controller
to enable it to behave as an SM[56]. The algorithm allows for the incorporation of virtual inertia and
damping behavior into the loop controllers of an interfacing converter[17], [57], [66], [72]. As a result,

the VVSC has no physical mass of inertia, as seen in the case of practical SMs.

The main contribution of this paper is the proposition of a new control algorithm for the I1C to behave
as a synchronous machine to support the AC sub-grid voltages and frequency, as well as the DC sub-grid
voltage in islanded operation mode. This proposed research also considers the autonomous power sharing
of the IC based on VSM as the second contribution. The proposed control consists of two controller loops,

which include inner current controller and outer voltage controller. The main advantage of the current
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controller loops, is the protection of the converter from over current situation. The proposed control
algorithm is also applicable in the unbalanced hybrid system through the use of dual loop current
controller. This chapter also compares the proposed control of IC with the existence control in the
literature, in order to reveal its advantages. The system discussed in this paper is based on an average VSC

model, which was simulated in a PSCAD/EMTDC environment.

The remainder of the chapter is organized as follows: Section Il shows the configuration of the hybrid
microgrid and its parameter. Section Il presents the simulation results and analysis; and the finally section
IV offers conclusions.

4.2 Hybrid AC/DC System Configuration and Control Structure

The hybrid microgrid structure is shown in Figure 4.1, and whose parameters are set out in Table I.
The system is divided into three different divisions: AC microgrid sub-grid, DC microgrid sub-grid, and
intertying converter. The control structure of AC subsystem and intertying converter is based on
synchronous reference frame (SRF) for current and voltage controllers and is shown in previous chapter
in Figure 3.5. Whereas the control structure for the DC sub-system inverters is based in cascaded voltage
and current control [30], [89] that is illustrated in Figure 4.2, the IC controller consists of only the current

loop and the current reference, which will be provided by droop controllers [6], [21].

AC Load
T
— Rf Lf Ro Lo $ Ro Lo Rf Lf

AC Sub-system =
O <

Interlinking
Converter

P71 Ipy

DC Sub-system
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""" Cf 1: J:L— 1: cf
DC Load )

Figure 4-1: The Hybrid Microgrid Structure under Study.
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Figure 4-2: cascaded voltage and current control for DC DG Units.

Table 4-1: Hybrid Microgrid System Parameters.

Sub-grid Quantity Value | Unit
- Converter rated power 1 MVA
5 AC Voltage (L-L) r.ms 690 \/

S AC side resistance 001 |Q
= AC side inductance 1 mH
2 AC side capacitance 50 uF
System frequency 60 Hz
o = Virtual inertias 0.0025 | Kg. m?
c e Virtual Damping Coefficient 16000 | N.s/min
% S AC side resistance 015 | Q
€8 AC side inductance 2 mH
AC side capacitance 50 uF
o Converter rated power 1 MVA
0D DC Voltage 2500 |V
05 DC side resistance 005 |Q
E DC side inductance 1 mH

4.2.1 AC Sub-grid

The DG units in the AC sub-grid consist of three-phase voltage source converters (VSCs) energized
from DC sources. The DC voltage source is used to represent either dispatchable DG or non-dispatchable
DG units, which are controlled by the conventional droop scheme [30]. Each DG unit feeds the load based
on the predefined droop gains. As a result, in order to have equal power sharing for all DG units when the
system parameters are symmetrical, the droop gains should also be identical. Furthermore, equal power
sharing among DG units provides a stability margin for the system [28]. The supplying of active power
into AC sub-grid must be satisfied by DG units. The summation of total power injected by each DG must

be equal to the common AC load, as can be seen in equation (4.1).
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n
Pac 10aa = Z 1PAC,DG Q) (4.1)
i=

Where Pyc 0qq is denoted for the total AC load. The P,¢ pg (i) represents the injected power from
each DG unit in the AC microgrid, calculated from its droop coefficient (mg) at the operating system

frequency. The variable (n) represents the number of DG units that is connected into AC microgrid.

4.2.2 DC Sub-grid

Each DG unit within the DC sub-grid consists of half-bridge DC-DC converter energized from DC
sources. DC bus voltage in the DC sub-grid is controlled by the DG units based on droop control, which
is correlated with the injected power. Droop control is similar to the AC sub-grid; therefore, each DG unit
feeds the load based on the predefined droop gains. The summation of total power injected by each DG

unit must be equal to the common DC load as can be seen in equation (4.2).

n
Ppcioaa = Z Ppcpe (@) (4.2)
i=1

Where P ¢ pg (1) represents the injected power from DG, calculated from the droop coefficient (mgc) at

the DC system voltage.
4.2.3 Intertying Converter

The intertying converter consists of a three-phase voltage source converter (VSC) energized from DC
sub-grid, as well as AC sub-grid. The main functionality of this converter is to control the active power

direction. The IC, however, is not responsible for reactive power support for the AC sub-grid [8],[30].
4.3 Autonomous Operation of Hybrid microgrid

The autonomous operation of hybrid microgrid will be discussed for AC sub-grid, DC sub-grid, and

intertying converter.

The autonomous operation of the AC sub-grid is mainly based on droop control; thus, the supplied
power is either active or reactive depending, on the system’s frequency and the AC voltage at PCC.
Increasing the AC load decreases the system’s frequency, which is a sign for DGs to supply more active

power and vice versa. On the other hand, decreasing the AC voltage at PCC is a sign for DGs to supply
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the reactive power. Consequently, due to the use of vector control, the independent active control and the

reactive power control can be achieved.

In DC sub-grid, the autonomous operation of DGs is similar to the AC microgrid. However, in this
case, the DC voltage level determines the required injected power. The variation of the DC voltage is the
main signal to DGs to maintain the DC voltage by injecting active power. Moreover, identical droop
coefficients for all DGs in DC microgrid do not provide equal power sharing, due to the voltage drop
associated with resistances lines [23], [29].

DC-Side Droop vde | @ AC-Side Droop
A
Vmax+— omax
Av I Aw
Vmin wmin

Extra Power supply
from AC to DC via IC

Extra Power supply
from DC to AC via IC
‘ o I:)z':lC
- max  qc de ac ~ac _ max = FPmax

Pic  Ppes Poas Ras 7

DGs Pac

Figure 4-3: Combined AC and DC Droop Characteristics.

The autonomous operation of the intertying converter based on droop control is quite different in
comparison to the AC and DC microgrids. In other words, the IC can be controlled autonomously based
on droop control. This is determined by measuring the DC voltage level and AC sub-grid’s frequency at
its AC and DC terminals. Therefore, the input reference consists of a summation of AC droop associated
with AC sub-grid frequency, and DC droop associated with DC sub-grid DC voltage as depicted in Figure
4.2.

The mathematical representation of combined AC and DC droop characteristics for the IC is shown in

the following equation:

pref _ 0 if ©<Wpmin&Vge < V"
e P — pe otherwise (4.3)
dc dc
Umin — V . ;
_ if VvV, <ymn
PI%C — mgc f dc dc (45)
0 otherwise
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P]%‘C — mgC l'f w (‘)mm (46)
0 otherwise

Once the IC power reference is determine by equation (4.3), the current reference that should feed the
current controller can be found by dividing the power reference by the voltage magnitude, in case of using
only current controller loop. However, in the VSM control concept the power reference is directly fed to

the swing equation model as shown in chapter 3 in Figure 3.4.
4.4 Simulation Results and Analysis

The system model used in this study consists of an average VSC model was built in PSCAD/EMTDC,
whose system configuration is shown in Figure 4.1. The study presented here was concentrated on two
important factors power exchange form DC to AC, and power exchange form AC to DC. Moreover, this
chapter has studies and compared two hybrid microgrids based on the proposed VSM controller for IC

and the only conventional current controller loop that is exists in the literature[10], [25].

4.4.1 Case 1: Dynamic Properties of Load Changes in AC and DC Sub-Grid during Under-
Loading Conditions

In this case, both hybrid microgrids have identical operating conditions. Changing the loads for
both sub-systems during the under loading condition is shown in Figure 4.4. Initially, the AC sub-system
supplies 1MW for its AC load, while the DC sub-system supplies 0.8MW. At t = 5 sec, the AC load
increases to 1.5MW as depicted in Figure 4.4.

25 T T T T T T T
15 — P of AC subgrid based on CC
g 201 —P of AC subgrid based on VSM ||
2157 4 T_ i
210 i
Y
0.5 ]
O | | 1 | | | | 1 |
0 1 2 3 4 5 6 7 8 9 10

Time (sec)
Figure 4-4: The AC Sub-grid’s Load during under loading Condition.
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It obvious that the IC does not operate in this situation according to Rule 2 in [8] as shown in Figure
4.5. However, supplying power during the transition might be preferable [29] in the case of slow response.
In fact, this preferable situation is provided by the proposed control, where the control based on only
current controller loop does not show this feature. Moreover, the proposed control based on VSM
improves the starting transients for the DGs in the AC sub-system as evident in the beginning of Figure
4.4 and Figure 4.5, which decreases the overshoot.
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Figure 4-5: The 1C Power Exchange during under loading Condition.

Due to the VSM in the IC controller, the effect of the inertia is just the response of the converter’s
power. Att = 3 sec, the DC load increases from 0.8MW to 1.6MW as shown in Figure 4.6; thus, there is
no effect on the AC sub-grid. In this case, both sub-systems work under loading conditions due to the fact
that both sub-systems DGs units can still supply more available an extra power, which is equal to 0.4AMW
for each DG unit.
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Figure 4-6: The DC Sub-grid’s Load during under loading Condition.
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The inertia means that some power is supplied by the intertying converter for a short period of time
which represents the rotating mass during the frequency change. Therefore, as shown in Figure 4.5 and
Figure 4.6 respectively, it is clear that at t = 5sec, the DC voltage follows the behaviour of the VSM due
to the droop control characteristics in the DC sub-grid and the power exchange from the DC to AC sub-
grid for a short time as illustrated in Figure 4.6. Furthermore, the DGs units in the DC sub-system supply
power during transient disturbance, so the behaviour of the DC DGs units obey the VSM behaviour as

well. The effect of the virtual inertia on the DC voltage sub-system is depicted in Figure 4.7.
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Figure 4-7: DC Sub-grid Bus Voltage during under Loading Condition.

4.4.2 Case 2: Power exchange from DC to AC sub-grid during AC sub-grid over loading
conditions

Both hybrid microgrids were investigated in the case of a shortage power in the AC sub-system. The
AC load of the AC sub-system increases from 1MW to 2.3 MW at t = 5 sec. which means that the AC
sub-system is overloaded by 0.3MW as shown in Figure 4.8.
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Figure 4-8: The AC sub-grid’s load during over loading condition.
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Furthermore, in this case the DC sub-grid is in an under-loaded condition that supplies its DC load
with 1.6 MW as depicted in Figure 4.9. Therefore, the IC starts to provide the amount of power shortage
to the AC sub-system from the DC sub-system, which is almost equal to 0.3 MW from DC sub-system as
shown in Figure 4.10.

16 T T T T T T T T
14+ ——P of a DG in DC subgrid based on CC |
<12} —P of a DG in DC subgrid based on VSM | -
=10} =
=08 F i
g 0.6 Z :
0 04 :
0.2F :
O 1 | 1 | | | | 1 |
0 1 2 3 4 5 6 7 8 9 10
Time (sec)
Figure 4-9: The DG Power generated in DC sub-grid.
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Figure 4-10: The IC Power exchange during over loading condition in AC sub-grid.

It is clear that the supplied power from DC sub-system into AC sub-system maintains both sub-grids
within their rated power limits and prevents the possibility of overloading situations for all DGs units in
AC and DC sub-systems as well.
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Figure 4-11: The DG Power generated in AC sub-grid.

The power generated via AC sub-system’s DGs in this case is shown in Figure 4.11. Therefore, the
supplied power from the AC DGs is less than its rated power, which is IMVA due to the load voltage
dependency. Considering the VSM control on the IC leads all DGs units to follow the SM behavior only
in the case of a power exchange from DC to AC or AC to DC sub-systems or during transient disturbance.
This advantage of the VSM is presented in this case.

4.4.3 Case 3. Power exchange from AC to DC sub-grid during DC sub-grid over loading
conditions

The AC load voltage degraded is revealed in this case due to the fact that the power exchange from
AC to DC affects the AC voltage of the point common coupling (PCC). Therefore, the proposed VSM
control to IC supports the AC voltage, and it helps to improve the hybrid microgrid performance. In this
case, both sub-systems work under low loading conditions. Thus, the AC sub-system load is equal to

1MW while the DC sub-grid load is equal to 1.5MW as shown in Figure 4.12 and Figure 4.13 respectively.
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Figure 4-12: The AC sub-grid’s load during power exchange for AC to DC sub-grid.
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Figure 4-13: The DC sub-grid’s load during power exchange for AC to DC sub-grid.

At t =5 sec, the DC load increases from 1.5MW to 2.3MW, which represents an overloaded condition
for the DC DGs units. As a result, the IC supplies the shortage of the power from the AC sub-system in

order to maintain the DC sub-system in a healthier operation condition. Figure 4.14 shows the power
exchange from AC to DC sub-system via IC.
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Figure 4-14: The IC Power exchange during over loading condition in DC sub-grid.

Referring to Figure 4.12, due to the load voltage dependence of the AC load, the power exchange from
AC to DC sub-system affects the AC sub-system, and it causes fluctuation on the PCC voltage due to the
lack of inertia. Therefore, the proposed VSM control to IC provides a remedy for this issue, and thus
mitigates the PCC voltage dip during the power exchange from AC to DC sub-system. Moreover,
integrating the proposed controller into the IC improves the power quality of the hybrid microgrid. In fact,
in the case of using only current controller loop, the total power transfer experiences fluctuation due to

the sensitivity of the droop controller. This fluctuation might reach the stability boundaries or violate the
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required standards. As a result, the proposed controller of IC smooths out this fluctuation from the

existence of inertia in the IC controller loop as can be seen in the Figure 4.15.
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Figure 4-15 AC Voltage at the PCC.
4.4.4 Case 4: IC Switching between the Inversion and Rectification Modes

For further investigations, the IC is challenged to operate in the rectification mode; which the power
flows from the AC sub-system into the DC sub-system at t = 5.0 sec and then suddenly switches to the
inversion mode at t = 10.0 sec where the power flows from the DC sub-system into the AC sub-system as

shown in Figure 4-16.
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Figure 4-16 inverse the IC power exchange direction.

As shown in Figure 4.17, the VSM-based IC reflects a well-damped performance of AC voltage at
the PCC as compared to the current-controlled IC.
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Figure 4-17 AC Voltage at the PCC during Switching between two different operation modes.
4.4.5 Case 5: Seamless Reconnection of the IC Following a Scheduled Maintenance

As compared to the SMs, the synchronization of the microgrids to another ac system might be
challenging. In the autonomous mode, the DG units dictate the microgrid voltage and frequency based on
the decentralized droop control, which might affect the system stability at the synchronization instants. In
some situations, local adjustments throughout all DG units is required to facilitate the reconnection process
[90]. In this case study, it is shown that the VSM-based IC provides superior synchronization
characteristics as compared to the current-controlled IC. To challenge the VSM-based controller, the
reconnection of the IC is investigated under the loaded and unloaded conditions.

4.4.5.1 Reconnection of IC under Loaded Conditions

As shown in Fig. 10(a), the IC is disconnected because of a scheduled maintenance at t =
6.0 s and hence a zero-power transfer is yielded. The overall system performance is still stable.
However, load shedding actions shall be considered during the scheduled maintenance conditions
in order to avoid overloading both sub-grids.
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Figure 4-18 the Active power behavior of IC during reconnection IC under loaded conditions.

At t = 6.5 sec, the IC is reconnected to the system. In this case, the current-controlled I1C
produces a severe transient response as compared to the VSM-based control strategy. This severe
performance might trigger the protection devices into nuisance trippings. On the other hand, the
VSM-based controller has a unique self-synchronization feature. The virtual inertia and damping
creates a smooth transient response which is clearly shown in Figure 4.19 for the AC voltage at
PCC.
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Figure 4-19 The PCC voltage at AC sub-system during reconnection 1C under loaded conditions.
4.4.5.2 Reconnection of IC under Zero-Loaded Conditions

Similar to the preceding scenario, and as shown in Figure 4.20, the IC is disconnected at t

=4.0 s, and restored to operation at t = 4.5 s. Therefore, it is clear that the VSM-based controller

59



offers a superior behaviour as compare to the current-controlled IC. Note that the frequency
stability is violated under the current-controlled IC as shown in Figure 4.21.
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Figure 4-20 the Active power behavior of IC during reconnection IC under Zero-loaded conditions.
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Figure 4-21 AC sub-system Frequency during reconnection IC under Zero-loaded conditions.

4.5 Conclusion

This chapter introduces the VSM-based control for the IC in the hybrid AC/DC microgrid. The VSM
control strategy ensures the accurate bidirectional power flow between the AC and the DC sub-grids under
different loading conditions. This chapter has studied and compared a two hybrid micro-grid with different
control structures of the IC. It has been demonstrated that during variations of the loading conditions, the
VSM algorithm is more efficient than using only the current control loop that is proposed in the literature
due to the AC voltage degraded load. The results prove that the proposed control strategy improves the
performance of the entire hybrid microgrid. The impact of the VSM control algorithms on the hybrid

microgrid was validated using a test system simulated in a PSCAD/EMTDC environment.
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Chapter 5
Modeling and Stability Analysis of Hybrid AC/DC Microgrid 3

5.1 Introduction

Analyzing the dynamic performance and designing the controller of electrical system is commonly based
on developing the small-signal dynamic model [91]. The main benefit of the small-signal modelling is to
present further investigation of the hybrid microgrid once the eigenvalues and the stable region are
determined. Particularly, the small-signal model of hybrid microgrid presents the system stability and also
the effect of the system parameters changing such as Pl controller coefficients. Therefore, it becomes
necessary for studying the small-signal model to find the large-signal dynamic model of the hybrid

microgrid first; which is represented using nonlinear differential equations.

The most important portion for the hybrid microgrid system is the stability study due to that fact that
the behavior of the system when it is subjected to a temporary disturbance is the main concern. In hybrid
microgrid, the disturbances take place continuously because of the load changing endlessly. Satisfying the
hybrid microgrid operation during the disturbances conditions must be achieved in order to supply the
demand. Furthermore, the power quality is another concern for the operation of a hybrid microgrid; which
prefer for the hybrid microgrid to provide better response and less oscillatory behavior. The efficient and
desire performance of the hybrid microgrid can be achieved by evaluating the linearized model of the
nonlinear equations of the hybrid microgrid. Evaluating the eigenvalues and sensitivity modes of the
hybrid microgrid are the most important aspect of studying the control system stability. The hybrid
microgrid consists of AC sub-system (AC microgrid), DC sub-system (DC microgrid), and intertying

converter (IC).

5.2 Small-Signal Dynamic Modeling of the Hybrid Microgrid

Deriving a dynamic model for the hybrid AC/DC microgrid is the most important component of the

proposed control application design and stability assessment. Therefore, the hybrid microgrid should be

3 This chapter has been accepted to be published in:
o [92] H. Alrajhi Alsiraji, A A. Radwan, and R. ElShatshat, “Modeling and Analysis of a Synchronous
Machine-Emulated Active Intertying Converter in Hybrid AC/DC Microgrids,” in IET Generation,

Transmission & Distribution, Accepted.
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modelled as three subsystem stages, and then connected with each other based on the common model
variable and reference frame as seen in Figure 5.1. The first sub-system model is the AC microgrid which
is similar to the system that can be found in [20]. The configuration of the DC sub-system is similar to the
AC sub-system while the converters are based on half-bridge DC-to-DC. The last sub-system model is the
intertying converter. The following sections represents the deriving a dynamic model for each sub-system

in details.
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I |
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Ct T Rload 2 Rload 2 Tof
AC Microgrid DC Microgrid

Figure 5-1 Systematic Configuration of the Hybrid AC/DC Microgrid.

5.3 AC Microgrid small-signal Model

The AC microgrid configuration is depicted in Figure 5.2. The small-signal state space model of AC
microgrid divided into several sub-modules that are output LCL filer, network lines, load, power

controller, voltage control and current controller.

62



Rf Lf Ro Lo
----- vconvi VO vbusi

i > Cf
iconva Lline1
— Rf Lf RO LO RI inel
----- VO
vconv2 vbuss
v iconv. . Cf Y
iconvz Il ic 02 )
L Llinez
_ Rf Lf Ro Lo Rlinez

VO

1l
- __ ,Vbuss
iconvs  Cf Il ic o3 Rload:

Figure 5-2 AC Microgrid Sub-system.

5.3.1 Small-signal Model of VSC in AC Sub-system

With referring to chapter 2, a small-signal model of VSC interfacing a DG unit into AC microgrid is
discussed. The large signal model was derived in the control structure of the VSC section; thus, linearizing
equations (2.3)-(2.8), (2.11), (2.12), (2.15), (2.16), (2.19), and (2.20) leads to determine the small-signal
dynamic model. It is evident that the large signal model consists of 13 equations [20], [28], [30]. In other
words, the small-signal model consists of 13 state variables for LCL filter, current controller, voltage

controller, power controller, and AC load.

5.3.1.1 Linearized Power Circuit State Space Model
The linearized equations and state space representation form of the power circuit that consist of LCL

filter and coupling inductance is shown in the following equations [20]:

. 1
Atconvy = — AVconv,; —

Lf Lf AVod Lf Aiconvy + w. Aiconv, (5.1)
Aiconv, = AVconv AVo Ry .Aiconv, — w.Aiconvy (5.2)
q Lf q Lf qa Lf q
. 1
Avo, = w.Avog + CF Alconvd Cf —Aioy (5.3)
Av'oq = —w.Avoy + ﬁAiconvq CF Aqu (5.4)
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Aoy = ! AV ! AV Ko Aiog + w. Ai (5.5)
log = Io 04 Io 9da lo l0g4 . qu '
. 1 1 Ro . .

Ao, = EAvoq - EAng - E.Aloq — w.Aioy (5.6)

The power circuit linearized equations of the LCL filter are written in standard form of state space

representation as following:

[Aiconv, |

i rAiconvg)
Aicony, diconv,
Ao,y Adiog Avconv, Avgy .

. =A ; B . B . B 5.7
Aio, LeL | Aio, + LCL1[Avconvq]+ LCLZ[Avgq + Brerslaw] (5.7)
Avoy jzgd

| Aﬁoq | - a4 -
Where:
—Rf/Lf  w 0 0 -1Lf 0 (/Lf 0
—w  —Rf/Lf 0 0 0 —1/Lf | 0 1/Lf|
A = 0 0 —Ro/Lo ) —1/Lo 0 ‘B | o o |
L= o 0 —w  —Ro/Lo 0  —1/Lo| '“Lr=| o ¢ |
1/cf 0  —1/cf 0 0 ® [ 0 0 J
0 1/Cf 0 -1/Cf —-w 0 0 O
0 0 [ iconvg
0 0 —iconvy
-1/Lo O io
Brcr2 =| ({ —1/Lo| ; Brews = _igd
l 0 0 J V0o
0 0 L —voy |

5.3.1.2 Linearized Current Controller State Space Model

Based on equations (2.11) and (2.12), the state space model of the current controller loops have two
extra state variables. The variables which come from the PI controller are called axillary state, and they

are notated as Ay, and Ay, . Therefore, the current state space model can be written as follows:
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rAiconvgy
Aicony,
Avaq _ Ay, Avconv, Aioy
L\i,q] = [0] [qu] +Bey [Avconvq] + B diog (5.8)
Avoy
| dvo, |
Where:
B [Kic 0] B =[_ch 0 0 0 1 0],
ct 0 K| ~¢ 0 -Ki. 0 0 0 1f’

Where equation (5.8) represents the axillary states of the PI controller states, and equation (5.9)
represents the current controller states. The inputs are split into feedback and references for the purpose

of simplicity.
[Aiconvg
dicony,
Avconvy _ Ayg Avconv, Aiog
[Avcbnvq]_ C[A]/q]+DC1 [Avconvq]+D62 dio, (5.9)
Avogy
| Avo, |
Where:
(C — 1 0 Kpc O [D) _ _Kpc _(l)Lf O 0 1 0
c_[() 1]' 1| g Kpc]’ (:2_[wa —K,e 0 0 0 1

5.3.1.3 Linearized Voltage Controller State Space Model

The state space model of the voltage controller follows the same procedure that is applied in the
current controller state space model. Based on equations (2.15) and (2.16), the state space model of the
voltage controller loops have two extra state variables as well. These state variables are notated as Agy,

and Ag,. Therefore, the voltage state space model can be written as follows:
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rAiconvg
Aiconvq
A(pd [Aq)d] [Avod] Adioy
B + B . 5.10
Avod
| dvo, |

Where:

By, = [Kév Igv]; By, = [_01 _1];

Equation (5.11) represents the voltage controller states. Also, the inputs are divided for the purpose

of simplicity into feedback and references.

[Aiconvg
dicony,
Atoy Ayq Avconvg, Adioy
L]L'od] =G [ ] [Avconvq] + Dy dio,

Avogy
| Avo, |

(5.11)

(C=[1 01 ] =00H0_va —wCf
1’01'1’1 "ZOOOHwa—va

5.3.1.4 Linearized Power Controller State Space Model

Referring to Figure 2-6, the power control consists of three integrators; thus, the power controller state
space model has three state variables. By rearranging equations (2.19) and (2.20), the linearized

differential equations of the power controllers become the following:

AP = (;) (wf ((Avod x104) + (Avo, * ioy) + (voq * Aiog) + (vo, * Aiog) — AP)) (5.12)

A'Q = G) (a)f ((Avod * ioq) + (vod * Aioq) - (voq * Aiod) - (voq * Aiod) - AQ)) (5.13)

According to Figure 2-6, the phase angle 6 represents the angle difference between the converter
reference and the common reference in the AC sub-system (AC microgrid). It is obvious that the phase

angle 6 equation for the power controller is written as follows (5.14):
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6 = f WM — oo (5.14)

Therefore the linearization of the previous equation and the substitution into the power droop equation

leads to achieving the phase angle state equation as written below in (5.15):

AO = —m,AP — Aweom (5.15)

The power controller state space representation model can be written as equation (5.16) while the

output equations of the power controller are correlated with the system’s voltages as shown in (5.17):

Aiconvg
. dicony,
A9 48 Aio
. d
AP| = A, |AP| + By, Aio, (5.16)
\ A
A0 Q Avoy
| Avo, |
Aw
Avoy| = %W“ (5.17)
Avo, dv
Where:
—wf 0 0 3 0 0 0 0 0 0
A;=| 0 —-wf 0|; By = EO 0 w.voy W.V0; w.l0g W.10g
—-m, 0 0 0 0 —wwvo, wvo ww.iog —w.iog
0 —m, O
C,o=[0 —m, O0]: C =[ D ]
aw [ 12 ] dv 0 0 0

5.3.1.5 Complete Linearized State Space Small-signal Model of VSC

The total state space model of a VSC that is interfacing a DG unit into AC microgrid is achieved by
combining the linearized state space models with each other. Equation (5.18) represents the complete state
space model of a converter Interfacing DG Unit into AC Microgrid. [The readers are referred to Appendix
B for further details].
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[Ax‘mv] = Ainv [Axinv] + IBginvl [AVbusdq] + IBginvz [A6] (5-18)
Where Ax;,,, represents the all state variables of the VSC including its controllers.
[Axiny] = [45 AP AQ A@gq Ayaq Aiconvg, Avogq Aiodq]
(Ap),, ((0)2x2) (022 (By). e
(Bvy * Cpy)axs ((0)2x2) (0)2x2 (Bv2)3xe
Bcy * Bcy *
(DV1 *) (IB;C; *) (0)2x2 (sz *)
Cpy 2x3 1 Be, 2%6
BLCLq *
Ay = Dey *
Dv, * ALCL +
BLCL, * DCy = ( Cc )m Dc,; * D,
_ Cv
+| [ T;t (0)3X2] 6x2 BLCLy *Dcy /
(0ax1 (0)3x2
+(BLCL3 * Cpw) 6x3
((0)3x2)
(@) |, [Eocon]
Blinv = ((O)ZXZ) [AvbuSd] , Blinv = (0)2X1 [AS]
(0) 42 busq (0)2x1
(sucra-[) o
S 6X2
C _ { [(Cow)ixz  (0)1x10][AS] if Inverter index = 1
vyl = [(0)1x13] [AS] if Inverter index # 1
Cinvc =[(Te)oax1 (M2x10  (Ts)2x2][Axiny,]

Referring to Figure 5.2, the AC sub-system contains of three VSCs interfacing DG units; therefore,
by taking one of the converter interfacing the DG unit as a common reference for the rest of the other
converter helps to combine all state space converter models with each other as explained in equation (5.19)
and (5.20). The readers are referred to [20] for further details about combining state space model of several

converters.
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[Ax”:wl] Axinul_ IBlinvl [Avmﬂdql] IB321’n1;1 A6‘1
AXinv2 Axinyz B1invz Avbusqu Bainvz | A5
Axmv3 = [Aggial] |Axinv3 + Blinv3 A17busdq3 + IB321'711;3 |A53| (219)
leman [Axinvn— Biinvn Avbusdqn Boinvn lASnJ
[Avodql—l _(Cinvcl 0 0 0 0 ] Axinvl
Avog,2 0 Cipyz 0 0 0 | Axinyo
Avog,3|=| 0 0 Ciwaz 0 0 ||Axinps (5.20)
Avodqn | 0 0 0 0 Cinvcn‘ Axinvn
[ Ainvl + )
0 0 0 0
(Bzinvl * Cinvwl
Ay +
0 ( inv2 ) 0 0 0
. ]Bzinvz * (Cinvwz
tot
[Airgva = 0 0 ( Ainv3 + ) 0 0
IBZierS * (CianS
: : : . N : N
0 0 0 0 ( mn )
IB32invn * (Cinvwn i

5.3.1.6 Linearized State Space Model of AC sub-system network

The AC sub-system network contains of two electrical storage elements; which are the lines’
inductances as shown in Figure 5.3. Therefore, the small-signal state space model of the network consists

of four state variables; two of these state are in the d- and g- directions, respectively.

Lloadl

Rloadl Rload2
ilinel iline2

Llinel Rline2 Lline2 Rlinel

iol io2 i03

Figure 5-3 AC sub-system network configuration
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The state space equations of the AC sub-grid network follow the same procedure that is applied in the

circuit state space model of the power LCL filter. Based on Figure 5.3, the linearized state space equations

can be written as:

AL _ A 1 A Riine1 Ai Ai . A
lLined1 = I Vbusdl - Vbusdz - Alpinear +w. lLineq1 + lLineq1- BW
Linel Linel Linel
yngs = —— AV 1y Rimes y; Ai j A
liineq1 = 1 busql — I busq2 — I -Alpineq1r — W-AlLined1 — lLined1- AW
Linel Linel Linel
AL _ A A Riinez Ai Ai . A
lLined2 = I Vbusdz - Vbusd3 - Alpinear +w. lLineq2 + lLineq2- BW
Line2 Line2 Line2
Myngy = —— AV 1y Rimez 4, Ai j A
liineqz = 1 busq2 — I busq3 — I «Alpineqz — W-AlLined2 — lLined2+ AW
Line2 Line2 Line2

(5.21)

(5.22)

(5.23)

(5.24)

The standard state space representation form of AC sub-system network can be obtained as following

equation:
. _AVbusdl_
Atinear [AlLinear] AVhusq1
Alllneql _ |Allineq1 | AVbusdz
. = Anet | Aj + Betr AV, + Bret2 [Aw]
AlLlnedZ l‘LinedZJ busq2
Allmeqz Allineqz AVpusaz
_AVbusq3_
Where:
[ Riine1
_ _unel w 0 0
LLinel
—w _ RLinel 0 0
A — LLinel
net RLinel
0 0 - w
LLinel
0 0 —w _ RLinel
LLinel—
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1
LLinel
0 1
Bnetl — LLinel
0 0
0 0

1
0 0 0
LLinel
0 ! 0 0
LLinel .
! 0 ! 0 ,
LLineZ LLineZ
0 ! 0 1
LLineZ LLineZ-

5.3.1.7 Linearized State Space Model of AC sub-system Loads

Bretz =

+iLineq1
_iLinedl
+iLineq2
_iLinedZ

The state space equations of the AC sub-system loads are similar to the AC sub-grid network. Based

on Figure 5.3, the linearized state space loads equations can be written as:

Atpogaar = L AVpysar —
Load1l
. 1
Alloadql = I AVbusql -
Load1l
. 1
Alpoaaaz = L AVpysaz —
Load?2
. 1
Alloadqz = AVbusqS -
Load?2

RLoadl
RLoadl
RLoadZ

RLoadZ

-AiLoaddl + w-AiLoadql + iLoadql- Aw
Load1l

-AlLoadql - w-AlLoaddl — lLoadd1- Aw
Load1l

-AiLoaddZ + w-AiLoaqu + iLoaqu- Aw
Load?2

-AlLoaqu - w-AlLoaddZ — lLoadd2- Aw
Load?2

(5.26)

(5.27)

(5.28)

(5.29)

The standard state space representation form of AC sub- system loads can be obtained as following

equation:
. _AVbusdl_

[AlLo.addl—l Aij paadl AVhusq1

I A"loadql | _ Alloadql AViusaz +B [A ]

AL = Bload | A load1 | AV, load2 AW

lroadd2 _Loaddz busq2

Allo;quz Aljpaaq2 AVpysaz
AVbus
| q3_
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_RLoadl w 0 0
LLoadl
R
—w _ Load1l 0 0
A — LLoadl
net RLoadl
0 0 — w
LLoadl
R
0 0 —w _ Load1l
LLoadl-
1
I 0 0 0 0
Load1
0 1 0 0 O 0 +l:Loadq1
B _ LLoadl - B _ 17 loadd1
Loadl — 1 ’ Load2 — +iL0ad ’
0 0 0 0 oacd
LLoadZ —lroadd2
0 0 0 0 0
LLoadZ-

According to equation (2.19), (5.20), (5.25), and (5.30), all these equations contain of a common
voltage node as can be illustrated in Figure 5.4. Embedding a virtual resistance (Rv) leads to combine the
entire AC sub-system state space models with each other as presented in equation(5.31); which is proposed
in [20]. Subsequently, the AC sub-system stability analysis can be evaluated. Nevertheless, it becomes
necessary to include these state space models based on the system configuration using mapping matrices
(see appendix B).

ﬂvbugdl ‘ﬁl"'rbusdl
ﬂvb“‘sq 1 ‘ﬁvbusql
Mysaz |

Erotal busdl AViyeaz
v | AV oan Bioaa1 AVpisg2
BVpusas AVisas
ﬁvhugqa ﬂvbuqu

‘ﬂ'l"rhu_'.'d:l

ﬂvbusql

B |BVbusaz

netl ﬂ'vbusqz

ﬁVbuadB

ﬂvbuqu

Figure 5-4 Embedding Virtual Resistance among Sub-module
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[AVbusdq] = Rv([Mapinv] [Avodq] + [Mapline] [AiLinedq] + [Mapload] [AiLoaddq]) (5.31)

Where:
Map;n, 1S amapping matrix that represents all VSC based on the AC sub-grid configuration.
Map;ine 1S a mapping matrix that represents all lines based on the AC sub-grid configuration.

Map,,qq 1S @ mapping matrix that represents all loads based on the AC sub-grid configuration.
5.3.1.8 Complete State Space of Entire AC Sub-grid

The complete state space model of the AC sub- system is presented in equation (5.32), and the
eigenvalues of the AC sub-grid are shown in Figure 5.5 using the initial operating points that are extracted
from the time-domain simulations in PSCAD/EMTDC. For further investigations, the trajectory of the
dominant eigenvalue as a function of the active power droop coefficient (m,) is shown in Figure 5.6,
while Figure 5.7 shows the trajectory of the dominant eigenvalue as a function of the reactive power droop

coefficient (ng).

Ainv + (Binv *
(Rv * Mapin, * Cinv)
(Blnet * RN *
Map;n, * Cinv)
+(B2net * Cinvw)
(B1lload * Rv *
Mapin, * Cinv)
+(B2load * Cinvw)

AC —
Asubgrid -

)

(IBinv * Rv)
* Mapline

(Anet + (Blnet *
Rv * Mapline)

( Blload *
Rv * Mapiine
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)
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Rv * Mapload

( Blnet * )
Rv * Mapload
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* Rv * Mapload)

)
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Figure 5-5 Eigenvalues spectrum of the AC Sub-system.
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Figure 5-7 Impact of increasing the Reactive Power Droop coefficient (n,) with respect to the low

frequency modes of the AC Sub-system: 3.17e-4 < n,<4.8e-3

5.4 DC Microgrid small-signal Model

The DC microgrid is the second subsystem which is similar to the AC sub-system system
configuration that is discussed previously as depicted in Figure 5.8. The small-signal state space model of
DC microgrid consists of several state variables that are output LCL filer, network lines, load, power

controller, voltage control and current controller.

Rf Lf

/ —wv—fwm\—l—«/w—nm\——«/Mn
""" v Cf lliCl "o

2 Rlines

— Rf Lf Ro Lo
””” vi2 V02
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P _— e —

ivo  Cf Ilicz i02
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o —’CfI . vdes Rload>

iv3 Ilicg i03

Figure 5-8 AC Microgrid Sub-system
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5.4.1 Small-signal Model of VSC in DC sub-grid

A small-signal model of DC/DC half-bridge interfacing a DG unit into DC microgrid is discussed.
The large signal model was derived in the control structure of the DC/DC half-bridge section of the
proposal; thus, linearizing equations (2.23)-(2.25), (2.26), (2.27), and (2.28) leads to the small-signal

dynamic model. It is evident that the large signal model consists of 5 equations.

5.4.1.1 Linearized Power Circuit State Space Model

The linearized equations and state space representation form of the power circuit that consist of LCL

filter and coupling inductance is shown in the following equations [20]:

Ap = - avt — - avo — R (5.33)

lv—Lf v I vo if iv .
1 1 Ro

0= — - Avo — — _S0 A 5.34

Aio P Avo LoAvdc P Aio (5.34)

Ao = Aiv — - A 535

vo—Cf iv CF io (5.35)

The power circuit linearized equations are written in standard form of state space representation as

following:
Aty Atv
Ato | = [Ap] | Avo | + [B1,][Avt] + [B2,][Avdc] (5-36)
Avo Avo
Where:
Rf 1
Ls L¢ 1 0
R, 1 Le 1
A = _— _ ,]Bl - f ) ]BZ - |\— T
Al IR P S A P17,
1 1 0
- = 0 0
Cr Cr
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5.4.1.2 Linearized Current Controller State Space Model

Based on equation (2.27) in chapter 2, the state space model of the current controller loop have only
one extra state variable. The variable which comes from the PI controller are called axillary state, and it
is notated as Ay;. Equation (2.37) represents the current controller states. Therefore, the current state space

model can be written as presented in (2.38):

[v.] = [0][Ay:] + [Kp;][Aio™] + [-Kp;][Aio] (5.37)
[vt] = [11[Ay:] + [Kp;]l[Aio™] + [-Kp;][Aio] (5.38)

5.4.1.3 Linearized Voltage Controller State Space Model

The state space model of the voltage controller is similar to the current controller state space model.
Referring to equation (2.15), the state space model of the voltage controller has an extra state variable that

is notated as AY,,. Therefore, the voltage state space model can be written as follows:

[Aio”] = [1][Ad,] + [Kpy][Avo™] + [-Kp,][Avg ] + [H][Aio] (5.39)
[8,] = [01[A9,] + [Ki,][Avo] + [-Ki,][Avdc] (5.40)

5.4.1.4 Linearized Power Controller State Space Model

Referring to Figure 2-11, the power control consists of one integrator that exists in the low pass filter
(LPF); thus, the power controller state space model has one state variable. By rearranging the power

equation, the linearized differential equations of the power controllers become the following:

[Pdc] = [a)f.vdc] [AlO] + [(A)f lO] [Avdc] + [—(Uf] [APdC] (541)

Therefore the linearization of the DC droop equation leads to achieving the DC voltage reference equation

as written below in (2.42):

[Avdc] = [_mdc] [APdc] (542)
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5.4.1.5 Complete Linearized State Space Small-signal Model of DC-to-DC converter

The total state space model of a VSC that is interfacing a DG unit into DC sub-system is achieved by
combining the linearized state space models with each other. Equation (2.43) represents the complete state
space model of a converter Interfacing DG Unit into AC Microgrid. [The readers are referred to Appendix
B for further details].

[Axmv] - Aflncv Axinv] + ]B?ncvl [AVdC] (5-43)
Where:

| =[4ii dio Avo APy, AY, AAy;]T

[ lTlU

([=KiyD1xa I
Kid-Kp D oy

r Ap +
( 0 0] \
([Blp] “Kp) |0 of1+ ([Kpc][Blp] ><> <[Kpc] x) (51
N [Kpoll—macl /oy \ [B1] J,,, > 73
([Kpcl[B1,]H]) |0
Agfvz \ 0 ' 0 /3><3
(0 [wf.vo] [a)f.io])lx3 (_wf)1x1 (0)1x1 (0)1x1
([Klv x)
( [0 0 o ) E{m]d; } ([ 0 ]) ©
[(=Kic] ([Ki[HD 0], . l [K;C]X>J [Kicll) i
[_mdc] 2%1 “6X6
[( Kpcl * [B1p] * [ va1> |
‘ +[B2p] 3x1
Bpgc = | (0)1x1 [Avgc]
I

5.4.1.6 Complete State Space of Entire DC Sub-grid

In order to implement the state space model for the entire DC microgrid, the DC loads and lines
resistances must be included in the system matrix. Therefore, the A matrix of inverter # 1 and #3 will be

changed due to the loads connection at these electrical nodes according to Figure 5.9.
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Figure 5-9 DC Sub-system Network Configuration.

The DC sub-system contains of three DC-to-DC half-bridge converters interfacing DG units. Itis clear
that includeing the DC loads shows some elements are related to the state matrix. For any converter has
common connection node with the DC load, the system matrix must contains the DC load elements.
Therefore; the (A%S,) and (B4S,) becomes as written below including the load and lines resistances as
presented in equation (2.44) and (2.45) respectively. [The readers are referred to Appendix B for further
details].

[[(Kpc] * [B1,]  [=Kpy] * [Rioaal
+[sz] * [Rioaal 3x1
By = [0]1x1 [Aiyine] (5.44)
[[_Kiv] * [Rload]]1><1
[[Kic] [_va] [Rload]]

1x1
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Ap + ]
[[[Blp][_Kpc]] [0]3><2_ +
Kpc _
[B1p] ><
k Rload ) [ [Kpc] %
B1 [Kpc] %
. ([sz1> ol | } ] e,
[0] [Rioaal “3x1 [0] [_mdc] X1 <
0 0]1x1 0 x
ade — [— Klv] 5.45
e [ [Rload] ]1X1 ( )
[Kic] %
[_va] X
[Rload] X 1x1 4
- H3x3
[0 [w.vo] [w. io]]1><3 [—w]ix1 [0]1x1 [0]1x1
' [[Kiv] x] '
[_mdc
[0 0O 0 . 0
[[[—ch] (IKi J[HD) o]]m [[15;2]12 “[Kic]]]m (0]
[_mdc] Lot

5.4.1.7 Complete State Space of Entire DC Sub-grid

The complete state space model of the DC sub-system is presented in equation (2.46), and the
eigenvalues of the DC sub-system are shown in Figure 5.10. Using the initial operating points that are
extracted from the time-domain simulations in PSCAD/EMTDC. For further investigations, the trajectory

of the dominant eigenvalue as a function of the active DC power droop coefficient (m,) is shown in

Figure 5.11.

. Apdcl (0)6><6 (0)6><6 decl (Aiol + Ailinel) * Rloadl
[Xp] = |(0)6xs APacz  (0)gxe | [AXp] + [BPaca Avger (5.46)
(0exe (0exe  APacs Bpac3d| (Aips + Aljinez) * Ripaas
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Figure 5-10 Eigenvalues spectrum of the DC Sub-system.
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Figure 5-11 Impact of Changing the Active DC Power Droop coefficient with respect to the low
frequency modes of the DC Sub-system: 1.25e-4 <m,,<3.25e-4

5.4.2 Small-signal model of Intertying converter.

5.4.2.1 The State-Space Model of the IC Power controller

The model of the IC converter is similar to that of the VSC in the AC sub-system, except the power

controller state space model. The power control for the IC is based on the swing equation, shown in (5.47)

and (5.48).

dw_Pref_Pele_Kd*wVSM

*
Kg * wy

dt 2] 2] 2]

(5.47)
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dé

= w
dt VSM

(5.48)

The state space representation of the IC’s power controller after replacing the electrical power by

calculated power in d-q frame is presented in equation (5.49).

AwVSM A‘UVSM] +|~ - Svd - qu [Alod
Bysm ABysm Aloq
1.5i04 1 5io,
+ 2] [A ] 2] [Awy]
0
Bs2 BSS

5.4.2.2 The State-Space Model of the IC Power Circuit

(5.49)

The dynamic equations of the voltages and currents of the IC are known collectively as the large

signal model, and can be written based on the Figure 5.13 as follows:

io vo Rf Lf vt/fwehe I  vdc lodc

pidan what ) 1
ij_:l icf ! CdCIl icdc

Figure 5-12 Systematic IC to Intertying AC Sub-system with DC Sub-system

did 1 1 R )
ar = Evtd Lf Eld + wig
Cf;f %vtq Llf — IZ—;iq - wig
dvo; 1 1

dt = C—flod G —lg + WYy
dvoq 1 1

—io i

q g — WVUg4
a ¢
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(5.50)

(5.51)

(5.52)

(5.53)



—~ (5.54)

dvdc_ 1 1.
dt  Cq ¢t

The converter voltages and currents in d-g frame can be written as a function in modulation index of

the IC as shown in equation (5.55) and (5.56).
vty + vty = MyVge + MyVg,e (5.55)
(5.56)

id + iq =15 MaV4c + 1.5mquc
The linearized small-signal state space representation of the IC power circuit is as follows.

A
M (5.57)

. Aiod .
[AprC] = APIC[AprC] + Bpjc1 [Amq ] + Bpic3[Aw] + Bpcal4ioge]

+ Bpjc2 [Aioq

Where:
[AprC] =[Aig Ai, Avg Av, Avg]
R 1 mg
5 6 L g ™Ma
Lf Lf Lf Ve 0
R 1 7
—w _r 0 —-— M Ly
Apjc = ! 0 0 o 0|;B Ly
PIC = - » Bprc1 =
Cr 0 0
1 0 0
0 c -~ 0 0 _1s5ig 1513
C C
1.5mg 1.5mg dc dc
- 0 0
Cdc Cdc
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]BPIC3 = [lq _id vq —Vq 0], BPIC4» =10 0 0 0 ——
Cdc

5.4.3 The State-Space Model of the IC Controllers

In order to avoid the repetition, the procedures of the state space modelling of the IC controller is
not shown here because they are similar to the VSC interfacing a DG unit into AC microgrid. The overall

states and inputs matrices of the IC, given in the Appendix, consist of ten state variables based on the

following equation:

. Aiod
[Axmvlc] = Ainvlc [Axinvlc] + ]Binvlcl Aioq (5.58)
AiOdC

Where:

[Axl;’lvlc] = [Ald Alq Avd Avq Avdc Ayd qu A§0d A(pq AW]T

Ap + _ _ Bp1DilDv1Dvr2
[([BplDiZ BZlDileZ 0]) Bplci BplDilCv (p +Bp2 )1
Ainvl(;=| (Bi2 BilDv2 0) 0 BilCv Bi1lDv1Dvr2 |
(0 Bv2 0) 0 0 BviDvr2 |
| (0 Bs2 0) 0 0 As |
[ /(Bp1DilDv1Cvr)\]
+(Bp1Di1Dv3)
+Bp?2 Bg4
Binwie, =|  ((Bitbvicvr)y | Biwe, =| o |[Ai0ac]
(+(Bi1Dv3)) 0
Bvl x Cvr
Bs2

5.5 Small-Signal Stability Analysis of the Hybrid AC/DC Microgrid

The complete state space model of the overall hybrid AC/DC microgrid is shown in equation (5.59),
and is given in details (see appendix C). The evaluation of the system stability can be investigated by

analysing the eigenvalues of the state matrix in (5.59).
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The complete eigenvalues for the hybrid AC/DC microgrid shown in Figure 5.14 are based on the
initial operating values that were determined from the time domain simulation conducted in
PSCAD/EMTDC.
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Figure 5-13: Eigenvalue spectrum for the hybrid AC/DC microgrid.

Analysis of the eigenvalues for the overall hybrid AC/DC microgrid using the participation factors
reveals the dominant sensitive low-frequency eigenvalue. The state variable for virtual damping is the
most dominant in the hybrid AC/DC microgrid. The trajectory of the sensitive low-frequency dominant
eigenvalue is therefore a function of the virtual damping coefficient (K,;), as shown in Figure 5.15. The
inversion mode of the IC is in fact the most important mode because of the sensitivity of the AC sub-grid
to power loading. It is therefore apparent that the dynamic of the virtual damping during the IC inversion
mode affects system stability. The assessment of the stability of the hybrid AC/DC microgrid should thus

be evaluated in an IC inversion operation mode, which will ensure the stability of the system during the
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rectification mode. In other words, the stability margin of the rectification mode is larger than that of the

inversion mode.

4000 - + IC during Rectification Mode ]
3000 e sd X IC during Inversicn Mode -
2000 RS |
> * T H PR 0000
© 1000 .
S0 =t e o
2 1000 - - o0
2000 g —
¥ 4
-3000 - 1
-4000 i 1 | | | 1 | 1
-1200  -1000 -800 -600 -400 -200 0

Real

Figure 5-14 Impact of decreasing the virtual damping with respect to the low-frequency modes of the
hybrid microgrid: 0.3e4 < K; <1e3.

The stability for the hybrid AC/DC microgrid is evaluated to reveal the effect of the virtual inertia and
damping on the entire hybrid microgrid. The impact of varying the virtual inertia on the system
eigenvalues is less than the impact of varying the virtual damping gain as illustrated in Figure 5.16. The
reason behind this impact is that the virtual damping gain is an inverse form the droop coefficient that can
be seen in (5.60)[72]. Where m,. represents the droop coefficient, and K,; represents the virtual damping

gain.

(5.60)
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Figure 5-15 Trajectory of hybrid microgrid based on VSM controller as a function of virtual inertia.
5.6 Conclusion

This chapter has presented the development of the small-signal model of the hybrid AC/DC microgrid
that contains VSM-based control for the IC. The small-signal model of the hybrid AC/DC microgrid has
been divided into three main parts. These parts are AC microgrid, DC microgrid, and I1C. The stability
analysis has been evaluated based on determining the most dominant eigenvalues using participation
factors percentage calculation. This chapter has studied and compared a two hybrid micro-grid with

different control structures of the IC based on small-signal models.

This chapter has studied and compared the stability analysis of two hybrid microgrid with different
control structures of the IC. It has been demonstrated that during variations of the AC droop coefficients,

DC droop coefficients, and virtual inertia and damping coefficients.
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Chapter 6
Issues and Solution-based Virtual Synchronous Machine for Parallel Intertying Converters (1Cs)
Interfacing Hybrid AC/DC Microgrids *

This chapter reveals three serious issues of operating a hybrid AC/DC microgrid. Two of these
issues are temporary, depending on the system’s operating conditions. In a hybrid AC/DC microgrid, an
Intertying converter (IC) becomes a harmonics voltage source due to the antiparallel diodes and the shunt
capacitor on its DC side, so this is the first issue. The nonlinear behavior of ICs introduces the second
operational issue of circulating current in the case of parallel 1Cs. Reconnecting an IC after abnormal
operating conditions or scheduled maintenance requires especially challenging synchronization control
due to the variation of the AC subgrid voltages and frequency. This is the third issue. This chapter proposes
a solution for these three issues by developing a new control strategy that combines the virtual
synchronous machine (VSM) control concept with a dual-based droop control. The results indicate that
the proposed solution provides a positive outcome in addressing the above issues, hence improving hybrid
microgrid operations and the quality of the delivered power. The theoretical expectations are verified by

digital simulation using the PSCAD/EMTDC simulation package.

6.1 INTRODUCTION

Recognizing the sensitivity of the system dynamics in a hybrid microgrid during power exchange
between the sub-systems led the authors of [9] and [93] to propose a control strategy that makes use of
energy storage systems already existing in the AC and/or DC side. However, most of the literature uses a
VSM control strategy for unidirectional power flow except only one; which focuses on integrating that
DC microgrid into AC grid [94]. In this case the AC voltage and frequency are fix; therefore, the study
does not investigate the hybrid AC/DC microgrid in islanded operation mode; which means AC voltage
and frequency are changing according to the load variation. To the authors’ best knowledge, no studies

have included considerations of the IC as a nonlinear load once the power exchanges from AC to DC

4 Parts of this chapter has been submitted to be published in:

e H. Alrajhi Alsiraji, and, R.EIShatshat, "Serious Operation Issues and Challenges related to Multiple Interlinking
Converters Interfacing a Hybrid AC/DC Microgrid ", 31st Annual IEEE Canadian Conference on Electrical and
Computer Engineering (CCECE 2018).

. H. Alrajhi Alsiraji and R. El-Shatshat, "Issues and Solution for Parallel Interlinking Converters (ICs) Interfacing a
Hybrid AC/DC Microgrids", submitted to International Journal of Electrical Power & Energy Systems (under review).
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subsystem; an issue that extremely violates the standards requirements of the power quality. Also, there
is no studies have included the variation of the AC voltage, frequency, and DC voltage variation on the
VSM control concept Indeed, the majority of the literature works were conducted under an assumption
that the DC side of the converter based on VSM controller concept is connected to an ideal DC source.
However, this is not the case of interconnecting the DC sub-system into AC sub-system to form the hybrid
AC/DC microgrid.

The concept of multiple parallel converters that provide an interface between the AC and the DC
sides has been employed in numerous applications, including motor drives, microgrids, and distributed
generation (DG) systems. Multiple parallel converter architectures have been observed to increase system
reliability [95], to permit the use of low-rating converters in high-power applications, and to improve the
simplicity and cost-effectiveness of maintenance because of the ease of replacing individual
malfunctioning converters [96]. The performance and reliability of both sub-systems are dependent
primarily on the reliability of the ICs, which can directly affect the stability and efficiency of the entire
hybrid microgrid. Load curtailment might be an effective solution for stabilizing both the AC and DC sub-
systems; however, this technique provides a low degree of reliability with respect to the overall hybrid
microgrid. Further, hybrid AC/DC microgrid generally requires both voltage and frequency support for
the AC sub-system, plus DC voltage support on the DC sub-system side, which means that power sharing
between the sub-systems is critical for ensuring the stability and reliability of such systems. Any change
in generation or loading conditions causes substantial frequency deviations, which can result in instability
[77]. A further consideration is that hybrid AC/DC microgrid dynamics are also affected during power
exchanges between the two sub-systems, which could potentially lead to stability issues due to the lack of
inertia and load-dependent voltages [23], [97], [98].

The main challenge of a hybrid AC/DC microgrid is the power sharing among AC and DC sub-
systems through the IC. Designing the coordinating control of the IC is another challenge, but it was
introduced and investigated based on normalized droop control using just current controller loop[31].
Since each sub-system has a power generation limitation based on dispatchable DGs units rating, the
power sharing between sub-systems requires a coordinate controller for the IC; seen from either side, to
behave as a load for the sub-system exporting power to another sub-system. Also, the IC simultaneously
behaves as a supply for the sub-system importing power from another. When the 1C provides power to the
DC sub-system, the effect of the IC on the AC sub-system is identical to a non-linear load involves several

issues. These issues are similar to ones that are associated with nonlinear load and were investigated in
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the literature based on the DG inverters controllers[99]-[103]. However, in the hybrid AC/DC microgrid

these issues are raised by the IC operation behaviour.

Electric power systems are often subject to abnormal operation conditions, such as short circuits,
and thus, must also undergo regularly scheduled maintenance. After a fault or scheduled maintenance has
been cleared or completed, the system must be restored to its normal operational state and this involves
reconnection of the isolated portion. The resynchronization of the isolated part with the rest of the system
is an important and crucial step, and any associated issues must be resolved in order to achieve a smooth
reconnection and stable operation. As a result, for seamless reconnection, the inclusion of a
resynchronization algorithm as a part of the overall controller is necessary for each IC in a hybrid AC/DC
system as well as for DG units in an AC microgrid. None of the reports in the literature discusses this
issue, despite the enormous effect this issue has on overall system stability. Thus, an urgent need exists
for the development of a dependable controller that is capable of offering reliable IC operation along with
a self-synchronization control feature. Moreover, according to [104], the circulating current of the parallel
inverters connected into common AC and DC bus using droop control can also occur. When power flows
from the AC sub-system into to DC sub-system, the IC behaviour is seen from the AC sub-system as a
nonlinear load. Therefore, the nonlinear load issues exist on the AC sub-system, and the THD of voltage

increases while the power quality is degraded.

The primary contribution of this chapter is to solve the previous issues, including: 1) non-linear
load behaviour of the IC, 2) re-synchronization issue of the IC after disturbance, and 3) circulating current
issue between parallel ICs. The solution for these issues is based on the VSM control concept by including
the dual droop control to achieve a bi-directional power flow capability. Applying the concept of the VSM
with power reference modification, based on considering the AC and DC electrical quantities variation
for the ICs, solves these issues. The applied controller enables multiple parallel 1Cs to behave as a
synchronous machine (SM) for supporting both sub-systems, with consideration of the variations of the
DC voltage and the AC frequency during the islanded operation of a hybrid AC/DC microgrid. The paper
also addresses the stability analysis, resynchronization issue and its effect on system stability; as well as
including a comparison with existing solution in the literature. Further, the application of the VSM control
concept prevents the issue of circulating current that occurs in the parallel ICs during the rectification

operation mode.
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6.2 Issues Associated with IC

The parallel 1C option offers a high level of system reliability. However, due to variations in the AC
and DC voltages and the AC system frequency, the effect of the dynamics within each individual sub-
system is increased, especially during isolated operation mode. This results in various issues that are

associated with the existence of the IC in a hybrid AC/DC microgrid.

In a hybrid AC/DC microgrid application, the IC controller does not consider the voltage loop
controller, as can be seen in [10], [29], [30], [89]. Therefore, it is more beneficial to include a voltage
controller loop with the virtual synchronous machine concept applied on the IC converter. As a result, the
model of the VSM control concept proposed in [46], [72], [105] is more reasonable for use based on a

comprehensive assessment presented in [61].
6.2.1 Non-linear load issue

A nonlinear load is defined as an electrical load that infrequently draws current or whose impedance
changes during the cycle of the AC waveform voltage. The hybrid microgrid 1C consists of an antiparallel
diodes rectifier and a shunt capacitor at the DC side to feed the variable frequency VSC in the AC subgrid.
Subsequently, the power supplies via the antiparallel diodes rectifier to stiff voltage loads draw a
discontinuous and non-sinusoidal AC current, which results in a higher current THD and distortions of
the AC voltage at the point of common coupling (PCC) [106]. The readers are referred to Chapter 9 in
[106] for further details. As a result, in this situation the IC becomes a harmonic voltage source instead of

a harmonic current source [107], which is the case in this paper.

The DC sub-system interfaced with an IC will be seen from the AC side as a nonlinear load, as
experimentally proven in [108]. In addition, the currents in different phases will differ, as explained in the

guotation below from an ABB white paper:

“The diodes in a typical rectifier switch when the switching threshold voltage is exceeded in the
positive direction. During each half cycle, two phases will exceed the switching threshold voltage, as one
is decaying another is rising and vice versa-thus producing two peaks in the line current draw. When
operating correctly and the voltage is balanced, the AC supply current waveform has a double pulse per
half cycle shape”[109].
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One associated issue with a non-linear load is regarding voltage and current distortion. Once the power
flows from the AC sub-system into the DC sub-system, the impact of the IC on the AC sub-system is
similar to that of a non-linear load. In this case, the voltage THD will increase beyond the allowable range
and result in an unbalanced AC voltage at the PCC [110]. This issue has been discussed in the literature
as a nonlinear load connected to an AC microgrid, and several solutions have been proposed [99]-[101],
[103], [110]. However, in a hybrid AC/DC microgrid, this issue has different aspects due to the required
functionalities of the IC in order to allow coordination between the sub-systems based on bidirectional
power flow, and to support the AC sub-system’s voltage and frequency.

6.2.2 Re-synchronization issue

Microgrid synchronization is a bit different in comparison to synchronizing a traditional synchronous
machine with a classical electrical system. This is due to the fact that many DG units form the microgrid
voltage and frequency based on decentralized droop control. The main challenge is to determine the
successful synchronizing criteria for the AC microgrid, which is required to adjust all DG units [90].
Intensive works based on AC microgrid synchronization have been done, as reviewed in [111], which
involved the use of a PLL as a synchronization controller unit, but this has significant adverse effects on
overall system stability [112]. This issue results in the requirement for the development of a controller
that does not require a synchronization unit in the inverter controller, as reviewed in [61]. Therefore, this
paper presents a unique self-synchronization feature of a VSM controller through the inclusion of the AC
and DC electrical quantity variations, such that reconnecting the IC based on the VSM controller results
in stable operation when the IC is subjected to reconnection to the entire system after abnormal conditions,

as presented in the simulation results and analysis section.
6.2.3 Circulating currents issue

Zero-sequence and cross currents between ICs form circulating current issues. Circulating currents
appears in parallel converter application due to many reasons, such as switching frequency, dead-time,
and hardware drifting components[104]. Transferring power from the AC into DC sub-system leads to
circulating current issues; due to the IC behaving as non-linear load. Determining the circulating currents
values for cross and zero-sequence can be calculated using (6.1), and (6.2) respectively based on Figure
6-1.
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Where v,; and v, are the output voltages of each converter. The R¢q, Ry, Ls; and Ly, are AC filter

components of the converters. The phase currents are represented as 1,, I,, andl, for each converters.
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Figure 6-1 Circulating Currents paths of Parallel ICs.
6.2.4 Traditional IC based on current controller

The traditional IC controller based on just a current loop is studied based on centralized control in [30],
while the dual droop control based on a current controller is investigated in [8], [25]. However, the
previous works do not consider the voltage controller loop, despite the fact that this element will improve

the disturbance rejection performance of the converter.

The advantages of including a voltage controller loop include the provision of a degree of freedom for
the IC to support and control the AC voltage, which does not currently exist. The primary function of the
IC is to control the direction of the active power; however, it is not responsible for providing reactive

power support for the AC sub-system [8], [30].

The main drawback of using only a current controller energized via droop control (as shown in Figure
6-2) is that it causes fluctuations in the AC PCC voltage. Therefore, due to the load voltage dependence
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of the AC load, the power exchange from the AC sub-system to the DC sub-system affects the AC sub-
system voltage and power load, and produces more harmonics and circulating current in the case of
parallel 1Cs.

10q

Figure 6-2 Control structure of IC based on only a current controller.
6.2.5 ICs based on VSM controller

VSM control concept can be implemented through a slight modification to the general control structure
of VSC interfacing a DG unit. A number of VSM control algorithms have been developed to enable a
VSC to mimic the behavior of an SM. The appropriate VSM control algorithm based on second-order
model was chosen due to the fact that it is more stable during abnormal conditions such as short circuits
[61]. Thus, in order to implement the second-order VSM control strategy, it is required to replace the
power controller loop with the swing equation. Since the power controller loop provides the converter
controller with phase angle and angular speed that are necessary to convert the voltages and the currents
in d-g vector control frame as shown in Figure 6.3 (2); the swing equation can also produce these required

guantities as depicted in Figure 6.3 (b). The overall IC’s controller structure is shown in Figure 6-4.
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Figure 6-4 Control structure of IC based on VSM control concept.
6.3 Architecture of a Hybrid AC/DC System

The MV hybrid AC/DC system configuration employed in this study was obtained from [30] based on
IEEE Standard 399, but modified to include parallel ICs. According to the secondary distribution system
configuration, a spot network configuration provides the highest reliability compare to the other
configurations such as a radial system or secondary-bank system. The spot network configuration consists

of more than one transformer connected in parallel, which increases the distribution system reliability
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[113]. A similar concept will be proposed for the Intertying converter in order to increase the hybrid
AC/DC system reliability. Therefore, the MV hybrid AC/DC system with multiple Intertying converters

is illustrated in Figure 6-5 based on the VSM control concept.

The hybrid AC/DC system consists of two dispatchable distributed generators (DGs) in the AC and
DC subgrids. The interfacing power electronics converter with its parameters for the AC subgrid based on
IEEE Standard 399 consists of a three-phase converter [33], while the interfacing converter in the DC

subgrid is based on a half-bridge converter.

The system is divided into three different components: the AC subgrid, the ICs, and the DC subgrid.
The control structure of the AC subgrid converters and the 1Cs are based on d-q cascaded synchronous
reference frame (SRF) controllers, while the control structure for the DC subgrid converters is based on
cascaded voltage and current control [30]. However, the use of a Park transformation is unnecessary

because the control quantities are already constant as DC values.
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Figure 6-5: Medium Voltage MV hybrid AC/DC system architecture employed for this study.
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Table 6-1: Hybrid Microgrid System Parameters.

Subsystem | Quantity Value Unit
c Converter rated power 1 MVA
2 AC voltage (L-L) r.ms 690 V
% AC side resistance 0.01 Q
3 AC side inductance 1 mH
O AC side capacitance 50 uF
< System frequency 60 Hz
o Virtual inertias 0.0025 Kg. m®
c g Virtual damping coefficient | 16,000 N.s/min
% S AC side resistance 0.15 Q
£8 AC side inductance 2 mH
AC side capacitance 50 uF
& e Converter rated power 1 MVA
23 DC voltage 2500 \
Q - DC side resistance 0.05 Q
DC side inductance 1 mH

6.4 Simulation Results and Analysis

The work presented in this paper involved the examination and comparison of two hybrid AC/DC
systems: one based on the proposed modified VSM controller for the IC, and the other based on dual
droop with only current control, as reported in the literature [10], [25], [30]. The cases that were simulated
to evaluate the effectiveness of the modified VSM control strategy are explained below. The investigation
presented here concentrated on four important cases, including small-signal analysis and assessment, 1C
behavior as a non-linear load, the re-connection of an IC after that has been disconnected from the system,

and the occurrence of circulating current between the ICs.

Due to the sensitivity of isolated microgrid stability to the droop coefficient [20], the hybrid AC/DC
microgrid stability is the most important issue to be evaluated based on eigenvalue assessment. Therefore,
the first case (Case 1) studied hybrid microgrid stability with different IC controllers. The second case
(Case 2) dealt with the effect of the IC behaving as a non-linear load. The third case (Case 3) aimed at
establishing system performance given equal power-sharing among parallel 1Cs. Hence, the VSM
controller illustrates the benefit of the proposed modified VSM controller based on dual droop control by
using the existence of virtual inertia to prevent the occurrence of unstable operations in the case of
reconnecting an IC that has been disconnected from the system. The goal of the fourth case (Case 4) was
to investigate the overall performance of the hybrid AC/DC system to eliminate the occurrence of
circulating current.
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6.4.1 Small Signal Analysis based on eigenvalue assessment

The overall eigenvalues of the entire hybrid AC/DC microgrid were evaluated, as shown in Figure 6-
6, and Figure 6-7 based on the initial operation values that were determined from the time domain
simulation in PSCAD/EMTDC. Figure 6-6 presents the evolution of the hybrid microgrid eigenvalues
using a VSM controller for the IC, while Figure 6-7 presents the eigenvalues of the hybrid microgrid using
just a current controller for the IC, as reported in the literature. It is therefore to be noted that the existence
of the voltage controller loop in the IC moves all the eigenvalues close to the origin, as shown in Figure
6-8, by varying the AC droop coefficient. As shown in Figure 6-8, the hybrid AC/DC microgrid’s stability
is most sensitive to the AC droop coefficient when the IC is in inversion operation mode. Clearly, it can
be seen that varying the AC droop coefficients for 2 systems with identical ranges causes the hybrid
microgrid based on VSM control for the IC to be unstable compared to the system that its IC’s controller
based on current controller loop, as shown in Figure 6-9. Nevertheless, including the voltage controller

loop provides a valuable disturbance rejection function and prevents AC voltage degradation.

| | |
2000 | T+ IC in Rectification Mode based on VSM e B
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+
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Figure 6-6: The eigenvalues of the hybrid microgrid based on VSM.
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Figure 6-7: The eigenvalues of the hybrid microgrid based on Current controller.
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Figure 6-8: Trajectory of the eigenvalues as a function of AC active power droop coefficient based on
VSM.
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Figure 6-9: Trajectory of the eigenvalues as a function of AC active power droop coefficient based on

Current controller.

Figure 6-10 and Figure 6-11 show the effect of the DC droop coefficients on the system stability. The
stability margin of the hybrid AC/DC microgrid is less sensitive to the DC droop coefficient compared to
the AC droop coefficient. When the IC is in inversion operation mode based on the VSM control concept,
as shown in Figure 6-10, varying the DC droop coefficient moves the dominant eigenvalue to an unstable
region. On the other hand, the system based on just the current controller loop is stable with the same

condition, as shown in Figure 6-11.
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Figure 6-10: Trajectory of the eigenvalues as a function of DC active power droop coefficient based on

VSM.
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Figure 6-11: Trajectory of the eigenvalues as a function of DC active power droop coefficient based on

Current controller.

The stability of the system is evaluated to reveal the effect of the virtual inertia and damping on the
entire hybrid microgrid, as depicted in Figure 6-12 and Figure 6-13. The impact of varying the virtual
inertia on the system eigenvalues is less than the impact of varying the virtual damping gain, as illustrated
in Figure 6-12, and Figure 6-13. The reason behind this is that the virtual damping gain is an inverse form

of the droop coefficient, which can be seen in Equation (6-3) [72].

Kd = — (6_3)

where mgc represents the droop coefficient, and K, represents the virtual damping gain.
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Figure 6-12: Trajectory of hybrid microgrid based on VSM controller as a function of virtual inertia.
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Figure 6-13: Trajectory of hybrid microgrid based on VSM controller as a function of virtual damping.
6.4.2 Case 1: The IC behavior as Non-linear load

In this case, the focus is on the issue of the IC behaviour as non-linear load. Both sub-systems
operate under low-load conditions: the AC sub-system load is equal to 1 MW while the load in the DC
sub-system is equal to 1.5 MW. At t = 2 sec, the DC load increases from 1.5 MW to 2.3 MW, which
represents an overloaded condition for the DC DG units. In response, the IC compensates for the shortage
of power from the dispatchable DG unit in the AC sub-system to maintain the DC sub-system in a healthier
operating condition, as shown in Figure 6.14, which indicates the power exchange from the AC to the DC

sub-system via the IC.
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Figure 6-14: IC Power Exchange during DC Sub-system Overloading Conditions.

In the case of using just current control technique, the AC voltage in the AC sub-system is degraded

due to the power exchange from AC to DC sub-system, as illustrated in Figure 6.15.

I T T
V at PCC based on CC
V at PCC based VSM T

Time (sec)

Figure 6-15 AC Voltage during the Exchange of Power from the AC to the DC Sub-system.

The AC voltage fluctuations issue leads to violations of the standard requirements. The AC sub-
system voltage becomes unbalanced during this situation, as shown in Figure 6.16.The applied VSM
control strategy on IC utilizes this effect to support the AC voltage and helps to enhance the performance
of the hybrid microgrid. Also, the applied IC controller based on VSM smooths out these fluctuations by
introducing inertia into the IC controller loop. In the systems reported in the literature, the DC sub-system
affects the AC sub-system voltage and power load, and causes fluctuations in the PCC voltage due to the
lack of inertia.
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6.4.3 Case 2: Hybrid AC/DC System Performance during an Outage of One IC

This case highlights the benefits of the proposed VSM IC controller over current control methods
that employ just inner loop. Multiple ICs offer advantages similar to those provided by parallel
transformers in a distribution system, including: increased availability of the electrical system during
maintenance activities, increased power system reliability in the case of fault-initiated tripping, and easier
load transportation.

At t = 6 sec as shown in Figure 6-18, Figure 6-19, and Figure 6-20, one of the ICs disconnected
because of a schedule maintenance situation in both hybrid AC/DC systems. Overall system performance
is still reliable, with respect to supplying the required load, and using a conventional current controller for
just one IC decreased the AC voltage fluctuations. Nevertheless, for one or for multiple ICs, the proposed
modified VSM controller is unaffected by this issue. Att =9 sec, the IC is reconnected to the system when
it is assumed that the schedule maintenance has been done. In this case, the 1C based on a conventional
current controller loses its synchronization and causes unstable operation for the entire hybrid AC/DC
system, as illustrated in Figure 6.19. However, the proposed VSM controller has a unique self-
synchronization feature, such that reconnecting the 1C based on the VSM controller results in stable
operation even in abnormal conditions. The Figure 6.20 indicates that the virtual inertia and damping
creates a smooth transient response to the reconnection of the parallel ICs. It is apparent that the concept

of parallel ICs increases overall system reliability and availability.
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Figure 6-18: The Effect of Power Exchange on the AC Sub-system Load in the Case of Multiple ICs.
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Figure 6-20: Power Supplied to the DC Sub-system via Parallel ICs based on VSM.
6.4.4 Case 3: Circulating Currents issue in Hybrid AC/DC System with Parallel ICs

The main issue examined in this case is the circulating current between the parallel ICs, which has
been the subject of numerous published studies, whose goal was to minimize and mitigate this current
[114]-[117]. This case involved the evaluation of two identical hybrid AC/DC systems consisting of
parallel ICs. The IC controller of one of the hybrid systems was based on dual droop control using just the

inner current loop, as proposed in [10], [25], and [30]. The ICs of the second hybrid system relied on the
VSM control concept introduced in this paper.

In this case study, the operating conditions that were explained in case 1 were applied at t = 2 sec.
the results show the existence of the circulating current during power exchange from the AC to the DC
sub-system. As mentioned earlier, the components of the circulating current are namely cross and zero
sequence circulating currents. The cross circulating current is defined as the current circulated between

the AC side and the DC capacitor. On the other hand, the zero sequence circulating current is the current
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flow from the AC PCC voltage to DC side PCC. Based on the outcome results, the cross circulating current
is higher in comparison to the zero sequence circulating current. Figure 6.21 shows that the total cross
circulating current based on the use of a current controller is about 2.5mA, but it is equal to zero when
VSM controller is applied. The zero sequence circulating current is depicted in Figure 6.22 for both
systems with different IC controller. Using just current controller for the IC produces almost 0.025 pA,
compared to the VSM that equals to zero. It can be seen that with the current controller loop, the total
power transfer fluctuates due to the sensitivity of the droop controller and the absence of the voltage
controller, while the VSM IC control concept suppresses this effect.

. . T

~ o | |7/ Cross Circulating based on CC
< 41— Cross Circulating based on VSM
E 2}
0
]
= -2
S
O -4}

0 1 2 3 4 5 6

Time (sec)

Figure 6-21: Circulating current between the ICs Shows Cross Circulating Current.
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Figure 6-22: Circulating current between the ICs Shows Zero Sequence Circulating Current.

It is thus clear that using traditional current control of parallel 1Cs introduces more operational
difficulties, such as voltage and current harmonics, as well as unbalanced AC voltage at the PCC due to
the lack of inertia. The introduced IC controller based on a VSM control concept smooths out fluctuations

and improves overall system performance. The benefits associated with the ability of a VSM control

106



algorithm to emulate the properties of traditional SMs in a hybrid AC/DC system mean that it offers
greater efficiency, rather than just using current controller loop. As is evident from results, compared to
the traditional current control methods reported in the literature, the introduced concept for controlling
ICs uses virtual inertia and damping to prevent the development of a circulating current between the

parallel 1Cs during power exchange from the AC into DC sub-system.
6.5 Conclusion

This chapter reveals operation issues associated with parallel 1Cs, and a novel control strategy
application for multiple ICs in a hybrid AC/DC system. The usage of VSM control also provides self-
synchronization when an IC is reconnected, following a short circuit or required scheduled maintenance.
The work reported in this chapter involved the examination and comparison of two hybrid AC/DC systems
with different IC control structures. The impact of the VSM control algorithms on a hybrid AC/DC system
was validated using a test system which was simulated in a PSCAD/EMTDC environment. The system
stability evaluation based on VSM control concept for IC is proposed as well as for 1C based on the current
controller. The results demonstrate that during variations in loading conditions, the VSM algorithm is
more efficient than the current control method described in the literature, which is affected by the voltage-
dependent load issue. Further, when the IC is reconnected following abnormal operating conditions, the
performance offered by the VSM control concept is superior to that provided by previously reported

controllers.
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Chapter 7

Summary, Contributions, and Future
7.1 Summary

This thesis focused on the hybrid AC/DC microgrid modelling, design the controller for the IC, power
sharing control for the IC based on VSM, and hybrid AC/DC microgrid stability. The motivations and the

goal objectives of this thesis were presented in Chapter 1

In Chapter 2 relative background of the voltage source converter (VSC) control strategy and a
literature survey reviews of the earlier work on hybrid ac/dc microgrid were discussed including several

control concepts of VSM.

In Chapter 3 comprehensive assessment of virtual synchronous machine based voltage source
converter controllers was introduced. Therefore, the most of VSM models in the literature were classified
and evaluated based on the extra components required, in addition to VSC components to emulate the SM
behaviour, simplicity algorithm to be implemented, and viability and stability during different operation

conditions.

In Chapter 4 the benefit of a virtual synchronous machine (VSM) control strategy that mimics the
properties of traditional synchronous machines in the hybrid AC/DC microgrid intertying converter was
proposed. The proposed control application of VSM controller on the IC has shown better performance of
the hybrid AC/DC microgrid via modified dual droop control characteristics. The most significant factor

investigated in this chapter was the power exchange from the AC into the DC microgrid, and vice versa.

Chapter 5 has presented the development of the small-signal state-space model for the entire hybrid
AC/DC microgrid to investigate the overall system stability under different operating points. The main
benefit of the small-signal modelling is to present further investigation of the hybrid microgrid stability.
Due to the fact that the behaviour of the hybrid AC/DC microgrid when it is subjected to a temporary
disturbance is the main concern. In hybrid microgrid, the disturbances take place continuously because of
the load changing endlessly. Satisfying the hybrid microgrid operation during the disturbances conditions
was achieved in order to supply the demand. Furthermore, the power quality was another concern for the
operation of a hybrid microgrid; which prefer for the hybrid microgrid to provide better response and less

oscillatory behaviour. The efficient and desire performance of the hybrid microgrid were evaluated using
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the linearized model of the hybrid microgrid. As a result, evaluating the eigenvalues and sensitivity modes

of the hybrid microgrid were discussed due to its necessity of studying the control system stability.

Chapter 6 was revealed three serious issues of operating hybrid AC/DC microgrid; some of these
issues are temporary take a place based on the system operating conditions. In hybrid AC/DC microgrid,
an intertying converter (IC) becomes harmonics voltage source due to the antiparallel diodes and the shunt
capacitor at its DC side. The nonlinearity behaviour of ICs was introduced another operation issue that
was circulating current in case of parallel ICs. Reconnecting an IC after abnormal operation condition or
schedule maintenance was required an extra challenging synchronization control due the variation of the
AC subgrid voltages and frequency; which was the third issue. This chapter has proposed a solution for
all these issues by developing a new control strategy that combines the VSM control concept with a dual
based droop control.

7.2 Contributions
The main contributions of the research presented in this thesis are as follows:

e A comprehensive assessment of VSM control algorithms has been carried out. This study has
presented the similarity of the equivalence of the low-order VSM control algorithm with high-order
VSM control algorithm under different operation conditions. A key contribution in the study is the
determination of the suitable choice of VSM control algorithm to be implemented and used for the

hybrid AC/DC microgrid application.

e A novel control strategy for the Intertying converter in hybrid AC/DC microgrid was proposed to
ensure the benefit of a virtual synchronous machine (VSM) control algorithm in the hybrid AC/DC
microgrid. The VSM controller application was proposed to enable an IC converter to support the

AC-side voltage and frequency as well as the DC-side voltage.

¢ Developing an autonomous operation control of the VSM intertying converter based on dual droop
characteristics which is quite different compared to using only current controller. The autonomous
operation of the intertying converter based on dual droop control is modified and proposed to be
capable to feed the VSM controller (swing equation) to ensure accurate power exchange

management between the AC and DC sub-systems.
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e A generic small-signal state space model of the hybrid AC/DC microgrid system has been proposed,
and built to carry out the stability analysis. The development of the small-signal state-space model
for the entire hybrid AC/DC microgrid was developed to investigate the overall system stability

under different operating points.

e The hybrid AC/DC microgrid performance with multiple ICs was investigated to achieve reliable
operation. Due to the existence of the parallel ICs some serious operation issues and challenges
have been revealed such as circulating currents. The developed VSM controller on the IC was

solved these issues.
7.3 Direction of Future Work
Based on this thesis research, some research points require further future research work, as follows:

e The AC sub-system of the hybrid AC/DC microgrid in this thesis is considered as a balanced AC
source, but it is important to study the system performance during unbalanced AC sub-system. Also
the effect of the unbalance AC sub-system on the DC sub-system performance.

e Fault analysis is the most important aspect that must be considered and studied in both AC and DC

sub-systems due to the existence of the DC circuit breakers in the market.

o Recently, there is a trend to consider the model productive control (MPC) strategy in the practical
application due to its advantages that does not need any controller tuning. Therefore, MPC might
be a good direction for future investigation of microgrid applications.

e Considering different load types such as pumping load, which might affect the AC sub-system

performance and the overall system stability.
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Appendix A
Small Signal Model of AC/DC Converter

LCL Power Circuit:

dilg _ Rf Ly +waily + 1
dt = Lf g w.l Lf LfUOd
%— E dlg—wiilg + — ! vdc i vo I v Y
dt — Lf d Lf CLf — — | =
dvoy 1 1 e ¢:l: Cf W
i W. V04 +C—ild—C—i0d =

f / AC/DC Converter
dvo, L L 1
T - W-vou Cf N iog
led 1 1 Rc . ]
9 Evod—ﬁvbd—E.Lod+w.wq
diog 1 1 b Rc . ,
It = Lo V0% T TgVba — g -10g —W-i0g
i, —w  —Rf/Ly 0 —1/Lf 0 0 [ilq] 0 1/Lf
vog| _ 1/C¢ 0 0 w —1/CLs 0 V0y +| 0 0 |Avid]
Vo, N 0 1/C¢ -w 0 0 —1/CLyf 1_70q 0 0 |lAvi,
l(jd 0 0 1/Lf 0 _RO/LO w l.od 0 0
lw,] | 0 0 0  1/CL; —w  —R,/L,|'%%a o 0

0 0 [ ilg ]
[ 0 0 ] . —ilg
| o o |[avhd] | vo,
+| 0 0 | Avi)q + —V0g4 [AW]
l_l/Lf 0 | iog
0 _1/Lf _—iOd_

[xrcr] = [ALCL][Axp] +[B1,cL] [ﬁziﬂ + [B2,c ][AwW]
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Voltage Controller:

K.
il; = H(iog) — Wan(UOq) + Kp,,(vo;l —voy) + % (voy —voy)

K:
ily = H(iog) + wyCr(voy) + Ky (voy — vo,) + %(vo; —v0y,)

1
Oyq = E (voé - vod)

1
19,,q = ;(vo; — voq)

il = H(iog) — Wan(‘UOq) + Ky, (vog — v0g) + Kiy¥yg

ilg = H(ioq) + wy, Cr(voy) + va(vo; - voq) + KipUyq

Aﬁ:vd Aﬁvd [ 0 ] AUOZ:l n [_Kiv 0 ] [Avod]

49,4 Aﬁvq K, ) [Avog 0 —K;|l4vo,

Ailg] [Aﬁ,,d] [ 0 Hm;o;] [0 0 H 0 -K, wa] A
Ay | = avorl"lo 0 0 H wef -k [Ax;]

[6,] = [01[a9,] + [Bv;1[4vo*] + [Bv,][Ax,,]
[Ail*] = [CV][AY,] + [Dv,]1[Avo*] + [Dv,][Axy,]

Current Controller:

K.
viy = v0og —wnLe(ily) + K, (il — ily) + f(il;; —ily) Vod

K; . r
vig = vog + wyLs(ilg) + Kpc (il — ilg) + T“(iz;; —il,) iconvd

1 .
Yea = g(l’l; —ily) iconvd

1 .
o= 2t~ i) con

.
vijy = —wyL(ily) + Ky (il — ily) + KicVyq + v0g iconvg

vig = +wyL(ilg) + Kpc(il,’; — ilq) + KicYpq + v0q
[Az?m]z 0 0] Aycd] +[K ”Avoé] +[—Kic 0 HAvod]

49, 0 0l14yyq Kic] [4voy 0 —Killdvo,

[izﬁf] - [é 2] i R e 83 S e G [ 8
[19 ] = + [Bcy][4Avo*] + Bcz][Axpl]

[Ail*] = [Cc][A,] + [Dcy1[Avo*] + [Dey][Axpyy
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Power Controller:

. W
P = (s T )((vod iog) + (voq loq))
Q—( e )((vo iog) — (vog.io ))
s+ a""a a"7d
w'=w, —m,P = Aw"=-m,AP
Vi =V, —ngQ > AV'=-n,AQ
1
0=—w"=96
s
= (0" wcom) = (U)n - mpP - wcom) = Af= —mpAP — Awcom
3
(§> W (vod. iog) + (voq. ioq) — P)) >

AP =

W (vod. ioq) - (voq. iod) - Q)) =

(
'=(§>
0=z

A8 —W¢ 0 O0fras 3 0 0 0 0 0
[A'P] =| 0 —w. 0]|ap 3 0 0 weiog weiog W V04
A0 -m, 0 0]l46 0 0 weiog —weliog —weVoq
-1
+1 0 | [Awcom]

Aw 0 —my, 0 7146
Avog | = [0 0 —nq] !AP
Avog| lo o o llae

[Axd] Ad [Axd] + [Bd][Axpl] + [Bdcom] [chom]
[Ayq] = [AC4][Ax4]
Axip, = [A6 AP AQ Advy AJv, Ayig Ayiy Aily  Ail,

123

Avoy

3
2)( wcAvog.i04) + (W AV0g4.104) + (wcvoq Aloq) + (wcvoq Aloq)

(wcAvod qu) (wcAvoq Lod) + (wcvod Aloq) (wcvoq Alod)

0
W0y
W:V0g

Avoq

[ Aily T
Ail,
Avoy
Avo,
Aiog

| Aiog |

AiOd



rAilg
Ail,
AS Avoy ][Aw m]
AS + [chom ©
AP| = [Ap]|AP] +[By] fvoq
A Aioy
_Aioq 'Aild_
Ail,
. Avog,
Avoy Bv,]
Aﬁvd] = [0] ﬁ??’]” vl [A”";] o P
[Aﬁvq ! ﬁ;zd
| q-
rAilg 1
Ail,
e Avoy
) Aily
ayie] = 101 ayee] + el ]+ teea o
[Ayiq B At il'zd
| Al0g |
o [ Ailg 1
rAily i
. Ny . Avby LCL;][Aw]
AL, A q Aviy + [BLCL,] [Avb ] +[BLCLs
voy4 + [BLCL,] Avi’ !
Avog | _ [ALCL] Avo, !
AUOq Aiog
Aiog Aio
| Aiog | A
- AS
AAw [Cpy] AP
Voal =1 ] [Atla ]
Avoq_ ey a0 2%(1
_ q
. Avoy
Avog 2]
AT A19'Ud |t [Dv Avo
l Dvl][ ] !
A 4]  ev] [Aﬁvq + Avog Aiog
_Allq Aio
| q-
[ Aily T
Ail,
o Avoy
. Alld] DCZ]
Avi;l] = [cc] 2]/?] + [Det] [Ailé + o
Avig M iézd
| q-
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[Aiod] B [cos(S) —sin(S)] Aiog

Aiog] ~ [sin(6)  cos(8)] lAiog
T

Avbg] . [cos(8) —sin(6)

[Aqu - ”[sin(a) cos(a)]

AS

Aﬁvd
Aﬁvq]

Aﬁvd
[Aﬁvq]

|+

O

Kq.-sin(é)

. »
d. cos(8)

—i0g4 sin(§) — iog cos(8)
io4 cos(8) — iog sin(4)
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] [A5]

D

Te
Avbd —vbp sin(8) + vbg cos(5) AS
Avb, —vbD cos(8) — vhg sin(8) [A5]
- il 7
T Iy
= [Ap] AP+ [Bp] Avod + [chom][Amcom]
AQ 1
Aioy
| Aiog |
Al
Ail,
A Avo;
= [0] A?Z] + [Bvi] [AZZZ] + [Bv] ngz
Aiog
| Aiog |
[Aw] A6]
Avo}
Avo} ]
Al -
Ail,
(01| + 18 [t )] + et e
Aiog
| Aiog |
[Alld [x,;zz] + [Dv1] [ﬁzgg] + [Dv2]

[ Alld ]

_Aqu ]

Ailq
Avoy
Avoq
AiOd




Ailg | Al
Ail, Ail,
Ayld _ Ayld Aﬁvd AP AUOd Avod
[Ayiq] = [0] Ayiq] + [Beq] [ [cv] [Aﬂvq] + [Dv1] |[Cpy] AQ] + [Dv2] Avo, + [Bc,] Avor
Aiod Aiod
| Aiog | | Aiog |
[ Alld 7]
Ail,
Avig) _ o [AVia Aily Avoy
Aiog
[ Aiog |
[ Alld ]
Ail,
Aily Adv, AP Avoy
[Ail;] = [cv] [qu + [Dv1] [[va] [AQ” + [Dv2] svo,
Aiod
_Aioq_
7Aild 1] >Al’ld7
Ail, Ail,
Avl:i - Ayld Al?‘l]d AP AUOd Avod
[Am;] = [ec] [Ayiq] + [Dc1]|[ev] [ Aﬁvq] + [Dv1] ([Cp,] [ Aol | T [Pv2] avo, || T [Dc2] Avo,
Aiod Aiod
| Aiog | [ Aiog |
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Al T Al T i [ Al 7] - Aily ]
Ail, Ail, Ail, Ail,
Avog| Avoy Ayiy Ay, Avoy Avoy
avor | = [ALCL 04+ [BLCL, ] ec] [Ayiq]+[Dc1] [cv] [MU] (Dvi] |[Cp,] [AQ] +[0v2] o+ ez o
Aiog Aiog Aiog Aiog
_Aioq_ _Aioq_ _Aioq_ _Aioq_

. [cos(&) — sin(6) Avbd vbp sin(§) + vbg cos(6)
+ [BLCL, ] llnv [sin(d) cos(6) Avb ] [ vbp cos(d) — vb, sm(S)] [A8]| + [BLCL;1[[Cpy 1[A6]]
T
(4p),,, ((0>2x2) (022 (Bp)ye
(Bvy * Cpy)2xs ((0)2x2) (0)2x2 (Bv2)3xe
(Bcy * Dvy * Cpy)axs (Bey * Cvy)axz (0)2x2 (Bcy * Dvy * Bcy)axe

ALCL + BLCL, x Dcq * Dv,

BLCL » \ BLCL, * DCy * C BLCL, * C
[T O] |+ Bl Cow) (BLCL * DGy CV)gw BLCL+ o (T gy Wit ),

Aim;:( (BLCLy * Dc; * Dvy * Cpv) +
\ (0ax1 (0)3x2

6x3
[ ((0)3x2) 1
| ((0)2x2) |
((0)2x2)

e [B)

[chom]
B. . =| (0)2x1 [TAS
mv I (O)ZXl I[ ]
L (0)gxs |
c B [(Cow)ixs (0)1x10][A6] if Inverter index = 1
vy = { [(0)1x13] [A6] if Inverter index # 1

Cinvcz[(TC)le (0)2x10  (Ts)2x2l[Axiny]
127

Binv =

Avbd
Aqu]

6><2J




Appendix B
Small Signal Model of DC/DC Converter

Small signal model of DC/DC converter:

@=i(v‘t)_i(v\o)_ﬂ () vdc RO o LE RE ==
dt  Lf Lf Lf . | 5 -
di 1 1 . R IC Cf
g = L—(v‘o) - —(vdc) — —0. (10) 1:
° Lo Lo DC/DC Converter
dvo 1 1
it~ Cf () CF (10)
i 1
S A
. Ly Lel 1 0
1w R, 1 [[Aiv I . 1 .
w|=| 0 -2 ——||aio|+|7|[Avt] + |- —]|[Avdc]
vo Lo Lo Avo Lo
1 1 0 0
Cr Cr
Voltage and Current Controller:
o H ref
il Vdm
ref PI Pl —>

Vo' il
[%,] = [4,][Ax,] + [B1,][AvE] + [B2,][Avdc]
iv' = (Wo — vdc)Kp, + (Vo — vdc) % + H(10)
9, = (Vo — vdc) &
S
[iv'] = [1][A9,] + [Kp,1[Avo] + [—Kp,][Avdc| + [H][Aw]
[9,] = [0][A9,] + [Ki,][Avo] + [—Ki,][Avdc]
. Ki,
vt = (W — iv)Kp, + (v — iv)T
9. = (v —iv) %
[vt] = [1][A9,] + [Kp ][Av] + [-Kp][Aiv]
[9.] = [0][A9,] + [Kp,][Avo] + [-Kp,][Avdc]
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DC Power Controller

in
o' Kp ] vdc ]' !
Wf i '
S +Wf (O vO'rer
io'
Pdc = (s _V:W) (io — vo)

[Pfic] = [w.vo][Aio] + [w.io][Avo] + [-w][APdc]
VYo = vo — My Py,

[Avo] = [=mgc][APq]

Overall small signal model of DC/DC converter

[%,] = [4,][Ax,] + [B1,][Avt] + [B2,][Avdc]

[iv'] = [1][A9,] + [Kp,][Avo] + [—Kp,][Avdc] + [H][Aw]
[19'1,] = [0][AY9,] + [Ki,][Avo] + [—Ki,] [Avélc]

[vt] = [1][A9,] + [Kp ][Av] + [-Kp ][Aiv]

[9c] = [0][a9,] + [Kicl[Aw] + [-Kic][Aiv]

[Pfic] = [w.vo][Aio] + [w.io][Avo] + [-w][APdc]

[Avo] = [-my.][APq]

Re-arrangement:

[iv'] = [1][A9,] + [Kp,][-ma l[APs] + [-Kpy][Avdc] + [H][Aw]

]
|

[v¢] = [11[89] + [Kp] | (11140, ] + [Kp, ] [~macl[8Pac] + [=Kp,][avdc] + [H][Aw]] + [-Kp,][Aiv]

State space model then:

[%,] = [4p][Ax,] + [B1,][11[A9.] + [Kpcl[B1,][11[A9,] + [KpI[B1,][Kp,][—=mac][APy]
+{[Kp.]|B1,|[-Kp,][Avdc|} + [Kp[B1,]|[H][Aw] + [B1,|[—Kp ][Aiv]
+ {[B2p][Avdc]}

|Pdc| = [w.vo][Aio] + [w.io][Avo] + [-w][APdc]

[, ] = [011A0,] + [Ki,][=ma ) [APg ] + {[-Ki, ][ Avdc]}

[9:] = [01[46,] + [Ki ][11[A0,] + [Kic][Kpy][=mac][APa ] + {[Kic][-Kp,][Avdc]} + [Ki][H][Atb]

+ [~Ki][Aiv]
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Apgc =

Ap +

0
0
0

+

<+[[—Kic] ([Kic] = [H]) 0])2X3

([B1,] * [-Kp.])

([Kpc] * [B1,] * [H])

0 0
00]
0 0
01
0
0

(Kpcl[B1,|Kpyll-macl), . ([Kp[B1,][1]), . (B1p),,

L
—

3X3

(0 [w.vo] [w.io])1x3 (—W)1x1 (0)1x1 (0)1x1

[0 0 0]

[([Kpc] * [B1,] * [_va]> ]
+[B2,] -
Bpac = (0)1x1 [AV,]
([_Kiv])lxl
([Kic] [_va])lxl
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In order to implement the state space model for the entire DC  gjoad1 vy L0 Ro o LE R [
microgrid, the DC loads must be included in the system matrix. ! «— o v =
IC
Therefore, the A matrix of inverter # 1 and #3 will be changed, Rline1 l while
converter #2 remain to the previous state space model. Lo Ro . Lf Rf (==
vdc? { /
| T ¢I cf v AT
_ Apger (0)exe  (0)6xs Rline2 3 =
[XP] =1(Mexs APacz  (0exe | [AXp] Lo Ro  Lf Rf u =
(0exs (0)exe APac3 '||—'W\'_d g — Y A
vdc v S
Bpac1][AVdcl Rload2 ic *I cf WV
+ |BDac2 | |AVdc2
i vdcl
Vdcl = iloadl * Rloadl Rload1l 101
Vch = iload3 * Rload3 ilinel TEE Rlinel
lload1 = (iol + ilinel) i02
) ) ) vdc2 pe——
lioad3 = (lo3 + lline?;)
iline2 l Rline2
Thus: i Rload2| ios
) Apdcl (O)6><6 (0)6><6 decl (Aiol + Ailinel) * Rloadl vde3
[Xp] = [(@exe APacz  (0exs | [AXp] + |BPac2 AVdc2
(0)6><6 (O)6><6 Apacs Bpacs (Aio3 + Ailinez) * Ripaas
It is clear that includeing the DC loads shows some elements are related to the state matrix. Therefore,
these elements must be considered in the state matrix as illustrated below:
Apger (0)exe  (0)gxs . .
. B R Al B R Aly;
[XP] — (0)6><6 Apch (0)6><6 [AXP] + [decl] [Rloadl] [A.ol] + [decl] [Rloadl] [A'll'nel]
Pdc3 load3 lo3 Pdc3 load3 liine2
(0exs (0)exe APacs
+ [Bpac,][AVdc2]
[ < Kp] * [31,,]) ] [ < [Kpc] * [B1,] * )
* [— va] [—Kpy] * [Rioaa1l
+|B2 . +|B2,| * [R .
v BPac1 = [ p] 3x1 [Rloadl][Alol] = Bpgc1 = [ p] [ loadl] 3x1 [Alol]
(0)1x1 (0)1x1
([_Kiv])1x1 ([—Kiu] * [Rloadl])lxl
([Kic][_vaDlxl . »([Kic] [_va] * [Rloadl])lxl—
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Therefore: the (Apac(;)) becomes as written below including the load and lines resistances:

APac(
0 0]
Apay + [([BLyw|[-Kpee]) [0 0
0 ol
0 07|
+|[o] ([Kpew][Blpw] = [H) |0
0 0] < [Kpew][BLpw] ) ([Kpc(i)][l]) (B1,00)
/'<[Kpc(i)][Blp(i)][—KPvm][Rload<i)]> \ x [Kpvoll=macol/ 5, \X[Blow]/,,, P 3
_ 0] | +[sz(i)][Rload(i)] sx1| | [0
+ [0] | (0)1x1 | [0]
0 k ([ Kivgo [Roaaco]),,, ) 0
([Kicwll=kpolRiocawl),, 1))
(0 [w;.vo;] [w;.i0;])1x3 (—wi)1x1 (0)1x1 (0)1x1
[0 0 0] [Kiveoy ] [=mac] 0
<+ [[_ch(l)] ([ch(l)][H(L)]) 0])2 s ([ch(i)][KPV(i)]> ([[Kic(i)]])ZXl (0)2><1
X [-mace) 2x1
The input matrixes then can be written as:
'<[Kpc<i)] * [Blym] * [=Kpuy] * [Rload@])
+[BZp(i)] * [Rioaa(n] a1
dec(i) = (0)1x1 [Ailine(i)]
([=Kiv] * [Rioaa]),
([Kicwl[-Kpow] * [Rioaac]),
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Appendix C

Small signal model of IC

Power Circuit of IC equations:

Rf L
did_l . 1 R i iﬂo f Lf vt
dt —Lfv d Lf Vogy4 Lf lg qu Cf l 41—
dig _ 1, 1 R L
at L 9L Tt
dvod—iio —ii + wv,
dt ¢ ¢ ¢t
dvo, 1 1
T _Cf 04 C; lg — Wy
dde 1 1

= —ioge ——1
dt ~ Coe G

S Vtg + Uty = MgVgc + MgVq,

. . 3 3
Solg + lq = Emdvdc + quvdc

1. Power Circuit model:

. 1 mg Vac Rf , , ,
Al; = _L—Avd +L—Avdc +L—Amd —L—Ald +w.Aig + iy Aw
f f f f
. 1 mq Vac f .. . .
Al, = _L—Avq +L—AvdC +L—Amq —L—Azq —w.Aig — izjAw
f1 f1 f f
Av, = —C—fAiod +C—fAid +wO. Avy + v Aw
. 1
Avq = ——AiOq + C—Alq - WO.Avd - 173 . AW

f f

Vic = | — lg — m,; — lg — m — Alodc
de Cdc ¢ Cdc ¢ Cdc 1 Cdc 1 Cdc
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R 1 m
Lf Lf Lf Vae 0
L R 1 m T
Aty —-w -z 0 - 4 Aig Lf
Aig g ot 0o  _ldc
. 1 9 Le |[A
Avgl=| = 0 0 w0 ||avg|+ f Amd]
; Cr Av 0 0 my
A‘l?q 1 q 0 0
: lA'l? J 0 0 [Amdq]
AV 0 C. -w 0 0 de 1513 1.5
[Axp] 1.5mg 1.5mg 0 0 0 Cdc[ ] Cac
_ — Bp1l
Cdc Cdc -
[Ap]
0 0
i 0 0 0
! L 0
—Hd - = Aio 0
+| vgq [Aw] + Cr Ai d] + [Aiodc]
04 0
—Vq 0 — i 1
0 Cy " .
e 0 __ 0 B
[Bp3]
[Ax,| = [Aplsxs[Ax,] + [Bp1lsxz[Amaq] + [Bp2ls«i[Aw] + [Bp3lsyz[Aiog,]
+ [Bp4]syq[Aiodc]
2. Current Controller model:
k k; 1 wL i L my
Amy = —PE(AiE — Aiy) + —S A0y + — Avs — —LAIE — LLAw — LAy (8)
¢ ch ( 1 q) ch i viic d vgc 1 'v%c Vac de
. . i w lg f mq
Am, = —PE(Aif — Aiy) + —< A0, + — AvE + —LAIE + 2L Aw — —L A 9)
. 1 17dc( 1 q) Vac " Vac 1 Vac d Vac Vac ac
Ab,y = Ai}y — Aig (10)
AB,, = Aij — Ai, (11)
Ay ] [Aeld] 1 0] [Azd] ] [Azd]
Ay | Ab;q o 1 Aig _1 Al

B
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[Kic

1 @ 0 _@ _WLf [i 0 ]
Amd] Vac |[Aeld]+ Vac [Ai;]+ Vac  Vac [Aid]_l_ Vac Avd]
0 | 0 = _lre 0o —
4

vdc v_ch Vac Vac Vg
Ci Di1 Di2 D13

Lflq my
Vac Vac

+{ Lfld ‘[AW] + _ﬁ [Avdc]
Vdc Vac
Di4 Di5

[A6,44] = [Bill[Aiy,] + [Bi2][Aigg] (b)

[AmG, | = [Cil[A8;aq] + [Dil][Aiy, ]| + [Di2][Aigy] + [Di3][Avag] + [Di4][AW] + [Di5][Av,,] (c)

3. Voltage Controller model:

Al = ky,(Avg — Avg) + ki, A,y + HAlog — wCrAvg — Crvd Aw (6)
AIL = kpy(Avy — AVS) + kiyAByq + HAIOS + wOCrAvG + CrvgAw @
AB,q = Av} — AV (10)
AHW = Avg — Avg (11)
Al ; AG k 0 11AV; —k —wCr] [AVS —Cev?
e e e o el
Cv T o R a— vz
H 071[Alo§
+ c
0 H [Aqu]
Abyq] ] [Aevd [Avd] [ [Avg]
Abyq| Avg] "10 -1l Avg
[ALL,] = [CV][Ab,44] + [Du1][Au;;q] + [DvZ][Avdq] + [Dv3][Aw] + [Dv4][Aiog,] (d)
[A6,44] = [Bv1][Avy, | + [Bv2][Avy,] (e)

4. Virtual impedances model:

Avg = AV,.r — RyAiog + wl,Aiog + LyiogAw

Avg =0 - R,,Aioq —wlL,Aiog — LyiogAw
Av;] _ [ —R, ] [Alod] [+loq
Avg] — |-w°L, - Aiog L-iogly)
Dvrl Dvr2
[Av;‘lq] = [Dvrl][Aiodq] + [Dvr2][Aw] (f)
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5. Swing equation model:

d_W=Pref_ﬁ_Kd*WVSM+Kd*W5
ac 2] 2J 2 2

. AP, 15i04 1.5i0, 1.5v4 1.5v, K, K4
Aw=— = A ppo o _ Aiog — —2 Aio, — =2 A =2 Aw;
w 2] 2] 17 2 Vq 2 104 2] L0gq 2] WV5M+2] Wy
devsm =w
d_t VSM
ABysm = Awygy ] r _ L5
AW, 531 ~ _& ol 1awy sy N _1.5vd _ 1.5y, Aiog N _1.510d _ 1.5i04 AVS
- I VY I 2] 2 |aiog 2] 2] | avg
vsm 1 ol 0 0 1 0 0 a
T4 Bl B2
K41
+ |27 | [aw]
0
Bg3
Aw Awy sy .
Lo | = 1asd | ae7s™] + (B 11 ai0gg] + [B,21[Avaq) + [B:3][aw] (@)
ABygm vsm

[Ax,| = [Aplsxs|Axy]| + [Bpllsxa[Amag]| + [Bp2]sxi[Aw] + [Bp3lsxa[Aiog,]
+ [Bp4]sx1[Aiodc]

[A6,44] = [Bill[Aiy,] + [Bi2][Aigg]

[Amgq| = [Cil[AB;qq] + [Dil][Aiy,] + [Di2][Aigg] + [Di3][Ava,] + [Di4][Aw] + [Di5][Av,,]
[AL;,] = [CV][AByaq] + [DV1][Avy,]| + [DV2][Avaq]| + [DV3][AW] + [Dv4][Aiog,]

[A6,44] = [Bv1][Avg, | + [Bv2][Avg,]

[Av(’;q] = [Dvrl][Aiodq] + [Dvr2][Aw]

[ Aw Awysy

pe. | = [A;] Aevsm] + [Bs11[Aiogq| + [Bs2][Avgg] + [Bs31[Awy]

2

[A6,4q] = [Bill[Aiy,] + [Bi2][Aigg]
[Aig,] = [CV][AByqq] + [DV1][Avy, | + [DV2][Avaq]| + [DV3][AwW] + [Dv4][Aiog,]

[Avg}q] = [Dvrl][Aiodq] + [Dvr2][Aw]

[A6,4,] = [Bil] [[Cv] [86,40] + [DV1]|[Dvr1][Aiogg] + [Dvr2][Aw]] + [Dv2][Avy,]

+ [Dv3][Aw] + [Dv4] [Aiodq]] + [Bi2][Aig,]
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[A6,44] = [Bi1l[CV][AB,qq] + [Bill[Dv1][Dvrl][Aiog,]| + [Bill[Dvi][Dvr2][Aw]
+ [Bi1][Dv2][Avg,] + [Bill[Dv3][Aw] + [Bil][Dv4][Aiog,] + [Bi2][Aig,]

[Ag;dq] [AW AeVsm] [Axp] = [Aldq Avdq Ade]T [Ae.ldq]

[46,44] | [Bill[Cv] | [Bil][Dv1][Dvr2] [Bi2] [Bil][Dv2] O 0

[A6,44] = [Bv1][Avy, | + [Bv2][Avy,]
[Avy,| = [Dvr1]|Aiog,]| + [Dvr2][Aw]

[46,4,] = [BV1] [[Dvrl][Aiodq] + [Dvrz][Aw]] + [Bv2][Avg,]

[A6,44] = [Bv1][Dvri][Aiog,]| + [Bvi][Dvr2][Aw] + [Bv2][Avg,]

[Ae;;dq] [AW Aevsm] [Axp] = [Aldq Avdq Ade]T [AH'qu]
[A6,44] 0 [Bv1][Dvr2] 0 [Bv2] © 0
4
Aw 1 _ Awysy )
[ pel | = [As] Aevsm] + [Bs11[Aiogq]| + [Bs2][Avgg] + [Bs31[Awy]
[Ae;;dq] [AW Aevsm] [Axp] = [Aldq Avdq Ade]T [AH'qu]
[A6,44] 0 [4;] 0 [Bs2] 0 0
1

[Ax,] = [Ap][Ax, | + [Bp1][Amgq] + [Bp2][Aw] + [Bp3][Aiog, | + [Bp4][Aiodc]
[Amg, | = [Ci][AB;qq] + [Dil][Aiy,] + [Di2][Aigg] + [Di3][Ava,]| + [Di4][Aw] + [Di5][Av,,]
[Ai5,] = [CV][AByaq] + [DV1][Avy, | + [DV2][Avaq]| + [DV3][AW] + [Dv4][Aiog,]

[Av, | = [Dvri]|Aiog,]| + [Dvr2][Aw]
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(4%, ] = [4p][Ax]
+ [Bp1] [[Ci][AGidq]
+ [Di1] [[Cv] [86,44] + [DV1] [[Dvr1][Aiog,] + [Dvr2][Aw]| + [Dv2][Avy]
+ [Dv3][Aw] + [Dv4] [Alodq]] [Di2][Aigg] + [Di3][Avagy] + [Di4][AW]

+ [DiS][Ade]] + [Bp2][Aw] + [Bp3]|Aiog,| + [Bp4l[Aiodc]

[Ax,| = [Ap][Ax,] + [Bp1][Cil[Ab;44] + [Bp11[Dil][CV][A8y44]

+ [Bp1][Di1][Dv1][Dvril][Aioy,| + [Bp1][Dill[Dv1][Dvr2][Aw]

+ [Bp11[Di1][Dv2][Avy,] + [Bp1][Dil][Dv3][Aw] + [Bp1][Dil][Dv4][Aioy,]
+ [Bp11[Di2][Aigq] + [Bp11[Di3][Avy,| + [Bp1l[Di4][Aw]
I

+ [Bp1][Di5][Av,.] + [Bp2][Aw] + [Bp3][Aiodq] + [Bp4][Aiodc]

[Ax,] = [Ap][Ax,] + [Bp1][Cil[A8i4q] + [Bp1I[Dil][CV][AB,qq]

+ [Bp1][Dil][Dv1][Dvrl] [Aiodq] + [Bp1][Dil][Dv1][Dvr2][Aw]
+ [Bp1][Dil][Dv2][Avy,| + [Bp1][Dil][Dv3][Aw] + [Bp1][Dil][Dv4][Aiog,]
+ [Bp1l[Di2][Aigq| + [Bp11[Di3]|Avy,| + [Bp1l[Di4][Aw]
+ [Bp11[Di5][Avy.] + [Bp2][Aw] + [Bp3][Aiog,]| + [Bp4l[Aiodc]
[A6,44] [Aw  ABy¢] [Ax,] [46,44]
= [Mlyg Avgy Avg”
Aigq ] | [Bp1l[Dill[Cv] | [Bp1][Dil]l[Dv1][Dvr2] | [Ap] [Bp1][Ci]
[iZﬂ +[Bp2] | + ([Bp1l[Di2][Aigg]
+ [Bp1][Di1][Dv2][Avg,]
+0)
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; Ap + . ) Bp1DilDv1Dvr?2
[ A%, ] [([BplDiZ B DiLDY2 0]) BplCi BplDilCv (p +Bp2
'Agl_dq =| (Bi2 BilDv2 0) 0 BilCv BilDv1Dvr2
lAé’vqu | (0 Bv2 0) 0 0 Bv1Dvr2
aw 1o (0 Bs2 0) 0 0 As
[/ (Bp1DilDv1Cvr)\]
+(Bp1DilDv3)
+Bp2
+|  (Bitbvicor)y  |[Aiog]
(+(Bi1Dv3))
Bvl x Cvr
Bs2
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