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Abstract

This thesis is focused on the stability of systems containing high power electronic
devices. The study mainly involves the exchanger device in a hybrid current
microgrid. This microgrid has a topology with a DC bus and an AC bus. The
stability analysis was performed for a small signal during short- and long-term
perturbation. The short-term tests are presented in the frequency domain with
the Nyquist stability criteria. This method has several practical advantages that
facilitate its implementation. The long-term tests use eigenvalues and a semi-
recursive method to estimate the low frequency equivalent of the microgrid. A
continuation method has been applied to analyze the stability of the system with
the full information about the microgrid. The loadability and controllability of
the system has been tested with this method.

xXvii



List of Tables

xviil



Acknowledgements

I would like to thank first to my supervisor Professor Marta Molinas for all her
guidance. The Department of Electrical Power Engineering at Norwegian Univer-
sity of Science and Technology.

Thanks to my family for all their support, my girlfriend Emma for all her help.

I would also thank to my friends at NTNU, Trondheim and around the world.

Xix



List of Tables

XX



Chapter 1

Introduction

The aim of this chapter is to describe the reasons for this research and to state its
objectives. The state of the art in micro-grids and stability of systems with high
power electronic devices is also presented, and the contributions are highlighted.
The chapter also describes the problem and the methodology used to solve it.

Energy in future distribution systems will come from renewable and non-
renewable sources as well as energy storage (ES) devices [4H6]. These types of
system will power electronic devices to link the sources or loads with the elec-
trical grid. Such distribution systems are promising to develop into what can be
defined as an interaction of multiple micro-grids (i.e. a cluster of them). A mi-
crogrid is a small electrical network operated in isolation from the main grid (See
below for a full definition). This isolated network comprises sufficient generating
resources, and operates in a deliberate and controlled way |[7].

An electrical power system at distribution level fed by renewable energy sources
(RES) is a good way to use available clean energy. In addition, more and more dis-
tributed generation devices (DG) that capture a particular type of renewable en-
ergy and converts it to electrical energy are being installed at homes or buildings.
Most of these DG inject the power generated into the distribution grid through
power electronic systems. This type of grid, called a micro-grid, is defined as an
autonomous grid that has a set of generation devices, storage systems and loads.
They are connected to the same low or medium voltage grid. Micro-grids can also
operate connected or islanded from the main distribution system [8].

The increased application of power electronic devices in DGs at the distri-
bution level has resulted in the addition of new types of non-linearities to the
system dynamics. Furthermore, these new properties can result in unknown be-
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haviour in this new class of power systems leading to possible lost of stability. It
is important to study the aggregated effect of a large number of power electronic
devices in the distribution systems based on existent AC topologies as well as new
hybrid AC-DC buses. The correct and safe operation of the microgrid has to
be ensured. The analysis of stable behavior is important to ensure the correct
operation of the microgrid. Therefore, stability is the main area of study in this
thesis. Consequently, it is necessary to identify the characteristics that influence
the stability of microgrids with devices based on power electronics.

1.0.1 Hypothesis

Systems formed by the aggregation of power electronic devices that interconnect
renewable and nonrenewable energy sources first have non-linear dynamics be-
cause of their switched behavior. This type of device can be controlled with both
linear and non-linear methods, which adds complexity to the dynamic. It can
be assumed that a system with many aggregated power electronic devices will
also be non-linear. However, non-linear phenomena associated with these aggreg-
ated systems have not been reported. Additionally, power electronic systems do
not have inertia, in contrast with classical power systems which do. Therefore,
the damping of oscillations resulting from the inertia in systems based on elec-
trical machines are not present in power electronic systems, and it is necessary
to identify new properties in the behavior of the new system. One approach is to
analyze aggregated power electronics with an equivalent dynamic system, in the
form of an equivalent impedance.

1.1 Objectives

1.1.1 General

The main objective of the research is to identify the phenomena that affect the
stability of a micro-grid fed by multiple renewable energy sources, non renewable
energy sources and loads with power electronic interfaces.

1.1.2 Specific

e To classify and to model by simulation the micro-grid structures suitable
for the future operation of the distribution system.

e To select the most accurate modeling methodologies for a power electronics
system with renewable energy sources.

e To verify the theoretical model obtained by an experimental test.
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Domain

Model Equivalent Equivaent State
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Stability Nyquist | Eigenvalues | Eigenvalues
Method Criterion Parameters graph Continuation

Figure 1.1: Methodology diagram.

e To select techniques to study the stability of microgrids.

e To determine the degree of influence of the parameters and devices on the
stability.

e To determine by simulation the potential relevant sources of instability in
the micro-grids to establish design guidelines that can guarantee system
stability.

1.2 Description of the problem and methodology

The Thesis was developed to determine the models and the techniques to study
the stability of a distribution voltage level microgrid based on power electronics
devices for two cases. Figure shows the model and stability method required
depending on the domain of representation. In the first part, the information of
these devices is not available and they are considered as black-boxes, and in the
second part, all information about the devices and network connection is available.

The research was developed to study the stability at the interconnection points
of a voltage source converter (i.e. the DC and AC sides). This system is used in
the microgrid to link the DC with the AC buses. Hence, two main analysis have
been considered: small signal stability study with short- and long-term problems.

The first part of this research presents the small signal stability study and the
theory of impedance representation at the coupling point of the converter with
the microgrid [9]. The stability test uses the Nyquist criteria |10,/11].
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The second part takes into account the problem of long-term signal stability
at the DC coupling point in the microgrid. Here, the condition of existence of
equilibria of systems with loads consuming constant power has been stated, as
described in [12], and the stability tested using a representation of the microgrid
with a Thevenin’s equivalent circuit in the time domain [13]. This equivalent is
coupled with the long-term signal representation of the constant power load, i.e.
the converter used to connect the DC and AC buses of the microgrid. The inner
loop dynamics has been neglected, i.e. current or voltage controllers [14]. The
stability test then uses the eigenvalues of this reduced system to obtain a set of
boundary curves.

The third part of this research examines how the transition of the system states
influences the stability of a DC microgrid [15]. The methodology uses the con-
tinuation algorithm for fixed points [|3]. Information about the microgrid topology
and parameters is necessary to apply the method. Finally, the use of eigenvalues
for each point in the state-parameter space defines the stability or instability of
the system.

This theoretical approach complemented with experimental results for short-
and long-term dynamics of power electronic converters.

1.3 State of the art

Some authors have proposed a coordinate operation for the micro-grid. Sophist-
icated communication systems are required to control the generation/storage and
to maintain a constant voltage and frequency [16-18]; some of the information
required is the forecast of the demanded load, fuel prices (for thermal distrib-
uted generation), and physical constraints. A second option is to operate the
micro-grid like a primary controller of a conventional power system, which does
not require communication between the distributed generation elements and uses
droop control to maintain safe operation [19]. With this method, communication
involving supervisory control can be applied to the outer loops. The reference
signals can be sent from the supervisor to each of the sources of the system. This
is in order to improve the grid response, as occurs in hierarchical control.

The microgrid can have different structures. One of its structures involves
the interconnection of the DG, storage systems and loads to a DC bus [4},20-23]
(Fig. . For distribution systems with AC coupling points, the radial and ring
configurations can be adopted as the structure of the micro-grid [7,24]. Another
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structure that uses AC and DC buses, which are connected through a AC/DC
bidirectional power electronic coupler is presented in [25].

Wind Photo-voltaic

AC/DC DC/DC

DC bus

Energy | | @@ L [Other RES
Storage
AC load

Figure 1.2: Typical DC microgrid structure in isolation mode.

Micro-grid structures are relatively new; thus, their stability has been substan-
tially less investigated than that of their predecessor, the classical power system.
The DG based on power electronic devices adds new properties to the system such
as discrete operation, which in turn introduces a new type of non-linearity. In ad-
dition, the DG lacks physical inertia and the dynamics of the controller determine
the behavior of the power electronic devices in the system, and also affects the
properties of the energy sources behind the power electronic devices. Little is
known about the combined effect of these properties when the power electronics
devices are interacting with one another in the same system. Indeed, the range of
potential phenomena has not been yet identified. Some of these properties have
been investigated in isolation by some authors using different levels of assump-
tions and simplifications for modelling the components of the system. Most of
these studies have assumed ideal conditions for the analysis of the components
because they are more concerned with the functionality of individual components
than with the overall influence of such components in the system.

The linear stability of DC systems has been analyzed in [11,[26H28], and the
continuous monitoring of small signal stability was proposed in [29]. In this ana-
lysis, the stability is monitored and prevent from crossing a frequency response
margin criteria that uses the current or the voltage as parameters. In [10], a review
of the methods used to analyze the stability of systems with electronic devices is
presented. One of the method is phasor modeling of electronic circuits, which
takes into consideration firing angle and harmonics, but this in turn makes the
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models larger and more complex. Another method used in [30] involves the ana-
lysis of the system on the dq reference frame. This method averages the duty ratio,
linearizes the system around an operation point, and applies generalized Nyquist
criteria with a matrix representation. A third method is reduced order modeling,
which is described in [31]. This is tested on an inverter and describes the AC
output impedance. In [31] the resulting impedance (i. e. the frequency response)
depended mainly on the transfer function of the controller. Finally [32-36] de-
scribe a technique for modeling the small-signal input impedance of line frequency
AC-DC converters for the purpose of linear stability analyses such as the Nyquist
criteria. The method uses harmonic linearization and Fourier analysis. Several
studies have also used linear analysis to study the instability derived from con-
verter control-grid interactions, or from a constant power behavior [20,37-39].

Power electronic systems add fast non-linear dynamics to the micro-grid.
These non-linear dynamics have not yet been characterized and the nature of these
nonlinearities compared to the nonlinearities of classical power system is not well
known. These systems can excite resonance, which, if sustained or under damped
can lead to grid failure. Hence, some designs of power electronic devices include
non-linear analysis by introducing bifurcation theory. The stability boundary of a
dynamic voltage restorer, taking into account the variation of the switching func-
tion, and the distribution static compensator without considering the switching
function, is shown in [40,41].

1.3.1 Gaps in the state of the art

Previous studies have provided tools to assess the stability of individual power
electronic devices at the connection node with other power system. The thesis
identifies the following unresolved issues that need to be addressed.

e Electrical networks present different topologies and voltage level character-
istics. One of the objectives of this thesis is to identify a possible microgrid
distribution level system that presents similar characteristics as the clas-
sical distribution power system, in which renewable DG are the main energy
source.

e None of the publications listed above reports the stability of a microgrid
with DC-AC buses in which the DGs are the main sources of the system.

e It is necessary to identify the advantages and disadvantages of stability
techniques for short and long term representations of microgrids with DGs
based on power electronic devices.
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e Unfortunately, many of the publications reporting stability studies do not

1.4

include a detailed analysis of influence of the loadability and controllers
applied to the power electronics devices in a microgrid.

Contributions

The contributions can be summarized as follows.

e A microgrid system was designed to test and to verify the stability analysis

1.5

method by the frequency and time domain techniques. This microgrid has
a DC and an AC bus, therefore the distributed generators and loads were
coupled at these buses [9].

Small signal representation of the system. The small signal representation
was carried out by linear approximation of a system using the concept of
harmonic balance. The stability criteria are based on the Nyquist test of
the minor loop for a Thevenin or a Norton circuit equivalent [9).

For the long-term signal representation, a theoretical study was developed
to determine the conditions for the existence of equilibrium in systems with
constant power loads (CPLs) (i.e. the power exchange device in the mi-
crogrid) [12].

An equivalent system of the microgrid at the coupling point of the power
exchanger device was also developed for the long-term signal representation
by using a semi-recursive parameter estimation of the mentioned equivalent.
This estimation of the equivalent impedance is used with the respective
representation of the device under test and a map of stability boundaries in
the parameter space was developed [13].

The fast and slow dynamics of a DC-microgrid were analyzed with the ap-
plication of the known continuation theory [42].

Scope

The research is based on the study of stability in future systems supplied through
power electronics. The stability tests have been performed in a microgrid with
DC and AC buses. The coordination algorithms of microgrids are beyond the
scope of this Thesis. A master/slave coordination for the converters was used at
the DC bus and a frequency and voltage droop control was used for the inverters
at the AC bus [43]. This research is focused on:
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1.6

Small signal short-term representation at the point of common coupling.
Small signal short-term stability.

Long-term stability at the point of common coupling.

Use of the continuation theory to study the boundaries of stability for load-

ability and controllability tests.

List of publications

The results of this project have been published in journals and conference pro-
ceedings. The publications are listed below.

1.6.1 Journal papers

Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta; Large sig-
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journal, Elsevier, Technoport 2012 - Sharing Possibilities and 2nd Renewable
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2596-7), pp 1-8, October, 2012.

e Holtsmark, Nathalie; Sanchez Acevedo, Santiago; Molinas Cabrera, Maria
Marta. Speed regulation of a wind turbine with current source or matrix
converter: Tuning procedure. I: IEEE COMPEL 2012: 13th Workshop on
Control and Modeling for Power Electronics. IEEE conference proceedings
2012 ISBN 978-1-4244-9373-9. s. 1-6.
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tion 2012 (ISBN:978-1-4673-1933-1); 2012-05-07 - 2012-05-10

e Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta. ”Assess-
ment of a stability analysis tool for constant power loads in dc-grids,” in
15TH International power electronics and motion control conference, EPE-
PEMC 2012 ECCE Europe, Novid Sad, Serbia, sep. 2012, pp. 1 -5.

e Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta. ” Assessing
the validity of a propose stability analysis method in a three phase system
with constant power load,” in Power Electronics for Distributed Generation
Systems (PEDG), 2012 3rd IEEE International Symposium on, june 2012,
pp. 41 -45.
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Cabrera, Maria Marta. Real-Time Compression of Measurements in Distri-
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e Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta. Modeling
of Switching Power Interfaces for Smart-Grid Stability Studies. Innovative
Smart Grid Technologies IEEE PES ISGT 2011 Europe (ISBN: 978-1-4577-
1422-1); 2011-12-05 - 2011-12-07.

e Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta. Power Elec-
tronics Modeling Fidelity: Impact on Stability Estimate of Micro-grid Sys-
tems. IEEE PES Conference on Innovative Smart Grid Technology, Asia
(ISGT2011) (ISBN:978-1-4577-0874-9); 2011-11-13 - 2011-11-16

1.6.3 Poster presentations

e Sanchez Acevedo, Santiago; Molinas Cabrera, Maria Marta; Garces Ruiz,
Alejandro. A current-coupled topology for grid integration of wind turbines
in micro-grids. Indian Week- NTNU, Trondheim; 2011-11-05 - 2011-11-07.

1.7 Layout of the thesis

The thesis is organized as follow:

Chapter [2| presents a discussion about distributed generation, the concept of a
microgrid and their various topologies. A brief description of stability of dynamic
systems is given.

In Chapter |3| the microgrid used as a benchmark in this Thesis is described,
and the converters and control loops are also presented.

Chapter [] investigates small signal short-term stability of the frequency rep-
resentation of the microgrid equivalent and the device under test. The Nyquist
criterion is used to evaluate the stability.

In Chapter [5| the long-term stability is studied. The theory is based on a
situation in which information is lacking about the microgrid and the impedance
equivalent is required. A recursive parameter estimation technique was applied
to solve this problem, in a method resembling a black/gray box approach.

The loadability and controllability tests are described in Chapter[6] The math-
ematical tool used to study the stability here is the numerical continuation of fixed

points.

Finally, the conclusions of this Thesis are presented in Chapter [7}
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Chapter 2

Aspects of islanded small scale
power systems

This chapter presents a basic description of microgrids, different types of elec-
trical power systems based on microgrids, the promising increase of microgrids at
the distribution level, and the control coordinations that can handle this kind of
topology. In Addition, the chapter reviews the stability tests used in systems with
a high number of interconnected power electronic devices.

2.1 Application of small scale electric power systems

Power systems in ships, aircrafts, communication and data centers use a small
power network that can be defined as a microgrid [21,122,/44,45]. This type of
system uses multiple energy sources, which can be interconnected by power elec-
tronics devices. The aim of this setup is to distribute the power coming from the
sources into multiple loads in the grid. One of the main characteristics of these
systems is the use of multiple generation points very close to the loads, which
contrasts with classical transmission networks that are characterized by a long
distance between the generation and the load. The hierarchical control philo-
sophy is also another important feature.

2.1.1 Definition of a microgrid

Microgrids have been defined by several authors and working groups [17,46,47]
as follows:
The microgrid is a small-scale power system composed of distributed generators

11



Aspects of islanded small scale power systems

(DGs) and loads operated as a collective unit. The energy source of the DGs is
solar power, wind power, fuel cells or gas cogeneration. The DG unit can also
be composed of energy storage modules, such as batteries, flywheels and super
capacitors. This system can turn many consumers of electricity into producers.
Microgrids can be found in residential buildings, commercial buildings, industrial
compounds and rural locations.

The IEEE standard 1547_4-2011 is a set of guidelines for the design, oper-
ation and integration of distributed resource island systems with electric power
systems [48], and includes the following definitions:

Distributed resource island systems: sometimes referred to as microgrids, are
used for the intentional islands in electric power systems (EPSs). DR island sys-
tems are EPSs that: (1) have DR and load; (2) have the ability to disconnect
from and parallel with the area EPS; (3) include the local EPS and may include
portions of the area EPS; and (4) are planned. DR island systems can be either
local EPS islands or area EPS islands.

2.2 Topology

The various topologies described in the literature involve a main AC and/or DC
bus. Radial and mesh topologies are the most frequently used architectures for the
connection of DGs. The main configuration is the radial form, which resembles
closely classical distribution systems. This configuration is shown in Fig. A
point of common coupling is connected to link the AC grid through a static trans-
fer switch (STS) [24,49]. In some systems with a multi-terminal interconnection,
the microgrid adopts a ring-like topology.

Figure and Fig. show various radial topologies. Four types of stand-
alone microgrids are shown along with the type of connectors and the energy
sources. The efficiency, economical cost and fuel consumption of these systems
was compared in [1]. Topology 1 shows a centralized AC coupled hybrid power
system. The wind generator (WG) is coupled directly to the AC grid, whereas the
photovoltaic system (PV) uses converters to link to the grid. The energy storage
system uses the battery bank (BB) with a double configuration to couple it with
the AC grid. Both the diesel generator (DiG) and the load are coupled directly.
In topology 2, a DC bus is used to couple the energy sources (WG, PV) with
the energy storage system. This DC bus is linked to the AC side through a pair
of converters, and the load and the DiG are at the AC bus. Figure [2.3] shows
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Figure 2.1: Radial topology.

two more radial topologies. In topology 3, the DC bus is centralized. In this
configuration the AC source (DiG) uses a combination of converters to inject the
power. The load is also connected to the DC bus by two converters. Topology 4
contains two buses. The energy sources are connected according to their primary
current characteristics. The PV system and the BB are at the DC bus, whereas
the DiG, WG and the load at the AC bus. However, the two buses can exchange
power through a couple of converters (DC-DC and DC-AC). The surplus of power
at the DC side is injected into the AC side by a power exchanger device. Therefore,
the deficit of power at the DC bus is also compensated by the power exchanger
device [25].

The efficiency of power consumption as a function of the directly consumed
power of each power source was studied in [1] forthe different topologies and is
presented in Fig. For the PV system, comparison of the efficiency in the
four topologies reveals that the efficiency of topology 2, 3 or 4 is higher than
that of topology 1 for a directly consumed power below 85% (Fig. [2.4h) [1].
This conclusion can be obtained by calculating the area under the curves with
a Riemann sum. The efficiency per unit area each topology, Apy = [Aropoiogyl
ATopolongaATopology?n ATopology4] is equal to Apy = [0.832, 0.873, 0.873, 0.873].
Figure shows the power consumption efficiencies of the different topologies for
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Figure 2.2: Radial topology: structures 1 and 2 [1].

the wind power generator. From Fig. [1], it can be concluded that topology 4
is the most efficient. Again, if the area under the curve is used Awa = [Aropoiogyt s
Aopology2s ATopology3s ATopologya) 15 equal to Ay g = [0.872, 0.840, 0.840, 0.893],
confirming that topology 4 has the highest efficiency. Finally, Fig. shows
the efficiencies of the various topologies for for the DiG. Topologies 2 and 4
presents are the most efficient for this energy source. The area under the curve
Apic = [ATopologyb ATopology27 ATopology3a ATOpologyéL] is equal to Apic = [08757
0.896, 0.841, 0.896]. Thus, topologies 2 and 4 show the best performance.

A losses analysis can be carried out based on the efficiency areas determ-
ined above to identify the best topology. Using the areas from the efficiency
(Acfficiency), the area of losses (Ajosses) can be calculated as in ([2.1]).

Alosses =1- Aefficiency (21)

The losses comparison in Fig. shows the area of losses for each topology as
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Figure 2.3: Radial topology: structures 3 and 4 [1].

a function of each energy source. The best performance was obtained with the
topology 4, and variant of this topology is used as a test-bench in this research.
Topology 4 clearly has the smallest area of losses for each energy source.

2.3 Advantages of distributed generation

In this section, a list of advantages for the use of DGs is presented [50,/51]. The
use of DGs in microgrids has several potential benefits as follows:

e Ability to meet the increasing energy demand around the world, which can
be achieved without modifying the capabilities of transmission systems.

e The use of fossil fuels may decline or can be kept constant with the integ-
ration of renewable energy.

e Losses are reduced avoiding large transmission lines for the transportation
of the generated electrical energy.
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Figure 2.4: Comparison of power consumption by the different topologies (Top),
from [1]. Directly consumed power for the PV source (a), directly consumed power
for the WG source (b), and directly consumed power for the DiG source (c)
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Figure 2.5: Comparison of the area of losses in the different topologies (Top) as a
function of the energy source: PV, WG and DiG.
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e Improvement in power quality with the use of controlled power electronics.

e Power can be supplied continuously with the integration of DGs in mi-
crogrids.

e Reactive power compensation can be improved at the distribution level. The
compensation is local.

e Microgrids avoid blackouts and loss of productivity during the island mode.

e The transient can be completely controlled thanks to the use of power elec-
tronics in the DG.

e Flexible distribution networks can be made with microgrid clusters; there-
fore, faults can be quickly isolated and removed.

2.4 Stability of dynamic systems

A summary of the mathematical tools used in studies related to the stability of
electrical power systems is shown in Fig. [52]. Nyquist and Bode are the main
criteria for stability analysis in the frequency domain, whereas non-linear analysis
and linear analysis involving classical eigenvalues and Lyapunov tests are the main
criteria in the time domain. Non-linear stability can be studied by the Lyapunov
criteria as a computational tool (i.e. with Lyapunov exponent) or the Lyapunov
function and bifurcation points can be identified by continuation methods.

Power system stability and driving force instability criteria have been classified
according to their time scale: short-term and long-term [3] (Table 2.1)). Stability
problems may involve generator rotor angle stability. One problem is undamped
electromechanical oscillations, and a second is monotonic rotor acceleration, which
leads to loss of synchronism. The first type of instability involves small disturb-
ances and is called steady state or small signal. The second type is initiated by
large disturbances and is called transient or large-disturbance stability.

Rotor angle stability, based on electromechanical dynamics and transient dy-
namics as a measure of transient stability and generator transient reactance, is
defined as short-term stability, within the range of few seconds.

As has been established for classical systems in [3], when the short-term dy-
namics are stable they eventually die out some time after a disturbance, and the
system enters a slower time frame. Several dynamic components are related in
this time frame, including transformer tap changers, generator limiters, boilers,
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Figure 2.6: Path of the tools for stability studies in each of the domain.

etc. This time frame lasts for several minutes and is called the long-term time
scale.

This classification also applies to microgrids (Fig. [2.7)). The factors involved
differ from those of the classical power system, due to the lack of inertia from
generators (e.g. rotating electrical machines). In systems with many power elec-
tronics devices, short-term stability involves the interaction of the inner controllers
and the passive elements used to store energy during switching operations [27].
At the distribution level, the lines show resistive behavior. Therefore, the states
in the lines respond quickly to changes in the operation point. These changes can
be associated with small changes in the power consumed by the loads.

19



Aspects of islanded small scale power systems

Table 2.1: Classical power system stability classification [3].

Time scale Generator-driven Load-driven
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Figure 2.7: Classification of the stability of microgrids.

Systems with power electronics acting as a load are correlated with constant
power load characteristics. The analysis of power electronic devices has shown that
the controllers of the current or voltage are faster than the outer loop controllers
used to regulate power [53]. The long-term signal problem in power electronics
based systems is related for this time frame. Several groups of researchers have
focused on a particular stability problem, the negative impedance behavior of
the constant power load (CPL), which can be a characteristic of power electronic
devices [14,45]. The small signal stability test has been applied to automotive
systems with the CPL mentioned above.

The droop controller and the power capability of the converters in the mi-
crogridE] can take part of the long-term study. The droop controller of power
electronic devices is slower than the inner controllers, which regulate the currents
and voltages of the storage elements (i.e. inductors and capacitors). Hence, when
the short term dynamics are stable and have been rejected, the system starts to
operate in the slower stage [54,55]. One of the assumptions of the droop con-
troller is that the current and the voltage are in steady state [54]; however, this

1 . . . . .
This statement has been shown in networks with just power electronic converters as sources.
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2.4. Stability of dynamic systems

Table 2.2: Bandwidth for the controllers of a VSC operating in a microgrid [2].

Level Type BW Response
0 current 20 kHz  short-term
0 voltage 5 kHz  short-term
1 droop 30 Hz  long-term
2 secondary 3 Hz long-term

assumption is not necessarily true bacause interference or interaction between
short and long term dynamics may exist. In [54,55], the stability problem was
reduced to a linear analysis with eigenvalues of the gains in the droop controllers.
The authors in [2] present a hierarchical strategy to control the microgrid based
on power electronic devices. The bandwidth of each control loop is described in
Table According to this hierarchical control strategy, the slow behavior of
the droop and secondary controllers affect the long-term stability of microgrids.
Finally, the power capability of the converter defines the power limitations in the
design of the converter.

Table shows the bandwidths (BW) of the multiple control loops applied
to a voltage source converter (VSC) for a hierarchical control strategy in mi-
crogrids [2]. Figure presents this strategy; ¢ and v are the current and voltage
measured from the converter, respectively. Hi and Hv are the controllers for cur-
rent and voltage, respectively. P is the active power and Q is the reactive power.
The references of frequency and voltage are w;..y and V,.r, respectively. The con-
troller called level 0 has been applied to the current of the inductor and voltage
of the capacitor of an LCL filter. The level 1 controller is a droop controller (e.g.
active power-frequency and reactive power-voltage in inductive networks) and the
level 2 controller is the secondary or restoration controller. This part compensates
the voltage and frequency deviations generated by the droop controller effect,and
thus increases or reduces the active and reactive power injected into the system
for every change of load or generation inside the microgrid. The microgrid voltage
and frequency are sensed and compared with the references w,.y and V,..r. The
errors obtained are sent to the droop controllers to restore the voltage and fre-
quency of the system. The behavior of the droop controller is slower than that of
the current controller, with a rate of 0.15%.
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Figure 2.8: Primary and secondary control based on hierarchical management
strategy [2].
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Chapter 3

Microgrids in distribution
systems

This chapter describes the topology of the microgrid used as a test-bench in this
research. The concept of droop and secondary control are described. Finally, this
chapter describes the design of the PI controller and the converters used in the
mized DC-AC microgrid.

3.1 Microgrid containing DC and AC buses coupled
through a power exchanger device

3.1.1 Topology

The complete hybrid current DC-AC microgrid is presented in Fig. The
nodes from ¢ € {1,...,5} form the direct current side, whereas the nodes from
i € {6,...,8} are part of the alternative current system. The power can be ex-
changed between the DC and AC side through a converter called the power ex-
changer device, P.,. Components of the grid assumed can communicate with an
energy management system to coordinate operations. In this way the multiple
converters can inject, consume or exchange power.

The topology described in Fig. is based on a segment of the CIGRE bench-
mark low voltage micro-grid |7, with some modifications: the microgrid operates
with direct current and includes a point of power exchange with an AC microgrid
that has distributed generators. The voltage at the DC and AC sides is 400 V and
200 V, respectively. The line parameters are calculated for a service connection
feeder with 16 mm? Cu, and the main line with 120 mm? Al XLPE. They are also
described in Appendix[A] Table[A.T] Ry; is the resistive load at the DC bus at node
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Microgrids in distribution systems

i, and S) represents the AC load at the node i. The loads at the DC bus are up
to Ry, and the AC loads start at Sig. The line between the nodes is Line;_1)_;,
and its resistance and inductance values are r and L, respectively. The distance
between each node is 30 m. The DC system is composed of a wind turbine (WT)
with 5kW of power (DG} ), with a permanent magnet generator and a diode bridge
rectifier, followed by the DC-DC converter. The second renewable source (DG2)
is a photo-voltaic (PV) 5kW system. It can operate at maximum power extraction
and is connected to a DC-DC converter to regulate the voltage supplied to the
grid. The third distributed resource is a battery bank (ES7), which is involved in
power sharing. It is coupled to the grid by a DC-DC bidirectional converter. The
power can be exported or imported by a voltage source converter (P.;) connected
to the AC system. Power sharing within the DC grid can be coordinated by
droop control P-V. Finally, the AC grid is composed of an energy storage device
(ES2) and a DG unit (DG3) with a rated power of 12 kVA. Therefore, the loads
are configured to enable the system operate to in island mode. Classical droop
control can be applied to the AC side, with P-w and () — V droops.

‘Wind Photo-voltaic

1
1
-DC/ DC ! VSC !
Riz Ry pojac ||
I |
Battery pex, CPL
SigE51 Sz
T pecs T peer pece
Photo-voltaic ?
Do AC/DC AC/DC S
+ —
Battery
ESs

Figure 3.1: Structure of the DC-AC micro-grid.
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3.2. DC bus microgrid

Wind Photo-voltaic

Figure 3.2: Topology of the DC microgrid

3.2 DC bus microgrid

The topology described in Fig. is based on the DC section of the full model
(shown in Fig. . The parameters are described in Appendix [A| Table Ry;
represents the load in the node pee; with ¢ € {1,...,5} (the line is the described in
the previous section). The system is composed of the distributed generator DG .
The second power supply, DGo, uses a DC-DC converter to regulate the power
supplied to the microgrid. The third distributed resource is based on an energy
storage system (FES7) which is involved in power sharing, and is coupled to the
grid by a DC-DC bidirectional converter. The power can be exported or imported
by a voltage source converter (P,;) connected to an AC system. The rated power
is 12 kW. The resistive and inductive characteristics of the line were obtained by
the lines used in [7].

The DC microgrid used in this thesis has the following coordination: DGy
controls the voltage of the DC bus, DG2 and ES] inject constant current into the
network and the Pex consumes power from the DC microgrid.

The power balance of the DC microgrid is:

Ppey + PRy, + PRy, + Pr,, = Ppg, + Ppa, + PEs,

The dynamic equivalents of the distributed generators and exchanger device re-
quired to develop the network equivalent and to obtain the differential equations
are described in the next subsection.
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3.2.1 Dynamic equations of the LV DC microgrid network

The distributed generators and the Pex device are represented as a dynamic equi-
valent in Fig. DG is described as an ideal voltage source (vgq1), based on
the voltage control strategy used. DGs and ES] have an ideal current source
equivalent to describe their dynamics in the network (Iggo and Ic,1, respectively).
The power exchanger Pex is presented as a current type load, with current i,c;.

A general form of currents and voltages is used within each element to develop
the state space representation of this network. The set of differential equations of
the grid shown in Fig. [3.4]are annotated according to the branch and link numbers
defined by the adopted topology. Therefore, each element has the variables i,
and vy, (which are the grid current and voltage, respectively) and k € {1, ..., 16
Table shows how the microgrid network of Fig. relates to the links and
branches of the tree presented in Fig. and lists the variables of each element.
The line resistances are re1, 77, r2 and 3. The line inductances are L1, L, Lo
and Lj3 = 3L; + Lyysc. Finally, the capacitance for the P, device connection is
Chez-

The dynamics of the network are described by to . These equa-
tions were obtained by the application of proper tree topology [56]ﬂ It is neces-
sary to use the class of complete networks, in which the current in the inductors
and the voltage in the capacitors can be used as the state variables of the sys-
tem [57]. The state variables for the network are z = [igg,ig7,igll,z'914,vgl5]T.
Therefore, the remaining variables iy, and vy, can be defined as functions of
the states x. Hence, the sources of the system at this stage of the analysis are
Vg1 = Vdgl, ig5 = Ies1, igg = Idg2 and iglﬁ = ipex-

The first differential equation of the system is obtained by applying Kirch-
hoff’s voltage law to the loop formed with the nodes pcc; — 0 — pecs — pecy .

ii _ Ryp(igr —ig5) — (Ri2 4 7e1)ig3 + vg1
dat Lo

(3.1)

The second differential equation of the network is obtained by applying Kirch-
hoff’s voltage law to the loop formed with the nodes pcco — 0 — pecs — pecs.

'For the sake of simplicity the argument ¢ has been removed in the time functions.
2A proper tree of a network is defined as one whose branches contain every capacitive element
of the network or every capacitive element plus resistive elements
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3.2. DC bus microgrid

Fig. [3.3] Fig. |3.4
Element | Element (type) | Variables
Vdgl 1 (branch) Vg1, g1
Tel 2 (branch) Vg2, G2
L1 3 (link) Vg3, Tg3
Rpp 4 (branch) Vgd, Gga
Iesl ) (hnk) Vg5, ’ig5
e 6 (branch) Vg6, 196
Ll 7 (link) Vg7, ig7
Ry 8 (branch) Vg8, g8
Lago 9 (branch) Vg9, Tg9
T2 10 (branch) Vg10, iglO
ng 11 (link) Vg11, igu
Rl4 12 (branch) Vg12, /ig12
R} 13 (branch) Vg13, ’iglg
L 14 (link) Vgl4, Ig14
Chex 15 (branch) Vg1, Gg15
Pex 16 (link) Vg16, ’i916

Table 3.1: Relationship between the dynamic equivalent elements and variables
used in the grid.
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bcCirey Loy Dpcca2 1 L; pces rp Ly pccs g L;3 pces

Vdg1

Figure 3.3: Dynamic equivalents of the devices in the grid.

pcey pcea pces

Figure 3.4: Tree schematic of the dynamic equivalents, showing the branches
(solid) and links (dashed).

d . Rp(igin —ig9) — (Riz + 1y + Ri2)igr + Ria(ig3 +igs)
—igr =
dt L
The third differential equation of the network is obtained by applying Kirchhoff’s
voltage law to the loop formed with the nodes pces — 0 — pecy — pecs.

(3.2)

d i1y = Riyigra — (rig + Ry + ng)igu + ng(ig7 + igg)
—ig11 =
Lo

- (3.3)

The fourth differential equation of the network is obtained by applying Kirchhoff’s
voltage law to the loop formed with the nodes pcey — 0 — pees — peey.

d Ryyigin — vg1s — (113 + Ria)igia

@1914 - ng

The final differential equation of the network is obtained by applying Kirchhoff’s
current law to the node pccs.

(3.4)

d lg14 — Tg16
—Vgl5 = ————— 3.5
dt 9" Chex (3:5)
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3.3. AC bus microgrid

3.3 AC bus microgrid

The AC microgrid is shown in Fig. The nodes from i € {6,...,8} are part
of the AC system. The power can be exchanged between the DC and AC side
through the power exchanger device P.;. Components of the grid assumed can
communicate to coordinate the operation of the multiple converters used to inject,
consume or exchange power. The topology of this system is shown in Fig.
The parameters are described in appendix [A] Table Sy represents the load
in the node ¢ and the AC loads are range Sjs to Sjg. The DC system is connected
to the AC system by a voltage source converter (Pe;) (i.e. the power exchanger
device or constant power load at the DC bus). The remaining AC microgrid is
composed of an energy storage device (ES3) and a DG unit (DG3). Hence, the
loads are configured such that the system operates in island mode.

The coordination algorithms for power sharing are beyond the scope of this
research. Therefore, one coordination was chosen for the stability tests for the
sake of simplicity. The P., injects constant power into the AC microgrid under
the coordination chosen for the AC side of the microgrid. The P., is controlled
with a current loop. DG3 and ESy control the voltage of the AC microgrid with
the help of a droop controller and secondary controller in each device. Droop
control and secondary control are described in the next section.

pces
DC bus @——@
peey i 1
1
| ovsc |
| DC/AC |,
] 1
1 1
______ pex, CPL
Sis Siz
pceg beer bcce
Photo-voltaic AC/DC AC/DC
DG3 S
16
+ —
Battery
ESy

Figure 3.5: Structure of the AC micro-grid.
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3.4 Droop control for power electronics systems

3.4.1 AC droop

The active and reactive power of the grid are controlled by the voltage source
inverters (VSI) operating in island mode. Their aim is to regulate voltage and
frequency around their nominal values [58]. An inner controller may be to regulate
the currents. This controller is developed in the synchronous reference frame, and
the second loop controls the voltage in each axis. In addition, a PLL estimates
the electrical angle over the quadrature axis.

In this case, voltage and frequency control at the distribution level depend
on the transmission control scheme. Classical droop control is applied and LCL
filters are used in the VSI. In classical transmission droop control, the frequency
is controlled by the active power. This strategy has been applied here, even when
the impedance angle of a distribution line is small due to the low X/R line ratio.
Classical w— P droop control can be performed with the LCL filters at the inverter
terminals; the inductor connected to the grid provides the inductive characteristic
of the network and the reactive power controls the voltage at the grid connection
point [2,/59,60]. The control strategy for a voltage source inverter operating in

island mode is described by (3.6)), and (3.7) and shown in Fig.

w = Wref = pp(P — Prey) (3.6)
V:‘/ref—pw(Q—Qref) (37)

where, wy,.r and V,..; are the angular electrical frequency and the voltage mag-

w \4
w1 %
w2 Vs

P, p, P Q1 Q @

Figure 3.6: AC droop characteristics for w — P and V — Q.

nitude of the grid, respectively. The nominal power values are P,.; for the active,
and Q. for the reactive power. The controller parameters provide the slopes of
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3.4. Droop control for power electronics systems

the relations Aw/AP and AV/AQ [2,61]. The selection of these values are:

= P (3.8)
AV
pv - Qmax (3.9)

where Aw and AV are the maximum differences in voltage and angular frequency
allowed in the system and P4 and Qe are the maximum active and reactive
power supplied by the converter respectively. The output power of each VSI can
be adjusted by changing the P,..; but maintaining the defined droop parameter;
this is necessary when the load set point is known.

However, droop control only shares the power load of the system between
the converters; when more power is supplied by each device, the voltages and
frequency of the system are reduced. Hence, the system has a hierarchical archi-
tecture to keep the voltage and frequency at their nominal values. The use of
a secondary controller ensures that the drooped voltage and frequency return to
the nominal operation point [60]. This is recommended for isolated power systems
and is known as automatic generation control (AGC) with integral action. In this
work, secondary control is based on that reported in |2], but will be applied here
to a decentralized system. The controller is described as:

dw = kpo(Wrep —w) + ki / (Wrep —w)dt (3.10)
OF = kpp(Eref — E) + ki,E/(Eref — E)dt (3.11)

where the gains of the secondary controllers are k., ki, kp g, and k; g, The
variable £ is equal to the peak value of the AC voltage and E,.y is the reference
voltage at the terminals of the VSI. Figure|3.7|shows a single phase representation
of the configuration of this system. Cy. is the capacitor used in the DC side, L,
is the filter inductance used in the VSI, Cy. is the capacitance at the AC filter
(which helps to control the AC voltage), iq4q is the output current, and vq, is the
voltage at the capacitance. The LCL filter is formed by an inductance equal to
the L, placed after the AC capacitor.

3.4.2 DC droop

The DC power control can be obtained from the analysis of a droop controller in an
AC system with a low X/R relation. Furthermore, in systems where the reactance
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Figure 3.7: DG used to control the AC grid voltage and frequency.

has been neglected, the power can be controlled by a characteristic V' — P [62].
Hence, changes in active power are obtained by changing the voltage (instead the
Aw, as was the case in the previous section). Therefore, the characteristic gain
can be called p,, and the selection is:

AV
Pvp = P

max

(3.12)

3.5 Power electronics converters used in the microgrid

3.5.1 Control strategy in DC and AC converters

Converters keep the voltage constant in the DC micro-grid according to the
strategy described in [19]. This strategy is based on hierarchical control with
multiple loops. Figure |3.8| shows a primary controller with an inner loop that
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Figure 3.8: Primary control method for the DC converters.

controls the current injected into the system. An outer loop controls the voltage
at the terminals of the converter. Hence, operation in island mode is ensured and
communication between the sources can be avoided. The grid can operate under
constant voltage at the point of common coupling with a primary power-voltage
droop controller, which enables power sharing at the DC side and classical droop
at the AC side [19]. The maximum voltage variation is defined as AV = +4%.
This method is based on measurements of the voltage and current in the terminals
of the converter. In Fig. Vrerand I,..; are the reference voltage and current,
respectivelyﬂ Rp is a virtual output impedance, H,(s), H;(s) are the voltage
and current controllers, respectively. V, and I, are the voltage and current of the
converter, respectively.

3.5.2 PI controller model

The typical controller used in industry for the class of converters listed in this
research is the PI controller. Hence, due to its frequent use industry, the role
that it plays in microgrid stability is discussed in this section [53]. The dynamic
model for the PI adds one state variable to the system, introduccing feedback and
regulating output. The standard model used in the control of power electronics

is shown in Fig.

Y= Yref =Y (3.13)
u=Kp(Yres —y) + Kim —d (3.14)

where y,..r is the reference value, y is the output of the system, u is the controller

3For the sake of simplicity the argument s has been omitted.
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Figure 3.9: Block diagram in the Laplace domain for standard control in power
electronics.

output, d is a decoupling term, and K, and K; are the proportional and integral
gains, respectively. The additional PI controller state is -;, where the suffix [
represents the different PI loops.

For the block representation, (3.13)) and (3.14) can be represented in the
Laplace domain as:

U= (K,,+%)mef—1f)—p (3.15)

The system can be represented in a general form as:
H(s)=- (3.16)

b is a parameter of the plant [53]. The proportional plus integral controller is
Ge(s) = Kp + K;/s [63]. The closed loop characteristic polynomial equation is:

A(s) = s* + K,bs + bK; (3.17)

The standard second order equation is s + 2pwos + wg, where w, determines
the response speed and p is the damping ratio (e.g. determines the shape of the
response). Equating this with (3.17)) the controller can be designed as:

2pw,
K:f? (3.18)
2
K=" (3.19)
b
If the controller is:
K
Q@:&+ﬁ, (3.20)
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The PI can be designed as:

(3.21)

(3.22)

The chosen damping coefficient is p = 0.7, a value that yields a good step response

and a damped oscillation [63].

3.5.3 Voltage Source Converter

The voltage source converter presented in Fig. [3.10]is connected at the DC side to
a grid equivalent and to an ideal AC system. The dynamic equations are described

in (5:23-620.

0 4w
abc J

dq

Rs Ls y
ldc
\ > ' S
Lgrid 7
+ + +
76 ¢ Lo, { ' 5,
PLL
PWM d
1T 0,w |abce
abc dq
dg
4 Es’dq idq
Vdq current
loop
T iref dg

Figure 3.10: Source and single phase equivalent converter system.
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% vg — Egqg + sz’q — Trig

= 3.23
dt L ( )
diqg  vg— Esg —wLiqg—1ig
— = 3.24
dt L ( )

dvge Z'grid —ide

= 3.25
dt C ( )

. 3 . .

lde = i(sgdzd + Sgqiq) (3.26)

Sgh = & (3.27)
Vdc

where E; j, with k € {d, ¢} is the voltage of the AC grid in the direct or quadrat-
ure axes. The current in the filter inductance L is 7. The voltage at the switch
terminals of the converter is vg. The DC voltage is vq., the current at the DC
side of the converter is ¢4, the duty commands are s, the electrical frequency is
w, and the current flowing from the DC grid is i4.,4. The controller as presented
in [53] for this system is described with the set of equations in (3.28)-(3.31).

Vg = kp (irefa — 1) + kiva — wliq + (e ) Eyq (3.28)
Vg = kp (irefg — iq) + kivg + wLiq + (e ") By, (3.29)
Yd = trefd — td (3.30)
Vg = trefq — iq (3.31)

where 7, describe the states of the PI controller, « is the parameter of the
first-order low-pass feedforward filter H¢(s) = a/(s + «); this filter smooths the
measured voltage F ;. The proportional and integral gains of the PI controller
are k, and k;, respectively, and the reference currents for the direct and quadrat-
ure axes are ipef k-

A design of the controller that gives correct behavior of the system under
closed loop operation is shown for the proportional gain £, and the integral gain
k.

ky = 2pw,L 3.32)

ki = WL 3.33)
o Jsw

Wo = 2m (3.34)
n;
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Figure 3.11: LCL filter used to control the voltage and frequency of the AC side
of the microgrid.

The natural frequency w, requires a large value for the fast response of the con-
troller. However, this value can not interfere with the switching action. Hence,
the value is an order (1/n;) lower than the switching frequency fg.

Control of the voltage at the LCL filter of the DG

The second loop controled by a VSC is the voltage at the capacitor of the LCL
filter of the DG unit. Here, it is assumed that the current 7 at the inductance is
fast enough and provides input to the system (Fig. . The set of equations
for AC voltage in the synchronous reference frame is:

d . .

Cac%vd%d =1d — tdg,d T+ wC’acvd%q (3.35)
d . .

Cac%vd%q =g — dg,qg — WCacVdg,d (3.36)

where Cj, is the filter capacitor, w is the electrical frequency, i, with k& € {d, ¢} is
the input current or current injected from the internal inductor of the LCL filter.
The current of the inductor connected to common nodes of the grid is i4q , and
the capacitor voltage is v4y . The controller for the voltage at the capacitor is
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defined as follows:

id = kpw(Vrefdg,d — Vdg,d) + KivYu,d + idg,d — WCacVdg,q (3.37)
iq = kpo(Vrefdgq — Vdg,q) + kiwYoq + tdgq + WCacVdgd (3.38)
Yo,d = (Vrefdg,d — Vdg,d) (3.39)
(3.40)

(3.41)

Yv,q = (Vrefdg,q — Vdg,q)

where 7, 1, with k& € {d, ¢} is the PI controller state, v,¢f4g 1 is the reference voltage
for each axis, &y, is the proportional gain for the voltage controller and k; , is the
integral gain for the voltage controller. The natural frequency of the voltage loop
Wo,y is smaller than the natural frequency of the current loop described before.
Therefore, the bandwidth of the voltage controller is smaller. The order for w, , is
defined by the gain 1/n,, where n, is an integer and the selection uses maximum
phase margin design [64] (e.g. the phase margin is typically chosen in the range
of 30° and 75°). The natural frequency of the voltage loop w,, is defined as in
, to enable the application of hierarchical control. A design of the controller
that includes k,, and k;, and gives correct behavior of the system under closed
loop operation is:

Wo

o = 22 (3.42)
v

kpv = 2pwoyCac (3.43)

k;i,'u = Wg’vcac (344)

Phase locked loop circuit

The converter system described above uses the synchronous reference frame; there-
fore, a phase locked loop (PLL) is required to obtain the variables as constant sig-
nals. The PLL system in Fig. has been applied to the a-b-c signals [53,65].
The dynamic model is described in .

a8
o = neg + A = g+ (Kp(g — Zgreg) + Ko / (g — wgrep)dt)  (3.45)

where, 0 is the transformation angle, zxVk € {a,b,c} is the measured variable
for the PLL. x4,¢f is the reference synchronous variable and wy.y is the reference
frequency speed. K, and K are the proportional and the integral gains of the PI
controller, respectively.
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Figure 3.12: Block diagram of synchronous reference frame PLL.

3.5.4 DC bidirectional and boost converter

The characteristics of the bidirectional DC-DC converter enable the connection
of an energy storage system. The unidirectional characteristics of the boost con-
verter are used to connect renewable energy sources such as photovoltaic and wind
energy conversion systems.

A vital component of microgrids operating in island or non-island mode is the
energy storage device. This system , which is composed of a DC-DC bidirectional
converter and a battery bank, is important because it can supply the necessary
energy when the sources do not match the load demand. In this research, a
bidirectional converter and an ideal DC source are used to emulate a full energy
storage system. The dynamics of the bidirectional DC-DC converter in Fig.
are described by:

diy, Ty . Vob  SpUib

% o, Zo0 3.46
it LY L, L (3.46)
dvgp _ is — Splp (3.47)

dt Cy

The parameters of the bidirectional converter are the inductance Ly, the res-
istance of the inductance rp, the capacitance C, and the switching signal s;. The
state variables are the inductance current i; and the capacitance voltage v;,. Fi-
nally, the battery voltage is vy, and the grid current is 5.

In the case of the boost converter, the overall dynamics can also be repres-
ented by (3.46) and (3.47), and the battery voltage is the source voltage. The
only assumption is that bidirectional current flow is not allowed (i, > 0 V¢). The

dynamics of the boost in Fig. [3.13b are described by (3.48]) and (3.49). The

variable change s, = (1 — ) is allowed.
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Figure 3.13: Bidirectional converter (a) and boost converter (b).

diy Ty Uy (1 —p)ug
2% _ o —0 A B 4
dt Lblb Ly Ly, (3.48)
dvyp, (1 - §b)ib — s
= 4
dt Cy (3 9)

The current controller can be designed as:

kp = 2pwoLy (3.50)

ki = w2l (3.51)
fsw

0 =2 3.52

wo = 27 (3.52)

If the voltage is controlled to regulate DC microgrid voltage, then the controller
is:

kpv = 2pwoCh (3.53)

ki = wi,Ch (3.54)
Wo

o = (3.55)

The bandwidth of the voltage controller is lower than the bandwidth of the current
control loop (wey < wo).
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Table 3.2: Coordination between grid converters.
Device Task
DG, Controls the DC voltage, mas-
ter at the DC side.
DGy, ES; | Inject constant power, slaves
at the DC side.
Pex Consumes power from the DC
side, operates as an slave.
DG@G3, ES5 | Autonomous operation, sec-
ondary control to regulate
voltage and frequency at the
AC side.

3.6 Power sharing between distributed generators in
the hybrid DC - AC microgrid

Many power sharing techniques are described in the literature [19,[25,/43/66]. The
objective of these technique is to control both the voltage and frequency in the
system. These techniques have been categorized as follows: master/slave control
techniques, current/power sharing control techniques and voltage and frequency
droop control techniques.

The coordination of DGs requires a master/slave at the DC side of the mi-
crogrid [43]. Therefore, the voltage is set to its nominal value and controlled by
DG;. The DC slaves inject constant power based on the reference set point. The
AC side uses two autonomous DGs, which have internal loops to control the cur-
rent and voltage. Additionally, droop control is used with a secondary controller
to regulate the voltage and frequency of the AC side [60./67,/68]. The operation of
each device is summarized in table 3.2

3.6.1 master/slave control technique

Basic master/slave coordination uses a voltage controlled converter as a master
unit and current controlled converters as the slave units. The master unit main-
tains the output voltage, and generates the proper current commands for the slave
units [69]. The coordination of the DC bus is based on centralized power man-
agement as realized in [25] (Fig. [3.14). In [25], an energy management system
was applied to determine the operation modes of the individual converters. This
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Figure 3.14: DC bus master/slave control technique.

system is based on microgrid power. The operation logic uses power from the DC
microgrid (Ppc,Gen); it is defined as the total DC power generated minus both
the total DC load and DC power line losses. If Ppc gen, is less than zero, the Pex
must import power into the DC microgrid, but when Ppc gen > 0, the Pex can
export the surplus of power. During the stability tests presented in this thesis,
it is assumed that the available power from DG, DG9 and ES] is higher than
the load power (ES; can operates in idle, charging or discharging modes). This
enables the export of power from the DC microgrid side to the AC microgrid bus.
DG4 controls the voltage of the DC microgrid, DG4 injects power into the grid
and E'S7 may be used in discharging or charging mode.

3.6.2 Time simulation of the microgrid

The simulation results of the hybrid microgrid are shown in the following figures.
The system uses full switches in the devices. The time behavior has been low-pass
filtered and re-sampled at 0.2 s to show a time frame of 120 s. Figure [3.15| shows
the power sharing and the voltage of each DG at the DC side. The test reveals
multiple operation points. Pex starts to consume power from the DC side of the
microgrid at 5 s. The power consumed increases at 20 and 40 s. The operation
of ES1 is changed at 60 s, from source to load operation. The power consumed
by ES; increases at 80 s. Finally, £.S7 suddenly disconnects from the microgrid
at 100 s.

Figure |3.16| presents the power sharing for £Ss and DG3 at the AC side. A
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linear load is switched on and off every 5 s from 90 s onwards. The AC voltage
at the node pccg, the frequency, the d-q voltages and currents of the DGs at the

AC side are shown in Fig.

0 20 40 60 80 100 120
(b)
400.0
=
= 300.0 | R
200.0 | | | | |
0 20 40 60 80 100 120
time [s]

— DGy --- DG> ES) — P.,

Figure 3.15: Power sharing for the DGs and Pex at the DC side. Power (a) and
DC voltages (b).
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Figure 3.16: Power sharing for the DGs at the AC side. Active power (a) and
reactive power (b).
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Figure 3.17: Power sharing for the DGs at the AC side. Voltages (a), currents (b)
and frequency (c).
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Chapter 4

Small signal stability for short
term studies

The aim of this chapter is to present the linear technique used to study the stabil-
ity of the system at the power exchange point, using the frequency response as a
mathematical tool.

Linear stability studies of dynamic systems can be performed in the time or
frequency domain [10}/54,/60]. The frequency domain approach is applied to the
microgrid presented in Fig. The objective of the impedance-based stability
criterion is to partition the system under test into a source and load subsystem.
The technique is based on the use of a Thevenin or Norton circuit equivalent of
the source system. The voltage or current source and impedance of this equival-
ent are in the frequency domain. Therefore, the load also requires an impedance
model in frequency domain. Once the models have been obtained, the stability
test is performed with Nyquist criteria.

This chapter presents a brief overview of the impedance representation and its
application to the Nyquist stability test, which is an analytical model of the DC
side of the converter used as a power exchanger. The admittance representation
at the AC side of the exchanger device, the AC microgrid equivalent and the sta-
bility test for this type of system are also described.
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Figure 4.1: Structure of the DC-AC micro-grid used for the AC admittance rep-
resentation.

4.1 Impedance representation for use Nyquist stabil-
ity test

The impedance is determined by applying a perturbation in the form of an ideal
sinusoidal source with a frequency component. This source is a sinusoidal current
or voltage (i, or v, respectively). The magnitude has to be small relative to the
nominal operation value of the system. The frequency is chosen as f, varying in
range. The input voltage and current are injected and measured at the DC or AC
side of the grid or the VSC. Perturbation of the AC side has been performed in
unbalanced conditions as shown in Fig. (e.g. the system can be represented
by positive and negative sequence variables from the three phase system). The
Fourier transform is computed. The values of the perturbation frequency determ-
ines both the input impedance of the inverter for small signal stability analysis
and the output impedance of the grid [10,26,32]. The current or voltage injection
required to obtain the impedance for the VSC are presented in Fig. If the
impedance is at the DC side, the AC perturbation is not connected and vice versa
for impedance at the AC side.
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Figure 4.2: Perturbation source for the measurement of impedance.

The stability is analyzed with the Nyquist criteria used in [30,135]. The full
system is partitioned into a source and a load subsystem, which is described by a
Thevenin equivalent system when the the source is considered a voltage type (Fig.
E[), and a Norton equivalent system when the source is considered a current
type (Fig. ) For the voltage source type, the analysis has to be performed in

Zs
(a)

Zy,

I Zs A

!
!
|
|
|
|
|
|
|
|
!
|
|
|
T
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|
|
|
|
!
!
1
|
|

Figure 4.3: Equivalent circuit representation of stability, (a) Thevenin, and (b)
Norton.

the Thevenin circuit, and the voltage applied to the load subsystem is calculated
in (4.1)), where Vp, is the voltage in the load, Zs is the output impedance of the
source, and Zj, is the input impedance of the load.

!The capital letter denotes a variable function of the frequency w, e.g. Zs(jw) £ Zs
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1
1+ %

Vi Vi (4.1)
The relation Zs/Zy, is used to perform the stability analysis. If the Nyquist plot
encircles the point (—1,0) counterclockwise, then the system is unstable. If the
Norton equivalent circuit is used, then the current in the load Iy, is (4.2)), where
I, is the source current.

1
z. Ls

I, =
1+Z§

(4.2)

The Norton equivalent can be defined by the admittance of the system. The
source admittance is Y = Zs_1 and the load admittance is Y = Zzl; therefore,
the load current is found by (4.3)).

1

I,=— I
vy

(4.3)

4.1.1 Margin for safe operation at the DC side

The margin stated in [26,]29] describes a forbidden region in DC systems. If the
Nyquist plot of the minor loop is outside this region, the system is stable in the
small signal response (Fig. . This criterion guarantees the stability of the
relation Zs/Zy, (i.e. the minor loop in (4.1)) for a Thevenin equivalent or Zy,/Z,
for the Norton equivalent (i.e. the minor loop in (4.2))). The minor loop trajectory
is plotted in the real-imaginary axes (e.g. the frequency response in Fig. .
The region of the margin describes the area for a 30 degree phase margin and
-6 dB gain margin [26]. If the trajectory avoids this forbidden region a certain
degree of stability is achieved.

4.1.2 Equivalent selection

Several basic steps are required to select an equivalent circuit to perform the sta-
bility test. The choice of equivalent circuit strongly influences the stability test.
Indeed, this test could show an unstable trajectory if the wrong system is used.

First, the selection is based on the mode of operation of the converter [31]. If
the converter injects power into a system (”system A” in Fig. a) through an
inner current controller, then the Norton equivalent is used. System A consumes
this power and is chosen as the load (Zz). Therefore, the source equivalent is
obtained for the converter in this case [70].

Alternatively, the converter may consume power from a system that main-
tains constant the voltage at the connection point (Fig. b). In this case, the
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Figure 4.4: Stable margin criteria, forbidden region to guarantee stable behavior.
A generic response of a stable system.

Thevenin equivalent is chosen. The converter is represented as the load and Zj,
is calculated. The source is selected as the system A.

4.2 Impedance representation of the Pex at the DC
side

DC impedance is described here by three methods. The first involves the lineariz-
ation of the representation of the state space variables of the differential equations
of the converter [52]. The second involves the multi-loop transfer function coup-
ling described in [53|/71], and the third method involves a mathematical tool called
harmonic linearization [9]. Maple 14 software was used to obtain the models in
this section.

4.2.1 State space linearization

The nonlinear function (4.4)) can be linearized around an operation point and the
resulting system can be described by (4.5))-(4.6). The frequency impedance of the

converter is obtained by the method described in [30]: the input of the system
is the current of the source (or DC grid at the node), and the states are the AC
currents, and the voltage in the DC capacitor, which is also chosen as the output
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Power flow Power flow

Converter —— System A Converter —— System A

1,|v 2,|v
Controller Controller

(a) (b)
Figure 4.5: Schematic representation of a converter-System connection. (a) Con-

verter injecting power into the system A. (b) Converter consuming power from
the system A.

of the system. The complete model is combined with the differential equations for

the inverter from (3.23)) to (3.27) and the set of equations from (3.28]) to (3.31)).

b= f(au) (1.4)
Az = AAx + BAu (4.5)

In this method, the input is equal to the grid current u = i4.;q and the states
are & = (id, iq, Vdc, Vds fyq)T. The impedance in the frequency domain is calculated

with (4.7)).
Z4e(s) = Cp(sI — A)7'B (4.7)
The impedance obtained by this method is:

(5 + @) vg.?

Z p—
ae(s) §2C0g.2 + sCvgcla — igkiva(s + @) +iga Egg

(4.8)

where C is the DC capacitor of the Pex, « is the parameter of the first-order

low-pass feedforward filter used to smooth the measured AC voltage E,q and E,,
~q is the state variable of the controller at the d axis, and 44 is the AC current at
the d axis.

4.2.2 Relationship between linearization and transfer functions

To obtain the frequency domain impedance representation, the steps used in
[53,/71], can be applied to the model of the set (3.23))-(3.31). Maple software
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4.2. Impedance representation of the Pex at the DC side

was used for symbolic computation. Algorithm [1| describes the implementation of
the method with Maple. First, the models are obtained in the time domain (i.e.
-). In the second step, transfer functions are obtained by applying the
Laplace transform to the states. Linearization around the operation is required
in this step. The model uses power balance between input and output of the con-
verter, with DC power equal to AC power. This balance results in a non-linear
system; therefore linearization is applied to the power balance.

The transfer function that represents the impedance is obtained from the
relationship between the variables vg. and 4. in the Laplace domain, and the
impedance of the full converter is obtained from the parallel equivalent between
DC capacitance and the impedance of the converter. The obtained impedance for
this system is presented in —, and the final model is shown in (4.11)).

Algorithm 1 Calculation of impedance by transfer function approximation.
: Use Laplace tranform of the dq currents — @D

: Use Laplace tranform of the controller— 3.31]).

: Solve in and linearize.

: Step [3| produces the linearized power balance P.

: Solve for Zs..

: Compute the parallel Zy. = (Z¢| |Zyse)-

S UL W N

Vde vge(r + sL)?(s + a)?
VA = -X 4.9
vsc(s) < ide a4s4 n a333 —|—a252 +a1s + ag ( )
ap = fk(Kptra,n57 Gaa xO); ke {07 4} (4'10)
Z Z
Zas) = 288 Zuscls) (4.11)

B ZC(S) + szc(s)

where Kpirans is the gain of the power from the abc to the dq reference frame,
Go = 1/Vy. at the nominal value, Z¢(s) is the impedance of the DC capacitor in
the Laplace domain, and « is the parameter of the first-order low-pass feedforward
filter used to smooth the measure of Fyq and Ey,. The parameter ay, is presented
below and the function G;s = kj, + k;/s describes the controller in the Laplace
domain.
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ay = ig.L* (4.12)
a3 = KypansGa® Gis *iresa” Lv e

+ KiransGaQirefa Gis L?

— 2 KiransGa® EsaGlistirea Lvac

+ 2ig. Lo — KiransGa@irefa Esq L*

+ 2igerL 4 KiransGa® Esa® Lge (4.13)

a2 = =2 KiransGo> EsaGis i repa L ge
+ige.L?a® + 4igerLa
+ider® = 2 KiransG o> EsaGlistrefaT™ e
— KiransGa@?irefa Esa L?
+ KiransGa® Esq®rvge
+ 2 KiransGaQirefa®GistL
+ KtransGa’Gis irefa v de
— 2 KiransGaQ tipefg Esqr L
+ 2 Ktrans Ga? Esg? L gea (4.14)

a1 = KiypansGa irefdQCTYisr2
+2 idcrza -2 KtmnsGQQEsdGisa Z.7"6fdrvdc
-2 KtmnsGaQQiredesdTL
- UdcthmnsGasGisirefd2w2L2a
+ UdCQKtmnsGQSEsdszZa Z‘refd
+ 20 3.7 La? + Kprans Go? Egq Lv ge o
+2 KtmnsGa2Esd2r'Udca
- KtmnsGaa Z'redesdr2 (415)

2 12 2
ap = KtransGaEsdr'Udca
2 KiransG2Egq(wL)*a%i
+ Vg transGy sd(w ) A lrefd
+ igerla?

- KtransGaQQiredesdTQUdc (416)
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4.2.3 Harmonic balance principle

Harmonic balance [52,/72] can be used to obtain the impedance by injecting a
sinusoidal perturbation with variable frequency f, into the converter at the DC
side and measuring its effect at the AC side. The approximation is obtained by
the assumption described in [73] and [74] and shown in (4.17), which states that
no energy is stored in the filters of the DC and AC side.

’Udc(t)idc(t) = 'Ua(t)ia(t) + vb(t)ib(t) + Uc(t)ic(t) (4.17)

where v, p(t), and 4 (t) are the voltage and current for the AC side, respect-
ively. The variable vg.(t) is presented as a time variable signal as in (4.18)), to
enable the inclusion a sinusoidal perturbation voltage applied at the DC side,
which in turn results in the small signal impedance. Thus, the current ig.(t) at
the DC side is also expected to be a time variable.

Vace(t) = Vg + Vpcos(wpt) (4.18)

where Vg and V), are the constant component, and the perturbation maximal
value, respectively and wj, is the angular frequency of the perturbation signal.

To evaluate the left hand side of , the time variable DC current is as-
sumed as in with a constant component /4, a perturbation value I,,, and a
lagged angle ¢,,.

idc(t) = Ig + Icos(wpt — ¢p) (4.19)

The evaluation of (4.18)), and (4.19) in the left hand side of (4.17) is presented in
[@20).

1
pac(t) =13V, + §IpV},cos(¢p) + I;Vycos(wpt)+
1
I,Vicos(wpt — ¢q) + ilprcos(prt — ¢q) (4.20)
The PWM signals are obtained by comparing a triangular waveform wvy,;(t) with
the peak value Vi,; and the control voltages ve(t) = Viocos(wet — k) in which

k = {a,b,c} and v, = {0,120,240} degrees in each respective phase. The duty
ratios in the average representation can be written as in (4.21)) [74].

Ve

di(t) = 0.5 4+ 0.5—cos(wet — Vi) (4.21)

tri
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The duty ratios of (4.21)) and the time variable DC voltage are used to obtain the
phase to neutral voltages, which in turn gives (4.22)) and (4.23)).

ven () =di(t)vge(t) (4.22)
Va  VaVi V

vEN (1) :?d 2‘%?005((@2& — V) + ?pcos(wpt)—f—
VpVe

3V [2cos ((we + wp)t — i) +

2c0s ((we — wp)t — Y1)] (4.23)

The terms 0.5Vy, and 0.5V,cos(wpt) in (4.23) are offset voltages. In each phase,
they are considered zero-sequence voltages, as was the case in [74] for the term
0.5Vy; therefore, they do not produce current flow in the balanced three phase

load. As a result, the average phase-to-neutral voltages for the balanced star load
with neutral n are described by (4.24)).

Ve
= t—
oV cos(wet — v+

Ve
4‘/157"1'
cos ((we — wp)t — )] (4.24)

Vkn (t)

[cos ((we + wp)t — i) +

In (4.24)), there are three frequency components and each signal has its respective

maximum value. To facilitate the use of (4.24]), it has been written as (4.25)),
where V; # Vs, and Vo = V.

Ven (t) =Vicos(wet — i)+
Vacos ((we + wp)t — &) +
Vscos ((we — wp)t — i) (4.25)
Assuming that the system has a linear part the currents in each phase are expec-
ted to have the same frequency components as the voltages, and their respective
lagged load angle. Furthermore, the magnitude of the current in its respective

frequency is assumed to be proportional to the magnitude of the impedance at
the same frequency. Hence, the current in each phase is (4.26]).
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ikn(t) =I1cos(wet — vk — 1)+
Ircos ((we + wp)t — v, — ¢2) +
I3cos ((we — wp)t — v, — ¢3) (4.26)

The magnitudes Iy, I, and I3 in are functions of the three phase balanced
equivalent AC impedance, which is in turn frequency-dependent, and notated as
Z1(we), Za(we+wp), and Z3(we —wyp). Therefore, the angles of the load are ¢ (we),
¢2(we + wp), and P3(we — wp).

The controller can be added assuming that there is a PI regulator in the con-
verter and the reference current can be modeled by iycfi = Irepcos(wt — p1 —Yi).
The integrated reference current is [ iyesr = (Ires/w)sin(wt — ¢1 — ;). The con-
troller is applied to the variable V¢ for each phase as follows:

Ver = k:p (irefk — Z]m) + k; / (irefk — Z]m) dt (4.27)

Equations (4.25)), (4.26) and (4.27) are used in the right hand side of (4.17)) to
obtain the AC power (4.28) at the injected perturbation frequency and to build

the model that describes the impedance.

pac(wpt) = Kpac (kpflpower (Wpt) + kif2power (Wpt)) (428)

where Kp,. is the gain of the power obtained. The functions fipower(wp) with
[ € {1,2} describes the power functions obtained for the proportional and in-
tegral controller, respectively. The equation is compared with the fourth
term of to obtain an expression for the perturbation current 4,. A complex
notation, —, is then used to find the value of I, as a function of the AC

impedance in frequency.
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I, = kp(Ig(wewg — wg’) + Ig(wewi — wg’))
Lie 3% (4.29)

Ip,ki = kz‘(I:’)b(_wewp - w?) + I2b(w€wp - wg))

Le I @rtm/2) (4.30)
Iy = e 792 (4.31)
Iy = Ipe3(@247/2) (4.32)
I3=I3e77% (4.33)
I3y = T3¢ 9(@st/2) (4.34)
1, = pio T Ioii) (4.35)

P Vips (w3 — wew)

The next step is to compute the impedance from the equation presented in (4.36]).
V,(w) is the known perturbation voltage in complex form. Finally, the complete
converter impedance is found by the parallel of the capacitor and (4.36]).

Zge(w) = (4.36)

4.2.4 Impedance results for the Pex and microgrid equivalent at
the DC side

Simulation results

The DC side microgrid is shown in Fig. Table shows the coordination
and the operation point of the devices in the DC microgrid. The DC voltage is
controlled at 400 V. The impedances of the Pex at the DC side and microgrid
are presented in Fig. and Fig. A database was created by real time sim-
ulation with Simulink-Matlab software and an OPAL-RT device to validate and
to compare the models obtained by the impedance representation. A Hardware-
in-the loop methodology was used in the test (Fig. . Here, the microgrid is
simulated in real time using the OPAL-RT platform. The perturbation is injected
and measured with a network analyzer Agilent E5061B at node pces in the mi-
crogrid. Parallel current perturbation was applied to the microgrid through the
analog input of the OPAL-RT with the network analyzer output. This perturb-
ation contains a frequency sweep from 10 to 5 kHz. This impedance has been
computed from the relationship between the input signals, i.e. voltage and cur-
rent, of the network analyzer. Maple software was used for symbolic computation
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4.2. Impedance representation of the Pex at the DC side

of the equations. The impedances of the VSC were thus obtained, and the DC
microgrid was calculated by the injection of a DC perturbation current at node
pces in Fig. The node will be used to interconnect the systems. Fig.
and Fig. show the impedance behavior of each system. Table shows two
cases for the DC inductor (Lfyse). Lyfyse is used to filter the switching effect in
the Pex. This inductor has been assumed as part of the microgrid equivalent.
The first case involves a low inductor (case A), whereas the second case involves
a high inductive parameter (case B).

OPAL-RT Network Analyzer

microgrid
Real time T ~——

simulation out ini in,
o o o

erturbation
A; o 1%

/3
Aolc v
AOQC

Figure 4.6: Hardware in a loop scheme to measure the impedance of the DC
microgrid.

Table 4.1: Operation point of elements of the DC microgrid.
Control type Device Power
Voltage DGy 3.8 kW
Current DGy 3.525 kW
Current ES, 1.9 kW

Current Pex 0.6 kW
- Ry 2.5 kW
- Ry3 5 kW

- Ry 1.125 kW

Analysis of the behavior of the microgrid (Fig. reveals the presence of
an inductive response at low frequency around 10 Hz. In case A, the low fre-
quency response shows a positive gain and phase, which are characteristics of
series resistance-inductor impedance. At frequencies above 100 Hz, the system
shows a similar response.
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Wind Photo-voltaic

Figure 4.7: Topology of the DC microgrid used for the DC impedance represent-
ation.

Nyquist test. The stability of the system was subsequently tested with the
Nyquist criteria and a Thevenin equivalent system. Figure shows the results
for case A. Z,,4riq is the impedance of the microgrid equivalent and Z,c,pc is the
Pex impedance at the DC side. The connection is stable, with a phase margin
to provide the stability. The response does not reach this margin and does not
encricle the point (-1+j0). Figure shows the response crossing through the
stability margin. However, the response of the systems is stable as in case A: it
does not encircle the point (-14j0), but the margin has been violated. Therefore, a
large inductive microgrid impedance equivalent at the operation point is required
for the Nyquist response to resemble closely the stability margin established in
[26].

4.3 Admittance representation for the Pex and mi-
crogrid equivalent at the AC side

This section presents the methodologies developed in [30,75] and [10] with respect
to AC perturbations. In the first test an admittance matrix is obtained in the
synchronous reference frame. The second method involves the representation of
the admittance in the positive and negative sequence.

The microgrid configuration used is presented in Fig. Table[.2]shows the
coordination and the operation point of the devices in the AC and DC microgrid.
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Figure 4.8: Impedance for the VSC system operating at 5%PF,, (ss) state space,
(T'F) transfer function approximations, (Hb) harmonic balance, and (sim) simu-
lation.

The DC voltage is controlled at 400 V, and the peak AC voltage is 200 V. The AC
distributed generators operate with secondary control; they regulate the voltage
(V) and frequency (w).

The node used to inject the AC perturbation is pccg. A line to line perturbation
has been used to obtain the admittances of the converter and the AC side of the
microgrid. This perturbation has been added as shown in Fig.

4.3.1 Admittance test in the synchronous reference frame

The method applied to obtain the admittances uses line-to-line current perturb-
ation (see Fig. [75]. The system does not have zero-sequence current. Two
independent sets of data were created to develop the system in the dq reference
frame. Each data set is used with the perturbation at a defined frequency in the
test. The admittance matrix and elements are presented in .

| Yaalbaa YagLddq

Y =
YogZLPgq qul@qu

(4.37)
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Figure 4.9: Microgrid impedance, magnitude and phase frequency responses. Par-
allel current perturbation cases: ZZ¢. 40 A and 220040 B-

The admittance matrix is composed of four unknown complex elements showun
in : Yaa, Yag, Yqa, and Yy,. Therefore, two sets of measurements are needed
to solve the linear system of equations in . The subscripts 1 and 2 of the dgq
quantities indicate the data set in which they take part.

‘/d2] (4.38)

V2

[Lﬂ Idz} _ [Ydd4¢dd qué%q] [le
Iql

Iq2 Y;Jqé‘z’qq qu4¢qd Vql

The set of independent currents used is presented in for the abc frame.
From the reference used in Fig. the peak value of the measured current is
I,,. In this injection positive (f.) and negative (— f.) fundamental frequencies are
added to the frequency of interest f,. The subscripts 1 and 2 of the abc quantities
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Figure 4.10: Nyquist criteria for Z,,4iq/Zpexpc in case A.

indicate the data set in which they take part.

ipa1 = Imcos(2m(fp + fe)t)

ipp1 = —Imcos(2m(fp + fe)t)

ipe1 =0

ipa2 = Imcos(2m(f, — fe)t)
ipb2 = —Imcos(2m(fp — fe)t)
ipc2 =0

(4.39)

When transformed to the synchronous reference frame, the set of perturbations
take the form shown in . The terms at | f, £ 2 fc| can be neglected to balance
the harmonics. This gives rise to a couple of linearly independent vectors, which
can be used to obtain the admittance. Algorithm [2| presents the method followed

to calculate the complete admittance matrix in dq.

ipdl = %
. 1
Ipgl = ﬁ
ipd? = —ﬁ
. 1
tpg2 = ﬁ
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I sin(2m fpt) + ...

Icos(2mfipt) + ...

1
I sin(2m fpt) + ...

Imcos(2m(fp)t) + ...

(4.40)
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Figure 4.11: Nyquist criteria for Z,4iq/Zpezpc in case B.

Algorithm 2 Calculation of admittance in the synchronous reference frame.
1: for f, = fpmin to fsw/2 do

Inject current at |f, + fel.

Capture time domain data i.p. and vgpe.

Transform from abc to dq quantities.

Use the Fourier transform, extract L,qi, Ipg1, Vpar and V.

Inject current at |f, — fel.

Capture time domain data i.p. and vgp..

Transform from abc to dq quantities.

Use the Fourier transform, extract L,q2, Ipg2, Vpae and V.

10:  Solve for Y in (4.38]).

11: end for

Figure shows the results of simulations in which the perturbation is ap-
plied at the pccg. This perturbation has been injected for the positive and negative
sequence. Voltage and current signals in the three-phase abc representation have
been stored and post-processed to obtain the synchronous reference frame. Fourier
transform can be obtained with the system in dq and the samples of the frequency
spectra at f, are used.

Nyquist test. The stability test is applied in matrix form as in [30]. Hence, the
generalized Nyquist criterion is applied to this type of representation. Algorithm
[3] shows the steps to obtain the generalized Nyquist criterion for a Norton equi-
valent system, i.e. [YACugmd]_l[Y};ex Ac). The microgrid admittance, Yacugrid, is
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Table 4.2: Operation point of elements of the microgrid elements.

Control type Device Power
Voltage DGy 3.8 kW
Current DGy 3.525 kW
Current ES, 1.9 kW
Current Pex 0.6 kW

V,w, secondary  DG3 5.6 kW, 1 kVAR
V, w, secondary ESy 5.6 kW, 1 kVAR

- R 2.5 kW
- R 5 kW

- Ru 1.125 kW
- Sis 0w

- Sy 5.9 kW
- Sis 5.9 kW

considered the load for the Norton circuit, and the converter admittance, Y,ezac,
is used as the source. It can be seen from the test in Fig. that the gener-
alized Nyquist criterion does not encircle the point (-1,j0) in the real-imaginary
plane. The parameters A\; and Ao are the eigenvalues of the complex matrix
[YACugrid] -1 [}/ZDECEAC] .

Algorithm 3 Generalized Nyquist criterion algorithm.

: for f, = fpmin to fsw/2 do
Obtain the matrix GN(fp) = [YAC“gMd(fp)]_l Ypezac (fp)]-
Calculate the eigenvalues A of GN(f,).

end for

: Plot the eigenvalues A in the real-imaginary axes.

: Veryfy that A do not encircle the point (-1,j0).

4.3.2 Admittance test in the positive and negative sequence

This section describes the application of the positive (p) and negative (n) sequence
test developed in [76]. A line-to-line current perturbation is injected into the test
developed in this section, i.e. the set of currents described in , and the data
is post-processed at each frequency. A Fourier spectrum is obtained for three-
phase voltages and currents at each frequency perturbation, with the data set for
the complete range of the perturbation. A symmetrical component transformation
has also been applied to extract the positive and negative sequence components
at each point, and the admittance is computed from this new data set. The
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Figure 4.12: Structure of the DC-AC micro-grid used for the AC admittance
representation.

admittances are defined in for the positive and negative sequence. Two
separate systems are obtained with this formula. Hence, positive and negative
admittances can be computed from . Algorithm 4| describes the procedure
used to obtain the admittances. The AC microgrid equivalent and P., admittances
are shown in Fig.

ipa = Imcos(2m fit)

iph = —Imcos(27 fpt)
ipe =0 (4.41)
_ Yo
Y = [YZ p ¢ﬂ (4.42)
L, = (Yp46p)Vp (4.43)
I, = (Y, Z2¢,)V, (4.44)
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Figure 4.13: Admittance representation for the AC microgrid (dashed) and the
P, (solid). Synchronous reference frame.

The Nyquist test for this representation is shown in Fig. [£.16] Two tests were
carried out separately, one for the positive and other for the negative sequence.
The Nyquist plots do not encircle the point (-1,j0) in the real-imaginary plane.
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Figure 4.14: Generalized Nyquist criterion for matrix [YACMgridrl[Y};ex Ac)-

4.4 Time domain simulation

In this section, the time behavior of the microgrid described in Fig. is presen-
ted. The full switched model of the devices was used for the tests. Cases A and
B are presented for the DC microgrid connection. The responses are located at
the operation point, and a small disturbance has been added to each test. The
AC response is presented for the case A in this section. The response at the AC
side for case B was very similar; therefore, the tests are presented in Appendix [C|

4.4.1 DC power sharing for cases A and B

The time domain test is shown in Fig. for the DC side of the microgrid in
case A. This figure shows the transient behavior for a small disturbance added at
the Pex. Fig. shows a high ripple in the current i4e pes, due to the low value
of the DC filter inductor. The power consumed by the Pex shows a step change
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4.4. Time domain simulation

Algorithm 4 Calculation of admittance in the positive and negative sequence.

1: for f, = fpmin to fsw/2 do

2:  Inject current at f,.
3 Capture time domain data igp. and vgpe.
4 Use the Fourier transform, extract Ly, Ly, Ipe, Vpa, Vpp and V.
5. Transform from abc to pn quantities.
6:  Solve for Y in (4.43]).
7: end for
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Figure 4.15: Positive and negative sequence admittance representation for the AC
grid (dashed) and the P,; (solid).

increase of 80 W. The step change is not very clear in this test due to the low
value of the input filter of the Pex, which leads to high ripple behavior. The step
occurs at 5.0s and the system maintains stability by producing a compensation
of power from DG1. The double loop controller of DG maintains the operation
voltage around the nominal value. The power shared is shown in Fig. The
input power to DGs must be constant during the time interval studied.

The time result for case B is presented in Fig. The signals are smoothed
by the large filter inductor at the DC side of the Pex. Figure [4.18 shows that
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Figure 4.16: Positive and negative sequence Nyquist criteria at the pccg node.

the operation point is stable and that the power shared at steady state is the
same as in case A. However, the step change of 80 W power occurs at 5.0 s, and
compensatory power is produced by DGyp. It is important to remark that this
system violates the margin criteria. Indeed, the curve of the Nyquist response is
close to the point -14j0 in the real-imaginary plane, explaining how this system
remains stable during small perturbations.

4.4.2 AC power sharing for case A

Figure shows the active power and reactive power shared by DG3 and ES
at the AC side. Each device produces 5.6 kW of active power and the reactive
power is 1 kVAR. The system remains stable as can be seen from the voltage at
the node peeg Fig. [£:20] which is around 1 pu. The electrical frequency speed is
also stable with a value of 2750 rad/s.

4.5 Proof of concept

The system used to obtain the experimental impedance is described in Fig. [£.2]]
and the test bench picture is shown in the Fig. The method used to com-
pute the impedance in the frequency domain is presented in algorithm The
source Vgen is the perturbation signal with variable frequency produced by a sig-
nal generator (1). This is isolated by a small power transformer and connected
to a linear amplifier (2), hence the perturbation is applied to the DC grid by the
secondary of the transformer (v,). The Vj. is a programmable DC source (3),
and the impedance is obtained from the value of the voltage v,, and the cur-
rent 4., (4). The capacitor of the voltage source converter (5) is coupled to the
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Figure 4.17: Power sharing between the DGs and the Pex at the DC side, case A.
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Figure 4.18: Power sharing between the DGs and the Pex at the DC side, case B.
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DC bar and can not be removed. it is composed of a filter inductance with its
respective resistance (6), Es is the AC source connected (7). The linear ampli-
fier limits the frequency range: in this case, the lowest frequency injected is 10 Hz.

Algorithm 5 Practical impedance algorithm.
1: for f, = fpmin to fsw/2 do

2:  Inject the perturbation voltage v, at f,.

3 Capture time domain data i,, and vy,.

4:  Use the Fourier transform, extract I,, V,,.

5

6:

Solve for Zg. =V, /L,.
end for

The magnitude of the experimental impedance and angle is shown in Fig. [£.23]
where the shape of the magnitude is correlated with that predicted by the ana-
lytical methods. However, the angle obtained with the physical system does not
match the analytical angle for low frequency values (f < 20Hz), and the change
of the sign around 400Hz. This issue may be related to some noise problems of
the measures at the low operation point used. Nonetheless, the experimental re-
sponse and the analytical methods show the main behavior of the angle involves
negative values, which is consistent with the theory used to obtain the impedance.

Vgen

©
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Figure 4.21: System configuration to obtain the impedance of the VSC.
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Figure 4.22: Experimental equipment used to obtain the impedance of the VSC
system.

4.6 Final considerations about the stability test

In this section, the stability of the future interconnection of a DC microgrid and
an AC system was assessed. The analysis was performed using Nyquist criteria
with Thevenin and Norton equivalents. These equivalents were selected according
to the behavior, and control strategies used by the converters at the distribution
level of the microgrid.

As seen in Fig. and Fig. with margin criteria, this analysis predicts
that the system is stabe when the AC system is coupled with the DC grid. Small
disturbances were also considered.

The impedance representation methods applied and the stability study can be
used with the passive filter design to improve the quality of the microgrid.

An advantage of this method is its practical application: it can be used as a
black-box model for converters and microgrids, because manufacturers are unlikely
to provide all information about the parameters of the devices. It is important to
remark that the impedance of the microgrid depends on the operation point, its
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Figure 4.23: Impedance for the VSC system operating at 5%P,, (ss) state space,
(TF) TF approximations, (Hb) harmonic balance, (sim) simulation and (test)
physical converter.

topology, and the coordination or settings at the moment of computation. With
this method, it is not straightforward to identify the variable that affects the most
the instability of the system. Indeed, this must be done at one node at a time.

Several questions still remains about the application of the AC impedance
model with the positive and negative sequence or the synchronous reference frame.
Indeed, if an impedance in abc is a time variable, then the results of these meth-
ods are inconsistent and PN does not provide accurate calculations.

The response of PN models of the AC microgrid is characterized by RL be-
havior. From the DC equivalent impedance of the microgrid, it can be concluded
that an RL equivalent can be studied for slow frequencies (long term models).
This issue is discussed in the next chapter.

77



Small signal stability for short term studies

78



Chapter 5

Long term model
representation of the Pex and
DC microgrid equivalent

This chapter describes a technique to obtain the microgrid Thevenin equivalent for
long term modeling. This method uses estimation with semi-recursive algorithms
based on the Kalman filter and recursive least squares. The stability of the system
equivalent connected to the power exchanger was also determined.

In the previous chapter, it was shown that a problem arises when information
about the parameters used in the full system is missing. The tools used to study
the stability of this class of microgrid systems require an estimation of the grid
equivalent impedance. The grid impedance estimation around an operation point
can be used to define a space variable-parameter which in turn provides a qualit-
ative or quantitative measure from the operation to the unstable boundary. This
chapter describes an alternative approach to estimate grid impedance, which is
based on the Kalman filter and the recursive least squares method. With these
techniques, grid impedance is estimated using two neighbor operation points. Fi-
nally, the estimated values of the impedance of the DC microgrid (see Fig.
are used to study the long-term stability of a DC constant power load.

The stability of systems with CPLs was studied in [13,/14}}45]77], using a
Thevenin equivalent of the system (e.g. a microgrid) and the CPL model. These
studies defined stable regions within the parameter space. However, an estimation
of grid impedance is required to obtain this equivalent. Methods for estimating
grid impedance are classified as intrusive or nonintrusive [78|. Impedance rep-
resentation in the frequency domain was used in |104/79]. This method has one
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equivalent

important disadvantage: it requires measurement of the frequency spectrum over
a period of time such that voltage and current values can be obtained at steady
state, for each value of the perturbation frequency within a test range. However,
an on-line procedure is performed at each instant of time using samples of the
measurable variables of the microgrid system. AC grid impedance has been es-
timated with the on-line method using the DG unit in [80H82]. A technique for
harmonic impedance is proposed in [83]. In [78,84], impedance was estimated with
an AC method involving two points of operation, without recursive algorithms,
whereas a recursive technique was used in [85], which included the estimation of
the source. However, this latter method uses complex variables that have to be
precomputed by a fast Fourier transform or phasor notation. AC systems differ
from the DC (the steady state in AC systems is a point in R"™).

Recursive estimation techniques such as orthogonal projection, recursive least
squares, and Kalman filtering [86,/87] can be used to estimate grid impedance.
The advantage of this method is its discrete time model, Which is easy to im-
plement in a digital signal processor. The aim is to obtain the impedance of the
microgrid equivalent by a simple tool and to use this information to estimate re-
gions of the stability in DC microgrids with CPLs.

5.1 Stability of the DC microgrid equivalent at the
pcc of the constant power load model

An equivalent circuit of the DC microgrid has been obtained in this section and
is presented in Fig. The power exchanger device is assumed to be a constant
power load (CPL). In the Thevenin equivalent shown in Fig. the Pex is used
instead of the current source [20,[88], the current flowing into the CPL is called iy,
and the current ¢ in this model is assumed to flow in the opposite direction. This
equivalent can be used to find the stable operation region and the Hopf bifurcation
points that can produce oscillations in the system [89.,/90]. The non-linear model
for the equivalent circuit is:

. P

Zp:; (51)
1o vt (5.2)
gi= itV .
d o
Cav =i—1ip (5.3)
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5.1. Stability of the DC microgrid equivalent at the pcc of the
constant power load model

Wind Photo-voltaic

Figure 5.2: RLC equivalent grid circuit used for estimation.

The CPL can be represented by the Sngall signal equation, where the incre-
mental variables are defined as Av = —Ai%, and the term of negative resistance

isry, = —%. The set of equations for the system is presented in a state space

form in —.

d P A
d .. 1 r.. 1

5.1.1 Indirect method to analyze the boundary of stable regions

Boundary curves are first plotted from the eigenvalues of the state matrix A

(6-6) [89.91.

P 1
a(F ) 0
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equivalent
The characteristic equation is described in (5.7)).
T P Pr 1
NpA[oe ) - — =0 5.7
* (L Cvz) c’L T Ic (5.7)

According (5.7), the following criteria are required to identify the operation [13,
77), where (5.8) and (5.9) are the conditions and restrictions that give rise to
eigenvalues of A with a real part equal to zero.

r P
Pr 1
il " IC <0 (5.9)

The curves for the critical values of r as a function of P and the restriction are

obtained from (5.8]) and (5.9) and described by (5.10)) and (5.11]), respectively.

P

2
r< % (5.11)

When the analyzed parameter is inductance, the resistance is assumed constant
at a nominal value. The stability boundary for the variation of the inductance as
function of the power is described by , and is obtained from . The cri-
terion required to obtain imaginary poles in the system is , and is referred to
as the restriction (rest). Thus, the system can reach the boundary if the relation

in (5.13)) is satisfied.

rCv?
L= 5.12
2 (5.12)
Pr
1> oz (5.13)

The obtained stable and unstable regions with unity values are shown in Fig[5.3]
where the combination of parameters r— P and L — P is presented. The shadowed
areas describe the stable combinations of operations in the parameter space.
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Figure 5.3: Stable regions of operation for the CPLs in a DC micro-grid.

5.2 Computation of grid impedance by current per-
turbation and recursive parameter estimation

Two recursive methods exist for estimating grid impedance. The first method
involves two points of operation in the system that are used to eliminate the ac-
tion of the voltage source, which can be seen as unknown and unmeasurable from
the node that is under consideration. However, if a representative ideal source
is required, then the action of the source is included in the estimation procedure
(i.e. the source becomes an estimated variable). When the source is estimated,
only one operation point is necessary in a recursive approach. For this work, the
time domain representation of the system in Fig. is described as:

+r(t)i(t) + vs(t) (5.14)

where L(t) and r(t) are assumed to be time dependent parameters of the equivalent
grid impedance, and are constant around an operation point for a time interval.
The current that flows from the converter to the system or from the system to the
converter is i(t), the voltage at the coupling point is v(t) and the source voltage
is vs(t). The capacitor C is the capacitor at the terminals of the PED, and the
current controlled to study the dynamics is i,,.
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Figure 5.4: Operation points of the system.

5.2.1 Estimation method
Estimation of grid impedance without using the source

The technique used to avoid the computation of the source is based on the method
of two operation points presented by [84], where the system used was an AC cir-
cuit. The two states of operation are defined by the variation of one of the states
of the system. This variation can be called a disturbance around the nominal
point. In this work, a semi-recursive estimation method involving the Kalman fil-
ter and recursive least squares is used, and the time domain is studied for the two
states of operation. This technique requires some preparatory steps. First, for a
short time at the beginning, a small window of data is stored in the memory, and
following initialization, the recursive algorithm starts to estimate the impedance.
Initialization may occur following the acquisition of a defined number of samples
after the start of data storage. Then, a window of updated samples is kept during
the application of the algorithm, to enable both its use on-line and its operation
with a PED.

The method works as follows. Starting with , the parameters r(t) and
L(t) are estimated. However, the source voltage must be eliminated. Assuming
linearity around the nominal operation point, it is possible to obtain the equations
for the points under test —. The states of operation are close to the
operation point. This is represented in Fig. where v,0m and i,on, are the
operation voltage and current, respectively.

di1 (t)

o1(t) = L) 5+ r(2)is (6) + 0,1 (5.15)
®) = DO P2 1 (1)in(1) + (1) (5.16)

Assuming that there is no change in the parameters, the system is reduced to:
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Figure 5.5: Reference current to estimate grid impedance.

Av(t) = L(t)%Ai(t) +r(B)AI() (5.17)
where Av(t) = va(t) — vi(t), and Ai(t) = ia(t) — i1(¢). The system has now been
reduced to two measurable variables v(t) and i(t), and two estimable parameters
L(t) = L and r(t) = r. Although these parameters can vary with time, they are
assumed to stay constant around a period 7. This period is used to obtain an
accurate estimation of the parameters. The recursive method will include the new
value of the parameters, despite their potential variation. The characteristic of
the signal used as a reference of the current injected is presented in Fig. The
square wave has a period T), and a small maximum gain to keep the operation
around the working value. The maximum value reaches the desired current 79, and
when the current reaches its minimum value ¢1, the method starts to store data at
the instant called ¢4 (required for semi-recursive estimation). The estimator uses
a window with a fixed time interval defined as Ty, = %, where the differences of
the voltage and the current can be obtained. The estimator starts its operation
at the time ¢;,;.

Then, first a discretization of the model ([5.17)) is obtained. The equation is
reorganized in ((5.18))-(5.19).

d . . r.. 1
£Az = —ZAZ + ZAU (5.18)

y=Ai (5.19)

Using the discrete form of a state space representation the system is:
Ay = dAip_1 + yAvg_4 (5.20)
Uk = Aty (5.21)
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where ¢ is the discrete state matrix, and « is the input gain matrix for discrete
systems, in this case the dimension is 1 x 1.
The final values of these parameters are:

r
6=1-—h (5.22)
h

The parameter h is the sample time used to discretize the system. Now the
parameters can be obtained by the recursive technique. Finally, to find the real
parameters it is necessary to solve the equations (5.22) and (5.23) for r and L.

5.3 The Kalman filter

The Kalman filter is used to estimate the state x; in a stochastic model of finite
dimension. The system is defined by , and , where A is the
system matrix, B is the control matrix, and C is the output matrix. The noises
in the system are v1; and wvgy, with zero mean. If the noise is not used, the model
describes a deterministic system [86},92].

The estimation of the process can be considered as feedback control, where the
filter estimates the state and feedback is subsequently obtained from the measures
(plus the noise). The equations describing the Kalman filter can be divided into
two groups, one that updates with time and another that updates over the measure
[93].

The signal v is the process noise and vy is the noise of the measure. These
signals are white noise with zero mean and are not correlated.

Trr1 = Axp+ Bug + vig (5.24)
e = Cap+ vy k> ko (5.25)

where zj( is a random variable with mean Zy and variance (. For the noise the
second expectation is:

E{[QZ][”& vi}}z(% fg) (5.26)

where F is the statistical expectation. The variance matrices ¢ and R can be
assumed constant and the matrix of covariance S can be zero. The filter is based
on the following interpretations: 1) if the noise is Gaussian, the filter presents the
state estimation by minimum variance; and 2) if the first assumption is removed,
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the filter obtains the state estimation by linear minimum variance.

The Kalman filter is based on an equation that estimates the following state
Zk41 from a lineal combination with the preceding state Zj, a weight of the dif-
ference between the actual value y;, the prediction of the output Czj, and the
relation with the input Buy. The system is described in and .

T = Azp+ Kk[yk - Ci‘k] + Buy (527)
Tro = o 5.28)

where K} is the Kalman‘s gain obtained in at the instant k.
Ki = [A%,CT 4 §)[Cx,.0T + R (5.29)
The error of the state estimation can be obtained from .
e= 23— xp (5.30)

Y is the state error covariance given the observations yg, and is defined in (5.31]).

A A o
Ek = E{[l‘k - xk][:pk - xk]T\yk,l, --'7yk0} (531)
Y, satisfies Riccati’s equations (5.31]) and ([5.32]).
Y = A AT +Q — Ki[0% 0T + RIK} (5.32)
S = Yo (5.33)

5.4 Parameter estimation for the application of a re-
cursive method

The process model for parameter estimation is described as:

Or = Or—1 + i (5.34)
yr = "0 + moi (5.35)

where 0}, is the vector of the variables to be estimated at the instant k, ® is the
matrix containing the measured samples, y; is the output, and n; and 72 are
the process noise and the measure noise, respectively. In this case, application
of the Kalman filter requires an the ARX model representation , in which
the vector of input and output samples is ®, the vector of parameters is 6 and
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the output of the system is y. The values a; for j=1,...,m are the parameters of
the characteristic polynomial in differences or Z domain for deterministic systems.
The values b; form the numerator of the transfer function in the Z domain. Finally
e is the noise of the measure and the process.

Yk + a1yp—1 + o + GnYr—m = boug + brug—1 + ... + bpUp_m + g (5.36)

The equivalent grid has a system with order one for the differences equation
(5.36) compared with (5.20). The parameter by is equal to zero. The model is
then reduced to:

Yk + a1Yk—1 = brug—1 + e (5.37)

The vectors ® and 6 for the case of square wave injection are:
Yk—1 AV
o = = 5.38
[ Uk—1 ] [ Avg-1 ] (559
ai ¢
0 = = 5.39
=17 63

5.4.1 Structure of the Kalman filter

In this case, the filter takes the following values in some of its matrices: A = I,
where [ is the identity matrix, B = 0, C = &, @ > 0 and R > 0, and the
parameter vector is defined as 6y, 2 xr [92]. Assuming that the initial state is not
correlated with errors and has finite variance, the two sets of equations that define
the filter are listed in (5.40) to (5.45)), with (5.40) and (5.41]) describing the the
time updating component and ([5.42) to describing the measure updating
component.

O = O (5.40)
Yik—1 = Y1+ Qp—1 (5.41)
Ki = Spp1® [T, @+ Ry~ (5.42)
Sk o= (I = Kp®") Sy (5.43)
& = yo— P Oy (5.44)
O = O + Kile (5.45)

The value ékH k—1 is the mean estimation of 6, given the observations yi, ..., yx_1,
and £ is the output error. Finally, K is the Kalman‘s gain matrix.
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5.5 Recursive least squares estimation

Here, recursive least squares estimation (RLSE) is described as a special case of
the Kalman filter, where several considerations are taken into account to describe
it.

From the equations of the Kalman filter (5.24)) and (5.25) it is assumed that A = I,
B=0,Q=0,R=1, v =0,C =®T. This defines 0, 2 xk, the special case
in which the Kalman filter is obtained. The RLSE algorithm is thus described by
(5.46) and (5.47).

Ok+1 = 0 (5.46)
yr = 70y, + vy (5.47)

The following equations (5.48)-(5.50)) describe the RLSE method, where 0 repres-
ents the estimated state.

K1 = Sp®[1 + @751 @] 7! (5.48)
Skt = [1 — K®T] 5 (5.49)
Opjp—1 = Op—1 + K [yk: - (I)Ték—l] (5.50)

The initialization is éo = 0 and ¥y = al, where « is a large scalar and greater
than zero.

Algorithm [6] summarizes the application of the methodology described in this
approach. In order to apply the technique some stages have been defined. First, at
the start instant, for a short time, a small window of data is stored in the memory
and after an initialization condition, the recursive algorithm starts the equivalent
microgrid impedance estimation. The initialization flag can be a defined number
of samples after the data start to be stored. Then a window of updated samples
is kept during the algorithm application in order to extend its use on-line and
to operate with a PED. For the equivalent impedance estimation ([5.35]) is a ho-
mologous equation to ((5.20) without noise. Therefore, the Kalman filter or the
RLSE can be applied as described in their subsections.

5.6 Results for the estimation of the Thevenin equi-
valent

The two methods for estimating impedance were tested in the two different con-
ditions routlined above; the DC microgrid (case 1) and a proof of concept (case
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Algorithm 6 Algorithm for recursive equivalent microgrid impedance.
Select a method between Kalman filter or RLSE.
At the node of the CPL generate the perturbation.
for t =0 to % do
Inject the perturbation current, At each sampling instant store i and v.
end for
Start the computation of Aip and Awvg with the samples stored. Continue
storing the new samples for ¢ and v.
Set the system samples as in and (5.39). They can form (5.35).
8: Call the method {Kalman/RLSE}.
9: Calculate equivalent microgrid parameters solving for r and L in , and
(15.23]).
10: if stop criteria reached then
11:  Compute the equivalent impedance.
12:  Obtain the large signal parameters space r-P and L-P. Locate the operation

I~

point.
13:  Analyze the stability.
14: end if

2). The tests are based on the circuit described in Fig. The first system is
the microgrid with the Pex as the device under test (Fig. [3.2).

To obtain the two operation points a square wave current was added to the
average current consumed by the converter coupled to the microgrid in cases A
(low inductor value) and B (large inductor value). The main structure of the
equivalent system is shown in Fig. The current source is replaced with a pro-
grammable load in the proof of concept case. The periods used for the estimation
procedure in both cases are shown in Table where fs is the sampled frequency
and Ty = 1/ fs is the sample period. In this case, a complete switched model has
been used for the power electronic converters.

During the application of the RLSE method the estimation error of the output
is reduced by correct initialization of the matrix 3. The initialization of the state
error covariance matrix is ¥g = al, where I is the identity matrix and o = 10%. It
was periodically reinitialized to ensure the quick determination of and operation
around the true parameters.

Matrix @ in the model is related to the states. In this case, the parameters
to be estimated are ¢ and ~, and they are elements of 6. Therefore, according

to the order one discrete system (5.20]), the system is stable if the parameter ¢
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Table 5.1: Periods for the estimation procedure.

Case fs Ty Twe
case 1.A and 1.B  1kHz 1007, 507
case 2 1kHz 10075 50T

remains inside the unitary circle. Hence, a standard deviation for the parameters
oy, & 1 x 1073 has been used. Using o,, the matrix Q = J%II is obtained. Mat-
rix R is related to the measured variable Ai, which is derived from a previously
sampled current (i) as defined in Fig. 3. This variable has been filtered with a
moving average filter with order 16, to obtain iy. The resulting current is sub-
sequently computed as i, =i —i¢. Finally, the standard deviation of ¢, (oy,) has
been obtained using R = 07272. The value for both the microgrid (case 1) and the
proof of concept (case 2) is g, =5 x 1072 A.

The execution time of the Kalman filter is 48.637 us and the RLSE is 47.504
us at each iteration. Execution time was measured in a matlab script with an
intel core i5 2.4 GHz processor.

5.6.1 Equivalent DC-microgrid

The DC side of the microgrid is shown in Fig. Table [5.2] shows the coordina-
tion and the operation point of the devices in the DC microgrid. The DC voltage
is controlled at 400 V.

Table 5.2: Operation point of DC microgrid elements.
Control type Device Power
Voltage DGy 3.8 kW
Current DGy 3.525 kW
Current ES, 1.9 kW

Current Pex 0.6 kW
- R 2.5 kW
- Ry3 5 kW

- Ry 1.125 kW

The estimation of the equivalent circuit of the microgrid, described in section

is presented in Fig. and Fig. where KF is the results for the Kalman
filter and RLSE is the estimation obtained by the recursive least squares method.
This equivalent is obtained at the pccs node, where the P., device is characterized
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by long-term CPL behavior, and the power extracted from the DC microgrid is
600W. The reference of the consumed current is a square wave with Adyee = 1
A. The estimation periods used for the test are shown in Table The test
uses only a small amount of the data stored to estimate the parameters of the
Thevenin equivalent. The estimation window is Ty, = 5075.

Fig. shows the results of the test for the case 1.A in which the low in-
ductor Ly, is coupled to the Pex. The resistance and inductor estimated with
the KF and RLSE method can be seen. The average strength of the resistor, r, is
6.6 2, and the inductor is around 0.034 H. The settling time of the KF method
is faster than that of the RLSE (Fig. b and Fig. c). Indeed, in Fig. b,
the RLSE takes around 60 samples to reach the mean value of the estimated r,
whereas in Fig. [5.6]c the RLSE takes around 100 samples to reach mean value of
the estimated L.
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Ai [A]

r(A)

L[H

L L
(6] 200 400 600 800

samples

KF----RLSFE

Figure 5.6: Case 1.A estimation for the DC microgrid with the Kalman filter (KF)
and recursive least squares (RLSE). Current difference (a), estimated resistance
(b), estimated inductor (c), estimation error (d).

Figure shows the results of the test for case 1.B, in which the larger in-
ductor Ly, is coupled to the Pex. This case shows ripples varying around 6 €2,
which were produced for the ripple in Ai. The estimated inductor is around 60
mH, which is an expected result because P,, is connected to the DC grid through
this filter inductor in Fig. The settling time of the KF method is faster than
that of the RLSE (Fig. b and Fig. c), as was shown for case 1.A. Indeed,
in Fig. [5.7b the RLSE takes around 100 samples to reach the mean value of the
resistance. Again in Fig. [5.7]c the RLSE takes around 100 samples to reach mean
value of the inductor.
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Figure 5.7: Case 1.B estimation for the DC microgrid with the Kalman filter (KF)
and recursive least squares (RLSE). Current difference (a), estimated resistance
(b), estimated inductor (c), estimation error (d).

Comparison of the estimation procedure

The impedance obtained by the Kalman filter and the recursive least squares
method is validated by current injection perturbation |10] (frequency scanning
procedure). The frequency response of the recursive estimated impedance and
that of the network analyzer impedance are compared in Fig. [5.8

For case 1.A, the magnitude and phase determined by the scanning method
(ZZpfreqsca) and the recursive method (ZZ¢pkra) are equal at low frequencies
(10 Hz). This observation validates the expected behavior defined in this chapter.
It is important to remark that the condition studied involves a low inductive para-
meter coupled to the Pex.
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Similarly, in case 1.B (Fig. the magnitude and angle of the recursive
method (ZZ¢xrp) and the scanning procedure (ZZ¢freqscn) are equal at low
frequencies (10 Hz). In this case, similar results are also obtained at high frequen-
cies i.e. above 100 Hz.

T T T 1o T T T 11T
=) — ZKFA
1; -T- ZfreqscA
< — ZkFB
N -T - ZfT'eqscB
| ! 11
10! 10? 103
100 T T T IR - = =1 P B T L
BT 2 — OKFA
— -0 ¢freqscA
| — OKFB
-0 ¢freqscB
_100 L | | B
10! 102 103

[ [Hz]

Figure 5.8: Comparison of microgrid impedance, magnitude and phase frequency
responses. ZZ¢kp; is the recursive impedance, and ZZ¢freqse; is the parallel
current perturbation impedance, where i € {4, B}.

5.6.2 Proof of concept

An experimental circuit was used to validate the findings of case B in the labor-
atory (i.e. proof of the concept). A physical system such as that shown in Fig.
[6.2] was constructed to verify the estimation of impedance in a real system. The
system is composed of a DC source connected to the resistance, an inductor, a
capacitor, and a commercially available electronic load EA-EL9080-200, which
has a maximum voltage of 80 V and a maximum current of 200 A. The para-
meters used in the circuit are as follows: a resistance r = 0.3 €2, an inductor
L = 1.5 mH, a voltage source V; = 15 V, the current is set as I,y and con-
sumes -1.5 A, the capacitor C' = 3.3 mF, and the perturbation current is isguare
with an amplitude of 0.2 A. The results of this estimation test are shown in Fig.
(.9 The Ai takes values within the range of + 0.4 A. From the estimation, the
ripple of the resistance and the inductor can be seen at every zero crossing of

95



Long term model representation of the Pex and DC microgrid
equivalent

Ai. Furthermore, the estimated resistance is close to 0.3 €2, and differs slightly
from the expected real parameter estimated with the RLSE. Figure [5.9 shows
that the estimated inductor stays inside a boundary neighborhood of the true
value in both methods. Additionally, the maximum error of the estimation (§) is
10 mA. Satisfactory results were thus obtained with this test, because the estim-
ation error in percentage with respect to the perturbation signal is less than 2.5%.
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Figure 5.9: Experimental results with the Kalman filter (KF) and rescursive least
squares (RLSE). Current difference (a), estimated resistance (b), estimated in-
ductor (c), estimation error (d).

5.6.3 Stability regions of the estimated equivalents
Regions of the DC microgrid

The stable regions of the DC microgrid equivalent for cases 1.A and 1.B and the
P., converter are shown in Fig. and Fig. [5.11] respectively. A zoom of
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the data obtained for each figure is shown to the right. This amplified view is
presented by a dashed rectangle. The spaces r — P and L — P are used to analyze
the stability of the generated system. The point of operation with the error ripple
presented in the estimation, as well as the unstable area are shown. The system
operates outside the unstable region in both cases. For case 1.A r = 6.6 Q2 and
L = 34 mH were chosen to represent the equivalent impedance. The equivalent
impedance for case 1.B is represented by r = 6.0 2 and L = 60 mH.
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Figure 5.11: Stable regions of the DC microgrid in case 1.B.
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Regions of the experimental system

The experimental system is shown in Fig. where it can be seen that the
operation point is located far from the unstable region in the parameter space.
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Figure 5.12: Stable regions of the experimental system.

5.6.4 Estimation of the r—L equivalent of the DC microgrid under
different operation points

The objective of this section is to describe how the behavior of the estimation
method changes with alterations in the power shared in the microgrid. Changes
to the operation point are involve the power steps consumed by the Pex and steps
in ES. ES changes its operation from power source (discharging) to charging be-
havior, at which stage ES is considered a load in the DC microgrid. Finally, one
special test has been carried out to determine the estimation of the equivalent
under a trip of the energy storage system of the microgrid.

The coordination of the DGs involves a master/slave technique [25,43]. Under
the chosen configuration of the microgrid. DGy is the master and maintains the
voltage of the DC microgrid, whereas DG4, ES7 and Pex are the slaves and inject
or consume power according to the reference of a centralized power management.
The power sharing measurements are shown in Fig. [5.13h, and the voltage at the
terminals of each device is shown in Fig. [5.13p. The first part of the estimation
is characterized by three step changes in the power consumed by the Pex, at
t =€ {5,20,40} s. At t = 60 s ES; changes its operation from source to load,
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emulating a state of charge, and a step change in the power consumed by ES;
then occurs at 80 s. At 100 s, S disconnect from the DC microgrid.

4000 T T T T T T
3000 ES; source /—1—’——‘__“ b
2000 ;ﬁ i Esl load | ) i ES, trip 1
_ 1000 . - : E . E . i
= o - — .
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> 200 ES,. trip.
150
100 :
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Figure 5.13: Power sharing of the DGs with a trip of ES at 100 s (a). Voltage

measured at the terminals of each DG (b).

The estimated equivalent impedance is shown in Fig. Figure shows
the estimated r, and reveals the presence of some spikes during the step changes
in the power shared by the DGs. The average value of r increases following the
disconnection of ES] from the grid. Figure shows the estimated L, and
reveals the mean value of changes of this parameter after each step. In the KF
method, the value of the inductor increases around two times its previous value
after the disconnection of ES7. The inductor filter at the DC side of the Pex is
L¢ysc = 1.4 mH and is twice the value of the inductor of case A. The Pex voltage

and current in per unit are shown in Fig. [5.14k.
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20 40 60 80 100 120 140
time [s]

Figure 5.14: r — L estimation. Estimation of the resistance (a), estimation of the
equivalent inductor (b), Voltage and current at node pces (c).

The average values of the equivalent resistance and inductor in the KF and
RLSE methods are presented as a function of the power changes in the DC mi-
crogrid (Fig. [5.15). Prhanges = 1 represents the first 20 s, Popanges = k with
k€ 1,2,...,6 is the average for the range of time [20(k-1)-20(k)] s. The KF estim-
ation method is more sensitive than the RLSE method to power changes in the
microgrid (Fig. [5.15)).
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Figure 5.15: r — L average estimation values as a function of the power changes in
the DC microgrid. Average equivalent resistance (a), average equivalent inductor

(b).

Figure shows the estimation error for the output of the system with
the KF method and Fig. shows the measured Ai and the estimated signal
Ai. Three zoomed-in sections of the estimated signal are shown in Fig. [5.17
The regions shown correspond to (a) the initial part before the first power step
of Pex (Fig. [5.17n); Fig. [5.17b shows the estimation at the change of operation
of ES (i.e. from source to load in the DC microgrid); and Fig. shows the
time interval after the disconnection of £S;. The estimated signal, Ai, resembles
closely the dynamic of the current Aq.
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Figure 5.16: Estimation signals with the KF method. Error of the estimated Ai
(a). Measured A and estimated Az (b).
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Figure 5.17: Zoom of the KF estimation of Ai. Time segment 7.8 < ¢t < 8.3 s (a).
Time segment 59.9 < ¢t < 60.4 s (b). Time segment 109.9 < t < 1104 s (c).
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Figure [5.18h shows the estimation error for the output of the system with the
KF method and Fig. |5.18|b, shows the measured Ai and the estimated signal Aj.
Three zoomed-in sections of the estimated signal are shown in Fig. [5.19

ésrrm' [A]

el 20 40 60 80 100 120

Ai [A]

time [s]

Figure 5.18: Estimation signals with the RLSE method. Error of the estimated
Ai (a). Measured Ai and estimated Az (b).

Estimation of the r — L equivalent of the DC microgrid under ramp
power change at the Pex

The power sharing measurements are shown in Fig. and the voltages at
the terminals of each device are shown in Fig. [5.20b. The system is the mas-
ter /slave coordinated: DG maintains the voltage of the DC microgrid, ES; and
D@5 inject constant power according to a reference value from a centralized power
management system and Pex exchanges the power to the AC system according
to this reference. Three step changes in the power consumed by the Pex occur
during the initial phase of the estimation, at ¢ € {5,20} s. A ramp power reference
has been added to the Pex, to start the ramp after 35 s. This reference ramp
stops when the power generation limit has been reached.
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Figure 5.19: Zoom of the RLSE estimation of Ai. Time segment 7.8 <t < 8.3 s
(a). Time segment 59.9 < t < 60.4 s (b). Time segment 109.9 < ¢ < 110.4 s (c).
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Figure 5.20: Power sharing of the DGs with a trip of ES at 100 s (a). Voltage
measured at terminals of each DG and Pex (b).
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5.6. Results for the estimation of the Thevenin equivalent

The estimated equivalent impedance is shown in Fig. Figure [5.21h
presents the estimated r. The KF and RLSE algorithms have been applied to
estimate r and L. The values of the parameters change as a function of the cur-
rent. The values of r and L decrease while the current consumed by the Pex is
changing. The power limit is reached before 80 s and the power consumed by Pex
is kept constant. After 80 s, the estimated values of r» and L initially increase but
are subsequently kept constant.
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Figure 5.21: r — L estimation. Estimation of the resistance (a), estimation of the
equivalent inductor (b), Voltage and current at node pees (c).

The estimated resistance (r), and inductor (L) obtained by the KF method and
the Pex power have been filtered with a moving average filter with 2% samples to
describe the behavior of the estimation as a function of power. The KF estimator
and average values for r, L and power are shown in Fig. The change of the
estimated values as a function of power at the Pex is shown in Fig. The
average r and L decreases while the power increases.
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Figure 5.22: Filtered signals of r — L estimation. Resistance (a), inductor (b),
absolute value of the Pex power (c).
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5.7. Estimated impedance of a Renewable Energy System Laboratory
DC-grid
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Figure 5.23: Change of r— L as a function of the power change at Pex. Resistance
(a), inductor (b).

5.7 Estimated impedance of a Renewable Energy Sys-
tem Laboratory DC-grid

The estimation procedure was applied to the power electronics DC network de-
scribed in Fig. The network is in the Renewable Energy System Laborat-
ory [94]. The rated power of the voltage source converters is 60 kVA. They use a
two-level configuration based on insulated gate bipolar transistors (IGBTs) which
switch at 5 kHz. The voltage of the system is controlled by the converter . Con-
verter a consumes power from the DC grid and operates as a current controlled
load. Converter b consumes power from the DC network. The perturbation signal
has been added to its reference current to estimate the impedance equivalent.
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Current controlled

\

AC system Converter C DC grid Converter A, system

Current ﬂr
with perturbation™ """ m

Control the —
voltage of the grid
Converter B

AC system

Figure 5.24: DC power electronics network at the Renewable Energy System and
Smart Grid Laboratory (NTNU/SINTEF).

The voltage at the converter ¢ is shown in Fig. It has been divided by
600. The currents at the terminals of the converters a and ¢ are shown in Fig.
[5.25] They have been scaled by a factor of 30. The sampling period is Ts = 1
ms. The current of the converter I, is used as the perturbation signal, and has a
frequency sweep from 1 to 100Hz. The DC perturbation current is produced by
controlling the direct axis current.

30 600 30

‘o 20 40 60 80 100

Figure 5.25: Voltages and currents of the DC power electronics network.
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5.7. Estimated impedance of a Renewable Energy System Laboratory
DC-grid

5.7.1 Estimation results of the equivalent impedance

The equivalent resistance and inductor impedance estimated with the Kalman
filter (KF) and recursive least squares (RLSE) is presented in Fig. [5.26

(a)

0.0024
0.0022-
0.0020}-
0.0018}
T 0.0016}
= 0.0014}-
0.0012-
0.0010F
0.0008f
0.0006; 20 40 60 80 100
time [s]

Figure 5.26: R-L estimated for the Renewable Energy System and Smart Grid
Laboratory (NTNU/SINTEF) DC-network.

The current perturbation applied to the system has been analyzed with the
spectrogram shown in Fig. [5.27, The DC average component of the current was
removed to obtain the spectrogram. It can be seen from the spectrogram that the
perturbation frequency ranges between 1 and 100 Hz. However a 50 Hz compon-
ent is shown in Fig. 5.27]
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time [s]

Figure 5.27: Current perturbation at converter c.

The spectrogram of the voltage V. at the terminals of the converter ¢ is shown
in Fig. [5.28] The average DC voltage has been removed. A component at 50
Hz is observed in the spectrogram, and the second, third and fifth harmonic are
also presented. The frequency components are inside the range of [1-50] Hz (Fig.
[5.28b). However, the components ranging from [1-40] Hz are significant. There-
fore, a Fourier analysis was used for the voltage and the current at converter c for
the frequencies in the range of [1-40] Hz. The impedance can then be computed
in the frequency domain with the frequency scanning procedure.

The analysis of the measurements used with the recursive estimation methods
(i.e. Ai and Av) is shown in Fig. and Fig. respectively. This analysis
identifies the same frequency components for the differences in current and voltage
signals. The components for Ai are inside the range [1-100] Hz and the significant
frequency components for Av are inside [1-40] Hz.
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time [s]

Figure 5.28: Voltage behavior under the current perturbation at converter c.

(a)

time [s]

Figure 5.29: Current perturbation Ai at converter ¢ with the KF and RLSE
methods.
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(a)
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Figure 5.30: Voltage Av under the current perturbation at converter ¢ with the
KF and RLSE methods.

The impedance obtained by frequency scanning is shown in Fig. The
equivalent impedance estimated with the KF and RLSE methods is also presen-
ted in the frequency domain in this figure. The average equivalent resistance
and inductor estimated with the KF method were used to obtain the impedance
magnitude Zg r 4, and the phase ¢xrq,. The frequency scanning impedance com-
puted with the signals Ai and Av is represented as Za . freqsc for the magnitude
and @A fregsc- The value of the impedances Zyeqsc, Zxr and Zgrpsg are similar
at low frequencies (1 Hz). The behavior of the R-L equivalents is different from
that of the equivalent obtained by frequency scanning. A similar performance
was obtained when the network link of the converter that is used to estimate the
equivalent impedance has low inductive coupling.

5.8 Final considerations on long term model and sta-
bility

In this chapter, an equivalent representation of the DC microgrid was developed.
The recursive approach is used to compute the parameters of a system operat-
ing around one point. Hence, the microgrid equivalent can be estimated inside
a region, taking into account changes in the operation point, and with several
frequency trajectories, in contrast with classical off-line techniques which only
involve one. In addition, in this chapter, it was demonstrated that the method
of two operation points inside a small region gives satisfactory results. The long-
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Figure 5.31: Impedance of the DC network in the Renewable Energy System and
Smart Grid Laboratory (NTNU/SINTEF).

term stability of the signal was then tested with this technique, which showed that
the microgrid operator can manage the power exchanged or change the control
strategy used in its device to avoid unstable boundaries. Alternatively, the system
could be designed to ensure its operation in a secure region. The equivalent mi-
crogrid impedance obtained could then be applied to a small signal stability test.
However, errors at frequencies above 10 Hz will be observed for light inductive
DC microgrids.

Equivalent systems have been extensively used in the literature to represent
the dynamic of the remaining part of the grid. From the work presented here, the
following conclusions can be made: the estimated equivalent and the model of the
Pex should be used for low frequency tests and not for fast transient stability.
The recursive estimation takes into account the RL parameters in a straight form.
This method is based on the voltage and current time samples at the terminals
of the exchanger device.

Figure and Fig. reveal an error associated with the estimation of
the perturbation current Ai. This estimation error is caused by the first order
model of the system —. However, the use of the first order model offers
and advantage: it is related to the physical parameters » and L of an equivalent
impedance with resistive-inductive behavior. Some rippling can be seen in the
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Table 5.3: Root mean square error of estimated Ai with different model orders.
Order RMSE [A]
1 0.20304
0.15227
0.14156
0.13422
0.13169
0.12737

Sy T = W N

measurements of the current and Ai. Therefore, the discrete time system can be
represented with a higher order model as in (5.51)). The output is yx = Aiy.

Aig_q Avp_q

Nig=[¢1 . ¢m ] : +[m o ] : (5.51)
Alp_m Avg_p,

where m is the order of the model.

Figure[5.32] shows the estimation parameters ¢ and v with the KF method for
a 6th-order model. The spikes observed during the estimation of the » — L model
(i.e. first order model) is not presented when a higher order model is used. Figure
shows the error of the estimation current, the estimated perturbation current
and the current perturbation. The root mean square error (RMSE) of this model
is p=0.12737 A, whereas the first order model has an RMSE n = 0.20304 A. Table
[£.3] shows the RMSE for different orders of the model. The RMSE decreases as
the order of the model increases. The estimation parameters for different orders
of the model are shown in Appendix
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m [pul
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time [s]

Figure 5.32: Estimation parameters for the 6th-order model. Parameters ¢ (a),
parameters v (b), k € {1,...,6}.

e[A]

Figure 5.33: Current estimation for the 6th-order model. Error (a), Current
perturbation Ai¢ and estimated current perturbation Ai (b).

5.8.1 Comparison of the frequency scanning technique and the
n-th order KF estimation

The power sharing of the benchmark DC network is shown in Fig. [5.34 The
operation point at 10 s is shown in Fig. and is used to analyze the fre-

quency response of the n-th order discrete model estimated with the semi-recursive
method.
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Figure 5.34: Power of the devices in the grid (a), voltage (b).

The current perturbation shown in Fig. |5.35/ has been applied at the terminals
of the Pex to enable the frequency response of the frequency scanning technique
and that of the n-th order KF estimator to be compared. A frequency perturbation
from 20 Hz up to 90 Hz is shown. The voltage at the DC side of the Pex has been
analyzed to obtain the available frequency range that provides a good estimation
of the equivalent impedance (Fig. |5.36)).

30

40 50 80
time [s]

Figure 5.35: Current spectrum at the Pex. Time domain behavior (a), Frequency-

time spectrum (b).

116



5.8. Final considerations on long term model and stability
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Figure 5.36: Voltage spectrum at the Pex. Time domain behavior (a), Frequency-
time spectrum (b).

Figure [5.37 shows the estimation parameters ¢ and v with the KF method for

a bth-order model. The KF estimation method uses a window with a frequency
of 100 Hz and the sampling frequency of the signal is 1 kHz.

(a)

1. [PU]

é
|
o o o
wn O u
@
I S

Figure 5.37: Parameters of a 5-th order estimation. Parameters —¢1, — ¢2, —¢3,
¢4, —¢5 (a), parameters —y1, Y2, Y3, Y4, 5 (D).

The frequency response of the model estimated with the KF method and
the frequency scanning technique are shown in Fig. It can be seen from
this comparison that the 5-th order KF estimated model has the same frequency
response as the impedance obtained with the frequency scanning technique. The
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use of a higher order model provides better behavior than the r-L impedance
equivalent, and there is no loss of the dynamic present in the system.

10"

 Pfregse DK Fdiscrete

byria d€Q

—100— :
10" 10?
fHz

Figure 5.38: Frequency response of the KF model and the frequency scanning
technique of the microgrid simulation benchmark. Magnitude (a), phase (b).

Proof of concept with the renewable energy system and smart grid
laboratory DC grid

The frequency response of the model estimated with the KF method and the
frequency scanning technique are shown in Fig. [5.39] The frequency response for
the 15th and 25th KF models consistent between 4 Hz and 30 Hz. However, the
upper limit of the range of the 15th order model is 20 Hz. Below 4 Hz, there is an
error of the estimated model with respect to the frequency scanning response. The
response of the model estimated with KF is better for higher order than lower
order models. However, higher order models require a long the computational
time.

118



5.8. Final considerations on long term model and stability
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Figure 5.39: Frequency response of the KF model and the frequency scanning
technique for the laboratory DC grid. Magnitude (a), phase (b).

5.8.2 Improvement of the stability

The five possible solutions discussed in [14] can be used to stabilize the system.
These solutions are discussed with respect to the system described by -.
The first solution involves an increase in r. However, this is not possible because r
is a function of the operation point and coordination of the microgrid. Similarly,
the second solution, which proposes a decrease in L, is also not feasible in this
case because L is a function of the operation point. The third solution involves
an increase in the capacitor C of the Pex, which is possible by the application of
a switched capacitor bank. The fourth solution , which is to increase the voltage
v, is not feasible because the voltage is a function of the nominal value set for the
operation of the grid. Finally, the fifth solution, which involves controlling CPL
dynamics, adds a dynamic to the reference power P.

The analysis of stability in this chapter is based on the long-term equivalent
of the system. However, one question relevant to this project remains unsolved.
The question concerns the stability of a system under a defined coordination: to
what extent do the states or parameters influence the stability of a DC microgrid?
This issue will be discussed in the next chapter.
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Chapter 6

Degree of influence of the
parameters and states on the
stability of the system

The chapter presents a methodology that takes into account the structure of a DC
microgrid system and evaluates its stability. In the stability analysis, computa-
tional continuation is used to obtain the conclusions.

In this chapter, the stability is studied with a continuation algorithm. One of
the advantages of this analysis is the use of nonlinear dynamics. This mathem-
atical analysis has been widely used to study so-called large stability in classical
power systems (i.e. woltage stability). Loadability and controllability tests are
used during the analysis presented in this chapter. It is assumed that the para-
meters and the dynamic model of the devices are known.

The structure of the DC microgrid used in this chapter is shown in Fig.
DG controls the voltage of the grid, DGy and ES] inject constant current into
the network and Pex exports power from the DC microgrid to an AC system.
This coordination is the master/slave control technique of parallel converters [43].

6.1 Numerical continuation of fixed points

A bifurcation study was carried out with the Davidenko-Newton Raphson method,
to obtain a branch of the states produced when a parameter changes in the sys-
tem [90]. This method works as a predictor-corrector. The continuation para-
meter is defined as a, the equilibrium of #(t) = F(z(t), «) is obtained as o € R,
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Wind Photo-voltaic

Figure 6.1: DC microgrid configuration

which varies while the remaining parameters are kept constantﬂ The state vec-
tor is x € R", and the nonlinear function F' maps R™ x R™ into R"™. This
method has been widely used in stability tests for transmission systems [95]. The
continuation method is convenient to use because it converges quickly with the
Newton-Raphson algorithm during the corrector step. When a convergence prob-
lem is encountered, the continuation parameter changes to a component of the
state variables, where « is fixed [3[/96]. Therefore, the Davidenko-Newton Raphson
method uses the differentiation of:

0=F(x,u,a), (6.1)
with respect to a.
d
Fy(z, a)£ = —F,(z,a), (6.2)

where F), is the Jacobian with respect to the states, and F,, is the Jacobian with
respect to the continuation parameter. Finally, after solving for dx/da, the
method finds the equilibria [3,95]. The branch of solutions in the state-parameter
space is shown to illustrate the behavior of the states. Additionally, the eigen-
values of each point in the defined space provide information about the stability
following variation of the parameter and states.

Essentially, the complete system is formed when the network equations, the
converter dynamics and controllers are coupled. The full model is presented in
the next section of this chapter.

Tn the interest of brevity, the argument ¢ is omitted from the time functions when its value
is clear from the context.
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6.2. Dynamic model of the complete DC microgrid

6.1.1 Local properties of the operation point

The method applied to evaluate the properties of the operation point is the par-
ticipation factor of the system. It describes the influence of a state variable over
the eigenvalues. The Jacobian (F;) is evaluated at a selected operation point,
followed by computation of the eigenvalues and eigenvector. The participation
factor can then be used to correlate oscillatory or exponential behavior of the
system [60].

6.2 Dynamic model of the complete DC microgrid

The full system is modeled as a combination of the dynamics of each distributed
generator, the DC network dynamics presented in chapter [3|and the model of the
Pezx.

6.2.1 DC network model

The dynamic model of the DC network shown in Fig. [6.2] was developed in section
[3.2] Here, the final set of differential equations are shown. This set will be coupled
with the dynamics of energy storage, the distributed generators and the power
exchanger.

pCClrel Lel bcea 71 Ll pces 712 ng bccy 713 ng bces

Figure 6.2: DC network model for the continuation method.
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d . Ryp(igr — ig5) — (Ri2 + 7e1)ig3 + vagi
el — 6.3
' Loy (6.3)
d .  Rp(igin —ig9) — (Riz + 1 + Ri2)igr + Ria(ig3 +igs)
—lg7 = (6.4)
dt L
d.  Ryiga — (ri2 + Ry + Riz)igin + Riz(igr + ig9)
fZgH = (65)
dt Lo
d . Rigigir — vg1s — (113 + Ria)igia
el — 6.6
s I (6.
d . igl4 - ipex
dtvglg) = Cpex (67)

where the states are iy3, 147, 411, 914 and vg15, the constant impedance loads are
Ry2, Ri3, Rys, and the power exchanger capacitor is Cpe,. The remaining part of
the exchanger device is represented as a load function of the current ipe;. The
current source i45 represents £S5 and the current source 49 represents DGs. The
line dynamics are characterized by a resistive and an inductive part as follows:
Te1, Le1 is the line between pee; — pees, 17, Ly is the line between peco — peces, 112, Lo
is the line between pccs — peey and 13, and L3 is the line between pccy — pecs.

6.2.2 The DG, model

The DG system uses a boost converter to control the voltage at the node pcc;.
The circuit of the converter is shown in Fig.

g3
~———<—
bcer
+
L1i1 ™
Ch ==Ydg1
+
— X Cp VUs1

Figure 6.3: Boost converter used in DG1.

The dynamics of the converter are described in to . Of note, s has
been used instead of (1 — ¢) to represent the switching dynamics (i.e. from the
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model in chapter . The parameters of the system are the capacitor C', the
inductor L; and the resistance r1. The state variables of the DG4 are the inductor
current, i1, and the capacitor voltage, v441. The current that links the converter
to the DC network is i43. Finally, the voltage at the input terminals is v1.

diy Loy UsL S1Vdgl

—_— = ——11 _——

dt Ly Ly L4
dvdgl Slil - igg

a (6.9)

(6.8)

The current controller is described in and . The controller adds
the state v1 to the dynamics of the system. The reference current is i,.r1, the
parameters of the PI current controller are k,; and k;; and the reference voltage
of the network is vgg1re-

d
% = Z.refl - il (610)
k .7’6 —1 kl
oy — Ut lirepy = 1) + ki) (6.11)
Vdglref

The voltage controller is presented in (6.12)) and (6.13]). The state of the con-
troller is ~,1, the proportional gain is kp,1 and the integral gain is k1.

dy
dt
irefl = kpvl (Udglref - vdgl) + Kiv1 Vo1

—

6.12)
6.13)

= Vdglref — Udgl

—~

6.2.3 Pex model

This subsection describes the model of the device (Fig. [6.4]) used to export power
in the DC microgrid. The dynamic model is described by the set of equations
from to . The passive elements of the converter are the inductor L,
the resistive part of the inductor r, and the DC capacitor Cj.,. The state vari-
ables of the system are the synchronous reference frame currents, igysc and igysc
and the DC voltage vg15. The current iy, is a function of the state currents and
the control voltages v4 and vg. The angular speed is w and the grid current is ig414.
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Z‘pear: z‘gl4
Figure 6.4: VSC converter used in Pex.
digyse vg — Fsq + WLiquc — Tlgysc
= 6.14
dt L ( )
diquc Uq - Esq - WLidvsc - riquc
= 6.15
dt L ( )
d'Ug15 igl4 - ipex
= 6.16
dt Cren (6.16)
3 . .
iPE:p = — (UdZdUSC + ’ququc) (617)
2 Vg15

It can be seen that (6.16) is equal to (6.7)), which links the Pex with the network
at the node pecs. The controller applied is described in (6.18)) to (6.22)).

Vg = ’desckivsc + kpvsc (idref - Z-dvsc) + Esd - WLiquc (618)
Vg = ’qusckivsc + kpvsc (iqref - Z.quc) + Esq + WLidvsc (619)
dva . ‘
’Yd:sc = Udref — ldvsc (620)
d . .
75;“ = igres — iqusc (6.21)
(6.22)

6.3 The DC microgrid model

The closed loop equations of each device are required to obtain the final model.
Hence, the DG closed loop system is obtained by combining the controllers (6.13)-
(6.13)) and (6.10)-(6.11]) with the boost dynamics (6.8)-(6.9). This set is presented
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in (529) to (520)

di 1 ki1 + k kivi — i1 + Epo1 (v —v

ary = | wg — iy + Vagl T1Ri1 pl (’le vl 1 pul ( dglref dgl))

dt Ly Vdglref

(6.23)

dvggr 1 0 —y1kit — kpt (o1 kivt — i1 + kpo1t (Vdgiref — Vdg1) ) g (6.2

dt & Vdglref

d .

% = Yo1kiv1 — i1 + kpu1 (Vdgiref — Vdg1) (6.25)
d
% = VUdglref — Vdgl (626)

The next step combines the controller equations of Pex (6.18))-(6.22]), with the
dynamics defined in (6.14) to (6.17)). The closed loop Pex is defined by (6.27)-
(6-30).

dig 1 . .
E = z ( - (7” + kpfusc)ld + Yavsckivse + Zdrefkpvsc> (6'27)
di 1 . )
7: =17 ( — (1 4 kpuse)iq + Yqusckivse + quefkvaC) (6.28)
d vsc . .
Vst = idres — i (6.29)
d7 vsc . .
e (6.30)

The combination of the controller with (6.16) has been presented as a part of
the network system. Therefore, the closed loop model of the voltage grid vg15 is
(6.31)).

dv 15 3 . . . .
dgt = 2?)915Cpe$ (_Esdld — Esqlq - Fydvscldki’usc - "Yquc'bqkivsc‘i‘
2 . 9 .. lg14
kpvsclgl - Zdldrefkpvsc + kpvsczg - quqrefkpvsc) + 76? (6.31)
pex

The remaining set of differential equations that describe the network are shown
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below:

d . Rio(igr —ig5) — (Ri2 + 7Te1)ig3 + Vdg1

— = 6.32
dt"" Lo (6.32)

d .  Rp(igin —ig9) — (Riz + 1 + Rig)igr + Ria(ig3 +igs)

gt = (6.33)
dt L

d . Ruiga — (rg + Ry + Ri3)igrr + Riz(igr + igo)
71911 = (6.34)
dt L

d Ryqig11 — — Ryy)1
L 14ig11 — Vg15 — (113 + Ria)ig1a (6.35)
d L3

6.4 Results

Loadability and controllability were tested for the DC-microgrid described in Fig.
In this test, the boost converter is used as the distributed generator and the
VSC as the Pex. In the continuation method, the models of each system were
carefully coupled to form a complete nonlinear system. A symbolic computation
software [97] was used. The simulation results of the system operating with the
designed set of parameters is consistent with the values presented in Fig. [6.7] and
Fig. [6.10] The initialization point is the first value of the continuation parameter
used (st). The grid values were initialized by applying a ladder DC power flow in
addition to the distributed generation, according to the distribution power flow for
complex power [98]. Initialization of the variables in the converters is performed
using the set point obtained in the DC power flow as a known value.

The first analysis is based on the local properties, and involves the particip-
ation factors. Table and Table show the eigenvalues for cases A and B,
respectively. The eigenvalue A is defined as A = o 4 j3, and is composed of a real
part o and an imaginary part 8. The relationship between states and eigenvalues
is shown in Fig. [6.5] and Fig. [6.6] Values of the participation factor were used
in the analysis. According to the damping ratio (p) defined in [99], the
weakest couple of modes for case A are A\y5. The complex eigenvalues A4 5 have
a p = 0.019, which corresponds to an underdamped mode (e.g. 0 < p < 1).
From the participation factor analysis it is found that A4 5 are linked to the state
variable i414, which can be associated with a loadability test at the node pces.

g

p= (6.36)

o2+ 52
In case B, the ratio for the couple of modes Ag 7 is similar to the case A. In
this case, p = 0.031.
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Table 6.1: Participation factors for the micro-grid structure, case A.

No. Eigenvalue (\) Main states (PFst value)
1 -2.447x107 [V1,143] (0.754, 0.192)
-1.691x107 ligi1,71,4g3] (0.3615, 0.223,
0.4128)
3 -1.521x106 lig3,ig11] (0.384, 0.579)
4,5 -69.034=+ 3.576 x 1035  [vg15,1414, Y1) (0.1057, 0.386,
0.463)
6,7  -1411.1314 1850.517]  [iguse, Vg15,%1) (0.4925, -0.141,
0.6342)
8,9 -83.607+ 18.477j [Yquses Gg14 i1, Vg15) (0.501,
0.109, -0.148, 0.535)
10,11 -11553.1334 0j [Vag1,ig7) (1.0, 1.0)
12,13 -74.235 + 0j [iquses Yavse] (1.0, 1.0)

6.4.1 Loadability limits in case A

The load demand of the grid has been changed to obtain the limits. The aim is
to ensure that the border for the power exchanger remains over one established
operation in the microgrid. In the local analysis carried out above, the weakness
of the modes A4 and A5 is associated with the state variables vgg1, ig14 and vg15.
Therefore, if this part of the system is loaded, the limit can be obtained. The
result with the continuation algorithm is shown in Fig. The initial point is
st, and the bifurcation point obtained is HB. The loci of the eigenvalues described
above is shown in Fig. The value at which the eigenvalues cross the imaginary
axis is £3584.16. Consequently, the Hopf point is 570.43 Hz for ig..; = 6.46 A.
Hence, the states have linear displacement because of the increment in load at
P.,.

The loadability test during and increase in the demand of the constant im-
pedance load R is shown in Fig. The limit of stability for Rjy = 35.8. It
is crucial to point out that the state variables 7,1, 71 and 43 are significantly
displaced. which shows the importance of considering the change of states during
the stability analysis.

129



Degree of influence of the parameters and states on the stability of
the system

Table 6.2: Participation factors for the micro-grid structure, case B.

No. Eigenvalue (\) Main states (PFst value)
1 -2.435x107 [ig3,ig11,71] (0.198,0.050
0.751)
2 -1.686x107 [ig3,3911,71] (0.406,0.360
0.233)
3 -1.484x10° [ig3,ig11] (0.395,0.5892 )
4,5 -1.299x10% £ 1.884 x 103 [iguse, i1,vg15]  (0.498,0.693,-
0.187)
6,7 -11.1776 + 364.4524; lig14, Y01, Vg15] (0.423, 0.529,
0.06)
8,9 -87.2128+13.4588] [Vg15, 11, Yquse] (0.626, -0.166,
0.489)
10,11 -11.553x 103+ 0j [Vag1,ig7] (1.0000, 1.0000)
12,13 -74.2305 [iquse, Yavse) (1.00, 1.00)

6.4.2 Loadability limits in case B

The loadability test in case B is performed by increasing the power consumed by
the Pex unit. In the local analysis carried out above, the modes Ag and Ajg are
associated with the state variables i414 and vg15. Therefore, if this part of the
system is loaded, the limit can be obtained. The result with the continuation
algorithm is shown in Fig. The initial point is st, and the bifurcation point
obtained is HB. The loci of the eigenvalues described above are shown in Fig.
6.11L The value at which the eigenvalues cross the imaginary axis is £361.33.
Consequently, the Hopf point is 57.51 Hz for ig..; = 4.55 A.

6.4.3 Boundary values for the controllers in case A

This subsection describes the control gain limits for the PI controller in the DG;

unitfll

The results of the continuation algorithm are shown in Fig. where the
continuation parameter from the boost is the outer loop integral gain, kj,1 (x-
axis). The continuous line represents the stable states, and the dashed line the
unstable ones. Displacement occurs when the integral constant k;,; is changed,

!The controllability test can be performed for the remaining systems by applying the same
procedure described for this step.
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Figure 6.5: Participation factor for case A. Absolute values of the participation
factors.

as shown by a state transition in the voltage controller.

Figure [6.13] shows the movement of the eigenvalues as a result of variation of
kiv1. Instability is reached around k;,7 = 81.3. The sign of the real part of two of
the eigenvalues (Ag, A1p) changes. Thus, a non-stable operation can exist for large
values of k;,1. The eigenvalues cross the imaginary axis and are characterized by
a Hopf bifurcation stability bound.

The second parameter tested in the controllability of the system is the propor-
tional gain in the voltage loop. The loci of the eigenvalues with the continuation
method are shown in Fig. When the proportional gain is kp,1 = 0.192, the
stability is lost by two modes crossing the imaginary axis. The states remain at
the initial operation point without any movement.
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When the parameter under test is the controller gains in the inner loop, the
instability margin is reached for values below zero. This test has been excluded
because the procedure is already presented in [100], which demonstrates that the
inner loop is stable for positive values of the controller gains in the boost con-
verter. Hence, the problem can be reduced to the loadability.

6.4.4 Local stability test, case A

In this case, the linear matrix resulting from the linearization of the full model of
the DC microgrid has been used. The operation point used is described for each
local test. The loadability and controlability tests are described in the following
subsections.
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6.5. Time domain behavior of the DC microgrid

Loadability with the Pex

First, it is important to point out that this test uses the state values at its
operation point z = [5.868, 0.000, 2.515 x 1075, 0.000, 3.039 x 10, 3.970 x
102, —8.273 x 1074, 2.575, 1.148 x 10', 1.010 x 10!, 7.240, 4.457, 3.953 x 102].
They have not been changed to follow the same procedure used in a simple small
signal test [60]. The parameter ig,s has been displaced. The operation point used
is 10% below the unstable limit found with the continuation method for i4..f. The
range used is 5.868 < igr.r < 6.968 A. The loci of the eigenvalues is shown in Fig.
The eigenvalues Ay and A5 reach the imaginary axis at igres ~ 6.6. There-
fore, this test gives rise to a misleading conclusion when the current consumed by
the Pex is increased, because it suggests that unstable behavior can be reached
above the limit found with the continuation method.

Controlability in DG, voltage loop test.

The parameter k;,1 in the voltage loop of DG has been changed. The states have
been kept constant at & = [2.000, 0.00, 8.573 x 1075, 0.00, 2.263 x 10*, 3.970 x
102, —8.273 x 1074, 2.818 x 1071, 8.550, 7.165, 4.301, 1.515, 3.959 x 10?] and
the parameter is displaced. The loci of the eigenvalues is shown in Fig. In
this case k1 ~ 80.6 shows an eigenvalue with real part crossing the positive half
plane. Therefore, with the local test it is possible to find a boundary for k;,i.
However, it is missing information from the movement of the controller state =,
(the state remains constant). The test shows a lost of stability with Ag and Ajp.

6.5 Time domain behavior of the DC microgrid

The time domain behavior of case A is shown in Fig. The system uses
the complete switched devices. The simulation was carried out with Matlab Sim-
Powersystems tool to ensure accuracy and to validate the obtained results. The
sampling time used was T;=10 ps. The power, current and voltage supplied or
consumed by the DGs, ES and Pex devices are shown. The loadability test is
used to validate the results of the stability study. The time simulation shows that
the system has stable behavior at the operation point (from 7.5 s to 8 s). At 8 s,
the system is loaded in 414, where ig14=4.5 A and the Pex variable ig..r = 6 A.
The stability is maintained during this load increment and the voltage is restored
(Fig. ) At 9 s, the system is loaded again with a grid current 514 = 6 A,
which is equivalent to ig,..;=8 A. The regulation of the grid voltage is lost at this
load.
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It is difficult to correlate the expected oscillation frequency found in the con-
tinuation algorithm (i.e. f ~ 557 Hz, which corresponds to A4 and \5) with the
time behavior presented. Therefore, a Fourier spectrum of a segmented part of
the power consumed by the Pex device is shown in Fig. The sampling period
of this test is T = 0.1 ms. The time range used for the Fourier representation is
9 <t < 9.5 s. Furthermore, the frequency component (i.e. f ~ 294 Hz) of the
eigenvalues A\g and A7 can be observed in the unstable representation.

The time behavior of case B is shown in Fig. The behavior of the DC
microgrid is presented with power sharing as in case A. Again, the loadability
of the system is assessed at the node pccs. The time simulation shows that the
system has stable behavior at the operation point (from 7.5 s to 8 s). At 8 s,
the system is loaded in i414 where ig14=3 A and the Pex variable ig..; = 4 A.
The stability is maintained during this load increment, and the voltage is restored
(Fig. [6.19¢). However, a low damped oscillation occurs. At 9 s, the system is
loaded again with a grid current i414 = 3.75 A, which is equivalent to ig,..;=5 A.
The grid voltage vq15 oscillates without damping effects at this load.

The Fourier spectrum of the segmented part of the power consumed by the
Pex device is shown in Fig. This range represents the unstable behavior in
case B, the sampling period of this test is Ts = 1 ms. The time range used for
the Fourier representation is 9 < t < 9.5 s. The expected oscillation frequency is
f=257.5 Hz.

6.6 Final considerations on stability analysis with the
continuation algorithm

In this chapter, a stability study of the DC microgrid based on a fixed points
continuation method was presented. This method can be applied to multiple con-
verters of the DC microgrid, and enables the limitations of stable operation to be
predicted at the design stage. The models can be expanded to handle other loops
added to the DC microgrid. A simple model of load has been used in this work to
develop the methodology. The aim was to devise a stability test that can handle
multiple configurations of a microgrid. A constant impedance type load was used.
However, it is important to emphasize that other types of loads such as constant
current, constant power or a full dynamic model of power electronic loads can be
used with the procedure presented.

The parameters used for the tests were the load at different nodes and the
controller gains. The influence of the parameters on the system was tested by
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varying their value in a microgrid composed of 2 DG, 1 ES and 1 Pex, which
revealed that the states strongly influence the stability estimation.

Some states double in value before reaching the stable boundary. The plot of
the eigenvalues resulting from the variation of the selected parameter was used
to validate the instability border obtained with each test. Additionally, the con-
tinuation method was compared with classical methods of analysis. Finally, the
dynamic of each system was coupled to obtain the complete set of differential
equations to apply the continuation method.
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Chapter 7

Conclusions

This chapter recapitulates the main results of the Thesis and describes recom-
mendations for further work in the field.

7.1 Concluding remarks

One of the main conclusions of this Thesis that the analysis required depends on
the information available about the microgrid. If the dynamics of the devices in
the microgrid are unknown, then equivalent systems are necessary for the stabil-
ity test. However, when the dynamics of the devices of the microgrid are known,
models such as state-space can be used to perform the stability study. The re-
sponse of the system in the short- and long-term is used as the principal paradigm.

In this Thesis, the stability at the interconnection point of the power exchanger
device was studied by three approaches.

Two types of microgrid equivalent were presented in this research. The first
is based on the frequency response, and it uses a range of frequency from the
smallest practical perturbation up to half of the switching frequency of the device
under test. This linear response is a function of the operation point of the mi-
crogrid. One advantage of this method is the use of blackbox modeling. This can
be expected in systems with multiple components, where details of the devices
are not provided.

Experimental studies were then carried out, which proved the models obtained
for the converter used as an exchanger device. As expected, the behavior of the
simulation and the analytical and experimental models was similar.
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The second estimation of the microgrid equivalent uses the long-term model.
It is based on the assumption that at low frequencies, the system will have a typ-
ical R-L Thevenin equivalent. A semi-recursive approach was applied here, and
the Kalman filter and recursive least square methods were used as mathematical
tools. The method was verified with an experimental test. A basic recursive pro-
cess was developed, which is an advantage of the method to be used on a digital
signal processor.

It can be seen from the comparison of the equivalents that at low frequencies,
the dynamic of the microgrid presents a characteristic R-L. However, if short-term
dynamics are required for the study, the behavior could add a capacitive effect
and it is incorrect to consider a simple R-L equivalent as a model of the remaining
part of the microgrid.

Finally, if all information about the microgrid is available, then a continuation
algorithm can be used to study the loadability and controllability limits of the
system. This method examines how the parameters and devices influence the
stability of the microgrid. The movement of the states before the boundaries are
reached was shown.

7.2 Future work

7.2.1 Short-term

The topology used for this work is based on a radial structure commonly seen in
distribution level power systems. Some authors have proposed ring structures for
the microgrid. The dynamic characteristics of this topology should also be studied.

A single operation point was used to study the stability of the system. In
addition, the power supplied from the converters to the microgrid was considered
constantly available. Additional studies that take into account the randomness of
renewable sources should be carried out. It is possible to add computational tools
such as a Montecarlo simulation to explore the scenarios of power availability from
the resources.

7.2.2 Long-term

Further work should be focused on the application of the recursive estimation
method to AC microgrids. This analysis can be easily performed with the variables
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in the synchronous reference frame.
It is necessary to obtain a physical circuit equivalent as a function of the
frequency response of the estimated equivalent impedance.

7.2.3 Hybrid short and long term

It is important to remark that microgrids can operate as supervised systems,
where the converters communicate with the management system and an agent
can define the power supplied by each source. Therefore, a more detailed stability
study with complete hierarchical control over the microgrid can be carried out.
It was shown that expansions in the models can be applied and they can handle
other loops added to the microgrid
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Appendix A

Parameters for simulation
studies and experimental
set-up

This appendiz presents the parameters used in the simulations as well as in the
experimental set-up

A.1 Network parameters

Table[A 1] presents the parameters of the lines in the DC-AC microgrid. The loads
are shown in Table[A.2] The benchmark schematic used for the simulation of the
microgrid is shown in Fig.

Table A.1: Line parameters for the microgrid structure.
Parameter Value [units]
Linesemice T(i—‘rl)—i = 1.380 Q/km, X(i—‘rl)—i = 0.082 Q/km
Lineprimary  T(i+1)—i = 0.284 Q/km, X(;;1)—; = 83 x 107 Q/km

Line(Q)_(l) Tle = 0.041 Q, Lle =17.83 ,LLH
Line(3)_(g) r; =0.041 Q, L; = 7.83 uH
Line(4)_(3) Tig = 0.041 Q, LlQ =17.83 ;LH
Line(5)_(4) T3 = 0.123 Q, ng = 23.49 IUH + Lfvsc
Line(6)_(7) Tie—7 = 0.041 Q, L16_7 =7.83 MH
Linem_(g) Tir—8 = 0.00852 Q, Ll778 = 0.0025 H
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Parameters for simulation studies and experimental set-up

Table A.2: Load parameters for the microgrid equivalent.

Load Value [units]
Ri2 64.00 Q (2.5 kW)
Rys 32.00 Q (5.0 kW)

Ry 142.22 Q (1.125 kW)
Si6,7.8 10.092 (8 kVA,,142)
PFAC’loadS 0-85laggin

A.2 DC-DC boost converter

DGq and DG4 use a boost converter. The parameters are: Ly = 0.025 H, r, = 1
m{), C, = 651 pF, fsw = 3 kHz. The inner loop gains are k,; = 95.19, k;; =
1.8128 x 10°, the outer loop parameters for voltage control are kpy = 0.1239, and
ki = 11.80.

A.3 DC-DC bidirectional converter

The parameters for the bidirectional converter are without loss of generality: L, =
0.024 H, 1, = 1 mQ), Cy, = 187.5 uF, fo, = 3 kHz. The inner loop gains are
ki = 106.609, and k;; = 2.3686 x 10°.

A.4 Voltage source converter for inverters at the AC
microgrid and Pex between the DC and AC nodes

The parameters are: L = 6.8 mH, r = 0.025 Q, Cpe, = 133.3 pF, w = 2750 rad/s,
fsw = 7.875 kHz. The inner loop gains are k,; = 79.041, and k; = 5.832 x 103.
The AC capacitor of the LCL filter is C,. = 24.102 uF. The voltage controller
gains for the AC side of the converters are: k,, = 0.0052 and k;,19.44.

PLL parameters are: frequency speed wy.y = 2750 rad/s. The PI controller has
the following gains: k, ,; = 0.4500 and T; ,;; = 0.0562.

The cases for the filter inductor at the DC side of the Pex are shown in Table
A3l

Table A.3: Cases for filter inductor at the DC side of the Pex.
Case Inductor Ly

A 0.68 mH
B 68 mH
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A.5. Experimental voltage source converter

The per unit design of the inductor is presented in Fig. the design has
been taken from [101], presents the equation to obtain the inductor as
function of the voltages, switching frequency, current and ripple. In order to
obtain high quality power a low ripple has been chosen in this project (g ,ippie =
4.6).

V2 ea.
(VAc,peak — %) = fswLIACOripple (A1)

The per unit design of the capacitor is presented in Fig. the design has been
taken from [73], presents the equation to obtain the capacitor as function of
the voltage, switching frequency, a percentage of the nominal current, modulation
index and ripple. In order to obtain high quality power a low ripple has been
chosen in this case (69 yrippie = 5), the modulation index D is 0.7.

DI,

fswév,ripple

C (A.2)

A.5 Experimental voltage source converter

The parameters of the experimental VSC are: the DC voltage is 400 V, the DC
capacitor 2200 uF, the AC filter is composed by a inductor of 3 mH with r=0.0037
Q) and a capacitor 33 pF. The switching frequency is 11 kHz, the controller gains
are: k, = 13.3262, and k; = 2.96 x 10%.

The three-phase AC load is composed by a resistor bank of 120 Q. An elec-

tronic source has been coupled at the AC side to regulate the voltage. Hence,
converter and electronic source share the power supplied to the load.
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Parameters for simulation studies and experimental set-up
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Figure A.1: Circuit diagram of the benchmark microgrid used for simulation.
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A.5. Experimental voltage source converter
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Figure A.2: AC inductor in per unit as function of the switching frequency and
% current ripple.
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Figure A.3: DC capacitor in per unit as function of the switching frequency and
% voltage ripple.
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Appendix B

Conditions for the existence of
equilibria in systems with
constant power load

A lemma that grants the existence of the equilibria of systems with CPLs is de-
scribed in this chapter, the dynamic equivliaent of the microgrid (i.e. a system
linear time—invariant) is used to obtain the mazimum power that can be consumed
by the CPL. For the case necessary and sufficient conditions for existence of equi-
libria are given, which give an upper bound on the power dissipated in steady—state
that should exceed the extracted constant power. The existence of the equilibrium
is ensured if and only if the inequality is satisfied.

B.1 A preliminary lemma

The elementary lemma below is instrumental for further developments. The proof
is given in detail, for the sake of completeness.

Lemma 1 Consider the quadratic equation
m(w) =w' Sw+w'k+c (B.1)

where w € R*, § € R™™, § = ST >0, k € R?, ¢ € R. There exist a vector
w € R™ such that m(w) = 0 if and only if

1
c< Zk:TS’lk. (B.2)

Moreover, the solution is unique, and is given by w = —%S‘lk, if and only if

c=1kTS7 k.
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Conditions for the existence of equilibria in systems with constant
power load

Proof The function m(w) can be factored as
LoiyT Lo L 1o
m(w) = (w+ 55 k)" S(w+ 55 k) +c— Zk S™ k. (B.3)
Now S > 0, implies that
LoigyT Lo

Let us prove necessity. For, assume m(w) = 0. In view of (B.4)), this clearly

implies that (B.2) holds.
To prove sufficiency assume (B.2)) holds. Let d € R"™ be the solution of

1
d"Sd = ZkTS_lk —c (B.5)

Then, w = —1571k + d clearly solves m(w) = 0.
To complete the proof notice that the only solution of (B.5]) when %kTS “k=c
isd=0.

Remark 1 The assumption of positivity of S can be relaxed to sign definite.
Indeed, it is clear that, if S < 0, the lemma can still be applied multiplying (B.1))
by —1.

B.2 Existence of equilibrium points for linear time—
invariant systems
In this section we consider multi-input multi—output, square, LTI electrical cir-

cuits (i.e. as in Fig. [B.1]) with constant external signals described by the input—
output model

y(t) = Gp)u(t) + k (B.6)

where p := %, R™*™(p) is the set of m xm rational matrices with real coefficients,
k € R™ and the port Variables{f] y,u € RM™—with elements y;,u;, 1 = 1,...,m—
are conjugated variables, i.e. y'wu has units of power. See Fig. The port
variables are connected to CPLs defined as

—yi(t)ui(t) =F>0,i=1,...,m, (B7)

'Tn the interest of brevity, when clear from the context, the argument ¢ is omitted from the
time functions.
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B.2. Existence of equilibrium points for linear time—invariant systems

that holds for all ¢ > 0.
The following assumption on the transfer matrix is in order. See Remark
below.

Assumption 1 The symmetric part of G(0) is sign—definite and, without loss of
generality (see Remark , we assume is positive definite. That 1s,

G(0) + GT(0) > 0. (B.8)

Proposition 1 The system with CPLs (B.7)), verifying Assumption ad-

mits an equilibrium, that is, there exist constant u,y € R™ such that

7 = G(0)a+k

m

gla = =) P, (B.9)
=1
if and only if
Lyt [G(o) + GT(O)} Tk ip- B.10)
5 23 P (B.

The equilibrium is unique if and only if (B.10)) holds with identity.
Proof From we get

1
yla= QaT [G(O) + GT(O)} a+a k,
where only the symmetric part of G(0) is retained in the quadratic (in @) term.

Imposing the CPL condition (B.7)) we get the quadratic equation
Lam [G(O) +GT(0)} G+ k= —ipi (B.11)
2 i=1 ,

The proof is completed invoking Lemma [I] in Section [B.1]

Remark 2 Assumption (1] is satisfied if G(s) is the driving point impedance of a
circuit consisting of (positive) constant resistors, inductors and capacitors, with
the elements of u and y voltages and currents, and k representing constant, ex-
ternal current and voltage sources. In this case k' [G(0) + GT(O)]_1 k is an
upper bound on the power dissipated in steady—state—i.e., the so—called pervas-
ive dissipation—that should exceed the extracted constant power to ensure the
existence of equilibria.
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Conditions for the existence of equilibria in systems with constant
power load

1g1 11 A+
vssl 4' '7 CPLq | [v1

+ Tm A+
Tsn Usn CPL,, | |[vm

Figure B.1: Graphical description of the circuit terminated by CPLs.

Remark 3 The result can also be established using a state space representation
for the system. That is,

&= Ax + Bu

y=Czx+ Du+k. (B.12)

where z is the state vector of dimension equal to the McMillan degreeﬂ of G(s)
and A, B,C, D are constant matrices, of suitable dimensions, such that

G(s)=C(sI — A)"'B+D.

Assumption [1] ensures that A is full rank. In this case, the steady state £ = 0

satisfies
T=-A"'Bu
for some constant @ € R™. Replacing in the system output function yields § =
(-CA™'B + D)u + k.
Noting that —CA~'B + D = G(0), the equation above coincides with (B.9).

B.3 Numerical results

The microgrid described in section can be represented in matrix form, with
state space variables vector z = [ig3, 947, Ig11, g14, vglg,}T, u is the current goin into
the Pex. Then, the model is (B.13).

i =W YAz + Bu+E)
y=0Cxz (B.13)

2That is, the dimension of a minimal realization of G(s).
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B.3. Numerical results

where, W = diag([Le1, Li, Li2, Li3, Cpez]), diag means a diagonal matrix. B =
[0,0,0,0,1]7, E = [vg1 — Rialys, —Rizlgo + Rialgs, Rizlge, 0, 0|7, and C =
[0,0,0,0,1]. The matrix A is described in (B.14]).

—(Rizg 4+ 7e1) R 0 0 0
R *(ng +r; + Rlz) 0 0 0
A= 0 Ry3 —(Ria + 12+ Ri3) Ry 0
0 0 Ry —(Ripa+ms) -1
0 0 0 1

(B.14)

Defining the matrices A, = WA, B, = W~'B, E, = W~'E. To obtain the
system as the model in (B.12), the following transformation is realized.

z=x—A7'k (B.15)
k=CAJ'E, (B.16)

The conditions for the existence of the equilibria in the DC network coupled
to the CPL device are listed in Table [B.Il The two cases of the filter inductor
have been considered.

Table B.1: Limits for the existence of equilibria for the DC microgrid with a CPL.
Case Limit Popr [kW]
A 161.5
B 161.5
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Appendix C

Time simulations for AC power
sharing in case B

Figure presents the active power and reactive power shared by DG3 and ES,
at the AC side. Each device produces 5.6 kW of active power and the reactive
power is 1 kVAR. The system remains stable as can be seen from the voltage at
the node pccg Fig. it is around 1 pu. The electrical frequency speed is also

stable with a value of 2750 rad/s.

(a)

7,000 ‘
= 6,000 - —~
E ’ L e S N A g
A, 5,000 | 1

4,000 | | | | |

4.6 4.8 5 5.2 5.4
(b)

1,000 ‘ -
= 0 )
E‘_LOOO ;.‘n‘.;;‘,'\l' 'Jv ‘th Al wu‘l": \!<|“v\. (*;ij L, '\H H I\\.Ml' 4\ j'u’&w \5 , «;1{”‘/\")
&-2,000 - s

| | | | |
4.6 4.8 5 5.2 5.4
time [s]
— DG3 ES,

Figure C.1: Power sharing of DGs at the AC side of the microgrid, case B.
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Time simulations for AC power sharing in case B
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Figure C.2: Voltage at pccg and frequency speed at terminlas of DG3 and E'S,.
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Appendix D

Estimation of a m-order model
dynamical equivalent for the
DC-microgrid

The tests presented in this section use the data set of section [5.6.4] This test uses
different operation points to estimate the dynamic equivalent impedance of the
DC microgrid. The order of the estimated parameters has been realized from the
first order to a fifth order model. Additionally, the parameter smoother for the KF
method has been presented. Finally, a sensitivity analysis of the equivalent DC
microgrid circuit has been carried out, this analysis is used in order to understand
the possible source of the spikes seen in the current and voltage measurements
and finally observed in the r — L estimation.

Figure presents the parameters ¢ and ; for the discrete system
using a first order model with KF. The first order model is used for the direct
estimation of the r — L impedance equivalent of the DC microgrid. It is shown in
Fig. the spikes that are related with the spikes in Fig.
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Estimation of a m-order model dynamical equivalent for the
DC-microgrid

H H i H 1
20 40 60 80 100 120
time [s]

Figure D.1: Estimation parameters for the 1¥-order model. Parameter —¢; (a),
parameter —y; (b).

Figure presents the parameters ¢, and g, with & € 1,2 for the discrete
system ([5.51]) using a second order model. It is easy to verify that the spikes are
not presented in the estimation of a second order model.
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—-0.21- H b H m
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H H i H 1
0 20 40 60 80 100 120
time [s]

Figure D.2: Estimation parameters for the 2"%-order model. Parameters —¢1,
¢2 (a), parameters —vy1, — 72 (b).

Figure [D.3] presents the parameters ¢ and v, with k € 1,2, 3 for the discrete
system ([5.51]) using a third order model.

166



@

H
0 20 40 60 80 100 120
time [s]

Figure D.3: Estimation parameters for the 3"%-order model. Parameters — ¢y,

$2, —¢3 (a), parameters —vy1, — 2, —73 (b).

The fourth order model is shown in Fig. [D.4]

time [s]

Figure D.4: Estimation parameters for the 4""-order model. Parameters — ¢,
@2, —¢3, ¢4 (a), parameters —y1, 2, 3, 74 (b).

The fifth order model is shown in Fig.
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Estimation of a m-order model dynamical equivalent for the
DC-microgrid

m [pul

i,

M...m [PU]

time [s]

Figure D.5: Estimation parameters for the 5-order model. Parameters — ¢y,
¢27 7¢37 7¢47 7¢5 (a’)7 parameters —71, Y2, — 73, Y4, — V5 (b)

Smoothing of the r-L equivalents

It has been observed some spikes at the estimation parameters with KF method
for the discrete first order model and the continuous time model (i.e. the model
with the parameters r and L). This spikes can be related with the fast convergence
of the KF method and its sensitivity to sudden changes of the measured values
i.e. voltage Av and Ai. One of the methods used in the literature to smooth the
response of KF method is the use of the known smoothers . In this
section the fixed interval smoother has been used.

The fixed interval smoother is an off-line backward procedure that uses a set
of data over the time interval 0 < k£ < N, where N is the final time and fixed.
The smoothed estimates is denoted as 0 y. The smother method is written as:

S5 = She1 [Sp-] (D.1)
Op_1yn = Ok + X5 (ékHN - ékukq) (D.2)

where, 7™, includes the error covariances stored in the run of KF. Also the

parameters estimates ék and ék,l need to be stored. The smoother estimates
ék—l” n are then obtained by running the stored estimates backward in time by
taking k = N, N —1,...,2. The initialization is with the filtered estimate, that is
On v = ON.
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The results of the application of the smoother on the parameters r and L are

shown in Fig.

0 20 40 0 80 100 120

L [H]

L
0 20 40 60 80 100 120

pu

-1.0 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Figure D.6: Smoothed estimation of r — L parameters. Resistance (a), inductor
(b), voltage and current at the Pex terminals (c).

Sensitivity analysis of the equivalent DC microgrid system

The estimation of the r — L equivalent impedance for the DC microgrid is based
on the measurements of the current and voltage at terminals of the Pex. It has
been shown some spikes on the estimation of the r — L parameters at every step
change of the operation point. In order to analyse how is the variation of the state
variables respect the parameters a sensitivity analysis is required. The dynamic
equations of the equivalent system are —. The states of the system are
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Estimation of a m-order model dynamical equivalent for the
DC-microgrid

the current ¢ and the voltage v, the state variable is defined as x = [z1, x2] = [i,v].
di
Ld—z =—-ri—v+Vs (D.3)
dv P
Sy D.4
¢ it~ v (D-4)

Let us define a vector x,, as the variation of the state variables respect to each
parameter in the dynamic model.

To = o— (D.5)
with a € {r, L, C, P,V }.

The sensitivity function is obtaining by derivation of the system (D.3)) and
(D.4)) for each parameter c.

dz,, of of

—_— —_— o —_— 5 o p— D

dt [83:] Toc [(%J Fa =0 (D-6)
where [ is a vector function defined as f = [%, %]T

Figure [D.7] shows that the error for different z,, tends to zero. However, the
current is very sensitive to variations on the resistor r (i.e. z1,), the power of
the Pex and the source voltage V. Finally the voltage is sensitive to variations
of the power at the Pex, the equivalent resistor r and the source voltage V.

Finally, it can be concluded that this spikes are related with the transient
changes of the power and the voltage source of the DC microgrid (i.e. This voltage
is related with the voltage control used in DG, this regulates the voltage of the
complete DC microgrid). Figure shows the voltage and current behaviour for
the r — L estimation test of the ES; trip of chapter . The spikes shows
the control of the voltage at every step change every 20 s.
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Figure D.7: Sensitivity for the current respect the parameters (a), Sensitivity for
the voltage respect the parameters (b).
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time [s]

Figure D.8: Voltage at Pex (a), current at Pex (b).
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