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Abstract

The paradigm shift in electrical power grids and the increased interest
towards decentralisation has opened a new window in the design, control
and theoretical analysis of small scale power systems, i.e. microgrids,
which aim at the integration and utilisation of renewable energy sources,
energy storage systems and responsive loads at a local scale. Given
their DC nature, DC microgrids have attracted significant interest as
they provide a natural interface to the main grid by avoiding additional
conversion steps. The aim of this thesis is to design and analyse novel
hierarchical control schemes, both at the primary and secondary control
level, that guarantee tight voltage regulation, accurate power sharing,
current or voltage limitation, and present a straightforward approach
towards deriving stability conditions for DC microgrids that incorporate

nonlinear loads.

As the microgrid configuration is paramount in the theoretical analysis,
a rigorous method of computing the admittance matrix is developed that
facilitates the stability analysis of DC microgrid systems supplying a
constant impedance (Z), constant current (I) or constant power (P) load.
This method is particularly useful as it permits the factorisation of the
admittance matrix, while separating the singular matrices. In this way,
the closed-loop asymptotic stability proof can be more easily approached
by isolating the singularities and then, employing straightforward linear
algebra tools, such as quadratic eigenvalue problem (QEP) theory, to

derive the stability conditions.

As stated in the technical specifications of every source, a crucial issue is
represented by the ability to protect itself and its interface device (power
converter) during faults, transients and unrealistic power demands. That
is why current-limiting control is often combined with the primary control,
i.e. often droop control, in DC microgrids to ensure the desired unit

protection. In this thesis, novel current-limiting droop controllers are



formulated for DC microgrids consisting initially of multiple unidirectio-
nal DC/DC boost converters and, later on, bidirectional DC/DC boost
and three-phase AC/DC converters, that integrate different distributed
generation units with the local grid. In contrast to the traditional approa-
ches that use small-signal modelling, here, the accurate nonlinear models
of the converter units are taken into account to prove the boundedness and
the current-limiting property, by employing Lyapunov methods and the
ultimate boundedness theory. Exponential stability at the desired equili-
brium point is mathematically guaranteed, and further analysed from
a graphical perspective, providing insights of the load’s effect onto the

system performance and stability.

To address the shortcomings that conventional droop control approaches
introduce, i.e. inaccurate power sharing and significant load voltage drop,
a DC microgrid architecture that takes into account the power converter
dynamics of distributed generation units is deployed under decentralised
primary and distributed secondary control scheme, in a hierarchical con-
trol framework. At the primary control layer, a novel current-limiting
droop control scheme is implemented in a decentralised manner, whereas
at the secondary control layer a fully distributed controller that performs
a voltage restoration and improves the power sharing is deployed using
a nearest-neighbour coupling communication network. By investigating
for the first time both the dynamics of the converters with the nonlinear
load and the two-layer control, singular perturbation theory is applied to

analytically guarantee the stability of the entire DC microgrid.

Finally, apart from the desired overcurrent protection, since DC capacitors
are customary used at the output of each converter unit to stabilise the
output voltage, they also introduce a maximum voltage limit. Hence, as
the need for protection against overvoltages has emerged, droop control-
lers with inherent overvoltage protection are also proposed for parallel and
meshed configuration networks. The upper limit of the voltage of each
source is rigorously proven using ultimate boundedness theory. Asymp-
totic stability to the desired equilibrium for the closed-loop system is
analytically guaranteed, and detailed conditions are derived to guide the

control design.



In order to validate the effectiveness of the different control methodologies
developed in this thesis, both simulation and experimental testing are
performed for each one of the methods, and are also compared with the

conventional approaches to highlight their superiority.

vi
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Chapter 1

Introduction

In this opening chapter the general idea of the thesis is presented. The early explana-
tion aims towards justifying the rationale behind pursuing such a research topic.
Following a compact introduction of the challenges, a complete set of aims and
objectives are being predetermined to provide a clear distinction regarding where this
research work fits into the academic literature. To identify and support the general
idea, the main contributions are plainly stated, followed by a brief presentation of the

structure of the thesis.

1.1 General topic and overview

With the beginning of the current century, a series of multiple emerging trends came
to light that threaten to affect the environment, health and quality of life. Energy
demand worldwide is projected to increase by 53% from 2008 to 2035, with the highest
growth by 2.3% recorded last year, according to the International Energy Agency
(IEA) [3], its fastest pace this decade, an exceptional performance driven by a robust
global economy. As several problems have emerged associated with environment and
fossil fuel depletion, green energy resources have attracted a lot of attention in the
past years, causing the demand for renewable energy to skyrocket.

To cope with the increasing energy demand and environmental regulation, research
is pushed towards incorporating the renewable sources into the grid, an initiative
that led to the rush of finding new hybrid architectures to transition from the vast
centralised traditional grid to interconnected smaller scale grids, coined microgrids
(MGs). The MG paradigm, proposed as a standard reference of the future grid,
was first introduced in [4] as a “cluster of loads and microsources operating as a
single controllable system that provides both power and heat”. A more complete

definition of a microgrid is given in [5], where microgrids are defined as “electricity
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Figure 1.1: Microgrid concept diagram

distribution systems containing loads and distributed energy sources, such as distribu-
ted generators, storage devices, or controllable loads, that can be operated in a con-
trolled, coordinated way either while connected to the main power network, in grid-
connected mode, or while islanded, if they are isolated from the main grid”. Figure 1.1
conceptually shows the main elements available in a microgrid.

Different from the conventional AC frameworks, DC microgrids are able to improve
the power quality, minimise power losses, decrease energy conversion steps and opera-
ting costs, thus, boosting the advantages and value of distributed energy resources
(DER). Widely regarded as a capable technology to ensure efficient coupling between
renewable energy sources (RES), energy storage systems (ESS) and DC loads, DC
microgrids have gained a significant increase in focus and interest [6,7]. That is
mainly since DC systems provide a higher efficiency and reliability, a simpler control
structure and expandability, as well as a natural interface to the increased numbers of
DC renewable generations, storage systems and electronic loads [8]. Moreover, as the
power now has a DC nature, one can avoid the synchronisation issues and instability
effects that follow with it.

Various applications (e.g. electronic devices, batteries or photovoltaic panels)

can be directly connected to the DC bus, reducing the multi AC/DC conversion
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stages and, thus, avoiding unstable scenarios and mitigating power conversion losses
introduced by the frequency and reactive power control. The advantages rendered
by DC microgrids have been confirmed in a wide range of industry applications,
such as electric vehicles (EVs) [9], electric trains [10], (more-, hybrid- or all-) electric
aircrafts [11,12], and electric ships [13]. The benefits of using a DC ship power system

have been summarised in [14], as follows:

e improvement of prime mover efficiency and fuel costs reduction;

weight and space savings;

generators operating with a unity power factor;

lower transmission losses;

faster and simpler parallel connection of generators;
e simpler implementation of energy storage.

But apart from the development of industrial, commercial or residential DC distribu-
tion networks, several promising DC framework applications can be found in EV
charging stations or smart buildings [15].

However, a pivotal role in the integration of the RES and ESS is played by the
centrepiece of these frameworks that interfaces these units to the microgrid system,
namely the power converter. Both the single-phase DC/DC or three-phase AC/DC
power converters are often controlled using pulse-width-modulation (PWM) techni-
ques to guarantee output voltage regulation, bidirectional power flow, low harmonic
distortion of the grid current and unity power factor. In DC network architectures,
power converter units are generally connected either in cascaded, meshed or, as in
most cases, in a parallel configuration to a common bus supplying common loads.
Particularly in parallel configurations, the main challenges one needs to address are
related to: i) constant terminal bus voltage; ii) accurate load power sharing between
parallel sources; iii) power quality; iv) fault protection; v) system instability [16].
Hence, the control of the converter units within the DC microgrid is crucial for
providing a stable and reliable DC network architecture, and it is mainly designed in
a hierarchical control structure [17].

The standard primary control approach, located at the lower level of the multi-
level control and responsible for the stability of the microgrid, usually rests on droop-

based methods [18]. Still, droop control strategies incorporate an output virtual
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resistance at each source placing it further away from the ideal (current/voltage)
source, resulting in the local DC bus voltage being more dependent on the load
coupled to the system. Such strategies are utilised in microgrids where communication
networks are not suitable for data exchange due to distributed physical locations of the
distributed generation sources, with the condition that the line impedances are mainly
inductive. The conventional droop approach presents some serious shortcomings, i.e.
poor voltage regulation due to their permanent offset, inaccuracies in the load power
sharing, dependency on line impedance, slow dynamic response, and low stability
margin. Despite the emergence of other droop method variations that claim to tackle
these drawbacks, the latter stability aspect is of major significance and, in most cases,
insufficiently addressed.

Ensuring a system is stable is always a daunting task due to the complex dynamics
that the power converters and the nonlinear loads introduce. A generic model for
loads, coined "ZIP”| has been been adopted in [19] and incorporates constant impe-
dance load (CIL) or Z load, constant current load (CCL) or I load, and the most
challenging to deal with, constant power load (CPL) or P load. Under tight-speed
regulation, the motor drive, similar to tight regulated downstream power converters,
manifests constant power behaviour at the DC bus and creates unique dynamic
characteristics. That is why it has been an active research topic for years [20]. Being
one of the most common, constant power loads are prone to yield instability at the DC
bus, which propagates within the entire system, as they exhibit a negative impedance
characteristic in small-signal analysis, which overcomplicates the stabilisation pro-
blem. This destabilising effect is often referred to as negative impedance instability
[21]. However, to guarantee system stability when having CPLs, in small-signal
analysis, one must ensure that the impedance inequality criteria is satisfied.

Passive damping methods are one type of approach to shape the output impedance
of the input filter by adding an extra physical resistance, but this causes additional
power losses. In addressing this issue, active damping methods, based on cascaded
systems without input filters between two-stage converters were introduced. Although
popular in small-scale microgrids, these strategies are not applicable in relatively large
DC microgrids. A significant deal of research works (see [22] and references within)
looked into the stability and stabilisation problem of single or multiple converter
droop-controlled DC microgrids with CPLs, leading to the conclusion that system
tends to be unstable when traditional decentralised or distributed control is implemen-
ted independently. Reduced order models have been proposed to obtain stable ranges

of droop coefficients and safe operating regions, but the implemented assumptions
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and limitations proved too unrealistic, as it involves knowledge of system and loads
parameters, which is not always easy to come by, and possible only in fictional
scenarios.

Hierarchical control strategies are often adopted not only to guarantee system
stability, but also to boost the system performance. Moreover, these strategies
introduce a certain degree of independence between their stacked control layers and
increase the reliability of the system as they continue to operate even when failures
occur in one of the upper control layers. Multi-level control is attained by simulta-
neously utilising local converter and digital communication link-based coordinated
control, which are separated by at least one order of magnitude in control band-
width. With the development of the communication technology, the multi-level
distributed control becomes more and more popular in DC microgrids. Distributed
control methods, employing a diffusive (or nearest neighbour coupling) [23,24] have
been proposed in the literature, with the main upside that the system maintains
its full functionality, even in case of communication failure of some of the links,
given the network remains connected. That is because the distributed control is
immune to single point of failure (SPOF). Nevertheless, the stability of the microgrid
system, particularly feeding CPLs, under multi-level distributed control has not
been adequately studied, mainly due to the complex dynamics introduced by the
system, nonlinear loads and multi-level controller. The vast majority of the stability
techniques that investigate DC networks are based on converter small-signal models
and linear approximations, utilising the Middlebrook and Cuk criterion [25]. While
this strategy is convenient as one obtains the gain of the open-loop system, by taking
into account the loads’ input impedance and the sources’ output impedance, the
stability results that are often obtained are based on the parameters of a given case
study and cannot be generalised. Hence, studying the stability of the overall DC
microgrid system under hierarchical control still remains an open problem.

Aside from the theoretical analysis and stability proof, another crucial feature
arises from the devices technical specifications, namely their capability to protect
oneself during faults, transients and unrealistic load power demands. Existing protec-
tion methods rely on hardware units, such as utilising additional fuses, circuit breakers
and/or protection relays [26-28]. But still, designing controllers with a current-
limiting feature remains a challenge [29,30]. Current-limiting strategies based on
saturated PI controllers are commonly employed to limit and fix an upper bound for

the current, however the limitations have not been properly overcome, e.g.
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i) saturated PI controllers limit only the reference of the input current, hence,

during transients the overcurrent protection is often violated [31];

ii) one can not guarantee closed-loop stability as the controller can suffer from

integrator wind-up that may yield instability in the system [32].

But overcurrents are not the only unwanted phenomenon, as the need of protecting
the equipment against overvoltages is equally important [33,34]. Overvoltage instan-
ces happen when the voltage in the circuit, or part of the circuit, increases above
its designed limit causing potential damage in the equipment of the grid. As DC
capacitors are customary utilised at the output of each converter unit to stabilise the
output voltage, their presence establishes a maximum voltage limitation. A great
deal of upper layer controllers aimed to mitigate the voltage rise impact by means
of optimal power flow, wavelet packet decomposition (WPD) and general regression
neural networks (GRNN) theory or by reducing the active power injected by a source
until its local voltage complies with the operational requirements, namely active power
curtailment (APC). Implementing an overvoltage protection at the primary control
level still constitutes a challenge yet to be addressed.

In the following sections, the aims and objectives of this thesis are presented. A
list of contributions is also included, followed by a summary with the structure of this

work.

1.2 Motivation and scope

The previous subsection has highlighted the advantages that DC microgrid systems
display, indicated the possible loads one can find in DC systems, and stressed the
importance of having a good controller to ensure the desired, and necessarily stable
operation. As already mentioned, system stability is of paramount importance, and a
non-trivial task to guarantee analytically. Furthermore, the possibility of guaran-
teeing microgrid protection through control has also been identified as an active
research work direction. But, an approach that merges all the above aspects and
considers the described DC microgrid scenario has never been explored.

In this thesis, a combined control approach is proposed for converter units in DC
microgrids that integrates several features such as tight voltage regulation, accurate
load power distribution, current-limiting capability or overvoltage protection. More-

over, the theoretical stability analysis is also developed to ensure analytically that the
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entire system is stable. This perspective aims to cover several gaps and solve several

problems still present in the literature.

1.2.1 Challenges

Control design and theoretical analysis of DC microgrids is far from straightforward,
particularly when the interfacing units are represented by converters with nonlinear
dynamics, structured in various network topologies and feeding nonlinear loads. And
aside from the theoretical development, simulation and experimental testing also
represent a key part, and bear a significant weight in the validation process.

The main challenges one faces when working on a project of this type can be

summed up in the following points:

e develop a method that expresses analytically the network topology of the units,
that might ease the theoretical analysis and facilitate the acquisition of stability

criteria;
e design a control framework that integrates the following characteristics:

— keep the interfacing devices output voltage constant and tightly regulated

to the desired level of the terminal DC voltage bus;

— ensure uninterruptible power supply of the load during faults or abnormal

conditions, such as unrealistic power demands;

— maintain the power quality and avoid the overusage of the sources by
implementing an accurate power distribution proportional with the devices

ratings;

— protect the equipment at all times during transients, such as overcurrents,
or overvoltages, caused by the sudden connection or disconnection of a

component in the network;

e a major challenge is to analytically guarantee closed-loop system stability for
the entire system, which incoporates the converter network with the nonlinear

loads, and the controller;

e testing a controller in a DC microgrid framework, both experimentally or nume-
rically, requires time. That is mainly because it involves getting familiar with
the pieces of software and/or hardware, and because it requires time for trouble-

shooting the emerging issues.
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1.2.2 Aims and objectives

As a result, in this thesis one tries to meet the challenges identified above. The

purpose of this work revolves around addressing current open problems in the litera-

ture.

The main aims and objectives are included below:

. Elaborate an analytic strategy that computes and factorises the Laplacian

matrix of the units network in order to permit a straightforward path towards

investigating the overall system stability.

. Implement a unified primary controller that can incorporate aforementioned

tasks, namely:

a) tight output voltage regulation;
b) accurate load power distribution among sources;
c¢) an inherent current/voltage limitation capability.

Develop a secondary controller (in a hierarchical framework) to improve the

performance of the lower layers.

Investigate stability of the entire system incorporating both the plant and the

hierarchical control architecture.

Verify the developed control methods by performing simulation and experimen-

tal testing.

1.2.3 Contribution

The major contributions of this work are as follows:

Nonlinear system investigation: Unlike most approaches that consider
mainly buck converters which have linear dynamics, the present work gives
a particular attention to unidirectional/bidirectional DC/DC boost converters

and bidirectional three-phase AC/DC rectifiers which are nonlinear systems.

Admittance matrix: A different analytic approach is presented as a key tool
for computing and suitably factorising the admittance matrix of a DC microgrid
configuration, consisting of n sources and a common constant impedance, cu-
rrent or power load, that enables and facilitates the acquisition of stability

conditions.
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e Closed-loop system models: Compared to the generic static droop control
strategy, in here, dynamic droop control frameworks are proposed for each unit,
which also includes the measurement of the bus voltage (in parallel configuration

network) that further complicates the analysis.

e Stability analysis: By employing theories such as standard (SEP), generalised
(GEP), or quadratic eigenvalue problem (QEP) and other linear matrix analysis
tools to the closed-loop system and utilising the factorisation of the admittance

matrix, stability conditions are obtained to guide the control design.

e Droop control strategy superiority: Appropriate comparisons are being
made to highlight the improved power sharing and tighter voltage regulation

achieved by the proposed controllers.

e Microgrid protection: Inherent current or voltage limitation is guaranteed
by the proposed control designs for every converter unit at the primary layer,
unlike existing strategies that aim to implement microgrid protection at the

upper control layers.

e Numerical and experimental validation: The proposed approaches are
then verified through both simulation and, in most cases, experimental testing.
To highlight the benefits of the present approaches, comparisons with existing

methods are also included wherever possible.

1.2.4 List of publications

1. A.-C. Braitor, G.C. Konstantopoulos and V. Kadirkamanathan, ” Power sharing
of parallel operated DC-DC converters using current-limiting droop control”,
2017 25h Mediterranean Conference on Control and Automation (MED),
Valletta, 2017, pp. 528-533, doi: 10.1109/MED.2017.7984171.

2. A.-C. Braitor, P.R. Baldivieso-Monasterios, G.C. Konstantopoulos and V.
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8607779.
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A .-C. Braitor, G.C. Konstantopoulos and V. Kadirkamanathan, ”Novel droop
control design for overvoltage protection of DC microgrids with a constant power
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primary droop controller for meshed DC microgrids with overvoltage protec-
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1.3 Thesis outline

The remainder of this thesis is organised in the following way.

Chapter 2 presents a thorough literature review of the current modelling, control

and stability analysis strategies and approaches employed in DC microgrids. It revises

the schematics and mathematical models of most commonly used power converters in

DC microgrids, and also explains the models of ordinary loads one can expect to find.
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This chapter reviews several hierarchical control strategies that aim to guarantee the
desired microgrid operation. An important attention is given to stability analysis of
droop-controlled, and/or hierarchical controlled DC microgrids. Another important
aspect touched in this chapter is the DC microgrid protection against overcurrents
and overvoltages. In the end, a detailed list of limitations and assumptions is taken
out, to potentially identify research gaps where further improvement can be done.

In Chapter 3, common notations are introduced that are used throughout the
entire thesis. For one to follow and understand the theoretical analysis, several
important theoretical tools are revisited. This chapter presents elementary graph
theory notions, and establishes straightforward linear matrix analysis tools such as
Sylvester’s law of inertia or the quadratic eigenvalue problem, as they are paramount
for understanding the developed stability theory. Ultimate boundedness and singular
perturbation theory are also discussed as they occupy a key role in designing the
controllers and employing the time scale separation prior to investigating the system
stability.

Chapter 4 proposes an alternative way of computing and factorising the admittan-
ce matrix for parallel operated converters in DC microgrids feeding Z, I or P loads.
The proposed methodology enables and facilitates the acquisition of stability condi-
tions particularly when the controller measures the output voltage (voltage regulation,
droop control etc.) since it permits the factorisation of the impedance matrix by
separating singular matrices. As a result, closed-loop stability proof becomes trivial
with the isolation of singular matrices, and uses simple linear algebra tools to obtain
stability conditions. To validate the proposed approach, compute the admittance
matrix and test the stability conditions, a DC microgrid with n DC/DC converters
supplying a Z, I or P load is considered. To demonstrate the desired operation of the
DC microgrid control and design framework, simulation tests are diligently carried
out.

As overcurrent protection guaranteed through control became of interest, a nonli-
near current-limiting droop controller is presented in Chapter 5, for paralleled DC/DC
unidirectional boost converters supplying a common load. In Section 5.1, the robust
droop control method is used and implemented within the system as a dynamic virtual
resistance in series with the converter inductor. The proposed framework achieves
voltage regulation and power sharing, with an inherent current limitation for all
converters regardless of the load type and magnitude variations. In Section 5.2, with
an improved version of the proposed controller in Section 5.1, which does not need

the measurement of the currents at the output, sufficient stability conditions are

11
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analytically derived, using singular perturbation theory and linear matrix analysis
tools, for the overall microgrid system having either a Z, an I, or a P load. A
comparison with conventional droop control methods is also provided to highlight
the proposed controller superiority. Both simulation and experimental testing are
being performed with a CPL, subject to several changes of the constant power.

In Chapter 6, a DC microgrid is considered consisting of bidirectional three-
phase AC/DC rectifiers and DC/DC boost converters supplying a common load.
The proposed approach introduces two controllers, in Section 6.1, to ensure voltage
regulation, reactive power control and load power sharing with an inherent current-
limiting capability, independently from the system or load parameters. This concept
is based on the idea of incorporating a constant virtual resistance and a bounded
dynamic virtual controllable voltage which can be both both positive and negative
leading to two-way power flow. Unlike previous section, where the converters feed
a CIL, in Section 6.2, for stability analysis purposes, the CPL case is investigated.
For the closed-loop system stability with the developed current-limiting controller,
sufficient conditions are mathematically derived considering separate operating scena-
rios. The stability conditions are also graphically illustrated, and they provide valua-
ble insights of the CPL’s influence onto the system performance and stability. The
developed controllers are validated by comparison with the conventional PI control
strategy. Also, experimental results are included to test the effectiveness of the
proposed control method on a real experimental setup.

Chapter 7 investigates the stability of a DC microgrid feeding a CPL under a
decentralised primary and a distributed secondary control scheme. At the primary
control layer, the droop expression is suitably formulated and implemented using
the recently proposed state-limiting PI controller to accomplish an inherent current
limitation for each converter and simultaneously facilitate the theoretical analysis.
Acquiring limited information from the common bus and neighbouring converters,
a distributed secondary controller is introduced to enhance the power sharing and
tighten the voltage regulation. Applying the singular perturbation theory allows, for
the first time, to analyse both the dynamics of the converters and the CPL together
with the hierarchical control scheme, providing the possibility of guaranteeing analyti-
cally the stability of the entire DC microgrid system. To support the theoretical
findings, simulation and experimental tests are being performed.

Chapter 8 proposed an overvoltage protection for both parallel and mesh configu-
ration of DC microgrids. In Section 8.1, a droop controller for parallel operated

converters in DC microgrids with a CPL is proposed to achieve desired load voltage

12
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regulation and accurate load power distribution, whilst ensuring an overvoltage pro-
tection for each source. The upper limit of the voltage of each source is rigorously
proven using ultimate boundedness theory. Analytic conditions are also derived to
guide the control design. In Section 8.2, converters in a mesh configuration are
investigated, all of which are feeding a local CPL. The droop-based methodology
inherits the conventional droop control features and additionally guarantees an over-
voltage protection capability of each source. Asymptotic stability to the desired
equilibrium for the closed-loop system is mathematically proven, and sufficient condi-
tions are given to conduct the control design implementation. Simulation testings
are carried out, in both sections, to validate the theoretical contributions and the
advantages of the newly developed droop controllers.

In Chapter 9, a brief summary of the entire work is put into place. Several
conclusions and final thoughts are drawn. Some closing considerations are mentioned
on the assumptions made throughout the whole thesis. In the end, this thesis provides

a few ideas on the future directions of this work and potential next steps.
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Chapter 2

Literature review

In this chapter, a detailed search is performed into the existing modelling, control
and theoretical stability analysis procedures of DC microgrids. The investigation
starts with a brief overview of the most common converters and DC loads encountered
in DC networks. A particular attention is given to current hierarchical control
strategies employed in DC systems, and current methods and approaches of theoreti-
cally guaranteeing system stability. Moreover, this review looks into different ways
of ensuring overvoltage and overcurrent protection within DC microgrids. The end

goal is to identify potential gaps that might become future research directions.

2.1 Microgrid components

In general, DC microgrids include a wide range of components within their structure,
ranging from sources, i.e. PVs, batteries, wind turbines, electric motors etc, to
different types of converters and various linear/nonlinear loads, as it can be seen
in Figure 2.1. However, in this section the focus will be kept on the elements
that interface the sources to the network, namely the power converters, and the
various loads that they are connected to. Particularly, the electronic circuits and
mathematical models are to be presented of the most predominant converters. Fur-
thermore, this part also includes the characteristics and mathematical models of
several DC loads that one deals with most frequently in DC networks.

The methodology to obtain the dynamic models is quite straightforward and it
uses, in the derivation of the power converter models, the fundamental Kirchhoff’s
laws. Briefly, by fixing the position of the switch (or switches), the differential
equations of the circuit model are derived. Then, one combines the derived models
into a single equation parametrised by the switch position function whose value must

coincide, for each possible case, with the numerical values of either ”zero” or "one”.
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Power lines

Figure 2.1: Generic configuration of a DC microgrid

That is, the numerical values taken by the switch position function belongs to the
binary set {0,1}. The resulting model is then interpreted as an average model by
letting the switch position function take values in the closed interval [0, 1]. This state
averaging procedure has been extensively justified in the literature since the early
days of power electronics. That is why, a thorough investigation into the theoretical
analysis of the averaging procedure is not necessary.

Numerous textbooks in the literature present different derivations of the power
converter models. A comprehensive presentation of the Euler-Lagrange modelling
technique in DC/DC converters is shown in Ortega et al. [35]. Also, Kassakian et
al. [36] contains detailed derivations of the most popular DC/DC power converter
topologies. Standard textbooks, with a special emphasis on the steady-state PWM
switched behaviour, are those of Bose [37], Mohan et al. [38] and Wood [39].

2.1.1 Power converters

As already mentioned, the centrepiece of microgrids in general, regardless of their
nature AC, DC or hybrid AC-DC, that connects the energy sources with the loads, is

the power converter. In this subsection, the dynamic models are derived for several
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power converters present in DC microgrids. According to [40], the DC converter
structures can be divided into second order converters (e.g. buck, boost, buck-
boost, non-inverting buck-boost) and fourth order converters (e.g. Cuk, sepic, zeta,
quadratic buck). With respect to their number of switches, they can also be classified
into two classes, i.e. mono-variable, or Single Input Single Output (SISO), and multi-
variable, or Multiple Input Multiple Outputs (MIMO). One can remind the existence
of converters with multiple dependent switches, which can again be classified into
SISO or MIMO.

In the subsequent remainder of this section, the discussion follows around a
selection of converters which are briefly introduced, and are also relevant to the work

carried out in the following chapters of this thesis.

2.1.1.1 Buck converter

Buck converters belong to the chopper circuits, or attenuation circuits, class. That
is, the output voltage is given by the multiplication of the constant input voltage by
a scalar, smaller than unity. Figure 2.2 presents the electronic circuit of the buck
converter consisting of a switching element in series with the source and controlled
by the control input u, bounded between [0, 1], a paralleled diode D, a series inductor

L and an output capacitor C', and supplying a generic load.

Figure 2.2: DC/DC buck converter

By applying Kirchhoff’s laws in the above circuit, one obtains the average model

described by the following linear differential equations:

i

L% — —v+uE (2.1)
dv . .

C% =17 — 1 (22)

where iy, E and ¢, v represent the input/output current and voltage, respectively.
The use of buck converters has been widely preferred in many theoretical microgrid
applications [22,41-45], mainly due to their linear dynamics requiring a simpler

control structure. A DC microgrid architecture is studied in [41] consisting of a
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DC/DC buck converter feeding a CPL, where a feedback controller combined with a
feedforward strategy is proposed. In [43], the authors try to address the instability
problem of DC/DC buck converters with a CPL in DC microgrids by employing
a robust nonlinear controller. An offset-free model predictive controller (MPC) for
DC/DC buck converters with a CPL to guarantee desired performance and ensure
stability is proposed in [44]. The authors in [45] evaluate the power conversion
efficiency of a buck three-level DC/DC converter, when operating in unbalanced
bipolar DC microgrids.

The utilisation of buck converters has been extended to various DC microgrid
applications, e.g. ships [46], wind farms [47], solar farms [48], energy storage systems
[49] or LVDC MG applications [50]. However, considering DC microgrids consisting
exclusively of buck converters coupled to the energy sources is unrealistic, since the
energy produced at the source has a low voltage and a high current and it is usually

interfaced to the rest of the network by a boost converter.

2.1.1.2 Boost converter

Since the output voltages of most distributed energy sources such as fuel cells and
PV are relatively low, operating at high currents, a step-up converter is required for
this sort of practical applications [51-55].

Commonly referred to as the up converter in the literature, the electronic circuit
of the boost converter is depicted in Figure 2.3. It consists of an input inductor L,
with a paralleled switching element controlled by the input u, a series diode D, and

an output capacitor C', supplying a generic load.

Yo

m
1l
m |

)
u @ C_‘ ' Load

Figure 2.3: DC/DC boost converter

Employing Kirchhoft’s laws, the boost converter dynamics are described by the

following set of differential equations:

dig,

LE:—(l—u)v%—E (2.3)
dv _ .
Ca:(l—u)u—z (2.4)
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with iy, F and i, v representing the input/output current and voltage, respectively.

Remark 1 With the similar dynamics, one can introduce the bidirectional boost
converter (boost one way/ buck the other way). The only difference comes from
the fact that the diode D 1is replaced by another switching element to permit the
bidirectional power-flow. The electronic circuit of the bidirectional boost is displayed

n Figure 2.4.

Load

Figure 2.4: Bidirectional DC/DC boost converter

In [53], an interleaved boost converter with a magnetically coupled Cuk-type
auxiliary step-up circuit that charges a voltage-doubler in the output was proposed
to achieve the required voltage gain. A similar solution was presented in [54], where
a sepic-integrated boost converter that gives an additional step-up gain using an
isolated sepic-type auxiliary step-up circuit. However, the circuit structures of the
Cuk/sepic integrated high step-up converters are relatively complex and expensive,
thus, they might be difficult to mass manufacture. Moreover, on the practical side,
the maximum output voltage and power efficiency will be affected by the parasitic
effects such as winding resistances of inductors for the Cuk/sepic integrated circuits.

The applications of both unidirectional and bidirectional converters are numerous.
Droop controlled DC microgrids consisting of unidirectional boost converters have
been studied in [56-58], while in [12] both unidirectional and bidirectional converters
are integrated into the DC framework. A non-isolated soft-switched-integrated boost
converter having high voltage gain is introduced in [59] for module-integrated PV
systems, fuel cells, and other low voltage energy sources. A backstepping control
strategy with finite time observers is proposed in [60], where the large signal stability
of a DC microgrid having an interleaved double dual boost converter connected to a
CPL is investigated. The authors in [55] present a novel modular interleaved boost
converter which integrates a forward energy-delivering circuit with a voltage-doubler
to achieve high step-up ratio and high efficiency for DC microgrids.

Boost converters have been successfully used in PV [61], fuel cell [62], battery

[63,64] or rural electrification [65] applications. Nevertheless, due to their nonlinear
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dynamics, boost converter dynamics tend to be ignored in the system theoretical
analysis. Most approaches use simplified or reduced-order models such as in [66,67],
others ignore the converters’” dynamics completely and focus their attentions on the

control framework and/or the supplied loads [24, 68].

2.1.1.3 Three-phase rectifier

Depending on application, as previously mentioned, PWM control techniques have
been preferred to control the three-phase rectifiers in shaping the output voltage
and/or current waves [69].

The schematic of the three-phase rectifier is depicted below.
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Figure 2.5: AC/DC three-phase rectifier

The three-phase AC/DC rectifier electronic circuit has three legs with transistors,
as one can notice in Figure 2.5, and it is also known as the bidirectional boost rectifier,
working with fixed DC voltage polarity.

Using Kirchhoff’s laws, the dynamics of the three-phase AC/DC rectifier can be

described as:

di,

LSE = 75l — (V¥ S1 + Von) + Uq (2.5)
diy, .

LSE = —Tglp — (U * SQ + VQN) + Uy (26)
di, .

Lsd—zt = —71si. — (v S3+ Von) + ue (2.7)
d

O = (i 1) + (i S2) + (ic * S) — i (2.8)

where the inductors L, are selected based on their design, to achieve harmonic
compensation, 7y are the parasitic resistance, while the capacitor C' ensures a smooth
voltage waveform; the currents i,, i, . represent the phase currents, u,, uy, u. are

the three-phase sinusoidal voltages, v is the capacitor voltage, and Von represents the
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voltage between points N and ). The control action S;, with j € {1,2,3}, triggers
the switches, taking values from the closed interval [0, 1].
Folowing [70], by using Clarke and Park transformation [71], the mathematical

model in synchronously rotating dq frame is set up as

dl.

L=t = =y —wL,I, - mdg + U, (2.9)
dl, v
d—tq = 1oyt wlila—mgz + Uy (2.10)
dv 3 3 ,

CE = Zmdld + qu[q — 1. (211)

with Uy, U, and 1,4, I, being the d and ¢ components of the grid voltages and input
currents, respectively, and
2Ud . 2’Uq

_ e =4 2.12
mq v My v ( )

representing the duty-ratio control inputs. The voltages vy and v, are the d and ¢
components of the rectifier voltage [u, uy uc}T.

A three-phase isolated bidirectional AC/DC converter with a modified space
vector PWM algorithm that achieves AC/DC bidirectional conversion, sinusoidal
AC current, and high-frequency electrical isolation has been proposed in [72]. For
a slightly modified setup consisting of a three-phase AC/DC converter having ¥ — A
connected transformers, a different approach in the control algorithm, but with similar
improved outcome, is reported in [73]. Several DC microgrids applications incorporate
three-phase rectifiers within their structure, for instance a wind energy conversion
system (WECS) is presented in [74] where a three-phase diode bridge rectifier with a
DC/DC converter has been incorporated at the terminals of a wind-driven induction
generator and the DC microgrid. Microgrids with three-phase AC/DC (or DC/AC)
converters have also been investigated in [75-79].

In [80,81] the DC microgrid incorporates both bidirectional three-phase rectifiers
and boost converters. However, similar to DC/DC boost converters, the nonlinear
dynamic model of three-phase converters in DC microgrids with nonlinear control
and nonlinear loads, following the transformation in dq frame, tends to be ignored in

theoretical stability analysis, the emphasis being put on the control strategy.

2.1.2 DC loads

In DC networks there are several types of loads one can encounter. The presence of
Z1P model loads in DC microgrids, for instance, has become more and more predomi-
nant recently (see [82-88]).
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Figure 2.6: Simplified DC network with a generic load

Consider the electronic circuit in Figure 2.6, consisting of a constant current source
i1, a DC capacitor C, and a generic load. In general, as explained in [89], the load

[-V characteristics is given by an equation of the form:

i=f(v,c1,co, .y Cp) (2.13)

where v and ¢ represent the voltage and current drawn by the load, respectively, and
¢; = const., with j € {1,...,n} are load parameters. For generic common loads,

equation (2.13) will take different forms as shown in the following subsections.

2.1.2.1 Constant impedance load (CIL)

In simple terms, a constant impedance load is a load that displays an unchanging

impedance, similar to a resistor. The I-V characteristics of a CIL is depicted below.

Figure 2.7: I-V characteristics of a typical CIL

It can be observed in Figure 2.7 that the current drawn by the CIL increases/de-
creases as the voltage increases/decreases. By having a constant impedance, one can
notice that if the voltage changes, then the current will also change with the same

ratio. A CIL can be modelled mathematically as
i = 0@ (2.14)
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where 1/G = const. and it represents the load impedance.

Due to its linear characteristic, it is quite straightforward to analyse its influence
onto a system. A significant amount of research works, when conducting theoretical
stability analysis, have utilised a CIL such as [12,31,56,68,80,90-92].

2.1.2.2 Constant current load (CCL)

A CCL draws constant current from the source.

A

i=const.

\J

\'
Av

Figure 2.8: I-V characteristics of a typical CCL

It can be observed in Figure 2.8 that the current drawn by the CCL remains
constant as the voltage decreases/increases. A CCL can be modelled mathematically

as

i = const. (2.15)

One can observe that CCLs also display linear behaviour, making them easy to

work with in theoretical analysis.

Remark 2 In the literature, one might also find a load much alike as the CCL,
namely the constant voltage load (CVL). Since it displays a similar constant behaviour
as a CCL, that is a vertical line in the I-V plane (v = const.), investigating it will
be futile and, hence, it is only mentioned but not included in this review. Research
studies with a CVL have been conducted in [93,94].

The predominance of CCLs in the literature has recorded a slight increase in the
last decades. A digital implementation of a selection of loads has been done in [95],
including CCL or combinations. A power-flow analysis of networks supplying loads
of CCL-CPL type has been conducted in [96]. The effect of a CCL onto a DC system
stability, as part of a ZIP load, has been investigated in [58]. The stability issue of
ZIP loads has been also addressed in [86,87,97-99].

22



2.1. Microgrid components

2.1.2.3 Constant power load (CPL)

Unlike the previously mentioned loads, CIL and CCL, a CPL exhibits negative

incremental impedance, introducing instabilities in its feeder system.

\/

Figure 2.9: I-V characteristics of a typical CPL

It can be observed in Figure 2.9 that the current drawn by the CPL increases/de-
creases as the voltage decreases/increases. A CPL can be modelled mathematically

as

i= (2.16)

where P = const. and it represents the power required by the load.

One can notice that CPLs have a nonlinear characteristic with a negative slope,
and it behaves as a negative impedance in the small-signal analysis. That makes them
complicated to analyse since it introduces additional nonlinearities into an already

complex system that might include both the plant and the controller.

Remark 3 From the literature, several less common types of loads that impact the
electrical system might be worth mentioning, for instance, viscous friction mechanical
load [89], wventilator type mechanical load [100], ete, which are not relevant to the

work done in this thesis and, hence, they have not been included.

In addressing the destabilising effect, a great deal of work has been put into
research studies [9,20,22,24,81,95,101-108] of the CPLs, aiming to tackle the conse-
quences of the negative impedance behaviour. Most approaches propose nonlinear
controllers to stabilise the CPLs effect [101], or to use a circular switching surface

technique [103], or to implement multistage LC filters [106] or to employ an active
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damping strategy [107] to satisfy the impedance inequality criteria. Moreover, small-
signal [22,24,81,102] and large-signal [9,20] stability analysis are carried out to obtain
sufficient stability conditions.

Nevertheless, investigating the stability of a system consisting of converters with
nonlinear dynamics feeding one or more CPLs, and controlled by a nonlinear control-

ler, remains a challenge, which has not been properly pursued so far.

2.2 Hierarchical control

Hierarchical control strategies are fairly common in DC microgrids, and they are
customarily arranged on three levels [109-111], one on top of the other, as shown in
Figure 2.10. The primary control layer deals with the voltage regulation and load
sharing among units, by directly controlling the power converters. In several research
works, microgrid protection, i.e. overcurrent [31,71,112-114], is also implemented at
the primary layer. Secondary control tackles voltage fluctuations by tightening the
regulation to the rated value, and improves the accuracy of the load sharing. And in
most cases, secondary controllers require communication links. The tertiary control
layer, or supervisory control, incorporates the energy management system. It takes
care of the power flow by communicating with the lower level controllers, deciding the
optimal power flow and implementing a power exchange schedule or optimal dispatch.

In the following subsections, each control layer in the hierarchical control scheme

will be investigated separately.

2.2.1 Primary control

At this level, local controllers can be divided into i) current, voltage and droop control,
implemented via PI, PID or fuzzy controllers; ii) source dependent functions such
as maximum power point tracking (MPPT) applicable to PV and wind farms (for
a thorough analysis of most common MPPT techniques, the reader is referred to
[115,116]) or iii) passive and active load sharing represented by droop controllers when
no communication is available, and a master slave [117] or average load sharing [118]
(I-V characteristics shifted upwards) approach in the presence of communication.
From the control of power converters perspective, the lower-level primary control
consists of inner loops, responsible for current and/or voltage regulation, and droop
control that deals with preliminary power sharing. Regardless of the DC/DC power
converter type, the inner loop control can be classified into two categories: voltage

control mode and current control mode (or power control mode). The droop concept
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Figure 2.10: Hierarchical control of a DC microgrid

is widely applied at the primary control layer, the power being linked directly to the
DC voltage. The droop characteristic of a converter in a DC microgrid can be a linear
function between V and I, or similarly between V and P, soon to be explained.

A key benefit is that the conventional droop method can be easily implemented,
providing voltage regulation and achieving load sharing without requiring communica-
tion links between converter units, thus, offering independent control and modularity.
Its limitations, and the existing enhanced versions of the droop strategy shall be
discussed in the remainder of this subsection. It is noted that most droop-based

methods aim to address only one issue at a time, depending on application.

2.2.1.1 Inner loop control

Under voltage control mode, the DC/DC converter operates as a controllable voltage
source. Similarly, in current control mode (or power control mode), the current (or
power) is regulated by following a given references, in which case the converter behaves
as a controllable current (or power) source.

The voltage loop in voltage control mode is displayed in Figure 2.11a. The voltage
V' is regulated to the reference V*, and the output of the voltage controller Gy is

the duty cycle u. In Figure 2.11b, an inner current control loop is depicted when the
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Figure 2.11: Inner loop control of DC/DC converters

converter operates in current control mode. In this case, the duty cycle u is acquired
through a current regulator G;. A cascaded voltage and current loop is shown in
Figure 2.11c. Starting with a set voltage reference V*, the voltage controller Gy
provides the inductor current reference i*. The control signal u is provided by the
current regulator G;.

The design and analysis of inner loops are fundamental for adequate operation
of the islanded microgrids (see [119-121]). Cascaded inner control approach for DC
microgrids has been reported in [122], and also used for comparison with the proposed

controllers in [123].

2.2.1.2 Droop control

As one can tell from the graph in Figure 2.12, the droop expression is given by the

static equation:
v=V"—-Av (2.17)

where v represents the output voltage set to be regulated close to the reference V*,
while the output voltage deviation is Av = mi, with m being the droop coefficient,
while ¢ representing the output current.

It is clearly noted that the conventional droop strategy presents some serious
disadvantages stemmed from the voltage regulation and power sharing trade-off.
Hence, to improve the conventional droop form, numerous droop control variations
have been developed to cope with the shortcomings that the conventional droop
exhibits, and eventually enhance the overall system performance.

The problem of optimal, nonlinear and distributed designs of droop controls in
DC microgrids has been thoroughly studied in [124]. The authors conclude that the
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Figure 2.12: Conventional droop control V-I characteristic

resulting control is optimal only under the assumption that full information of the

microgrid is available. By relaxing this requirement leads to a reduction in the control

optimality, one of which portrays precisely the conventional droop control.

Here are some variations of the conventional droop methods:

1. Inverse droop

First presented in [125], the decentralised inverse-droop control achieves power
sharing for input-series-output-parallel (ISOP) DC/DC converters. The advan-
tage of the proposed inverse-droop is that the output voltage rises as the load
power demand increases. The difference from the conventional one is that the

feedback polarity of the output current is positive instead of negative.

More recent research works (see [126,127]), that have employed the inverse-
droop control for ISOP DC/DC converters, also aimed to investigate small-
signal stability using Routh-Hurwitz criterion and plotting root locus diagrams.
Although numerical approaches are important, the vital valuable insights would

come from an analytical proof which, for now, continues to remain a challenge

However, as one can tell from the current literature, the application of the
inverse droop strategy, so far, is limited to the particular ISOP type DC/DC

converters. This fact eliminates its potential universal uses.

Robust droop

The robust droop controller used for a DC distribution network, as explained
in [128], uses the load terminal voltage as a feedback signal. Furthermore,
the line impedance is treated as part of the equivalent output impedance of

individual power converters, while the inaccuracy of load sharing is minimised
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by regulating the newly introduced robust coefficients. A similar approach is

presented in [129] for a hybrid interlinking converter of an AC/DC microgrid.

According to the graph in Figure 2.13, the robust droop expression becomes
Vo = V" — Av,, (2.18)

where v, represents the load voltage set to be regulated close to the reference

V*, with the load voltage deviation being Av, = mi.

-imax 0 iBUs imax

Figure 2.13: Robust droop control V-I characteristic

A robust droop controller of grid-connected inverters, aimed to cancel the effects
of changes in the grid side impedance values, based on disturbance observer is
proposed in [130]. In [131], a parallel configuration inverter network is studied,
each unit equipped with a robust droop multiple loop controller, that includes
an outer power loop and inner voltage and current loops. The outer loop adopts
the robust droop control strategy to improve the accuracy of the power sharing,
while the inner loops employ a quasi-proportional resonant (QPR) controller to

track the output voltage, and restrain the circulating current.

However, the main disadvantage of the robust droop control strategy is that it
requires the measurement of the terminal bus voltage, which may not always
be accessible, and also the measurement of the output currents, which needs
additional sensors. Also, as shown in [128], in order for the robust droop strategy
to be successfully implemented, the robust coefficient has to be chosen within

a certain range to avoid instabilities in the system.

3. Quadratic droop

In [132,133], a droop-like voltage feedback controller is introduced that is

quadratic in the local voltage magnitude, permitting in the closed-loop system
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the use of circuit-theory analysis techniques. One can claim that the quadratic
droop controller is just a special case of the general feedback controller, but a key
fact is that the authors manage to show a one-to-one correspondence between
the high-voltage equilibrium under the proposed method, and the solution of
an optimisation problem that minimises the trade-off between reactive power

dissipation and voltage deviations.

The stability of voltage dynamics for a power network, in which nodal voltages
are controlled by means of quadratic droop controllers with nonlinear AC re-
active power as inputs, is investigated in [134]. But again, the stringent lack of
an analytical proof of stability including the entire closed-loop system remains

an unsolved problem, and a potential path to pursue.

4. Nonlinear droop

An interesting approach in [135] employs a nonlinear droop control strategy
to control the charge/discharge of a supercapacitor whenever required by the
grid. An improved nonlinear droop is introduced in [136], which also includes
a comparison of different droop control strategies. The authors in [137] design
a nonlinear output feedback linearised droop control to guarantee active and
reactive power sharing in a parallel configuration network. The procedure of
constructing the nonlinear droops to minimise the operating costs and share

the output power effectively among the sources has been proposed in [138].

On one side, the effect that the nonlinear droop expressions incorporate into
the stability of the microgrids has never been studied. In [139] a numerical
approach to ensure system stability by testing automatically different operating
point has been developed. Still, no research work has looked into the matter
of analytically investigate the effect of the nonlinear droop expression on the

closed-loop system stability.

5. Dead-band droop

An useful drop-based strategy is the dead-band droop, proposed for energy
storage systems to introduce a "floating” or standby working mode, thus, avoi-
ding the unnecessary charging and discharging cycles. A droop-controlled mi-
crogrid that integrates energy storage systems with dead-band droop controllers
is studied in [16, 140].

But, the use for the standby operating mode is restricted to energy storage

systems. Thus, the applications of dead-band droop controllers are limited,
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whilst their implementation is deemed inadequate for most converters within

the DC microgrid framework.

6. Adaptive droop

Adaptive droop controllers [57, 139-144] are fairly common at the primary
control layer of DC microgrids. An adaptive droop control strategy is introduced
in [145], where a variable droop coefficient strategy is able to adjust the ratio of
energy storage unit power online, reduce the DC bus voltage fluctuations and
improve the system stability. A master-slave control strategy is proposed in [146]
based on the adaptive droop controller of the voltage source converter. The
adaptive droop control in [147], forces the units to share the power according
to the available headroom of each converter station. An interesting adaptive
integrated coordinated control is presented in [148], consisting of an adaptive

droop control and an internal current loop.

However, yet again the discussion of the analytical proof of stability for the
entire closed-loop system intervenes, since similar to previous droop control

methods, it is not properly addressed, nor studied.

To improve the overall performance of the droop-based strategies, secondary
controllers are often incorporated on top of the primary control layer. A more detailed

view is given in the following subsection.

2.2.2 Secondary Control

As pointed out the previously, droop controllers implemented at the primary control
layer impose a performance trade-off between power sharing accuracy and voltage
regulation. Numerous centralised, decentralised and distributed approaches in hierar-
chical control frameworks have emerged in the last years to boost the reliability of
DC microgrids and compensate the voltage deviation and improve the power sharing
accuracy (24,109,110, 142,149-159]. By exchanging information via communication
links, the secondary control is able to adjust the set-points of the primary control.
This approach is not new as it has been utilised in the early network-based control
of power electronic systems [160-162]. The effect of time-delays was investigated
in [162], where a radio frequency communication-based control for interactive power
electronics networks was introduced. One might agree that due to the distributed

nature of microgrids, low bandwidth communication (LBC) is best suitable for the
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implementation of secondary controllers as it can be put into place using the control-

lers area network, power line communication, and others [163].

Controller Controller Controller Controller - Controller - Controller
Controller

Figure 2.14: Control architectures for multiple unit networks: a) decentralised; b)
distributed; ¢) centralised.

Whilst, as already mentioned, in most cases primary controller are implemented
in a decentralised topology, upper layer controllers on the other hand emerged in
several architectures depending on application. Most common control architectures of
multiple unit networks are depicted in Figure 2.14, including centralised, decentralised

and distributed approaches.

2.2.2.1 Centralised control

A conventional way of realizing power sharing between batteries and supercapacitors
is through measuring the total unbalanced power using a centralised controller and
splitting it into high and low frequency components [164, 165]. As highlighted in
[166], centralised control is effective only if there is no communication delay, provided
energy storage units operate in power control mode. To tackle the effect of the
communication delays, supercapacitors are expected to regulate the bus voltage, while
the battery would compensate for the low-frequency component of the unbalanced
power, as shown in [167].

A centralised secondary control method is proposed in [109], where the secondary
control adjustment is completed in the microgrid central controller, which restores
the voltage to the rated value using low-bandwidth communication network. The
load voltage is compared to the reference value, and the difference V' is sent through
the LBC to all modules to compensate the voltage difference. The droop expression

becomes:
v=V"+6V — Ri. (2.19)

with 0V representing the voltage difference V* — v. A similar approach is presented

in [141] to avoid voltage deviations, where a virtual resistance is changed inside the
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centralised controller to transit criteria for changing unit-level operating modes. The
centralised controller in [141] adjusts the droop gains for the bidirectional DC/DC
converters that interface the batteries such that they keep identical state of charge
in islanded mode. And during charging, a higher droop coefficient is allocated to
the battery with a higher state of charge, whereas when discharging, a highest droop
coefficient is assigned to the battery with the lowest state of charge. Centralised
controllers have also been proposed in [168-171].

However, the centralised control framework relies on the central controller and it
is easily affected if subjected to a failure. This vulnerability makes this approach

unsuitable as it is not robust enough for future DC microgrid applications.

2.2.2.2 Decentralised control

To overcome the drawbacks that the centralised controller introduces, decentralised
methods have been applied [143,152,172-175]. When employing this control architec-
ture, the units are autonomously controlled using real-time feedbacks. Decentralised
approaches are implemented without the need of a communication network, hence,
are achieved exclusively by local controllers. A common technique is the DC bus
signalling, where the information carrier is the DC bus [176]. Although this method
is communication-free and fairly straightforward, it is also inaccurate due to the error
in the DC bus voltage estimation. Furthermore, since they lack the data from other
converter units, these controllers have an inherent performance limitation.

Another decentralised control technique is the power line signalling that injects
sinusoidal signal of specific frequency at the DC bus, as shown in [177]. A decentra-
lised control strategy named frequency coordinating virtual impedance control is
proposed in [166], and it introduces a low-pass filter (LPF) or high-pass filter (HPF) to
the droop control in order to coordinate power sources with different characteristics.
Nevertheless, it causes a voltage deviation not addressed in these control frameworks.
In [174], a high-pass-filter-based droop control is integrated in battery controllers in
order to compensate for the voltage deviation. But, this strategy is not suitable for
microgrids with multiple hybrid energy storage systems.

A unified decentralised control strategy has been proposed in [178] that can
provide an energy management and ensure the voltage restoration to the rated value.
In grid-connected mode, the converters’ output current is controlled through an outer
current loop with a PI controller, which is also useful for the economic dispatch in the
microgrid. In islanded mode, the reference value for the output currents is modified

by an average voltage controller based on PI.
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2.2.2.3 Distributed control

The authors in [110] present a distributed secondary control approach, where the
secondary control scheme is implemented in the local controller, while the data
used in the local secondary control framework is exchanged via an LBC network.
Compared to the centralised approach, a key benefit is that this strategy avoids the
scenario of single-point-of-failure. However, the effect of line resistance has not been
comprehensively considered. Furthermore, to guarantee an accurate power sharing
one has to choose large droop coefficients which affects the voltage regulation.

A different secondary control scheme is presented in [151], where two additional
control methods are proposed to average the output voltage and output current.
These control loops are integrated locally, guaranteeing those two tasks simulta-
neously. The main disadvantage is that every converter requires information from all
the other converters. This strategy can be regarded as static averaging, which is not
flexible and leads to high communication stress. In [142,156], a consensus algorithm
with a sparse communication network is proposed, where only the information from
the neighbouring converters is required. In doing so, the flexibility of the system is
enhanced, giving a plug-and-play feature, and since the global information from all
converters is no longer required, the communication stress is highly reduced.

A novel distributed control strategy is introduced in [16] where the authors con-
sider the utilisation priority of the energy storage, renewable and non-renewable
sources. The control approach in [179] utilises a distributed control algorithm and the
concept of multiple slack buses, that enables the microgrid’s redundancy, modularity
and expandability, while also ensuring the plug-and-play feature. Numerous distribu-
ted approaches for DC microgrids have emerged in the past decade, such as multi-
agent based control for operation cost minimisation [180], consensus algorithms to
facilitate the modelling and sensitivity analysis [181], power management based on

fuzzy logic [182], or power management based on DC bus signalling [183].

2.2.3 Supervisory Control

A triple-role supervisory control strategy was introduced in [141], on top of existing
primary control for a DC microgrid consisting of renewable sources and batteries.
Its first feature includes an online adaptation of the virtual resistances designed to
achieve asymptotic approaching of batteries; state-of-charge (SOC) and is intended
for moderate replenishment periods. At high SOCs, the second and third feature
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kick in, being responsible for distributing the charging and discharging tokens and
transitions of operating modes, respectively.

An optimal planning of DC sources by properly sharing the load among the
generator units and synchronizing individual incremental costs is presented in [184].
In [185], the method introduced optimally adjusts the set-points of the DG units,
batteries, RES and interlinking converter to restore the voltage and frequency to
nominal values. In doing so, the generation cost is reduced at short time intervals.
The power management issue in a DC microgrid has been tackled in [186] where
supervisory control scheme has been proposed to improve the bus voltage deviation
and power sharing, in [187] by using a fuzzy logic based supervisory control, in [188]
via a multiagent supervisory control approach, or in [189] by employing an algorithm
that accounts for seamless operation under various modes and state of charge limit
conditions of hybrid energy storage systems.

Economic optimal dispatch and scheduling implemented through an upper layer
supervisory control has also attracted a lot of interest in past decade. In [190] a multi-
time scale rolling optimal dispatch with day-ahead scheduling has been proposed.
The robustness given by the day-ahead scheduling is also encountered in [191] where
the proposed algorithm converts the min-max-min problem of each level into a two-
stage mixed-integer linear programming problem, and similarly in [192]. An optimal
power dispatch strategy for cost and emission reduction under load and generation
uncertainties is introduced in [193]. Supervisory controllers to reach a particular

optima have also been proposed in [194-197].

2.3 Microgrid Stability

To cope with the instability issues that CPL exhibit, several studies [24,66—68, 198]
have been carried out not only in terms of modelling and control, but with a particular
emphasis on the stability theory part. Most approaches can be divided into three
categories depending on the number of converters taken into consideration when
designing the DC microgrid, that is single converter, two converter or more converters.

Stability analysis and stabilisation strategies of one converter feeding a CPL fall
into the first category [20,42,105,106,199-204]. One notices that by increasing the
damping and reducing the negative impedance, the destabilizing effect of the CPL,
namely the voltage oscillations, can be mitigated [105,200]. The interconnection and
damping assignment technique have been used for stability analysis of a DC microgrid

[105]. The describing function method to analyse stability is reported in [205]. The
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authors in [20] propose several tools for large-signal stability which include Brayton
and Moser’s, nonlinear circuit theory [106, 199, 201], block diagonalised Lyapunov
function, semi-tensor product of matrices [206] and reverse trajectory tracking. Other
solutions to solve the stability problem are sliding-mode control [42], Popov criterion
[202], nonlinear feedback [203], phase-plane analysis [204].

An interesting strategy aimed towards a multi-converter DC microgrid to obtain
the stability region by using an LMI approach is proposed in [22,24,207]. The use
of behavioural modeling technique is applied in the stability analysis as showcased

in [208].

2.3.1 Stability of droop-controlled DC microgrids

The second category involves cases when one has two converters in parallel [102,209—
214]. Amplitude death solutions are utilised for stabilisation of DC microgrids with
instantaneous CPLs in [209]. Eigenvalue analysis is employed in [46]. The nonlinear
feedback method is applied here as well for two parallel converters [210]. The so-called
MIMO generalised Bode criterion is proposed in [215]. The stability analysis of two
parallel converters with V-1 droop control is carried out in [216].

Synergetic control has been introduced in [211], and it is based on several proper-
ties of nonlinear dynamic dissipative systems. A comparison between [210] and [211]
has been done in [212]. Linear methods based on virtual impedance are proposed
in [102,213,214] to increase damping. However, unlike [102], the proposed strategies
in [213,214] have also incorporated a voltage restoration term. And by contrast, the
nonlinear methods [209-211] have a wider stability region compared to the linear
methods [102, 213, 214], but it requires global information, such as the size of the
CPLs.

The third group extends the complexity of the DC microgrid to n number of
converters [66,67,217-219]. The stability of a reduced-order model has been studied
in [66, 67], obtaining a stable domain for the droop coefficients. A region-based
stability analysis is proposed in [217] to achieve a reasonable selection of parameters.
An extended stability analysis method based on Floquet theory is presented in [218].
Similarly, in [219], the authors investigate system stability by making use of the
monodromy matrix, whose eigenvalues are the Floquet multipliers. Considering
a master/slave configuration, in [220], it is revealed that the interactions among
the master converter and the slave converters will cause instability under certain

conditions.
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A detailed review on the stability studies carried out for paralleled DC/DC conver-
ters is showcased in [221]. Nevertheless, in the majority of these cases, the dynamics
of the converters are are not included in the analysis, and only a reduced-order model

or the control system is analysed.

2.3.2 Stability of DC microgrids under secondary control

Stability analysis of microgrid clusters under primary and secondary control has been
presented in [86]. The stability of DC microgrid clusters has also been investigated in
[155]. In [24,68], the stability analysis of DC microgrids under distributed secondary
control has been studied, acquiring sufficient stability conditions for the controller
parameters. But in these works, only the secondary controller dynamics have been
considered, the microgrid system and primary controller dynamics being ignored.
The stability of a decentralised communication-free secondary voltage restoration
and current sharing control for islanded DC microgrids is studied in [222]. Likewise,
a hybrid secondary controller is introduced in [24] to achieve both current sharing
and voltage regulation.

The authors in [198] derive two stability criteria under different conditions for the
DC system, considering two communication time delays, namely constant delay and
time-varying delay, respectively. An extensive review on stabilisation techniques in

hierarchical controlled DC microgrids has been put together in [223].

2.4 Microgrid Protection

The emergence of DERs is setting the stage for modern power systems to operate as
MGs, avoiding power disruptions and permitting a fast recovery during grid distur-
bances. Therefore, MGs are vital assets to have in order to improve grid resilience,
which is seriously undermined if MGs are not properly protected in the event of
faults [224].

In [225], an analysis for different relay types has been conducted by considering
different faults and generation conditions in a MG. A protection scheme based on
information sharing technology is proposed in [226], the protection devices having
the ability to communicate with each other and share their local information. The
effect of replacing undervoltage protection with a differential protection scheme is
studied in [227].
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2.4.1 Overcurrent protection

A critical issue, tightly related to the stability analysis, and corresponding to the
technical limitations of the system components is the current-limiting property of
the converter units. Quercurrent (or excess current) instances occur when an electric
current larger than intended passes through a conductor producing excessive genera-
tion of heat, presenting a high risk of fire or damage to equipment. As described
in [113], a current limitation would protect the components without violating fixed
limits, set by the technical requirements of each converter. An adaptive overcurrent
protection for distribution networks has been developed in [228,229]. A neural
network based overcurrent protection approach is shown in [230].

Thus, apart from ensuring system stability, the equipment overcurrent protection
must be guaranteed at all times, by complying to its technical limitations. Such
matter is crucial particularly during transients, or operating under faulty conditions
or unrealistic power demands. Even though the converter overcurrent protection is
customarily taken care of by utilising extra fuses, circuit breakers and protection
relays, a recorded increase has been noticed in focus and interest to design control
strategies able to guarantee an inherent current-limiting property [231]. Existing
current limitation methods can adjust the original control framework to ensure over-
current protection [32], but closed-loop stability cannot be analytically proven. More-
over, the original control method might be prone to integrator wind-up and latch-up

cases which again can yield instability [32].

2.4.2 Overvoltage protection

Overvoltage instances occur when the voltage in a circuit, or part of the circuit,
increases above its designed limit, causing potential damages and faults in the conver-
ter components or the grid.

The methods proposed in [232,233] aim to reduce the active power injected by a
source until voltage complies with the operation requirements, a strategy known as
active power curtailment (APC). Potential limitations and main challenges one faces,

when applying this method, have been discussed in [234], and they include:

e decreasing active power injection in one phase may lead to a decrease in voltage

in the injection phase, but it will increase the voltage in the other phases;

e using the APC ON/OFF active power control approach to avoid the occurrence
of overvoltages, the sequence of solving a problem but creating a new one leads

to system instability;
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e APC strategy may cause the sequential loss of the interconnected DER, trig-
gered by the first shut-down (a harmful event, commonly referred to as

cascading).

In [235], a comparison using optimal power flow between centralised and local voltage
control solutions have been conducted to mitigate the voltage rise impact. The
authors in [236] introduce a methodology to identify and locate transient overvoltages
using wavelet packet decomposition (WPD) and general regression neural networks
(GRNN) theory.

But, since all these strategies are implemented at the upper control layers, which
operate in a higher time-scale, they are usually slower than the primary control layer.
So, managing to implement an overvoltage protection at the primary control layer

might be more efficient and an important step forward.

2.5 Gaps in the current literature

Network topology is key in microgrids. Currently in the literature, the computation
of the admittance matrix in DC microgrids, as shown in [22,24], does not consider
the instantaneous nonlinear expressions of the output currents and the load voltage.
Instead, it uses the linearised power balance equation to obtain the load voltage with
respect to its steady-state equilibrium. This voltage is then replaced into the output
currents expressions, which are further used to compute the admittance matrix as a
function of the equilibrium point of the load voltage.

Moving to the control part, the disadvantages of conventional droop control strate-

gy are well known, and its improved versions exhibit the following shortcomings:

e several droop-based variations are designed for specific applications, i.e. in-
versed droop strategy is limited to the use of ISOP DC/DC converters only,

while dead-band droop controllers are only applicable to energy storage systems;

e the robust droop controller is based on several assumptions, such as the availa-
bility of the load voltage measurement. It also requires extra sensors to measure
the output currents and it introduces a gain restricted in a limited domain that

may affect system stability;

e other droop methods, i.e. quadratic, nonlinear and adaptive droop, lack a
complete theoretical proof of stability, which is of paramount importance in the

theoretical analysis of DC microgrids.

38



2.5. Gaps in the current literature

With the primary control posing so many challenges, a multi-level control scheme
is often required. In most cases, hierarchical control schemes that implement centra-
lised upper layer controllers are not disturbance robust as they suffer from single point
of failure, and are vulnerable to faults. Decentralised architectures could be a better
solution, despite their local implementation, whereas distributed control approaches
although more efficient, they require communication.

When it comes to investigating the overall stability of the closed-loop system,

most approaches rely on strong assumptions that lead to limitations:

e most studies use extensively buck DC/DC converters which have linear dyna-

mics;
e several approaches are based on reduced-order models [66,67];

e in some cases, the converters’ dynamics are completely ignored, and only the

controller dynamics are investigated [24, 68];

others employ numerical approaches, such as the root locus.

Unlike conventional methods that ensure the protection of microgrids through
different pieces of hardware, there is an increased interest in implementing it through

control. At the moment:

e in microgrid applications, conventional overcurrent protection devices are being

utilised, such as fuses and relays;

e in some cases the current limitation is guaranteed by using saturation units,

which are ineffective during transients;

e so far, overvoltage protection is implemented only at the upper layers of the

hierarchical control architecture.
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Chapter 3

Notations and theoretical
preliminaries

In this chapter, several notations are introduced that are being used throughout the
entire thesis. In addition, a general overview of theoretical preliminaries is given,
which is paramount for following and understanding the analysis developed in the

following chapters.

3.1 Vector, matrix and function notations

Let 1,, 1,,x,, and 0, 0,,x, denote the n-dimensional vector and matrix, respectively,
of unit and zero entries, and let 11 be the orthogonal complement of 1, in R",
that is, 1> & {r € R":2 1 1,}. Consider I, denoting the identity unit matrix.
Given an n-tuple (z1,...,x,), let x € R™ be the associated vector. For an ordered

index set Z of cardinality | Z | and an one-dimensional array {z;} we define

i€
x] = diag ({i},c7) € RF* to be the associated diagonal matrix.

For x € R", define the vector-valued and matrix-valued, respectively, functions
sin (z) = (sin(xq),...,sin(x,)), cos(z) = (cos(z1),...,cos(z,)) and [sin (z)] =

diag ({sin(z;)},c7), [cos (z)] = diag ({cos(z:)},cr)-

3.2 Linear matrix analysis

A square matrix A is said to be a Hermitian matriz whenever A = A*, i.e. a;; = aj;,

which * represents the complex analog of symmetry.

Lemma 1 With A\ < Ay < --- < N, representing the eigenvalues of a Hermitian
matriz A, and 5, < Py < --- < B, the eigenvalues of a Hermitian matriz B, let it
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hold that
N+ 61 < <N+ Bn (3.1)

where my < ny < --- <'m, are the eigenvalues of the Hermitian matrix A + B.

Proof. is presented in [237, Ch.7]. O

A wunitary matriz is defined as a complex square matrix U™*" whose columns
(or rows) constitute an orthonormal basis for C". Similarly, if the matrix is real,
whose columns (or rows) constitute an orthonormal basis for R™, then it represents
an orthogonal matrix. Both, unitary and orthogonal matrices, have useful features,
one of which is the fact that inverting them is straightforward since U~! = U*, with

* denoting the conjugate transpose.

Lemma 2 Let Q), R € C™™ be two unitary matrices, i.e. Q*Q) = I, and R*R = I,,.

Then P = QR s also an unitary matriz.

Proof. By calculating the product P*P, it is shown that
P'P=(QR)"QR=R*(Q*Q)R=R'R=1, (3.2)

which completes the proof. [J
Consider matrix A real symmetric, then the inertia of matrix A is defined to be
the triple (p, v, (), where p, v, and ( represent the number of positive, negative and

null eigenvalues, respectively, counting algebraic multiplicities.

Lemma 3 (Sylvester’s Law of Inertia) With A and B real symmetric matrices,
let A ~ B denote that matrices A and B are congruent, i.e. C*AC = B for some

nonsingular matriz C'. Sylvester’s law of inertia states that:
A~B (3.3)
if and only if A and B have the same inertia.

Proof. is presented in [237, Ch.7].! OJ

Inertia being invariant under congruence is also a corollary of a deeper theorem stating that
the eigenvalues of A vary continuously with the matrix entries. The argument follows from the
perturbation of the eigenvalues of the nonsingular matrix A (otherwise using A + €I, for small €),
and expressing matrix C' using the QR factorisation.
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Lemma 4 Let matriz S be a positive-semidefinite Hermitian and matriz D a positive-
definite Hermitian. Then

1) Matriz product SD (or DS ) is diagonalisable. There exists a unitarily diagona-
lisable matriz M similar to SD.

2) If S, D € R™™, the eigenvalues of SD (or DS) have only real part, and the
product SD (or DS) has the same number of negative (zero, or positive) eigenvalues

as matriz A.

Proof. Matrix SD is similar to the symmetric matrix Dz (SD) D~z = D2SDz, hence
it is diagonalisable. By employing polar decomposition SD (or DS) can be written as
SD = UP, where U is unitary and P = \/m is a unique positive-semidefinite
Hermitian matrix. Define @ to satisfy Q? = U as in [238, Ch.12]. Note that M =
Q' (SD)Q = QPQ is Hermitian, hence, by eigendecomposition M = VAV ™! with
V' unitary and A diagonal with the eigenvalues of M (and the same index of inertia
as SD) as main diagonal entries. It can be concluded that (QV)™'SD (QV) =
A, with QV unitary according to Lemma 2. This proves conclusion (1). As the
similarity transformation D2 (SD) D2 = D3SD3 is congruent to S; then, according
to Lemma 3, SD has the same index of inertia as matrix S. [J

For cases when one deals with large matrices, splitting them into blocks can be very
convenient when aiming to compute determinants. The theorem below introduces a
way of computing determinants for 2 x 2 block matrices based on the commutativity

of its block elements.

Theorem 1 If M = {é g}, where A, B, C', D € C™", and
if CD=DC then det M =det(AD — BC); (3.4)
if AC=CA then det M =det(AD — CB); (3.5)
if BD=DB then det M =det(DA— BC); (3.6)
if AB=AB then det M = det(DA— CB). (3.7)

If all four blocks of matriz M commute pairwise, then equations (3.4)-(3.7) are

equivalent, with the determinants being equal.

Proof. is presented in [239, Ch.4]. OJ
Lemma 5 (Quadratic Eigenvalue Problem) Consider the matriz polynomial
Q) =NM+AXC+K (3.8)
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and matrices M, C', and K Hermitian of size n, for a quadratic eigenvalue problem

(QEP) as
INM+M\C+ K| =0 (3.9)

If M, C, and K are all positive definite, then Re (\) < 0.

Proof. An extensive proof, considering the full or semi definiteness of the matrix

coefficients is given in [240]. OJ

3.3 Elements of graph theory

Consider the undirected, connected, and unweighted graph G (V, £, A), represented in
Figure 3.1 as a set of vertices V = [v1 15 ... 1, connected by a set of edges € C V x V,
and induced by the symmetrical, irreducible, and nonnegative adjacency matrix A =
la;;] € R™™, with n being the number of vertices. The elements of A represent the
weights, where a;; > 0 if the edge (v;,1;) € £, otherwise, a;; = 0. Here, the matrix
A is assumed to be time-invariant. The Laplacian matrix £ € R™" is defined as
L = diag ({Z;L:l aij}:;) — A, and its eigenvalues determine the global dynamics.
For a connected graph, there is one spanning tree, with ker (£) = span (1,), having
all n—1 remaining eigenvalues of L real and strictly positive, with the second-smallest
eigenvalue Ay (£) called the algebraic connectivity.

It is natural for one to wonder if the intermediate eigenvalues of a Hermitian
matrix have representations similar to those for the extreme eigenvalues as described
in Lemma 1. The answer was given in the early years of the 20th century for not only

matrices, but infinite-dimensional operators as well.

Theorem 2 (Courant-Fischer Formula) Let A be a Hermitian matriz having the

eigenvalues Ay < Ao < ... <\, with the corresponding eigenvectors vy, vy, ..., Up.

v
Figure 3.1: An undirected, connected and unweighted graph G
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Then, the eigenvalues can be expressed as follows:

TA
A = ming’ Az = min> - Z, (3.10)
lzl|=1 w20 al
2T Az
Ao = mina’ Az = mi 3.11
2 mfgx o T;%l 2T’ ( )
rzlug
TA
Ay = Mnaw = mazz’ Ax = maxw T (3.12)

||z]|=1 20 Ty

For k € Z satisfying the inequality 1 < k < n, let Sy denote the span of vi,va, ..., vy,

and Sit denote the orthogonal complement of Sy,. Then

T
. . xt Ax
A = min ' Ar = min - (3.13)
[lz]|=1 A0 T X
zeSE zesSk

k—1 k—1

Proof. in [237, Ch.7]. O
A useful application of the Courant-Fisher Formula to the Laplacian of a graph
is the Rayleigh Quotient.

Corollary 1 (Rayleigh Quotient) Consider L the Laplacian of the graph G =
(V,E). One knows that the smallest eigenvalues of a graph is Ay = 0 with the

eigenvector vi = 1,,. By virtue of Theorem 1,

2
(i,j)€E (zi — x)

Ao = mina’ Ar = min (3.14)
=70 70 D ey Ti 7
T Z(ij)eé‘ (2 — xj)Q
Amax = max x* Ax = max ’ 5 ) (3.15)
x#0 z#0 ZiEV xT;

One can interpret the formula for Ay, introduced in Corollary 1, similar to putting

strings on each edge and minimizing the potential energy of the configuration.

3.4 Nonlinear system analysis

Let the system
= f(t x) (3.16)

where f:[0,00) x D — R" is piecewise continuous in ¢ and locally Lipschitz in = on

[0,00) x D, and D C R” is a domain that contains the origin.
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3.4. Nonlinear system analysis

Consider the following Lyapunov-like theorem for showing uniform boundedness

and wultimate boundedness.

Theorem 3 (Ultimate boundedness) Let D C R" be a domain that contains the
origin and V : [0,00) x D — R be a continuously differentiable functions such that

o (|[zll) <V (¢,2) < as (|l (3.17)
I fta) < —Waa), Vel 2 > 0 (3.18)

Vit >0 andVz € D, where oy and as are class KC functions and W3 (x) is a continuous

positive definite function. Take r > 0 such that B, C D and suppose that

p< oy (ai(r)) (3.19)

then, there ezists a class ICL function  and for every initial state x (to), satisfying
|2 (to) || < ag* (ay (1)), there is T > 0 (dependent on x (ty) and u) such that the
solution of (3.16) satisfies

lz (@Il < B (e (to) .t —to), Vio<t<to+T (3.20)
lz @Il <ot (az(n), VE>to+T (3.21)

Moreover, if D = R" and ay belongs to the class K, then (3.20) and (3.21) hold for

any initial state x (to), with no restriction on how large  is.

Proof. in [241, Th.4.18]. O

Inequalities (3.20) and (3.21) show that x (¢) is uniformly bounded for all ¢t > ¢,
and uniformly ultimately bounded with the ultimate bound ;" (e (1)), which is a
class IC function of p. Therefore, the smaller the value of p, the smaller the ultimate
bound.

One of the main applications of this theorem emerges from studying the stability

of perturbed systems.

Theorem 4 (Singular perturbation problem) Consider the singularly perturbed

system

= f(t,x,z¢) (3.22)
e2=g(t,z, z¢) (3.23)

Assume that the following assumptions are satisfied for all
(t,z,e) € 0,00) x B, x [0,¢] (3.24)
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f(t,0,0,e) =0 and g (¢,0,0,) = 0.

The equation
=g(t,z,2,0) (3.25)

has an isolated root z = h (t,x) such that h(t,0) = 0.

The functions f, g, h, and their partial derivatives up to the second order are

bounded for z — h (t,x) € B,.
The origin of the reduced system

= f(t,x,h(t,x),0) (3.26)
15 exponentially stable.

The origin of the boundary-layer system

Y g (tay +h (7). 0) (3.27)
=

is exponentially stable, uniformly in (t,z).

Then, there exists €* > 0 such that for all € < €*, the origin of (3.22)-(3.23) is

exponentially stable.

Proof. is presented in [241, Th.11.4]. O
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Chapter 4

Admittance matrix computation
and stability analysis of
droop-controlled DC microgrids

In this chapter, a different approach towards computing and factorising the admit-
tance matrix is proposed. This methodology of manipulating the admittance matrix
facilitates and ensures the acquisition of stability conditions for droop-controlled
DC microgrids with CILs, CCLs and/or CPLs. Such strategy is particularly useful
when a generic controller (droop control, voltage regulation) is designed to control
the terminal DC bus voltage of the microgrid, because it permits the factorisation
of the admittance matrix by separating the singular matrices. This guarantees, a
simpler approach towards proving closed-loop stability by isolating singularities, and
by employing fundamental linear algebra tools one arrives at sufficient stability condi-
tions. To verify the proposed approach, compute the admittance matrix and test the
stability conditions, a DC microgrid is considered consisting of n DC/DC converter
units supplying a common CPL. Simulation testing is performed to prove the desired

operation of the controller and assess the control design performance.

4.1 DC Microgrid System Modelling

The system under consideration is a generic DC microgrid, depicted in Figure 4.1,
consisting of m power converter units connected in a parallel configuration to a
common DC bus that feeds an equivalent load. One can notice, that the output
currents have the following expression

. Vi=V,
1 = R
Thus, the load voltage can be derived as follows depending on the load type:

, 1€ (4.1)
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Vo

] Load

Figure 4.1: Typical reduced-model architecture of a DC microgrid.

1. constant impedance (Z) load: The characteristic equation can be written as

n

Vi—V,
E = V.G, (4.2)
i=1 I

where é is constant and represents the load resistance. From (4.2), the load

voltage becomes
n v
- Zz‘:l R;
— AL N7 1
G+Yliim

2. constant current (I) load: In this case the characteristic equation is

|2 (4.3)

n

V.-V,
. O:Aoaa 4.4
; 0 iload (4.4)

where 4,9 is constant and represents the load current. The expression of the

load voltage becomes

n Vi .
2ic1 B~ Uoad

Vo= 0 (4.5)
i
3. constant power (P) load: The power balance equation yields
~ V-V
Vo =P, 4.6
2w o

where P is constant and represents the power of the P load.

The expression of the load voltage will be given by the solutions of a second-order

polynomial. Consider now the following assumption:
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Assumption 1 For Vi =17, it holds that

2
n V; n 1

Thus, the load voltage expression is given by the real solutions in the following form

2
S (S ) e
A |

The load voltage (4.7) has two solutions, a high voltage and a low voltage, with

Vo = (4.7)

the high voltage representing the feasible solution, a fact also considered in [22,132].

Therefore

2
n Vv n Vi n
Zi:lE \/(Zzl E) _4PZZ‘:1}%
2w '
Hence, a generalised expression for the load voltage in all three load cases can be
B i % + o
B+ Rl,- '

where « and [ have the expressions specified in Table 4.1.

‘/():

(4.8)

found as

| (4.9)

Table 4.1: Parameters a and S for ZIP load.

Z I P
. n Vi 2 n 1
a| 0 —oad (Zi:l EZ) —4pP Zi:l R;
BIG 0 Dl T

In Figure 4.2, the reduced microgrid is depicted when considering a fast inner
current control loop. By applying Kirchhoff’s laws, the governing dynamic equations

of the capacitor voltages, in matrix form, are the following
OV =g — 1, (4.10)

where C' = diag{C;}, V = [V} ...V,] represents the state vector capacitor voltages,
i = [i1...1,] is the output current vector, and 4;, = [iin1 - - . linn) is the control input

vector representing the current of each converter.

Remark 4 System (4.10) represents a generic model of n-sourced units that could
be integrated with the microgrid via different power converter configurations (buck,
boost, buck-boost, AC/DC) in the given DC microgrid framework.
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fin1 Ci= ]V1

iin2 Cz =

iinn Cn — ’V
n

Vo

Load

Figure 4.2: Reduced-model of the DC system considering a fast inner current control

loop.

4.2 Admittance matrix

By taking the partial derivative of the output current ¢; from (4.1) with respect to

the capacitor voltage V;, it yields the admittance matrix

[ oV,
i (1—a—v1>
. 1 0V,
Y — 9 _ - ROV
oV ;
1 ov,
| Ry, 0V1
1 ) -
0 A 0
. . i
| 00 R
S ) -
0 A 0
: 1
| 00 R

1 9V,

T ROV,

1 1— IV,
Ro OV

_ 1oy,
R, 0V3

v,

0%
Vs
In - 3‘./2

Vo
oV,

In - ]-n><n
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oV,
o

oV

Ve
OVn

1 9V,
Ry 0V,
_ 1 oV,

Ro 0V,

v,
oV,
(4.11)
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where R = diag{R;} and D = diag{2"} with the following expression:

aV;
v,
e .. 0
av, m
D:dmg{ o}: S —
oV; ov,
oVn
oo
1 M !
S S = R (4.12)
- B
Oa
iy 0
with § > 0. One can note that for the Z and I load cases, thereis | : .. | =
Jda
0 OVn
0,,xn, while for the P load case, the matrix becomes
Jole"
5 v - 0
d. { } = . T . =
oI T
OV
v T 0
7.1_ Yi R
o Ril + 212—1 i
n g n 1
\/(Ei:l %) —4P>, R% 0 Rn
n Vie
- ﬁ}g—l, (4.13)

where a, is given from Table 4.1 with V; = Vj.. It is clear, by virtue of Lemma 1, that

the diagonal matrix D is positive-definite for the Z and I load cases, but also for the

2
P load case given \/ (Z?:l %) —4PY " Rik >0 holds, according to Assumption 1.
The diagonal entries and also the eigenvalues of matrix D for the P load case will
take the form

1
Abi = o5 T

22 R

1 S B 1
- ; - 4.14
BT : (4.14)

i n Vv 2 n 1 Rz
' (Zi:l ﬁl) _4P2i:1E

with 7 € 7.

Remark 5 In [22] and [24], the power balance equation is linearised and then an
expression for V, is obtained with respect to its steady-state equilibrium, V,.. This
new expression of V, is substituted in equation (4.1) and used to, finally, compute the

admittance matriz as a function of the equilibrium point, Vye, of the load voltage. On
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the contrary, this proposed method considers the instantaneous nonlinear expressions
of the output currents, i; from (4.1), and the load voltage V, from (4.9), to compute
the admittance matriz for every V;. When the admittance matriz is required at a
particular equilibrium point, then it can be calculated with V; = V;., where V. is the

value of the capacitor voltage at each node i at the equilibrium point.

4.3 Stability of droop controlled microgrids

Due to the instability effect that the nonlinear load (P load, in this case) introduces,
the stability proof is far from trivial. In this work, the parallel DER units in the
microgrid under consideration feed a common load connected to the main bus. The
main task is to achieve load voltage regulation close to a desired reference value and
share the load proportionally to the sources capacities. This can be achieved through

droop control operation as explained below.

4.3.1 Droop control design

Conventional droop controllers introduce a static structure and regulate the sources
output voltage, which leads to significant load voltage drop and inaccurate power
sharing. To improve the load voltage regulation and power sharing, a dynamic droop

controller is introduced with the following expression
V =V*1, - V,1, —mi, (4.15)

with V* being the reference voltage, and m = diag{m;} the droop coefficients. At
the steady-state there is
Vo =V" —myi, (4.16)

which ensures accurate power sharing
mlz'l = m2i2 == mnzn (417)

proportionally to the sources capacities with suitable choice of m;.
The droop controller is implemented using a proportional integral (PI) controller, in

matrix form, as follows,
tin = —kpV + 0 (4.18)

& =k (V*1, — V,1, — mi), (4.19)
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4.3. Stability of droop controlled microgrids

where kp = diag{kp;} and k; = diag{ky;} are the proportional and integral gains of

the PI controller, respectively, and for which

Vi € Z. By replacing the controller dynamics (4.18)-(4.19) into the open-loop system
(4.10), the closed-loop system becomes

CV = —kpV +0—i (4.21)

& =k (V*1, — V,1, — mi) (4.22)

where the output current ¢ is linked to the capacitor voltage V' through the impedance

matrix.

4.3.2 Stability analysis

Consider an equilibrium point (V,,o.) of the closed-loop system (4.21)-(4.22), (4.1)
and (4.8), satisfying Assumption 1. Then the following theorem can be formulated
that guarantees stability of the entire droop-controlled DC microgrid with a CPL.

Theorem 5 The equilibrium point (V.,o.) is asymptotically stable if the following
conditions holds \ .
kipi > n’% Viel (4.23)

Proof. The Jacobian matrix corresponding to system (4.21)-(4.22) takes the following
form
g —Ckp—-Cly C7!
N _kllanD - kImY Onxn .
Replacing the admittance matrix with its expression from (4.11), it yields
J_ —C%kp —C'R7Y (I, —1,x,D) C™!
_kllanD - klmR_l ([n - ]-n><nD) Oan ’

According to Theorem 1, the characteristic polynomial of the system can be written
as
Ao, — J| = |\, + CA+ K| =0 (4.24)

with
C=C'%p+C'R*(I, — 1,4,D)

K=C"(kmR™" +k; (I, = mR™") 1,4, D)
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By right multiplying (4.24) with [D~!| > 0, the obtained determinant is
MDD+ CA+K|=0 (4.25)
with
C=C"%pD ' +C'R (D' = 1,4s)
K=C" (kymR™'D™ 4+ ky (I, — mR™) 1,1xn)

By left multiplying (4.25) with |CR| = |RC| > 0, one obtains

INCRD™ + C*A+K*| =0 (4.26)
with

C*=RkpD™" + D™ — 1,5,
being a symmetric matrix and, following factorisation,

K* =Ry (I,=mB ") (L=mB ™) " R'mD ™ 41,00
being a diagonalisable matrix whose eigenvalues are all real, according to Lemma 4.
Hence, by using K* = P~!AP, where P is unitary and A is diagonal, the characteristic
polynomial becomes
| N2CRD™' +C*A+ P 'AP |=0 (4.27)
and, by left and right multiplication with | P | and | P~ |, respectively, it becomes
| PCRD'P™' + PC*P'A+A|=0 (4.28)

Note that A is a diagonal matrix with the same index of inertia as K*, and the
similarity transformations PCRD~'P~! and PC*P~! are symmetric, as P is unitary
(P~ = PT), and they share the same eigenvalues as CRD ™!, and C*, respectively.
If CRD™!, C* and A are positive-definite, then Re{\} < 0, which means that matrix
J is Hurwitz.

As CRD™! is already positive-definite, it would suffice to show that C* > 0, and

A > 0, or equivalently that K* has positive eigenvalues.
1. Condition C* > 0:
C*=RkpD '+ D' —1,.,,>0 (4.29)

Since C* is a sum of symmetric matrices, then according to Lemma 1, condition
(4.29) can be rewritten in scalar form as
Rikpi+1 .
ADi
which is always true, provided that (4.23) is satisfied.

>0 (4.30)
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2. Condition A > 0, or K* has positive eigenvalues:

According to (4.20), the first matrix in the multiplication inside K* is positive-

definite, i.e.

Rk (I,—mR™") >0.

(4.31)

Hence, according to Lemma 2, it would suffice to investigate only the remaining

symmetric matrix in the product. This matrix

R (I, —mR™) " 'mD™ 4 1,, >0

(4.32)

is positive-definite since it is a sum between a positive-definite diagonal matrix

and a positive semi-definite symmetric matrix.

Hence, when (4.23) is satisfied, J is Hurwitz, and the equilibrium point (V,, o) is

asymptotically stable. This completes the proof of Theorem 5. []

Table 4.2: System and control parameters of a DC microgrid consisting of five DC/DC
buck converters feeding a common CPL.

System Parameters Values System Parameters Values
Ch 110pF Ry 10
Cs 150uF Ry 1.1Q
Cs 100pF Rs 1.0582
Cy 420 F Ry 1.12Q
Cs 200pF Rs 1.15Q2

Control Parameters Values Control Parameters Values
my 0.42 ms 0.084
mo 0.21 k’plm5 0.01
ms 0.14 ]{?[1_._5 2><]_03
my 0.105 % 100

4.4 Simulation results

A DC MG has been considered, consisting of five parallel-operated buck converters,

as depicted in Figure 4.4, with arbitrary parameters given in Table 4.2 selected for

demonstration purposes only. The devices are feeding a common CPL, and have been

simulated in Matlab/Simulink for 2 s using the average model of the buck converters.

The proportional terms kp;_5 have been carefully chosen to satisfy inequality (4.23).

Each converter is equipped with the droop controller considered in Section 4.3.2,
and the task is to regulate the load voltage to the rated value, V* = 100 V', and share

their output power in a 1:2:3:4:5 ratio.
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(a) Capacitor and load voltages

Figure 4.3: Simulation results of the DC microgrid system with PI controller.

At t = 0s, the load power is P = 500 W, and as one can see in Figure 4.3a, the
load voltage is accurately fixed at V, = 99.9V. The output currents satisfy their
control imposed ratios, having ¢ = [1.67 1.34 0.99 0.67 0.34] A (Figure 4.3b).

After one second, at ¢ = 1s, the load power changes to 2P = 1kW. The load
voltage regulation is still fairly accurate, V, = 99.7V (Figure 4.3a), and, according

to Figure 4.3b, the output currents respect their assigned proportions, having i =

[3.34 2.67 2.02 1.34 0.66] A.

finy R} iy
Ci1==|V;
-|_ N

(b) Output currents

iin2 R; i
C, Vs
-|_ T\

lig Ra i3

5 =5 R A e

Figure 4.4: DC microgrid considered for testing.
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4.5 Conclusions

A novel approach to compute the admittance matrix has been proposed that enables
and facilitates the stability analysis, especially in the case where the controller aims
to regulate the converter output voltage. Following the proposed strategy, after
several factorisations, the isolation of singularities will be possible, and henceforth,
by employing straightforward linear algebra tools, the stability conditions will be
comfortably acquired. By selecting appropriate control parameters, a DC microgrid
consisting of five parallel-operated DC/DC buck converters feeding a common CPL
has been used for testing and validating the proposed analysis. The results confirm
that the presented strategy ensures normal operation of the DC network and guaran-

tees an elementary path in ensuring closed-loop stability.

57



Chapter 5

Control design and stability
analysis of DC microgrids

consisting of unidirectional
DC/DC boost converters

Motivated by the urge to design controllers that ensure system protection against
overcurrents, which has attracted a lot of attention in the recent years, in this chapter,
a nonlinear current-limiting droop controller is developed to guarantee load power
distribution between parallel operated DC/DC boost converters in a DC microgrid
application. In Section 5.1, the already mentioned robust droop control strategy is
adopted and implemented as a dynamic virtual resistance in series with the inductance
of each converter unit. Unlike traditional approaches that use small-signal modelling,
the proposed control design considers the accurate nonlinear dynamic model of each
convert unit and it is analytically demonstrated that accurate power sharing can be
accomplished with an inherent current limitation for each converter using ultimate
boundedness theory.

In Section 5.2, a modified current-limiting droop controller is introduced, for
paralleled DC/DC boost converters loaded by ZIP loads in a DC microgrid architec-
ture. With an improved version of the previously proposed nonlinear current-limiting
controller, an inherent current-limiting property is guaranteed for each converter
independently of the load type or magnitude variations. Sufficient conditions that
guarantee closed-loop stability of the entire DC system with Z, I, or P loads are
analytically acquired. To validate the benefits of the proposed framework, simulation
and experimental results are provided for a DC microgrid consisting of paralleled
DC/DC boost converters feeding either a Z, I, or P load.
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5.1. Paralleled DC/DC boost converters feeding a CIL

5.1 Paralleled DC/DC boost converters feeding a
CIL

In Figure 5.1, a typical islanded DC microgrid is depicted consisting of DC/DC power
converters connected in parallel to a common DC bus and feeding a load. Power
sharing without the need of communication among the different converters is often
achieved via droop control [242,243]. In the conventional droop control strategy, each
one of the n parallel-operated power converters introduces an output voltage V; of

the form:

where i; is the output current of each converter, m; is the droop coefficient and 7 € Z.
However, conventional droop control suffers from poor voltage regulation and cannot
achieve accurate power sharing when each converter introduces a different output
impedance [128,244]. One of the recently developed methods to address these issues
is based on a robust droop strategy, which achieves accurate power sharing and tight

voltage regulation [128,244]. The robust droop controller takes the form
Vi = ke(V* = V,) — myis, (5.2)
where V, is the load voltage and k. is a constant gain. At the steady state, there is
mity = Maly = ... = Myln,. (5.3)

By multiplying this expression with the load voltage V, in each part of the equation,
it yields
m1P1:m2P2:...:mnPn, (54)

PV Array \

Battery

Figure 5.1: DC microgrid topology consisting of paralleled DC/DC converters
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5.1. Paralleled DC/DC boost converters feeding a CIL

where P; = V,i; is the power at the output injected to the load by the i-th converter.
Equality (5.4) indicates the power sharing among the paralleled units.

Although accurate power sharing is achieved independently from the power reques-
ted by the load, the technical limitations of each converter are not taken into account.
Given the power rating P, of a converter and the rated output voltage V*, a limitation
is introduced for the output current (and consequently the input current) of each
converter. To ensure protection to the generating circuit or the transmission system
from harmful effects in cases of significant changes in the load demand, a current-
limiting property is required. Hence, imposing an upper limit for the current that
may be delivered to a load and making sure that certain boundaries are not violated
represents another major challenge in a DC microgrid operation.

Figure 5.2 shows the configuration of a DC microgrid consisting of two DC/DC
boost converters connected in parallel and feeding a common load, which is assumed
as resistive. Although for simplicity, the investigation is restricted in two paralleled
converters, it can be easily expanded to the cases of n boost converters in a DC

microgrid. Using Kirchhoff laws and average analysis [35], the dynamic model of the

I L, I Lig R:i iy
7Y Y Y YW —P—
U +
1 I Uz Ci=| Vi
g)Y
T\
i L r L, R i Vo SR
Y Y Y A —— 3
U +
2 T uz C, ==‘ V,

Figure 5.2: Proposed network configuration for parallel operation

entire system becomes

Lyigy = Uy —ryip — (1 —ui)Wy (5.5)
CiVi = (1 —uq)ipy —is (5.6)
Liyiy = Vi — (i1 +i2)R — Ryiy (5.7)
Loipy = Uy — roigs — (1 — up)Vs (5.8)
CoVa = (1 — up)irs — i (5.9)
Lisio = Vo — (i1 +i2) R — Ryis. (5.10)
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5.1. Paralleled DC/DC boost converters feeding a CIL

Here Ly, L, are the boost converter inductances with parasitic resistances rq
and ry, respectively, and Cy, Cs represent the output capacitors the converters.
The output impedances or line impedances of the converters are introduced by the
inductances Ly, Lrs and the resistances R;, Ry, while R is the common load. The
state vector of the system consists of the inductor currents iyq, iz2 in the input of
every converter, the output voltages V;, V5 and the line currents iy, 75. The control
input vector consists of the duty-ratio inputs of each converter u; and wu,, which
by definition should remain bounded in the set [0,1]. The DC input voltages of
the converters are given as U; and Us,, and represent constant inputs for the system
(uncontrollable), as shown in Figure 5.2.

It can be observed, that system (5.5)-(5.10) is nonlinear, since the control inputs u,
and uy are multiplied with the system states. In addition, in the case where u; = 1 or
us = 1, at the steady-state, the inductor currents iy, and i, take the values i;; = %1
and 70 = %, respectively. Since 1 and 79 are parasitic resistances and therefore very
small, then the two input currents reach very high values that can cause damage to
the boost converter devices. Hence, there is a clear challenge to achieve the desired
operation of the DC microgrid system, i.e. accurate power sharing, while maintaining
the currents below the converters’ rated values. Such a controller that can achieve

these tasks is investigated in the sequel.

5.1.1 Proposed current-limiting droop controller

5.1.1.1 Controller design and analysis

In order to achieve the desired power sharing and voltage regulation, whilst keeping
a limited current for each boost converter, the robust droop control concept given
in (5.2) is implemented as a dynamic virtual resistance for each converter, opposed
to the original design which is applied directly to the voltage. Hence, the duty-ratio

input of each boost converter takes the form
is, (5.11)

where ¢ = {1, 2} indicates the converter number and w; represents a virtual resistance
for i-th converter. In order to incorporate the robust droop control concept, the

virtual resistance is proposed to follow the nonlinear dynamics:

w; = —c;w? [ke(V* = V,) — myiy] (5.12)

qi

wqi = ¢ (ke(V* — V;) — mzzz) W — kqi ((U}ZA_TMTM) + UJ; — 1) Wy,
(5.13)
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5.1. Paralleled DC/DC boost converters feeding a CIL

with ¢;, kg, ke, Wi, Awyy; being positive constants. It is highlighted that a second
controller state w, is introduced to define the dynamic structure of the virtual
resistance and to maintain a given bound for w;. To further explain this, the nonlinear
controller dynamics w; and w,,; are investigated. Considering the following Lyapunov
function candidate for system (5.12)-(5.13):

(w; — wyni)” 2
then by calculating its time derivative and using the controller equations (5.12)-(5.13),
it yields:
L 2(W — W) Wy .
Wi = ( sz A ) + 2wqiwqi
_ zc,-w;.w"A_T%‘;”” (ko(V* = V) — myiy)
+ zciwgf”"A_T::m (ke (V" = V) = myiy)
(wi = Wipi)? 2 2
— quz (Tm + wqi -1 wqi
gy (L)) 5.15
SRl v K 519

From the expression (5.15), one can notice that W; becomes zero on the ellipse

2
Wip = {wiawqieR: %—i—wi:l}, (5.16)

or at the horizontal axis wy, = 0 on the w; — w,; plane (Figure 5.3). This indicates
that if the initial conditions of the controller states w;y and wgo are chosen on the

ellipse Wy, i.e. they satisfy

(wi() - wmz)2
NN why =1 (5.17)
then from (5.15) there is
Wi(t) = 0, Yt >0, (5.18)
which results in
Wi(t) =W;(0) =1, Vt > 0, (5.19)

leading to the result that w; and w,; will start and remain on the ellipse W;, for all
t > 0, as shown in Figure 5.3. Hence, a typical choice for the initial conditions is

Wig = Wini, Weio = 1.
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5.1. Paralleled DC/DC boost converters feeding a CIL
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WiminX N Wi /'Wimax wi
~ _ -
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Figure 5.3: Phase portrait of the controller dynamics

Since the controller states operation is restricted on the ellipse W;q, then w; €

L, W] = [Wini — AWy Wing + Aw,y;] and wy; € [0, 1] for all ¢ > 0. If the positive

(2

min

[wl

constants Wi and Awml are chosen to guarantee

then w™™ > 0, which means that the ellipse W is located on the right-half plane of

min

e wer] > 0, Yt > 0, introducing a positive virtual

w; — wg; and therefore w; € [w !

resistance. Using the transformation

Wi — Wins = AW,y SIN O (5.21)

Wqi = COS @ (5.22)

inside the controller dynamics (5.12)-(5.13), after a few calculations it results in

c;w?

= Aw:; (ke(V* - ‘/o) — mﬂz) (523)
which proves that the controller state trajectory on the w; — wy; plane will move on
the ellipse W;o with an angular velocity gb, given by (5.23). It is highlighted that the

angular velocity becomes zero when:

O

i) ko(V* —V,) — myi; = 0, which guarantees the accurate power sharing and the

desired tight voltage regulation, or

min mazx

ii) wg = 0, which leads to w; = w/™" or w; = w["**, corresponding to the current-

limiting capability as explained in the sequel.

5.1.1.2 Current limitation

By substituting the expression of the proposed controller (5.11) into the inductor
current equations (5.5) and (5.8), the closed-loop dynamics of the inductor current

become for each converter:
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5.1. Paralleled DC/DC boost converters feeding a CIL

By introducing the following Lyapunov function candidate

1
Vi = 5 LiiL,; (5.25)

and computing its time derivative, after using (5.24), the expression of V becomes

‘./; = LiiLi : ZLz = - (wi + ri) 2%1 + UﬂLz (526)

min

Taking into account that w; € [w/™", w**] > 0, Vt > 0, as proven in the previous

subsection then

< — (W™ ) linal” + (Uil ] (5.27)
Thus .
Vi < —r; |iLi|27 Vin| > ! (5.28)

min
7

According to (5.28), the solution iy; (t) is uniformly ultimately bounded (Theorem

3), and every solution starting with the initial condition iz, (0), satisfying

Ui
i (0)] < — . 5.29
()] < o (5.29)
will remain in this range for all future times, i.e.
: Ui
liri(t)| < ——, ¥t > 0. (5.30)
w;
By selecting w!™™ as
‘ U,
w;"" = —— (5.31)
'L

Smax

where 7" represents the maximum input current allowed to flow through the con-

verter according to the converter ratings, then by substituting (5.31) into (5.30), it

yields
U .
ii(0)] < - =, Vi >0 (5.32)

which guarantees the desired current-limiting capability of each boost converter sepa-
rately.

It is highlighted that the current-limiting property of each converter is guaranteed
independently from the power sharing function k.(V* — V,) — m;i; than needs to be
regulated to zero. This means that each converter has as the first priority to protect
itself from high currents that can damage the device. When the current is below the
maximum value, then power sharing can be achieved. This will be illustrated in the

simulation results that follows.
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5.1. Paralleled DC/DC boost converters feeding a CIL

Table 5.1: Controller and system parameters of a DC microgrid consisting of two
parallel-operated DC/DC boost converters feeding a common CIL.

System Parameters Values Control Parameters Values
LLLQ [02 021] mH mio []. 2]
RLQ 2.20Q C1,2 [1 2] X 103
Ly 22mH Wi 2 [505 1040]
71,2 0.5 2?1”5 100mA
Uia [200 100] V' kg2 1000
01’2 560 ,uF 2211(1’926 [25 10] A

R 2250 ke 10

PLQ [05 1] kW ts 0.1s

5.1.2 Simulation results

To evaluate the proposed control strategy, a DC microgrid is considered for simulation
testing, consisting of two parallel DC/DC boost converters, similar to the one presen-
ted in Figure 5.2. The microgrid is simulated using the average model of the boost
converters from Simpower Systems toolbox in Matlab/Simulink. The system and
controller parameters displayed in Table 5.1 are selected arbitrarily for demonstration
purposes where, however, given i7" and 75, one can obtain wy, 2. The main task
is to achieve accurate power sharing in a 2 : 1 ratio among the paralleled converters
and tight regulation of the common load voltage to the rated value V* = 300 V', while
maintaining the inductor currents below their maximum values independently from
the load changes. Each converter is equipped with the proposed controller.

At t = 0s, the load is R = 2252, and as it can be seen in Figure 5.4b, accurate
power sharing is achieved having i1 = 0.9 A and i, = 0.45 A at the steady state,
satisfying iy = 2i5. Figure 5.4c illustrates the line and load voltages, and it is clear
that the load voltage is regulated very close to the rated value V* = 300V, while
the line voltages V; and V5 are a bit higher to achieve the desired power sharing.
Figure 5.4a depicts the inductor currents 77, and iy which stay below the limits
imposed by the system’s technical requirements.

Five seconds later, at ¢ = 5s, a load change is applied and the resistive load
changes to 150€2. One can see in Figure 5.4c, that after a small transient, the line
voltages slightly increase and the load voltage V, remains close to the 300V value
as intended. The inductor currents and the line currents increase due to the higher
power demand, but the accurate power sharing is maintained, since i; = 1.33 and
19 = 0.67 at the steady state, as shown in Figure 5.4b. The inductor currents still

remain below their bounds (Figure 5.4a).
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Figure 5.4: Simulation results of the system states of two parallel operated DC/DC
boost converters under the proposed controller

Finally, at ¢ = 20 s a second load change occurs and the resistive load becomes
90€2. By increasing the power demand further and requesting higher currents from
each converter, as pictured in Figure 5.4a, the inductor current of converter 1 reaches
the limit 7{* = 2.5 A based on the proposed current-limiting strategy, while the
inductor current of the second converter still stays below its maximum value. There-
fore, power sharing is sacrificed to protect the first power converter from damages,
as it is shown in Figure 5.4b. Nevertheless, the load voltage is still regulated close to
the rated value as required (Figure 5.4c).

The transient response of the virtual resistances is displayed in Figure 5.5a. It is
observed that as the load decreases and consequently the power demand increases,

both virtual resistances decrease to allow a higher current flow. At the final change of

the load, w; reaches its minimum value wim'” = z.gléz = 802 which limits the inductor
current 771 below its given maximum value. The response of the additional controller
states wy; and wgye is provided in Figure 5.5b. By combining the values of w; and w,;
given in Figure 5.5a and Figure 5.5b, it is verified that % +w§i = 1 holds true,
which validates the theoretical development.
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Figure 5.5: Simulation results of the controller states of two parallel operated DC/DC
boost converters under the proposed controller

5.2 Paralleled DC/DC boost converters feeding a
CIL, CCL or a CPL

In this section, the analysis is extended to n power converters feeding different types
of loads. In the process of ensuring closed-loop stability, the controller had to be
adjusted and a key benefit is that the obtained control framework does not require

additional current sensors as it does not need the measurement of the output currents.

5.2.1 Dynamic Model

Figure 5.6 shows the configuration of a DC microgrid consisting of n DC/DC boost
converters connected in parallel and feeding a common load. Each converter consists
of a boosting inductor L;, a smoothing capacitor C;, while U; is the DC input voltage
and R; the output resistance, where i € Z. In [67] the impact of cable impedance on
system stability is analysed, where it is shown that the inductance has no effect on
the system stability; hence, for simplicity the cable impedance is regarded as purely
resistive.

Using Kirchhoff laws and average analysis [35], the nonlinear dynamic model of

each DC/DC boost converter, can be described by the following differential equations:

Lipi = U —(1—w)V, (5.33)

where u; is the duty-ratio input, which by definition should remain bounded in the
range [0, 1], iz; is the inductor current and V;, i; are the converter output voltage and

current, respectively.
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Rewriting (5.33)-(5.34) in a matrix form, the DC microgrid system takes the

following form

iy, = LU~ (I, —u)V) (5.35)

V o= C7Y((I, — )iy —1i) (5.36)

where U = [U,...U,]", u = diag{w;}, V = V1. V,]T, iy = [ip1ipn)’, i = [i1..00]7,
L =diag{L;} and C = diag{C;}.

One can observe that system (5.35)-(5.36) is nonlinear, since the control input u

is multiplied with the system states, [ it VT ]T.
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Ci=| V1
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C,= Load

L
<
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V4
4
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l

Figure 5.6: DC microgrid configuration with n paralleled unidirectional DC/DC boost
converters feeding a common generic load.

Assumption 2 ForVi=1Z, there is V; > U;, which represents a requirement for any
DC/DC boost converter.

Please note that based on Assumption 1 and 2, solution (4.7) exists if

2
<Z E) — 4PZE > 0.
i=1 i=1
Assumption 3 Let Assumption 2 hold. If i7" > 0 represents the maximum induc-

: : ma
tor current of each converter, i.e. | ir; |< i7", let

2
S (S ) e

Ui — 177" R; > SN 1
Zz’:lE

(5.37)

hold.
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5.2.2 Proposed controller design

The aim of the control design is to achieve power sharing among the paralleled
converters and tight load voltage regulation close to the rated value, while maintaining
a limited input current for each converter. Here the droop control concept is imple-
mented as a dynamic virtual resistance for each converter, opposed to the traditional
design, which is applied directly to the voltage. Hence, the duty-ratio input of each

boost converter takes the form

where ¢ € 7 indicates the converter number and w; represents a virtual resistance for
i-th converter. Inspired by the current-limiting controller [31], the virtual resistance
is proposed to follow the nonlinear dynamics:
U?
W; = —c;w?; {ke(vo* —V,) — mi—z] (5.39)
Wi
, (wi — wini) x U? (wi —wmi)?® |
wqi = ci—wqi ke(‘/; — ‘/0> — 777,z—Z — Cikqi T + wqi -1 wqi;
(5.40)

with ¢;, kgi, ke, Wi, Awyy; being positive constants and V', m; representing the load
voltage reference and the droop coefficient, respectively. In contrast to the robust
droop controller [128], the proposed controller does not require the measurement of
the output current i; of each converter; thus leading to a simpler implementation
and also facilitating the stability analysis in Section 5.2.3. It is highlighted that the
proposed structure of the control dynamics guarantees a given bound for w; based on
the bounded integral controller concept [245]. For more details on the boundedness of
w; and wy; the reader is referred to [245] where it is shown that w; € [w!™, w!**] > 0
and wy; € [0, 1] for all £ > 0, given typical initial conditions w;y = wy,; and wgo = 1.
Note also that due to the current-limiting property of the proposed controller, given
P79 > (), then if W™ = w,,; — Awy,; = %, then | iz; (t) |< 78", ¥t > 0 (see [31]).
A control diagram with the controller and all sensed feedback variables is shown in

Figure 5.7.

Assumption 4 For every constant w;, € (W™, w®) > 0 satisfying
U? U2 U?
mi— = mo—2 = ... = m,—~. (5.41)
W1e Wae Whe
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A

Eqn. (5.40)

Figure 5.7: Implementation diagram of the proposed controller (5.38)-(5.40).

there exists a unique steady-state equilibrium point (e, Vie, Wie, Wyie) corresponding
to the desired voltage regulation, i.e.

T)’lzljl2

kewie

‘/oe:V*_

(]

(5.42)
where wye € (0,1], Vi =Z.

Assumption 5 For Vi =1, it holds that m’;‘e/ie — R%_ > 0.

By replacing the expression of the proposed controller (5.38) into the inductor
current equation (5.33), the closed-loop dynamics of the inductor current for each

converter become:
Liin; = —wyir; + Ui, (5.43)

where it is clear that w; represents a virtual resistance in series with the inductance
L;. The equivalent closed-loop system is given in Figure 5.8, where it is clear that
the current 77; dynamics of each converter are partially decoupled from the voltages
V;. At the steady-state there is
1 Lie = ﬂ (5.44)
ie
Hence, the term Z—Q represents the input power of each converter at the steady-

K3

state. As a result, (5.41) yields
m1P1 :m2P2: :mnPn

which indicates the desired power sharing in the DC microgrid based on a suitable

choice of the droop parameters m;.
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Figure 5.8: Equivalent circuit of the closed-loop system
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5.2.3 Stability Analysis
5.2.3.1 Closed-loop system

By applying the proposed controller (5.38)-(5.40) into the DC microgrid dynamics
(5.33)-(5.34), the closed-loop system can be written in the following matrix form
iL Lt (U — [w] ZL)
Sl = _ A4
) Ly 649

i L e S ey

0
_ n 5.46
| (] = O+ b — D) (5:40)
where w = [wy..w,]", wy = [wa..we]", ¢ = diag{c;}, m = [my..my,]’, kg =
diag{kqi}a Wy = 6diag{wmi}7 Arwm = dzag{Awml}
Consider an equilibrium point (ipe, Vie, Wie, wy;e) satisfying Assumption 4. By

setting € = there exists § = diag{d;} > 0 such that ¢ = 11, + 0. Hence,

W{c}’
(5.46) becomes
Eq ( +€5) ([ ] - wm)Awm [wq] (k‘e(Vo* — Vo)1 — [U]" [w] ™" m)
On
| eyt )~ g+ i~ 40
Hence, the closed-loop system equations (5.45) and (5.47) can be written as
T = f(z,2) (5.48)
ez = g(z,z¢) (5.49)
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V-V Wq — Wee
controller gains ¢;, then ¢ is small and therefore (5.48)-(5.49) can be investigated as

where z = [ LML } and 2 = | 7" | For arbitrarily large values of the

a singularly perturbed system using two-time-scale analysis [241]. The controller’s
system (5.47) is also named as the boundary layer since it represents the immediate

vicinity of a bounding surface and is first analysed in the sequel.

5.2.3.2 Boundary layer stability analysis

Considering f, g being continuously differentiable in the domain (z, z,¢) € D, x D, X
[0, 0], when the controller gain ¢ is selected sufficiently large, then ¢ — 0 and, based
on singular perturbation theory, (5.49) results in the algebraic form of 0 = g(z, 2) as
follows

Hﬂzhm—wﬁgéﬁ(<L%Uﬂﬁ%ﬁm}

On
- [ kg (([w] — win)2Aw,2 + [wy]? — 1) w } : (5.50)

The roots of the above system can be computed as

1 2
[ w ] _ r vy [T m (5.51)
wy || (= (] = wn)* 8w, 2) P 1,

and can also be referred to as z = h(z) with w; € (W™, w*®) > 0 and wy € (0,1],
such that h(0) = 0. Thus, the roots also represent the equilibrium points of the
nonlinear system (5.45)-(5.46). Exponential stability at the origin can be investigated
via its corresponding Jacobian matrix:
{ - [WES]Q (U [ewe]~* [m] Ousr
_(([ME] — wp,) [U]” [we] [m]+2kq ([we] — wm)) (Aw;f [wqe]) _2kq[wqe]

Matrix J; is Hurwitz as it is lower triangular and all diagonal elements are negative.

J1=

Hence, there exist p; > 0 and a domain D, = {ze R?"|| z || < p1}, where D, C D,

such that (5.49) is exponentially stable at the origin uniformly in z.

5.2.3.3 Reduced model

To obtain the reduced model, the roots w and w, are substituted from (5.51) into
(5.45), yielding

: 1 1 2 .
ip =1L <U B AEA) [U]" [m] ZL> (5.52)
V=" (ﬁ [P V] i m — z) . (5.53)
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This model is often referred to as quasi-steady-state model, because w, w, introduce
a velocity [w wq]T = ¢ !g which is very large when ¢ is small and g # 0, leading to
rapid convergence to a root h(iy, V'), which is the equilibrium of the boundary-layer.
The corresponding Jacobian matrix of the reduced system will have the following

form

L LU [m] L L1 U] 1pynD

Jo= T ke (Vr—Vioe) TV Ve

20NV O (ke VT ] (L D= (V= V) V) =)

o

By virtue of Theorem 1, the characteristic equation can be calculated from

AL, — Jo| = [A2L, + AM + N| =0, (5.54)
with
M= le[U}z[m]—Ol (ke [Vl fm) ™ (Lnsn D= (Vy = Vo) V] 1) )
(5.55)
1 12 -1 TR -1
N = m[/ (U [m] O (ke [Ve] ™ [m] ™ (V= Vee) [Ve] ™ +1nxn D) +Y)
(5.56)

Replacing matrix Y with its expressions from (4.11), and isolating matrix 1,, by
factorisation, followed by left and right multiplication with determinants |[D| > 0
and |X| = m | LY UP m] O (ke [Ve] ' m] ™' = R7Y) |> 0, according to
Assumption 5, respectively, the characteristic polynomial becomes

| XD+ AM + N |=0, (5.57)

which is a quadratic eigenvalue problem (QEP) with N symmetrical and M, according
to Lemma 2 in [22], diagonalisable whose eigenvalues are all real, since it is a product
between a positive-definite diagonal and a symmetrical matrix. Since M = P~'AP,

equation (5.57) can be rewritten as
| PX'D'P'+ M+ PNP ! =0, (5.58)

with A being a diagonal matrix with the eigenvalues of matrix M as main entries.
The similarity transformation PX~'D~'P~! and PNP~! are symmetrical, as P is an
orthogonal matrix, i.e. P~! = PT, and they share the same eigenvalues as X "'D~! >
0 and N, respectively. If A>0, or equivalently M has positive eigenvalues, and N >0,
then Re()\) <0 and .J, is Hurwitz. Since matrix M is represented by a multiplication
where one term is the diagonal matrix X' (C~ 'k, [V)]™' [m]™' + C'R™Y) > 0,
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according to Sylvester’s law on inertia, matrix M will have the same index of inertia
as the remaining term, (C~'k, V] ']t + C’_lﬂ_l)_1 M. According to Lemma 1
in [22], if

U?m, 1 k V-V, 1
imy L e 0 e . — (1= A\p; 0, 5.59
l{:e(V*—Vo)Li+0i (mivie( Vi Dn)+Ri( D”))> | )

o

holds Vi € T , then M > 0 is satisfied. For the Z and I load cases, all eigenvalues of

matrix D are
1 1

Di — 5 ~n 1

— >0, 5.60
EESvEr D 200

while for the P load case, there is

1 | S e
Api=———— [14+ =510 ) S, (5.61)
6+aﬂém< 3

Regarding condition N > 0, by considering Assumption 5, if

ke (Vr-V, 1 /1
e o oe _ — 0.Vi=1..n. 5.62
mi‘/;e ( V;e)\Di +n) - Rl (ADZ n) g - " ( )

holds, then N > 0 is satisfied. Hence, if the two conditions (5.59), (5.62) hold for each

converter then there exist p, > 0 and a domain D, = {zeR>,| z |2 < ps} where

D, C D, such that the reduced model is exponentially stable at the origin.
According to Theorem 4, there exists €* such that for all ¢ <e*, the equilibrium
point [if, VI w? wg;]T of (5.48)-(5.49) with w;. € (W™, w™**) and wy,. € (0,1] is
exponentially stable; thus completing the stability analysis of the entire DC microgrid.
Note that the stability conditions (5.59), (5.62) can also provide a useful guidance for

the converter or microgrid design (eg. selection of values for C;, L;, R;, etc.).

5.2.4 Methodology for testing the stability conditions

Conditions (5.59), (5.62) might initially seem difficult to verify, mainly because they
require the calculation of the equilibrium point, which, in a microgrid, is a daunting
task [22,246]. However due to the particular design of the proposed current-limiting
droop controller and the boundedness properties of w; and wy;, the following pseudo-
code written procedure can be used to test the conditions, for the P load case as an

example:
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Test for any w;, in the range (w]™", w**®);

for wy, = W™ +§ : W 4 6 do

Calculate wj. from (5.41) for all j =2...n;

if w™ < wje < W forall j=2...n then

Calculate V. from (5.42);

Calculate iy from (5.44);

Calculate V, = diag{V;.} by combining (5.36), (5.42), (5.44) and the
power P using (4.6);

Calculate o and S from Table 5.2 and the diagonal elements of matrix
D from its expression in (4.12);

Check stability conditions;

Verify conditions (5.59), (5.62);

end

end
Algorithm 1: Methodology for testing stability conditions

In order to verify this methodology, the practical example that will be tested in
Section 5.2.6 is investigated. The system represents a DC microgrid with two boost
converters in parallel feeding a P load, where each unit is equipped with the proposed
controller based on the parameters specified in Table 5.3. The results of the two
stability conditions are shown in Figure 5.9, where it is clear that for any w; in the
bounded range (w]™", wi"), the expressions (5.59), (5.62) for each converter are

positive, thus guaranteeing closed-loop system stability.

5.2.5 Simulation Results

To verify the aforementioned analysis, a DC microgrid with the parameters given in

Table 5.2, consisting of three boost converters feeding a common load is simulated

% 10°

—— converter 1 — — converter 2

114

Condition (5.59)
N
Condition (5.62)

112

108

Figure 5.9: Checking stability conditions (5.59) and (5.62)
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for 20 s in MATLAB/Simulink, using the average model of the boost converter. The
main tasks are to regulate the load voltage close to 400 V', share the powerina 3 :2:1
ratio, and maintain an upper bound for the input current, when different types of
loads (Z, I and P) are connected at the common bus.

During the first 5 seconds, the three converters are feeding a common Z load with
a load resistance é =400€2. It can be observed in Figure 5.10a that the currents are
accurately shared in a 3 : 2 : 1 ratio, having i, = 0.5 A, i3 = 0.33 A, i3 = 0.166 A,
provided the input currents haven’t reached their imposed limit yet (Figure 5.10b).
The load voltage is regulated close to the rated value as seen in Figure 5.10c where
V,=399V.

Table 5.2: Controller and system parameters of a DC microgrid consisting of three
DC/DC boost converters feeding a common ZIP load.

Parameters Values Parameters Values
Ry 2.19) Uy 200V
Ry 1.9Q U, 100V
Rs 1.7 Us 240V
Ly 22mH k. 10
Lo 2.1mH my 0.05
L 2.3mH mo 0.075

Cl, 02, 03 560,uF ms 0.15
v 2A kg1, kg2, kg3 1
irs” 5A c1, C2, C3 1.26 x 10%
ins” 2.5A i gmngmin ;A

At t = 5s, the load changes to a constant I load with a load current 7;,,q =
1.5 A. The inductor currents are still below their limit (Figure 5.10b), and the output
currents (Figure 5.10a) keep their accurate sharing (3:2: 1) with iy = 0.75 A, iy =
0.5 A, i3 =0.25 A and the load voltage remains close to 400 V', as one can observe in
Figure 5.10c where V, = 398.5V.

The load changes to a constant P load at t = 10 s, with a load power P = 360 W.
From Figure 5.10c, it can be seen that the load voltage is V, = 399.2 V', while the
output currents (Figure 5.10a) are iy = 0.45 A, i = 0.3 A, i3 = 0.15 A.

To test the current limitation, at ¢t = 15s, the constant P load becomes P =
840 W. The load voltage drops down to 397.7V (Figure 5.10c), and the 2 : 1 power
sharing is kept between converters 2 and 3, with i = 0.74 A and i3 = 0.37 A since their
input currents have not reached their limit yet. However, for the first converter, the

inductor current i, is successfully limited at its given upper value i, = iJ{* = 2 A.
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Figure 5.10: Simulation results of the system and control states of three parallel
operated DC-DC boost converters feeding a Z, I and P load

5.2.6 Experimental Results

A DC microgrid with the parameters given in Table 5.3, consisting of two parallel
Texas Instruments DC/DC boost converters (see Appendix A) loaded by an ETPS
ELP-3362F electronic load acting as a P load as shown in Figure 5.11, is tested to
experimentally evaluate the proposed control framework. A switching frequency of
60 kH z is used for the pulse-width modulation of both converters.

The main task is to achieve load voltage regulation close to the rated value V) =
48 V' and accurate power sharing among paralleled converters, while maintaining the
inductor currents below their maximum values independently from the load changes.
In this section, the power of the two sources satisfy the relation P, = 2P, and, hence,
the load should be shared in a 2 : 1 ratio.

To verify the effectiveness of the proposed current-limiting droop controller, it

is compared to the cascaded PI approach under the same scenario. The controller

parameters were calculated using the following expressions w,,; = % (1?1” + %’L’}”>
1 1
_u 1 1 .
and Awp,; = 3 (zg@;” - 12"5”) as in [31].
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| 24000 2s00)|" 2 160 aoso|
power
source 2

== power analyzer

Figure 5.11: Experimental setup

Initially, the 40 W load demand increases to 60 W and, as one can observe in Fig.
7a, the load is accurately shared using the proposed controller since at steady-state
there is i1 = 29, as i1 ~ 0.8 A and iy ~ 0.4 A, opposed to the case of the conventional
strategy where iy # 2i5. The inductor currents remain below their maximum value as
imposed by the system parameters. The converters’ output voltages are very tightly
regulated to the reference, the load voltage remains very close to its rated value
(Voe = 47.2V) using the proposed controller, while for the case of the cascaded PI, it
drops by 1.5 —2V.

In Fig. 7b, the load power demand decreases from 60 W down to 40 W. The power
sharing is kept at the 2 : 1 ratio using the proposed controller having i; ~ 0.6 A and
79 ~ 0.3 A in contrast to the cascaded PI strategy. The proposed droop control
regulates the converters’ and load voltages to their new steady-state values after a
short transient and V,, still remains closer to the rated value, with V,, = 47.5 V', unlike
the cascaded PI framework.

Finally, in Fig. 7c, the load changes from 40 W to 80 W in order to test the

Table 5.3: Controller and experimental testbed parameters of a DC microgrid
consisting of two Texas Instruments DC/DC boost converters feeding an ETPS ELP-
3362F electronic load acting as a CPL.

Parameters Values Parameters Values
R 2.40 Uy 36V
Ry 3Q U, 24V
Ll, L2 0.3mH kql» ]{qu 1
Cl, 02 300[LF ke 10
my 0.2 i 1.5A
ma 0.4 Ve 2.5A
c1 1012 imin 50mA
&) 517 i 50mA
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Figure 5.12: Experimental results of the system states of two parallel operated DC-
DC boost converters feeding a P load using the proposed controller (left) and cascaded
PI (right)
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controller performance under a large P load demand that will require a higher current
from converter 1 that exceeds its technical limit. As one can observe, the proposed
current-limiting droop controller maintains an upper limit for the inductor current
of converter 1 protecting the device, unlike the cascaded PI droop control where
the inductor current cannot be limited during transients and also leads to integrator
wind-up. On the other hand, the proposed controller does not require a saturation
unit and the current limitation is inherently guaranteed at all times, even during
transients. The power sharing is automatically sacrificed by the proposed controller

in order to protect converter 1, which reaches its maximum capacity iy = 74" =

1.5 A. As converter 2 has not violated its own capacity (ips < i7%%), the load demand
is automatically covered and the voltage of the load is still regulated close to the
rated (Vo =46.8V'). This operation is achieved automatically in a decentralised
way, verifying the current-limiting property and the stability analysis presented in

this section.

5.3 Conclusions

In Section 5.1, a current-limiting droop controller for achieving power sharing among
two parallel operated DC/DC boost converters in a DC microgrid application, was
proposed. Based on the nonlinear dynamic model of the converters, it was proven
that the proposed controller can guarantee accurate power sharing when the inductor
currents of both converters remain below their maximum values. A detailed guidance
for selecting the controller parameters was provided for a complete controller design.
Extensive simulations were carried out and presented to validate the proposed control
approach under several changes of the load demand.

In Section 5.2, a new current-limiting droop controller for achieving power sharing
among multiple parallel operated DC-DC boost converters in a DC microgrid architec-
ture, feeding a constant Z, I or P load, was proposed. The proposed controller
additionally guarantees an inherent current limitation for each converter independent-
ly. The stability of the entire DC microgrid was analytically proven, while simulation
and experimental results were presented to validate the proposed control approach
under several changes of the load power demand in comparison to the conventional
droop control. The superiority of the proposed current-limiting droop controller with

regard to the conventional control is outlined in the following aspects:

i) improved power sharing compared to existing strategies;
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ii) load voltage regulation closer to the rated value;
iii) inherent current-limiting property during transients, and

iv) proven closed-loop system stability for the nonlinear model of the DC microgrid
with a Z, I or P load.
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Chapter 6

Stability analysis of
parallel-operated bidirectional
AC/DC and DC/DC converters

In the previous chapter, the proposed controller was designed and intended for the
control of unidirectional converters. Since cases have emerged where either the power
converter interfaces a storage unit or interconnects two microgrids, the need for
bidirectional controllers has never been more actual. The approach in Section 5.1.1
was to use a dynamic bounded virtual resistance, and express the maximum current

i7" with respect to the input voltage U, as presented in equation (5.31), i.e.

U

mar __

'L - MmN '

Since the input voltage is positive and w € (w™™, w™*®) > 0, the input current was
always positive, the controller proving itself unsuitable for bidirectional converters. To
remedy this shortcoming, in this chapter, a shift of the ellipse has been performed as
one can notice in Figure 6.1, and instead of keeping a dynamic resistance, it becomes
a dynamic voltage E € (—Eaz, Emaez) that can be both positive and negative, to

ensure a bidirectional power flow.

Way Eqn
1 /1»\
/ \. > > 4 >
Wmm‘\ Win / Wmax W 'Emax‘\ 0 /Emax E
~___--- ~_L -~
Wo WO

Figure 6.1: Phase portrait shift of the bidirectional controller

82



Moreover, since in Chapter 5, the maximum current was depending on the input
voltage which might vary (decrease) due to the intermittency of the energy sources
availability, the converter’s maximum current was prone to be limited below the
technical maximum. As a result, one would not make use of the converter’s full
capability. In this chapter, that scenario is avoided since the current would no longer
depend on the input voltage, but on the dynamic bounded virtual voltage described
later on in Section 6.1.3.

In this chapter, a DC microgrid architecture is considered similar to Figure 6.2,
consisting of multiple energy resources in a parallel topology interfaced by both
bidirectional three-phase AC/DC rectifiers and DC/DC boost converters. By conside-
ring the generic dq transformation of the AC/DC converters’ dynamics and accurate
nonlinear model of the DC/DC converters, two novel control schemes are presented
for each converter-interfaced unit to guarantee load voltage regulation, reactive power
control, power sharing and closed-loop system stability. An inherent current-limiting
capability is ensured, independently from system parameters, by means of Lyapunov
methods and ultimate boundedness theory. The developed method is based on the
concept of introducing a constant virtual resistance with a bounded dynamic virtual
controllable voltage which can be both positive and negative to guarantee bidirectional
power flow. Simulation testing is carried out in Section 6.1 of a DC microgrid with
units feeding a common resistive load.

As CPLs are well-known to introduce instabilities into the microgrid system
resulting from their negative impedance effect, in Section 6.2, sufficient conditions
to ensure closed-loop stability with the proposed current-limiting control framework

are mathematically acquired and tested in different operating scenarios. The system

PV Array \

IDGI

L “bc

L =
T

4

tilitv Grid

Figure 6.2: Common configuration of a DC microgrid
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stability is further analysed from a graphical perspective, providing valuable insights
of the CPLs influence onto the system performance and stability. The developed
controller and the theoretical stability analysis are first validated in comparison
with the conventional cascaded PI control technique, by simulating a three-phase
AC/DC converter in parallel with a DC/DC boost converter feeding a common CPL.
Experimental results are also included to further validate the benefits of the developed

control strategy on a real testbed.

6.1 Bidirectional DC/DC and three-phase AC/DC
converters feeding a CIL

6.1.1 Nonlinear model of the DC microgrid

Apart from the community, residential or industrial DC microgrid configuration
similar to the one presented in Figure 6.2, one can find DC microgrids in other
applications such as data centres, electric vehicles and electric trains, or even electric
aircrafts as shown in Figure 6.3. The hybrid electric aircraft initiative [12], for
instance, that combines conventional hydraulic and electrical systems has significantly
increased, leading to recent models, such as Boeing 787 [247] and the Airbus A380
[248,249] having more electrical components installed compared to older models.
Nevertheless, the DC microgrid under investigation is displayed in Figure 6.4,

and it consists of two main bidirectional converter units, a three-phase rectifier and

\
\—|}
m
zZ
LOAD
g/

[FUEL CELL] | [BATTERY ]
I
-

Figure 6.3: Typical topology of an on-board DC microgrid of a hybrid electric aircraft.
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Figure 6.4: DC microgrid under investigation consisting of a bidirectional three-phase
rectifier and boost converter feeding a common load

a DC/DC boost converter feeding a common load. The bidirectional three-phase
AC/DC rectifier consists of a boosting inductor L, with a small parasitic resistance
rs in series for each phase, a DC output capacitor C,.. and six controllable switching
elements that operate using PWM and capable of conducting current and power in
both directions. The input voltages and currents of the rectifier are expressed as v;
and 7;, with ¢ = a, b, ¢, while output DC voltage is denoted as V,... The bidirectional
DC/DC converter has two switching elements, a parasitic resistance r;,, an inductor
Lyq: at the input and a capacitor Cy,; with a line resistance Ry, at the output. At
the input the voltage and the current of the converter are represented as Upy, and
Trpat, Tespectively, the latest being either positive or negative to allow a bidirectional
power-flow.

To obtain the dynamic model of the rectifier, the average system analysis and the
dq transformation can be used for three-phase voltages and currents, using Clarke
and Park transformations [71]. Following [70], the dynamic model of the rectifier in

the synchronously rotating dgq frame can then be found as

r ‘/rec
led = _rs[d - wLSIq — My 5 + Ud (61)
r V;’ec
LS]q = —T’SIq + (,«JLSId - qu + Uq (62)
: 3 3 .
CrecViee = Zmd[d + Z_lmq]q — lrec (63)

where Uy, U, and Iy, I, are the d and g components of the grid voltages and input
currents, respectively, and mg4, m, are the duty-ratio control inputs of the rectifier
with V; and V,, being the d and ¢ components of the rectifier voltage v = [v, vy V),

respectively.
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Using Kirchhoff laws and average analysis [35], the dynamic model of the bidirec-

tional dc/dc boost converter becomes

LbatiLbat = Ubat - riniLbat - (1 - ubat) %at (64)

Cbat%at = (1 - ubat) iLbat - ibat (6’5)

It can be observed that system (6.1)-(6.5) is nonlinear, since the control inputs mg,
m, and up,, are multiplied with the system states. Assuming only the bidirectional

DC/DC converter in the system, by considering a steady-state equilibrium (45 ,,;, Vi)

corresponding to a duty-ratio ug,,, it results from (6.4) that uf,, = 1 — ‘[i::z, which
shows that when wu,,; = 1 the inductor current continuously increases, thus the
system becomes unstable. Imposing a given upper bound for the inductor current
is a crucial property that should be guaranteed at all times to achieve permanent
device protection. A controller, equipped with the current-limiting capability while
also achieving desired operation i.e. reactive power control, accurate load power

sharing and tight voltage regulation, is proposed in this chapter.

6.1.2 Problem description and objectives

As mentioned earlier, a common technique to guarantee power sharing among the
parallel converters, without employing communication is the droop control [128,250—
252]. The conventional droop control method has each of the n parallel-operated

power converters introducing an output voltage V; of the form:
‘/i =V - my; (Pz - Pset) (66)

where V*, P, are constants that represent the output reference voltage, and the set
power respectively, P; is the power drawn by the load out of each converter, m; is the
droop coefficient, with the subscript ¢ € Z. Nevertheless, the main concerns when
employing this strategy are represented in general by the trade-off between voltage
regulation and load sharing, by the influence of the system’s impedance and the slow
dynamic response. In addressing these problems, the droop equation in (6.6) will take

the following dynamic form
Vi=V* =V, = n; (P, = Pot) (6.7)
where V, is the load voltage measured at the common bus. At steady state, there is

m1P1:m2P2:...:mnPn (68)
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which guarantees the accurate sharing of the power requested by the load. However,
the technical limitations of the converters are not taken into account. Considering the
power rating P, = P]'** of a converter and the rated input voltage U, a limitation
for the input current of each converter can be calculated. Computing such bounds for
the current represents a major challenge in DC microgrids operation, since on these
values depends the protection of the generating circuit or transmission system from
harmful effects in cases of significant changes, such as variations in the load power

demand.

6.1.3 Nonlinear control design and analysis

6.1.3.1 The proposed controller

The purpose of the designed controller is to achieve all the aforementioned tasks
without saturation units that can lead to instability. The concept behind it relies on
the idea of partially decoupling the inductor current dynamics, introducing a dynamic
virtual bounded controllable voltage with a constant virtual resistance for both the
three-phase rectifier and the boost converter. In both cases, the dynamics of the
virtual voltage will guarantee the desired upper limit for the converters’ currents

regardless of the direction of the power flow.

1. Three-phase bidirectional AC/DC rectifier

The control inputs m, and m, take the following form

2

mq = vV (Ud - Ed - WLSIq + rvd]d) (69)
2

mg = Vv (Uq - Eq +wlsly+ T’Uqu) (610)

rec

where 7,4, 7,4 are constant virtual resistances and Ey, E, are virtual controllable

dynamic voltages that change according to the following nonlinear dynamics:

. E2
Ed = Cq4d1 (‘/07 PREC) qu —k (EQ—d + w?lq - ].) Ed (6].1)
maxd
. E,E E?
By = —cag1 (Vo, Pric) Ef; da ( Bl - 1> Eqq (6.12)
maxd maxd
. E?
E, = cy92 (Q) E2, — k <E2 B - 1) E, (6.13)
maxq
: E.E E?
Eyy = =c492(Q) Z— — k (Ez—q +Ej, — 1) Eqq (6.14)
maxq maxq
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with Fy,, Eyq representing additional control states and cq, ¢4, Ernazd, Emazq: k
being positive constants.
2. Bidirectional DC/DC boost converter

The control input becomes

vla Ua -k
Upat = 1 — Tublh t+Vb bat b (6.15)
at

where 7,, > 0 represents a constant virtual resistance and Fj a virtual control-

lable voltage which introduces the following nonlinear dynamics:

. E2
Eb = Cg3 (‘/0, PBAT) qu —k (W—b + El?q — 1> Eb (616)
mazxb
. EyE E?
Eyy = —cgs (V,, Pear) E‘; Mok, (EQ—” +E2 - 1) Ey, (6.17)
maxb maxb

with Ej, being an additional control state, ¢, k, Ey,q,5 being positive constants
and g;, with ¢ = {1, 2, 3}, a smooth function that describes the desired regulation
scenario and has incorporated the expression of the droop control from equation

(6.7) in the following form:

g1 (‘/07 PREC) =V - ‘/o —m,; (V;"ecirec - PsetREC’) (618>
g2 (Q) = Q - Qset (619)
93 (Vo, Ppar) = V* =V, — mi Viativar — PsetBar) (6.20)

where V,ciiree = Pree and Vigivee = Ppar represent the output power of the

rectifier and bidirectional boost converter respectively.

6.1.3.2 Controller analysis

To further understand the choice of the controller dynamics (6.16)-(6.17), consider

the following Lyapunov function candidate

W = E? E—’? 6.21
- bq+E2 : ( )

mazxb
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Taking the time derivative of W and incorporating the control system (6.16)-(6.17),

one obtains

W = 2By, By, + E2—"E,,
maxb
E,E} E?
=2 9 % -+ E2 — 1) E}
s E?nazb (Egmamb - b b
2L, 2 El? El? 2
" Erznamb Cg3qu - 2kEr2na:pb E?nawb " qu !
E? E?
= 2k ( b+ B~ 1) (Eg + —b) : (6.22)
E?naxb v ! E?%"Lamb

From (6.22), it is clear that T is negative outside the curve

2

E
Wy = {Eb,queR:EQ—b+E§q:1} (6.23)

maxb

and positive inside except from the origin, where W = 0. By selecting the initial

conditions Ejy, Epg on the curve Wy, it yields:

W=0,=WI(t)=W(0)=1,Vt >0, (6.24)
which makes clear that the control states £, and L, will start and move on the curve

Wy at all times. For convenience, the initial conditions Eyy and Ejpgy will be chosen

as

Ey =0, Epgo =1 (6.25)

Since the control states are restricted on the curve Wy, then Ey € [—Epnazp, Fmazs) for
all t > 0. The controller dynamics will result in

Ey = cgs (V,, Ppar) B, (6.26)

. B, E
Eyy = cg3 (Vs, Ppar) qu b
maxb

(6.27)

Considering (Eyo, Epgo) # (0,0), the possible equilibrium points of the controller
dynamics lie on the curve W, that satisfy:

i. g3 (V,, Pgar) = 0, that will guarantee the desired operation i.e. voltage regulation

and power sharing or

. (Ebe, Epge) = (£ Emazp, 0) which corresponds to the case of overcurrent protection

as explained in the sequel.
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A similar analysis demonstrates boundedness for (6.11)-(6.14) dynamics and it

will result in:

Ed S [_Ema,mdu Ema,md} (628)
E, € [—Emaxq, Emaxq] , Vt>0. (6.29)

6.1.3.3 Current limitation

1. Three-phase rectifier

For system (6.1)-(6.2), consider the following continuously differentiable func-
tion . .
_ 2 2
Vi= gLadi+ L. (6.30)

Substituting mg, m, from (6.9)-(6.10) into (6.1)-(6.2), and taking into account
that Ed S [_Emazd7Emazd]a Eq € [_Emazanmaxq]a and Edq7 qu € [07 1]7 the

time derivative of V' becomes

V = - (r'ud + Ts) [3 + Ed[d — (rvq + 7”3) Iq2 —+ Eq[q

IN

—(ro+r) (I3 + 1) + [ Ba By ] {?ﬂ

< —(ro +r) I + 1Bl l2I]]2 (6.31)

where 7, = min (ryq, Tvq), L = [14 Iq]T and F = [Ey Eq]T.

Hence
|E]]2

v

Vi < =113, VI ]]2 >

(6.32)

which means that the solution of the system (6.1)-(6.2) is uniformly ultimately
bounded, according to Theorem 3, with respect to to the virtual voltage vector
E. Since E is bounded, meaning both components F,; and E, are bounded,

then also the d and ¢ currents, I; and I, remain bounded at all times.

Since I = [I4 Iq]T, then considering the dg transformation, it results in

Ells = /E2+ E2 =/ (V2Eums)” = V2Esms (6.34)

Pending a suitable choice of the control parameters, i.e. Eupd = Emazg = Errey

and 7,4 = g = 7y, then for

maxr

E
]max — rms (635)

rms
Ty
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it is proven from the ultimate boundedness theory (6.32) that if initially the
current is below the maximum allowed RMS value I ie., I, (0) < I

then Emam Z’maac
Los (1) < Zrms. — ZrmsTv - maz gy (6.36)

— rms ?

Ty Ty

Hence, the input current of the rectifier is always limited below ["%* with the

appropriate choice of EN and r, given in (6.35), ensuring protection at all
times. By maintaining an upper limit for £; and E, from the proposed dynamics
(6.11)-(6.14), both the closed-loop system stability and the desired current-
limiting property are achieved. Since the dynamics (6.11)-(6.14) are analysed
using Lyapunov theory that induces invariant sets, the required bounds for
E; and E, are guaranteed without applying additional saturation units. In
addition, the proposed controller slows down the integration near the limits, and
therefore, it does not suffer from integrator windup issues, which may lead to
instability. This is a crucial property that distinguishes the proposed controller
with traditional current-limiting appraches that incorporate current saturation

units.

. Bidirectional boost converter

By applying the proposed controller expression (6.15) into the bidirectional
converters dynamics (6.4), the closed-loop system equation for the inductor

current ir,, takes the following form
LbatiLbat = - (’rvb + Ts) iLbat + Eba (637)

and it becomes clear that r,, represents a constant virtual resistance in series

with the converter inductor Lpg.

To investigate how the selection of the virtual resistance and the bounded
controller dynamics of Ej are related to the desired overcurrent protection,

let the following Lyapunov function candidate

1 .
sz = éLbatZ%bat (638)

for closed-loop current dynamics (6.37). The time derivative of V5 yields

y . - ) .
Vo = Liatibativat = — (Tob + 7's) 1par + FblLbat

S - (rfub + Ts) i%bat + |Eb| |iLbat| S - (rvb + Ts) i%bat + Emaa:b|iLbat|7 (639)
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given the bounded Ejy € [—FE,a0b, Fmasb], which implies that

Ema:pb

Vo < =102, ViLsat] > (6.40)

T'ub

By virtue of Theorem 3 and according to (6.40), the solution iype (t) is uniformly
ultimately bounded. So, if initially |izpa: (0) | < E’;‘—’Z’“”, then it holds that

Ema;vb

‘iLbat (t) ’ < , YVt > 0, (641)

T'vb

because of the invariant set property. Based on the desired overcurrent protec-
tion, it should hold true that

lizpar (1) | < 0782t > 0, (6.42)

ymax

for a given maximum value 7% of the inductor current. By substituting (6.41)
into (6.42), one can clearly select the parameters E,,q., and 7, in the proposed

controller in order to satisfy
Ema:vb = rvbi?[fgi- (643)

Any selection of the constant and positive parameters E,, .., and r,, that satisfy
(6.43) results in the desired overcurrent protection (6.42) of the converter’s

inductor current regardless the load magnitude or system parameters.

From the closed-loop dynamics (6.37) combined with (6.16)-(6.17) at steady
state, there is g3 (V,, Pyut) = 0, then E, = Ej. on the curve W, and the value
of the inductor current becomes 7,,, = % But since Eye € [—Emazb, Emazb)s
then the inductor current can be both positive and negative, thus, ensuring the

two-way operation of the bidirectional converter. When Ey. = —F, 420, then
G pat = —% = —17 % that corresponds to the overcurrent protection in both

directions of the current.

Compared to existing conventional overcurrent protection control strategies, it
has been mathematically proven according to the ultimate boundedness theory that
the proposed controller maintains the current limited during transients and does not
require limiters or saturation units which are prone to yield instability in the system,

thus highlighting the superiority of the proposed control design.
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6.1.4 Simulation results

To test the proposed controller, by considering the average of the bidirectional DC/DC
boost converter and the three-phase AC/DC rectifier, the DC microgrid displayed in
Figure 6.4 is studied having the parameters specified in Table 6.1, with the control
parameters [,,,,, and r, chosen as specified in Section 6.1.3. The aim is to achieve tight
voltage regulation around the reference value V* = 400 V', accurate power sharing in
a 2 : 1 ratio among the paralleled AC/DC and DC/DC converters at the load bus
while also assuring protection against overcurrents. The model has been implemented
in Matlab/Simulink and simulated for 30 s, considering a full testing scenario.

During the first 5 s, it can be observed in Figure 6.5b that the load voltage V, is
kept close the reference value of 400 V. The power sharing is accurately guaranteed
(Figure 6.5¢) in a 2 : 1 manner having igar =~ 0.34 A and igrpc =~ 0.17 A, since the
input currents haven’t reached their imposed limits yet as shown in Figure 6.5a.

For the next 10 s the operation principle of the battery is simulated. The direction
of the power flow is reversed to allow the battery to charge and discharge. At t =5s
the power set by the battery controller becomes negative Pieipar = —500 W, thus
leaving the battery to be supplied by the three-phase rectifier.

The input current goes to the negative side, while the rectifier’s input current
increases to satisfy the new amount of power requested in the network (Figure 6.5a).
The power sharing ratio between the battery and the rectifier disappears since the
current of the battery changes its direction, and becomes negative as shown in
Figure 6.5b. The load voltage remains closely regulated to the desired 400 V" value.

After 5s the set value of the power returns to its initial 0 W value, allowing the

Table 6.1: Controller and system parameters of a DC microgrid consisting of a
bidirectional DC/DC boost and a three-phase AC/DC converter feeding a common
CIL.

Parameters Values Parameters Values

Urms 110V Ubat 200V
Rphase 0.5 Rbat,rec 1.1Q
Lphase 22mH Lbat 2.3mH

[RMS 334 bt 54
Chree 300uF Chat 500uF
Nyec 0.015 Npat 0.0075
Powa 2000 k 1000

Cd 100000 Chat 100
Cq 5000 Tvbat 5

93



6.1. Bidirectional DC/DC and three-phase AC/DC converters feeding a CIL

10 15
Time/s

20 25 30

(a) inductor currents

VIV

460

440 |

420

400

380

360

340

5 10 15 20 25
Time/s

30

(b) output voltages

30F

25

20 f Eomt

/A
; ]

E/V
&

30 0 5 10 15 20 25
Time/s

10 15 20 25
Time/s

30

(¢c) output currents (d) virtual voltages

Figure 6.5: Simulation results of the DC microgrid system

battery to return to its former discharging state. The power sharing ratio comes back
to 2 : 1 as displayed in Figure 6.5b.

At t = 15 s the power requested by the load increases P,qq = 1000 W and, thus,
more power is needed from the battery and the three-phase rectifier to be injected
in the microgrid. The load voltage drops down to 395V according to Figure 6.5b,
while the input currents increase and, therefore, the power injected increases at the
common bus (Figure 6.5a) but keeps the imposed sharing between the two sources,
the battery and rectifier, to the desired proportion of 2 : 1 having igar ~ 1.65 A and
irec ~ 0.82 A, as presented in Figure 6.5¢ given the fact that none of the inductor
currents have reached their maximum allowed current.

To test the input current protection capability, the power demanded by the load is
further increased. Thus, at t = 20 s the power requested by the load reaches a higher
value than before, P, = 1600 W, forcing the battery and the three-phase rectifier
to increase their power injection at the load bus. As noticed in Figure 6.5a, the input
current of the battery reaches its limit iy par = 754 = 5 A, and the power sharing
is sacrificed (Figure 6.5¢) to ensure uninterruptible power supply to the load. The

load voltage remains within the desired range, V, = 391 V' with a voltage drop of 9V,
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which is about 2%.
Consequently, to further verify the theory presented, the controller states Ejg,
E,, and E are presented in Figure 6.5d. When the input current of the battery

reaches its maximum, the virtual voltage of battery also arrives at its imposed limit

Epar = Enazpar = 11 5arrvpar = 25V .

6.2 Bidirectional DC/DC and three-phase AC/DC
converters feeding a CPL

6.2.1 Dynamic model

The DC microgrid shown in Figure 6.2 is extended from two parallel-operated con-
verters to any finite number of parallel-operated converters. The configuration of the
DC microgrid under investigation is shown in Figure 6.6, containing n bidirectional
three-phase rectifiers and m bidirectional DC/DC boost converters feeding a cons-
tant power load, where L,; is the inductor at the input, a DC output capacitor C;
with a line resistance R; and six controllable switching elements that operate using
PWM and capable of conducting current and power in both directions. The input
voltages and currents of the rectifier are expressed as vy, Up;, Vi and iq;, tp;, ie;, While
output dc voltage is denoted as V; with i € {1,2,...,n}. The bidirectional DC/DC
converters have two switching elements, an inductor L; at the input and a capacitor
C; with a line resistance R; at the output, while V; is the output voltage, where
j€{n+1,n+2...,n+m}. At the input, the voltage and the current of the
converter are represented as Uj, and ir;, respectively, with the latter being either
positive or negative to allow a bidirectional power-flow.

To obtain the dynamic model of the rectifier, the average system analysis and the
dq transformation can be used for three-phase voltages and currents, using Clarke and
Park transformations [71]. Following [70], the mathematical model of the rectifiers in

the dq coordinates is set up, in matrix form as

. 1

L., = —stIq — Ede,n + Uy (644)
. 1

Lly = wLla=5mgV, (6.45)
: 3 3 .

CV; = Z—Lmd[d + qu[q — 1y (646)

where i, = [iy...i,]", V, = [V1..V,]T, Ly = diag{ L}, C, = diag{C;}, w = diag{w;} is
the rotating speed, Uy = [Uy; ... Ug,]? is the amplitude of the three-phase AC voltage
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Figure 6.6: Parallel operated three-phase AC/DC and bidirectional DC/DC boost
converters feeding a common constant power load

source when voltage orientation on the d axis is considered and Iy = [l ... I4,]7,
I, = [l ... I,,)" are the d and ¢ components of the AC source currents, respectively,
and mgq = diag{mg}, m, = diag{m,;} are the duty-ratio control inputs of the rectifier
with V; and V,, being the d and ¢ components of the rectifier voltage v = [v, vy V),
respectively.

Using Kirchhoff laws and average analysis [35], the dynamic model, in matrix

form, of the bidirectional DC/DC boost converter becomes

Lip = Uy — (I, —u) V (6.47)
Cb% = (Im — U) ’iL — ib (648)
Where iL = [iL(n+l) e iL(n+m)]T, % = [Vn—l—l Ce V,H_m]T, ib = [in+1 Ce in+m]T, Ub =

[Uni1 -+ Upim)®, L = diag{L;}, C, = diag{C;}, u = diag{u;}. One can observe

that system (6.44)-(6.46), (6.47)-(6.48) is nonlinear, since the control inputs mg;, my;

and u; are multiplied with the system states, (14,1,,V;), and (i1, V}) respectively.
As the AC/DC and DC/DC converters supply a CPL, the power balance equation

becomes

n+m
P=V,) i (6.49)
k=1
. Vi — Vo
— 6.50
(23 Ry ( )
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where Vj, 1, represent the output voltages and currents, respectively, with k €
{1,2,...,n+m}, V, is the load voltage, and P is constant and represents the power

of the CPL. Consider now the following assumptions:

Assumption 6 [t holds that
n+m 2 n+m
Vi 1
g — | >4P E —. 6.51
<k:=1 Rk) o Ll (021

Thus, substituting the output current i, from (6.50) into (6.49), one can obtain
the following expression for the load voltage given by the real solutions of the second

order polynomial

2
n+m Vj n+m Vj . n+m 1
Zk:l R_kj: \/( k=1 R_k) 4sz:1 Ry,
= n+m 1
QZk:I Ry

3 maxr __ max max ymax ymax
Assumption 7 Let Ij"** = {7755, ... s iy - 8 m

input current of each converter (maximum RMS current for AC/DC converters and

Vo (6.52)

)} be the mazimum

mazximum inductor current for DC/DC' converters). Since for three-phase rectifiers
Vi > 2Uq; and for boost converters V; > Uj, let

2
ntm Vi ntm Vi \* _ ntm 1
ST+ J (S ) P

n+m 1
2Zk:1 Ry

mm{QUdl, U]} — [’?Laka > (653)

hold, for every k € {1,2,...,n+m}.

The load voltage has two solutions, a high voltage and a low voltage, with the
high voltage representing the feasible solution because of Assumption 7, which gives
Vo > min{2Uy;, U; } —I;"**Ry,. Therefore, the voltage of the load can be described as

2
n+m Vi n+m Vi . nt+m 1
S e (S ) e
= n+m 1
22k:1 Ry

Considering an equilibrium point (Zge, Lyie, iLje, Vie, Vje) for constant control inputs

v, (6.54)

Mai, Mg;, Ui, by taking the partial derivative of the output current ¢; from (6.50) with

respect to the capacitor voltage Vi, we obtain the admittance matrix as in (4.11):

Y = Ril (In+m - 1(n+m)X(n+m)D) (655)
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with matrix D for the CPL case following from equation (4.12) as

n+m Vi
1 _ —
D Ril + Zk} 1 Ry

n+m
2
22}: 1 Rk \/( n+mm) _4P2n+mL
k=1 Ry k=1 Ry

R (6.56)

2
where \/ < e ;—’;) —4pPy R%c > 0 according to Assumption 6. Since R is a
diagonal positive-definite matrix, then it is clear that matrix D is a positive-definite

diagonal matrix, with eigenvalues of the form

n+m Vj
1 1 -1 R, 1
— Zici n — (6.57)

Dk — )
B ( k:J:rl ‘fé; ) —4P> " + 1k

Vk=1,...,n+m.

6.2.2 Nonlinear control design and analysis

The end goal of the designed controller is to achieve accurate distribution of the load
power and tight load voltage regulation close to the rated value, ensuring that the
current of each converter does not violate certain bounds. This concept is based on
the idea of partially decoupling the inductor current dynamics, introducing a constant
virtual resistance with a bounded controllable voltage for both the bidirectional three-
phase AC/DC and the DC/DC boost converters. In both cases, the dynamics of the
controllable virtual voltage will guarantee the desired upper bound for the converters’

currents regardless of the direction of the power flow.

6.2.2.1 Three-phase rectifier

Although a current-limiting controller was recently proposed in [71], it only allows
unidirectional power flow, which is a significant limitation when storage units are
introduced or the AC/DC converter represents an interface between a DC and an
AC microgrid. To overcome this problem, here the control inputs mg; and m,,, with

i€ {1,2,...,n} are proposed to take the following form
mai = — (Usi — Egi — wiLgily + rvila;) (6.58)

qu‘ =

SNSRI

(wiLsilai + 1Toily;) (6.59)
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where r,; > 0 is a constant virtual resistance and FE, a virtual voltage that change

according to the following nonlinear dynamics:

. 3UuE
Eu = cy <V*— V, — dl(§ Bz Pseti>> Ec%ql (66())
Twi
: . 3 UgiEai EqiEqqi E3
Eagi = _Cdz’(v -V, - dz(ir—m - Pseti)) Jo2 ? — kicai (EQ—d + Ec%qi_]- Eaqi
(6.61)

with FEj, representing an additional control state, V* the load voltage reference,
Py.i; the set output power, d; the droop coefficient, and cg;, ez, k; being positive
constants. The proposed controller introduces the desired droop expression via the
input mg;, while it forces the current I; to zero through my; in order to guarantee

unity power factor operation, since @); = gUdini.

6.2.2.2 Bidirectional DC/DC boost converter

Following a similar control framework with the AC/DC converter, for the DC/DC

boost converter the control input u;, with j € {n+1,...,n +m}, becomes

ijiLj + Uj — Ej

=1- 6.62
where r,;; > 0 represents a constant virtual resistance and F; a virtual controllable
voltage

) U.E.
EJ = Cj (V* — ‘/; — dj ( I PSEtj)) qu] (663)
Tvbj
: ; U;E; Lj g E} 2

(6.64)

where Fp,; being an additional control state, Ps.; the set output power, d; the
droop coefficient, and c¢;, kj, Epae; positive constants. Compared to the robust
droop controller [128], the proposed strategy does not require the measurement of
the output current 4;, 7; of each converter, thus leading to a simpler implementation.
It is highlighted that a second controller state Ey,, Ep, is based on the bounded
integral controller concept [245]. For more details on the bounded dynamics of the
control states the reader is referred to [245] where it is shown that the control
states are guaranteed to stay within their imposed bounds Ey € [—Enmazi, Fmazil,
E; € [“Erawj, Emazj| and Eggi, Eyg; €[0,1] for all ¢t > 0, given typical initial conditions
Es = E; = 0 and Ey = Epy; = 1. The block diagram depicting the controller
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implementation, measurement and actuation parts is presented in Figure 6.7. Having
introduced the proposed control schemes, consider the additional assumptions for the

system:

Assumption 8 For every Ege € (—Epmazis Emazi) and Eje € (—Epaaj, Emaz;) cons-
tant, satisfying

< - Pset(n-‘,—m))

Eqn.(6.61) |4

(a) 3-phase bidirectional rectifier controller

Eqn.(6.64)

A

(b) DC/DC bidirectional boost converter controller

Figure 6.7: Block diagrams with the control implementation of the controllers
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there exists a unique steady-state equilibrium point, denoted
([dieu [qiea Z-Ljeu Vtie’ V}e’ Edie7 Edqi67 Ej€7 quje)

corresponding to a load voltage regulation Vo from (6.54), where Eqgic, Epgje € (0, 1],
Vk=1,...,n+m.

Assumption 9 For Vk = 1...n + m it holds that %% > 1, with a, = 3 when

ag Ry
k=1..nandoar=1whenk=n+1...n+m.

For the selection of Ej,4,; and E,,q.; the following condition should hold
|Emaxk’ < Uk,Vk: 1...n4+m. (665)

Remark 6 Similar to Chapter 5, one might notice from the previous section that the
desired current-limiting feature was proven by employing the ultimate boundedness
theory and making use of the parasitic resistances of each converter. Although in this
section they have been ignored, one can easily gquarantee the current-limiting property
of each converter by simply rewriting the constant virtual resistance r,, as r, = 7, +¢€,

for an arbitrarily small positive constant €.

6.2.3 Stability Analysis

By applying the proposed controller (6.58)-(6.61),(6.62)-(6.64) into the DC microgrid
dynamics (6.44)-(6.46), (6.47)-(6.48) the closed-loop system can be written in the

following matrix form

lfd LY (—rpals + Eg)
1, —Ls_lfrvd[q
ip | = Ly (—rwis + Ep) (6.66)
v, 50 [ ] H(( d] [Ed) + rva 1)) Is — roal}) — C;t,
Vil L ARG ] [ o] — [B4]) ir — Cy iy
Ed ] i Cd Edq (V*ln dd (2 vd [Ud] Ed Psetd))
Eag | _ E,2 i Ed [Ea] (V dd (3r,J [Ud) Ea = Peeta)) |
By, | Cp qu (V 1, — db( oo (U] Ey — Poews))
qu J L Em?sz Ey] [Ebg] ( —dp (7'@_1;1 [Us] By — Psetb))
_ On
kaca (Emaa:d [Ed] + [Edq]2 - ]n) Edq (6 67)
0, .
| Ko (B, [Eb] + [Evg)” = In) Eng
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with dg = diag{d;}, d, = diag{d,}, kq = diag{k:}, ky = diag{k;}, Eq = [Ea ... Ea]",
Euqg = [Eiq - - Edqn]T, Ey, = [qu(n+1) . qu(ner)}T, roa = diag{ry;}, ca = diag{cg},
¢y = diag{¢;}. Emaza = diag{ Bmasi}, Emasy = diag{ Bmaz;}: Peeta = [Poct1 - - Poctn]
Pyeyy = [Pset(nJrl) .. Pset(ner)}T

Consider an equilibrium point [13, IZ 7, VI VL ET ET  EL EL ] calculated from
(6.66)-(6.67) at the steady-state, satisfying Assumption 8. By setting ¢ = —*

min{cg}’

there exists 6; = diag {6;} > 0 and § = diag {0;} > 0 such that ¢q; = 11, + &4 and
= 1I,, + 6. Thus (6.67) becomes

|: 5E :| _ |: In+m+5 O(n+m)><(n+m) :| «

eE, Oputmx(ntm)  ntm + 0
({ [E)* (V" = Vo) Loy — d(Hr;' U] E — Pyy))
—E e [E] [E] ((V* Vo) Lngm — d (Hr U E = Piey))
0,
i) (0%
where H = l O%nj:n 0};’” }, § = diag{dq,0}, d = diag{dy}, k = diag{k;}, E =

(BT B[, By = [EREL], vy = diag{ra}, U = [USUT]", Enee = diag{ Emas},
Py = [Pg;td st;tb]T

Hence, the closed-loop system equations and can be written as

T = f(z,2) (6.69)
ez = g¢g(x,2) (6.70)
I — Ige B, — B,
Iy E; — FE
where x=| i, —ir. | and z= %%_ Edqe . For arbitrarily large values of the
er - ‘/re ‘
Vi — Ve Fog = Boge

controller gains ¢, ¢4 the value of ¢ is small and therefore (6.69)-(6.70) can be investiga-
ted as a singularly perturbed system using two-time-scale analysis [241].

Considering f, g being continuously differentiable in the domain (z, z,¢) € D, x
D, x[0, o], when the controller gains ¢, ¢, is selected sufficiently large, then ¢ — 0 and,
based on singular perturbation theory, g will have an algebraic form of 0 = g(x, z) as
follows

[ Ontom } _ [ )" (V* = Vo) Ly = d (Hr, " [U] E = Puet)
Opirn —B,2 BB (V* = Vo) Lyssn — d (Hr, [U] E — Pyy))

On
[ k(Epz, [E] + [E)" = 1) B, (6.71)

102
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The roots of the above system can be computed as shown below

(6.72)

o H ', [U]7 (d (V= V) Logm + Poet)
%)-

— -1
(e = Euta [B]°) L

q

These roots can also be written as z = h(z) with Ege € (—Enazi, Pmazi), Eje €
(= Emazj» Emaz;), and Eggie, Epgje € [0,1], such that h(0) = 0. Thus, the roots also
represent the equilibrium points of the nonlinear system. Exponential stability at the

origin can be investigated via system’s (6.70) corresponding Jacobian matrix:

—Hd[E)* [U]r;? 0 (1n-m) x (n+m)

v

(HA[U)r;" = 2k) [El] [Bye) Eppe - =2k [Ege]’

max

Ji = (6.73)
where it is obvious that J; is negative definite since it is lower triangular and the
diagonal elements —Hd [E,.)* [U]r;

" and —2kE> are diagonal and negative definite

matrices.

Therefore matrix J; is Hurwitz. Hence, there exist p; > 0 and a domain Dz =
{zeR* || z |2 < p1} where D, C D, such that (6.70) is exponentially stable at the
origin uniformly in z.

To obtain the reduced model, the roots E and E,, are substituted from (6.72) into
(6.66), yielding

]Ll (—rviin + B) (6.74)

{%]:Lw*m*mv (] + 1o i) e — G) — O

2
with £ = | (O [ g [ ela Do | i) = v

Oscn I Osn Omusern r

i=[i74l)", C = diag{Cy}, L = diag{Ly}.

In the literature, the above model is referred to as quasi-steady-state model, since
FE and Fq introduce a velocity [Ed E} ! = ¢~ 1g that is very large when ¢ is small and
g # 0, leading to fast convergence to a root h(ly, I, ir,V,,V,), which also represents
the equilibrium of the boundary-layer.

The second equation of (6.66) is independent, thus there are n eigenvalues where
Ai = _%1 < 0. The corresponding Jacobian matrix of the reduced system (6.74) that

remains to be investigated will have the following form

— L7y, —~L7'AD
B ([U]+ [E) -B [iine] ([‘/e]_l[U]_AD) _C_IR_I ([n+m_1(n+m)><(n+m)(é)')75)

Jy =
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with matrices A and B being

A=H"7, (U] d" Ly tm) (6.76)
B=FC'[V]™" (6.77)

By virtue of Theorem 1, the characteristic polynomial can be calculated from
| Mognimy — Jo |[=| NLyym + ACD + KD |= 0, (6.78)
with

C=L"'r,D '+ B i) (V] '[U] D= A)+C' R (D ~1nsmyx(mimy)  (6.79)
K =L, (Blim Vo] [UID+ CT'R™ (D! = Lpgmyx(nsm)) ) +
Lilrvalefll(n_i_m)X(n_i_m) (680)

Following factorisation the matrices C and K become

C=Q,(Q (LD 4+ B lizne] Vo] 'UID +CR'D™) ~L(nymyx(nim)) (6.81)
K=L"7,Qs (Q;" (Blime Vo] ' [UID+C'R'D™) — Lpnimyxtnmy)  (6.82)

with

Q, =BH 'r,[U] 'd' +C'R™! (6.83)
Q,=C'R'-H'Bd! (6.84)

Let the characteristic polynomial be
| M’D'+AC+K || D|=0. (6.85)
Defining Q = L~ !r,Q,, the characteristic polynomial becomes
|Q||NQ 'D'+AC+K || DI|=0. (6.86)

with C = Q'C and K = Q 'K. As the determinants | Q | and | D | are positive,

the polynomial reduces to
| A2Q D'+ AC+K |=0, (6.87)

which is a quadratic eigenvalue problem (QEP) with K symmetrical, and C, accor-
ding to Lemma 2 in [22], diagonalisable whose eigenvalues are all real, since it is a

product of a positive-definite diagonal and a symmetrical matrix.
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The characteristic equation then becomes

INQ D'+ APAPT' + K |= 0, (6.88)
INP'Q'DT'P + M + P 'KP |= 0. (6.89)

Note that A is a diagonal matrix with the same index of inertia as matrix C,
while the similarity transformations P~!Q1D~!'P and P~'KP are symmetrical, as
P is unitary (P*1 = PT), and they share the same spectrum as QD! and K,
respectively. If Q7'D', A and K are positive definite, then Re(\) < 0 which means
that .J, is Hurwitz. Hence, since Q1D ™! is already positive-definite, it is sufficient to
show that A > 0, or equivalently that C has positive eigenvalues, and K > 0. Since
matrix C is represented by a multiplication where one term is the diagonal matrix
Q'Q; > 0, according to the same Lemma 2 in [22], the remaining symmetrical term,

denoted C*, will have the same index of inertia as C. The condition C* > 0 becomes
C'=Q ' (L7'rD™ + Blise] V) ' UID + C'RID™) = Lty w(nimy (6.90)

which represents a sum between a diagonal positive-definite real matrix and the real

symmetric matrix —1(4m)x(ntm). According to Lemma 1 in [22], if

rokCr  apUilinke 1 1 Twklinke
kG | okUblinke | 1 ( BrToklink

VieUpdy Ry

o + i) (n+m) >0, (6.91)

Vk=1...n+m holds, then C* > 0 is satisfied. When k = 1...n, then oy, = 3 and
Br = 2, whereas when £k =n+1...n 4+ m, then ap = B = 1. Regarding condition
K > 0, taking into account Assumption 9, and according to the same Lemma 1 if

o Uklinke 1 1 1 Br
Qklinke  — )~ (= — 0 6.92
( vz Rk) or (Rk Vkedk) (n+m)> (6.92)

Vk =1...n+m holds, then K > 0 is satisfied. Hence, if the two conditions (6.91)-
(6.92) are satisfied for each converter then there exist po > 0 and a domain D, =
{zeR*, | x ||2< ps} where D, C D, such that the reduced model is exponentially
stable at the origin.

According to Theorem 4, there exists e > 0 such that for all ¢ < &* (or equiva-
lently ¢q > L1, + 64 and ¢ > &1, + §), the equilibrium point

EL B}

[Ig; [T ize ‘/rjcj ‘/bz Ege ET bqe:|

qe dge

of (6.69)-(6.70) with Eg. € (—EM*, E*), Ej. € (—E*, E™) and Eygie, Eygje €
(0,1) is exponentially stable; thus completing the stability analysis of the entire DC

microgrid.
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Figure 6.8: Checking stability conditions (6.91)-(6.92)

6.2.4 Validation of closed-loop system stability

In order to validate the theoretical stability analysis presented in Section 6.2.3 and
demonstrate how conditions (6.91)-(6.92) can be tested, let us consider the system
in Section 6.2.5 with parameters given in Table 6.2. Although (6.91)-(6.92) might
seem difficult to verify, by taking into account that E; € [—E7J* E7%] E €
[—Emer Emer] and Eg4q, By, € [0,1], which is guaranteed by the proposed control
design, the procedure to verify whether the system is stable is the following: One
can start by selecting a virtual voltage Ey., inside its defined range, for the rectifier.
Then the values of the equilibrium points of the inductor current and load voltage are
computed. Based on these obtained values, the remaining virtual voltages E. of the
DC/DC converter can be calculated. Thereafter, critical points of the output voltages
are calculated, followed by the eigenvalues of matrix D. Finally, the two conditions
can be tested for each converter.

Hence, following this procedure for different values of the set power of the battery,

P,eipar, corresponding to the battery operation, charging and discharging, respec-
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6.2. Bidirectional DC/DC and three-phase AC/DC converters feeding a CPL

tively, one can observe in Figure 6.8 that for any FE; in the bounded range
(—Emee Emer) = (—21,21), the expressions (6.91)-(6.92) for each converter are
positive, thus ensuring closed-loop stability.

To further validate the stability analysis, in Figure 6.9, a graphical interpretation
of the stability conditions is provided for the entire range of the set power, Psipar,
to visually confirm that the two stability conditions always take positive values in the

entire operating range of the particular DC microgrid.

converter 1

converter 2

converter 1

converter 2

Condition (34)
Condition (35)

500

40 40
0 20 0

-20 -20
P

Popat 500 40 E, SeBAT 500 _40 E

d

(a) 3D visualisation of condition (6.91) (b) 3D visualisation of condition (6.92)

Figure 6.9: Graphical representation of the stability conditions (6.91)-(6.92)

Table 6.2: Controller and system parameters of a DC microgrid consisting of a
bidirectional DC/DC boost and a three-phase AC/DC converter feeding a common
CPL

Parameters Values Parameters Values
Urns 110V Upat 200V
R, .. 0.79Q Ryt 1.2Q
Lphase 2.2mH Lbat 2.3mH
Chree 1200 pF Chat 2000 pF
rec 0.015 dpat 0.030
P 200 W k 1000
Cq 2.1 Cat 180
Ty 70 Tob 5Q
Eper 21V Ejes 5V
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Figure 6.10: DC microgrid considered for testing, containing a three-phase AC/DC
converter connected to the grid, a bidirectional DC/DC boost converter interfacing a
battery, and a CPL connected to the main bus and fed by the two converters

6.2.5 Simulation results

To test the proposed controller and compare it to the cascaded PI approach, a DC
microgrid consisting of a bidirectional DC/DC boost converter and a three-phase
AC/DC rectifier feeding a CPL is considered having the parameters specified in
Table 6.2, with the maximum current given by the appropriate choice of the control
parameters £ and r,. The aim is to achieve tight voltage regulation around
the reference value V* = 400V, accurate power sharing in a 2 : 1 ratio among
the paralleled AC/DC and DC/DC converters at the load bus while also assuring
protection against overcurrents. But first the conditions for stability must hold. That
is why Section 6.2.4 is vital, prior to simulating and analysing the system performance.
The model has been implemented in Matlab/Simulink, by considering the average
model of the bidirectional DC/DC boost converter and the three-phase AC/DC
rectifier, and simulated for 45 s considering a full testing scenario. During the first 5 s,
the power requested by the load is 200 W and it can be observed in Figure 6.11b that
the load voltage V,, is kept close to the reference value of 400 V', at approximately 398 V/
in both cases. But the power sharing is only accurately guaranteed (Figure 6.11c) in
a 2 : 1 manner with the proposed controller having iga7 ~ 0.17 A and iggc ~ 0.34 A,
unlike the case with cascaded PIs where igar ~ 0.16 A and igrgc ~ 0.35 A. The
input currents haven’t reached their imposed limits yet as shown in Figure 6.11a.
For the next 20 s the operation principle of the battery is simulated. The direction
of the power flow is reversed to allow the battery to charge and discharge. At t =55

the power set by the battery controller becomes negative Pieipar = —150 W, thus
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Figure 6.11: Simulation results of the DC microgrid system with PI cascaded control
(left) and the proposed controller (right)

leaving the battery to be supplied by the three-phase rectifier. The input current of

the battery becomes negative, while the rectifier’s input current increases to satisfy

the new amount of power requested in the network (Figure 6.11a). The power sharing

ratio between the battery and the rectifier disappears since the current of the battery

changes its direction, and becomes negative as shown in Figure 6.11a. The load

voltage remains closely regulated to the desired 400V value, at around 396.5V in
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Figure 6.12: Dynamic response of the control states

both cases. After 10 s the set value of the power returns to its initial 0 value, allowing
the battery to return to its former discharging state. The power sharing ratio comes
back to 2 : 1 as displayed in Figure 6.11c.

At t = 25 s the power requested by the load increases P = 400 W and, thus, more
power is needed from the battery and the three-phase rectifier to be injected in the
microgrid. The load voltage drops down to 396 V' according to Figure 6.11b when
using the proposed controller and Vi, = 395.5V when having cascaded PIs. At the
same time, the input currents increase and, therefore, the power injected increases
at the common bus (Figure 6.11a). One can see that the sharing is kept between
the two sources, the battery and rectifier, to the desired proportion of 2 : 1 having
ipar =~ 0.34 A and irpc ~ 0.68 A with the proposed controller, and ig4r ~ 0.32 A and
igrec ~ 0.7 A with the cascaded PI technique, as presented in Figure 6.11c, given the
fact that none of the inductor currents have reached their maximum allowed current.
To test the input current protection capability, the power demanded by the load is
further increased. Thus, at t = 35 s the power requested by the load reaches a higher
value than before, P = 640W, forcing the battery and the three-phase rectifier to
increase their power injection at the load bus. As noticed in Figure 6.11a, the input
current of the battery reaches its limit ippar = /54y = 1 A without violating it
when using the proposed controller, but in the case of the cascaded PIs the transient
current exceeds the upper limit prior reaching to steady-state. The power sharing is
sacrificed (Figure 6.11c) to ensure uninterruptible power supply to the load. The load
voltage remains within the desired range, V, = 393.5V with a voltage drop of 6.5V,
which is about 1.5% when having the proposed controller and about V, = 392.5V
with the cascaded PI approach.

Consequently, to further verify the theory presented, the controller states E, Ejy
and Ey,, Fy, are presented in Figures 6.12a-6.12b. When the input current of the
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battery reaches its maximum, the virtual voltage of battery also arrives at its imposed
limit By = Epawy = 171w = 5V. One can notice in Figure 6.12b that the corres-
ponding control state L}, goes to zero when Ej, reaches maximum.

It is noted that for the particular DC microgrid scenario and the parameters
used, the closed-loop performance with the cascaded PI control remains stable.
However, this might not be true for a different system since there is no rigorous
proof of stability. On the other hand, the proposed control approach provides a
strong theoretic framework, as proven in Section 6.2.3, that can be easily tested for

different systems as well.

6.2.6 Experimental results

A DC microgrid, with the parameters given in Table 6.3, consisting of two parallel
Texas Instruments DC/DC boost converters (see APPENDIX A) connected to a
common DC bus and feeding an ETPS ELP-3362F electronic load, operated in CPL
mode, is experimentally tested. A switching frequency of 60 kH 2z was used for the
pulse-width-modulation of both converters. The aim is to experimentally validate the
proposed nonlinear current-limiting control scheme. The main tasks are to regulate
the output voltage to V* = 48V and regulate the power in a 2 : 1 ratio, whilst
ensuring overcurrent protection.

As one can see in Figure 6.13a, when the power changes from 40 W to 60 W, the
voltage is kept close to the reference value of 48V, while the output currents are
accurately shared proportionally to the sources rating, in a 2 : 1 manner, having
19 ~ 0.45 A and i; ~ 0.9 A, provided the input currents, 7;; and i, have not reached

their upper limit.

Table 6.3: Controller and experimental testbed parameters of a DC microgrid
consisting for two Texas Instruments DC/DC boost converters feeding an ETPS ELP-
3362 electronic load acting as a CPL

Parameters Values Parameters Values

U,y 36V U, 24V
Ry 2.4€) R, 30
L1,2 0.3mH 01’2 300 ,LLF
dq 0.2 do 0.4
Tv1,2 20V k 1000
c1 873 Co 655
Erer 30V Eger 50V
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Figure 6.13: Experimental results under the proposed controller

In Figure 6.13b, the load power demand decreases from 60 W to 40 W. The output

current are accurately shared, having i; ~ 0.6 A and i, &~ 0.3 A, and the load voltage

is kept fixed at 48 V.

To test the current-limiting capability, the power increases from 40 W to 80 W, as

displayed in Figure 6.13c. One converter reaches to its imposed limit (i, ~ 1.5 A),

the power sharing is sacrificed to ensure the uninterrupted power supply of the load.

The load voltage is still fairly close to the rated value of 48 V. As it can be seen, the
current limitation is not exactly at the 1.5 A limit. This is due to the fact that the

parasitic resistance, r;,, of the converter’s inductance is ignored, in the experiment

and the analysis, which in turn causes a slightly lower bound of the input current. If

the parasitic resistance is considered, then based on the ISS analysis in Section 6.2.2,

one can easily obtain that the controller parameters £ and r, should satisty 7% =
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Emax
Ty +Tin

in order to reach the upper limit of the converter. Nevertheless, it is clear that

ymax

by ignoring this resistance, the current still remains below 7% as desired.

6.3 Conclusions

In Section 6.1, a detailed control design was presented for a DC microgrid framework.
The nonlinear dynamic control scheme was developed to ensure reactive power control,
load power sharing and output voltage regulation, with an inherent input current
limitation. Introducing a virtual dynamic resistance for the three-phase rectifier
and a constant virtual resistance with a bounded dynamic virtual voltage for the
bidirectional DC/DC boost converter, it has been proven that the input currents of
the converters will never violate a maximum given value. This feature is guaranteed
without any knowledge of the system parameters and without any extra measures
such as limiters or saturators, thus, addressing the issue of integrator wind-up and
instability problems that often happen with the traditional overcurrent controllers’
design. The effectiveness of the proposed scheme and its overcurrent capability was
verified by simulating a DC microgrid considering a full testing scenario.

In Section 6.2, a detailed control design was presented for multiple parallel operated
three-phase AC/DC and bidirectional DC/DC boost converters in a DC microgrid
framework, loaded by a CPL. The nonlinear dynamic control scheme was developed
to ensure load power sharing and output voltage regulation, with an inherent input
current limitation. The stability of the entire DC microgrid was analytically proven
when the system supplies a CPL using singular perturbation theory. Introducing a
constant virtual resistance with a bounded dynamic virtual voltage for the three-
phase AC/DC and for the bidirectional DC/DC boost converter, it has been shown
that the input currents of each converter will never violate a maximum given value.
This feature is guaranteed without any knowledge of the system parameters and
without any extra measures such as limiters or saturators, thus, addressing the issue
of integrator wind-up and instability problems that can occur with the traditional
overcurrent controllers’ design. The effectiveness of the proposed scheme and its
overcurrent capability are verified by simulating a DC microgrid considering different
load power variations and battery operations (charging, discharging), and by experi-
mentally testing a parallel converter microgrid configuration feeding an electronic

load, acting as a CPL.
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Chapter 7

Stability analysis of DC microgrids
under decentralised primary and
distributed secondary control

This chapter investigates the stability of a DC microgrid with a CPL, under decentra-
lised primary and distributed secondary control scheme to achieve accurate power
sharing and voltage restoration. At the primary layer, following the same control
concept developed in the previous chapter, and to simplify the current-limiting control

dynamics, one can consider the following expressions for £ and E,

E=F,sinc (7.1)
E, = coso. (7.2)

By taking the time derivative, one obtains

E = E,up COSOG (7.3)
E, = —sinoo. (7.4)

Replacing F and E, in equations (6.63)-(6.64), with their expressions from (7.3)-(7.4),
it yields

Bz cos 06 = cF (-) cos® o (7.5)
FE, oz Sin o cos o
2

max

(7.6)

—sinod = —cF (+)

where F'(-) represents the function that needs to be regulated to zero (e.g. droop

Lo, and equation (7.6) with sin™'o

function). Multiplying equation (7.5) with cos™
one notices that the remaining equations are equivalent, leading to the expression
cos o

d:cF(-)E :

(7.7)
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7.1. Dynamic modelling of the DC Microgrid

As a result, the two-state controller can be reduced to a single state, making it easier
to work with in the theoretical analysis of hierarchical control frameworks.

Hence, at the primary control layer, the droop control concept is suitably formula-
ted and implemented using the recently proposed state-limiting PI controller [253],
which uses the simplified dynamics (7.7) to accomplish an inherent current limitation
for each converter and simultaneously facilitate the stability analysis. Using limited
information of the load voltage and the injected power only from neighbouring conver-
ters, a distributed secondary controller is formulated to enhance the power sharing
and accurately regulate the voltage to the rated value. By analysing for the first
time both the dynamics of the converters with the CPL and the two-layer control,
singular perturbation theory is applied to analytically prove the stability of the entire
DC microgrid. Simulation and experimental testings are performed to confirm the

effectiveness and validity of the proposed method.

7.1 Dynamic modelling of the DC Microgrid

A typical islanded DC microgrid is depicted in Figure 7.1a, consisting of n bidirectio-
nal DC/DC boost converters connected in parallel to a DC bus and feeding a common
load (CPL). Every converter includes a boosting inductor L;, a smoothing capacitor
C;, while U; is the DC input voltage and R;, the output line resistance, where 7 €
Z. One can see, in Figure 7.1b, the mapping of a cyber network to a physical DC
microgrid. The vertices represent converters, and the edges represent the communica-
tion links for information exchange. In achieving global synchronisation, the commu-
nication graph must have at least one spanning tree. Hence, the communication
network is represented by an undirected, connected and weighted graph, and the
inertia of its Laplacian matrix £, is i (£) = [n —1 0 1]. Diffusive coupling (also
referred to as nearest-neighbour coupling) is the most common type of coupling in
distributed communication networks.

The system’s nonlinear dynamic model can be described by employing Kirchhoff

laws and average analysis [35], leading to the following differential equations:

where w; is the duty-ratio (control) input, bounded in the range [0, 1], iz; is the

inductor current and V;, ; are the converter output voltage and current, respectively.
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7.1. Dynamic modelling of the DC Microgrid

a) Physical Network
1 2

b) Communication Network

Figure 7.1: The structure of a DC microgrid system with communication

Rewriting the system (7.8)-(7.9) in a matrix form, the DC microgrid system takes

the following form

iy = L7NU— (I, —u)V) (7.10)
V o= CY((I, —u)ip —1i) (7.11)

where U = [U,...U,]", v = diag{w;}, V = V1. V,]1, iy = [ip1ipn)’, @ = [i1..00]7,
L = diag{L;} and C = diag{C;}. It is clear that system (7.10)-(7.11) is nonlinear,
since the control input w is multiplied with the system states [ i V7 ]T.

The power balance equation for the CPL can be written as
P=V, Z i (7.12)
i=1

where P is constant and represents the load power demand and V, represents the
load voltage. One can notice, that the output currents have the following expression
1 = % Then, let Assumption 1 hold.
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7.1. Dynamic modelling of the DC Microgrid

Hence, the load voltage, V,, is given by the real solutions of a second-order

polynomial similar to equation (4.7) as

2
Z?:ll‘?/:i \/( z—lR) —4PZ?:“{%
221 lRL ‘

Now, let also Assumption 2 hold. Note that based on Assumptions 1 and 2, the

‘/():

real solution (4.7) exists if

2
n UZ n 1
— | >4P —
(S4) -
i=1 =1
which can be easily tested using the constant system parameters.

Let Assumption 3 hold. Similar to [58], according to Assumptions 2 and 3, which
yield V; > U; —i7'#* R;, the feasible solution is the high voltage in (4.7), thus, the load

voltage will have the expression shown previously in (4.8), i.e

2
Zi:l% \/(Zi:l %) _4P2i:1}%
2R '

This can be guaranteed if a current-limiting controller with |ir;| < i7" is applied at

‘/C):

each converter, as it will be explained in the sequel, and the inequality in Assumption

3 is satisfied. For an equilibrium point (ip, Vi.) given by a constant control input u;,

by taking the partial derivative of the output current i; = w};yo with respect to the

output voltage V;, as in [58] we obtain the admittance matrix similar to (4.11), as
Y =R (I, — 1,x,D),

with R = diag{R;} and D from (4.12) having the following expression

% 0
av, !
tag { V. } 6‘./0
OV,
— 1 R 14 22;1 % R1
= T + ,
22¢:1F 2
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7.2. Proposed controller design

2
where \/(Z?1%) —4P Z?:m% > 0 according to Assumption 1. As R is a diagonal
positive-definite matrix, one can notice that matrix D is also a diagonal positive-

definite matrix, with the eigenvalues of the form

1 1 Z?:l%- 1

D)= st |
2 7-L_ L Rz 2 Rz ’
DT \/(2:71%) —4PY " =

7

Viel.

7.2 Proposed controller design

7.2.1 Primary control steady-state analysis

When multiple converters are connected in parallel in a DC microgrid, power sharing
without the need of communication among the different converters, in a decentralised
manner, is often achieved via droop control in different forms: robust droop [128],
nonlinear droop [254], quadratic droop [132], inverse-droop [255], dead-band droop
[16], adaptive droop [140], or other variations of droop control strategies [151,243].

In dynamic form, the conventional droop control becomes
Vi=V*—V, —m;P. (7.13)

where P; is the injected power of the i-th converter, m; is the positive droop coefficient
and V* is the rated/nominal voltage. By further looking into (7.13), it is clear that
the output voltage V; will deviate from the nominal voltage V* as long as P; # 0.
Furthermore, the larger the droop gain m;, the more the voltage deviation V* — V;
becomes.

In order to regulate the output voltage V; to the nominal value V*, and at the
same time maintain the power sharing accuracy, a correction term, e; is added into
the droop function (7.13), as

Vi=V* =V, —m;P; + e, (7.14)

where e; is obtained from the dynamics of the secondary control layer. The first
task in this section is to design a primary controller that inherits the droop control

concept and additionally maintains an upper limitation for the input current for each
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7.2. Proposed controller design

DC/DC
Converter

Primary
Control

From neighbouring converters

Figure 7.2: Detailed diagram with primary and secondary controller

converter independently of the system parameters. To this end, the duty-ratio input
of each boost converter is proposed to take the form

TvitLi + Ui — Emagi Sino;
- Vi

where r,; represents a constant virtual resistance and FE,,.,; a constant maximum

, (7.15)

virtual voltage for the i-th converter, chosen to satisfy, in matrix form, I,,,, =
Ermazry . Inspired by the state-limiting PI (sl-PI) controller proposed in [253], o;

is designed to follow the nonlinear dynamics:

di _ ki (*_%_miw_kei)cosgi (716)

Emazi i

with k;, Epq; being positive constants. Based on the sl-PI controller analysis in [253],

it is proved that the proposed structure of the control dynamics guarantees a given
For more details on the boundedness of o; and iy;, the reader is referred to [253]. A

smax

bound for oy, i.e. o; € [ }, in addition to the current limitation |ip;| < 7%
detailed diagram of the control implementation is shown in Figure 7.2. Note that the
droop function in the proposed control dynamics (7.16) differs from the conventional

FErazisino;

one in (7.14), since the term P, has been replaced with % . In order to explain

why the new term represents the converter power at the steady-state, let’s replace
the control input, u;, from (7.15) into (7.8). This results in the closed-loop current

dynamics
Liini = —Tyiini + FEpag sin oy, (7.17)
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7.2. Proposed controller design

where one can observe that E,,..; sin o; represents a virtual voltage, and r,; a virtual
resistance. One can see that the current iy; dynamics of each converter are partially
decoupled from the voltages V;. At steady state there is
iy = Zmani SID05 (7.18)
Tvi
and since P; = U;ir;, equation (7.16) has incorporated the expression
p = U, B\ azi SIN 0 (7.19)
Tvi
which will represent the converter power at the steady-state. This new primary
control structure has been proposed to facilitate the stability analysis of the entire

microgrid, as it will be further explained in Section 7.3.

7.2.2 Secondary control design and analysis

The second task in this section is to design a secondary controller that restores the

DC bus voltage V, to the reference value V*, i.e.,

lim (V* = V,)(t) =0 (7.20)

t—o00

while meeting the power sharing requirements, i.e.,

Jim 3 (m, Py (1) = miP (1)) =0 (7.21)
JER;
where X; C V (v, ;) € € denotes the neighbourhood set of the i vertex of the cyber
network.
Then the distributed secondary control that generates the correction term e; for
the primary controller can be designed in the dynamic form
& =ag (V' =V,)+ B8 (m;P; —mP) (7.22)
JER;
where a, f € R are constant gains, g; = {0, 1}, and P;, P; given from (7.19). Driven
by the concept of the pinning control, since the DC bus voltage V, may not be known
by all the DGs, the pinning gain g; is introduced, being nonzero for the DG that
has access to the DC bus voltage V,. By applying the secondary controller at each

converter, (7.22) can be written in the matrix form
é=ag(V*-V,)1, — fLmP (7.23)

where g = diag{g;}, m = diag{m;}, and P =[P, ... P,].
At the steady state there is

ag(V*=V,)1, — BLmP =0, (7.24)
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7.3. Stability Analysis

Corollary 2 Since m; # 0, and assuming that at least one converter measures the

load voltage, i.e. > g; > 0, the following equations hold:

m1P1:m2P2:...:mnPn (725)
V,=V* (7.26)

Proof. As the Laplacian £ is balanced and symmetric, ker (£) = span (1,,). That
is 172 = 0L. Therefore, by left multiplication with 12 equation (7.24) becomes

ally (V*—=V,) = B11LmP = 0,. (7.27)

As the right term in (7.27) is 0,, equality (7.26) obviously holds if > )"  ¢; # 0, or
equivalently Y ", g; > 0, given that g; > 0, Vi € Z. By substituting (7.26) into
(7.24), it yields

BLMP = 0,. (7.28)

One can easily see that mP € span(1,), since it is equivalent to (7.25). This
completes the proof. [

7.3 Stability Analysis

7.3.1 Closed-loop system

By applying the proposed controller (7.15)-(7.16), (7.22) into the DC microgrid

dynamics (7.8)-(7.9), the closed-loop system can be written in the following matrix

form
=l f%“;ii}‘;)iam - (729
{ Z } _ [ Bk [cos ()] g(v— K ;0 grﬂ _ng gﬁb gma:cSin (0) +e) } (730

where o = [0 ... Un]T, k = diag{k;}, Emaer = diag{Emazi}-

For the closed-loop system, consider the following assumption:

™ T

Assumption 10 For a constant o;z € (—5,5), satisfying (7.25), there exists a
unique equilibrium point (ipie, Vie, Gie, €ie), corresponding to the desired voltage regula-

tion (7.26).
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7.3. Stability Analysis

Note that the previous assumption is made since the proof of the existence of
a unique equilibrium point for a microgrid with primary and secondary control is a
non-trivial problem, as one can see from [24,132].

Since r,; and k; represent control parameters, they can be suitably selected in

Li and ki to be sufficiently small. Hence, by introducing the

perturbation parameter €, as ¢ = mm{ki, TL—
6 = diag{dr;} > 0 and 6, = diag{d,} > 0 such that Lr;! = I, + §; and

k= 21I,+6,. Hence, (7.30) becomes

€

order for the terms

}, one can conclude that there exist

cic ] _ (In + €01) (=i + Inazsin (o))
[ €0 } B [ (I, +d,) EL [cos(a)] (V* =V —m|[U] Lheesin (o) + €) (7.31)

where, it has been taken into account that I,,,q, = 7, ' Eyae. Therefore, the closed-loop

system equations (7.29)-(7.30) can be written in the following form
T =f(x,2) (7.32)
ez =q(z, z,¢€) (7.33)

where z = { V=V } and z = { LT e } System (7.32)-(7.33) can then be

e 0 — 0O¢
investigated as a singularly perturbed system using two-time-scale analysis [241].
Since it represents the immediate vicinity of a bounding surface, system (7.31) is also

referred to as the boundary layer, and it is analysed in the section below.

7.3.2 Boundary layer stability analysis

Let functions f, ¢ be continuously differentiable in the domain (x,z,e) € D, X
D, x [0,e0]. Considering the scenario where the controller parameters r,; and k; are
selected sufficiently large, then ¢ — 0 and, according to the singular perturbation

theory, function ¢ will have an algebraic form of 0 = ¢(x, z) as follows

0, | —ip + Ipaesin (o) (7.34)
0, | | E,L [cos(a)](V* =V —m|U] Lhesin (o) + €) '
The roots of the above system can be computed as
iL . Immsin (O’)
o) Lo o e | e
and can also be referred to as z = h(z) with o; € (=7, 7), such that 2(0) = 0. Thus,

the roots also represent the equilibrium points of the nonlinear system (7.29)-(7.30).
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7.3. Stability Analysis

Exponential stability at the origin can be investigated via its corresponding Jacobian
matrix:

—1I, Iz [coOs (0)]

Onxn — [cos (O)* E;L m [U] Inas

max

Jy = (7.36)

As one can observe matrix J; is Hurwitz, since J; is upper triangular and all
its diagonal elements are negative. Hence, there exist p; > 0 and a domain D, =
{zeR*> || 2 |2 < p1} where D, C D, such that (7.33) is exponentially stable at the

origin uniformly in x.

7.3.3 Reduced model

To obtain the reduced model, the roots iy and o are substituted from (7.35) into
(7.29)-(7.30), yielding

V=Ct VI 'mt(V1, -V —e)-CY (7.37)
ée=ag(V*—V,)1,—BL(V*1, -V +e) (7.38)

often referred to as the quasi-steady-state model, because ¢;, and ¢ introduce a velocity
[iL d}T = ¢~ !¢ which is very large when ¢ is small and ¢ # 0. This leads to rapid
convergence to a root h(V,e), which is also the equilibrium of the boundary-layer.
The corresponding Jacobian matrix of the reduced model will have the form of J5, as
shown below:
gy =[O W VT ) O R D) O W]
—agl,un D+GL —BL
(7.39)

The Jacobian J; can be rewritten as a sum of two matrices, i.e., Jo = aJs — 5Jy,

with J3 being

1 v—1p-1
o EC R —g 1n><n Onxn D 0n><n
‘]3‘{ - éfn} {0 Oun | [ O D (740)
X pe Q

and J; having the following expression

LoV, 'm0 V. (VAL 4 [e]) + [V mR™Y —1
— B e nxn e n e n
I { - e iy [k (7.41)

Hence, the stability problem becomes a standard eigenvalue problem (SEP) as

follows
Jov = Av (7.42)

123



7.3. Stability Analysis

which gives
(CYXngQl - ﬁX3X4) v =AU (743)

where \ € R is an eigenvalue and v € R is the associated eigenvector. Let y £ Qv;
then the SEP becomes Joy = Ay, as follows

CYXlXQ —ﬁ X3X4QI1 Yy = )\y (744)
\-y-/ N———
J3 74

Proposition 1 Matriz J; = X1 X, is semi-positive stable and diagonalisable if
a<C iR, (7.45)
for alli € T, where g; = 1.

Proof. Matrix X5 is symmetric and singular, with 2n—1 eigenvalues equal to zero,
ie. A on1(X2) = 0, and one positive eigenvalue equal to the trace of the matrix,
i.e. Ay, (Xo) =Tr (X3) =n. Hence X, is positive semi-definite.

To prove that the symmetric matrix X; is positive-definite, one can use the

quadratic eigenvalue problem (QEP) for matrix —X;. This yields
My, + X1| = |N¥PM+AXC+ K| =0 (7.46)
where M = I, = 0 and

C= L(C'R'+1,) (7.47)
K= LC'R™—a?g (7.48)

If M, C and K are positive-definite, then Re (A) < 0, and — X is negative-definite,
thus X is positive-definite. The first condition C > 0 is easily satified, given that
a > 0. Regarding the second condition K > 0, since it consists of a sum of two

diagonal matrices, using Lemma 1 in [22], the condition, in scalar form, becomes

1
QQCiRi

—a?@Z>0vieT (7.49)

with the pinning control gain either 0 or 1. Assuming a worst case scenario, inequality
(7.45) must hold.
As X is a positive definite symmetric matrix, and X5 is a positive semi-definite

symmetric matrix, then according to Lemma 3,
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7.3. Stability Analysis

1) X1X;, (or X,X,) is diagonalisable, i.e. P 'J3P, = Ay, with P, unitary and A,
diagonal having the same index of inertia as matrix .J5, and

2) the eigenvalues of X; X, are real, and X; X5 has the same number of positive
(zero, or negative) eigenvalues with matrix Xo.

Hence, the proof of Proposition 1 is complete. [
Proposition 2 Matriz J, = X3X4Q;" is diagonalisable and semi-positive stable.
Proof. Matrix J4 can be split into a product of two symmetric matrices, X3 and

X,4Q7". The latter symmetric matrix, X;Q;", has the following shape

V. (V*L+e])D [V, JmR D' —D!
_D—l D—l

X4Q1_1: |

By applying the QEP theory again for the matrix —X,Q; ", we get
AL, + X4Q7! = NN+ AE+L| =0 (7.50)

where N = J,, = 0 and

E=[V.]"" (V*I,+[e])D'"+[V.JmR'D 4 D! (7.51)
L=V, " (V*I,+[e])D *+[V.JmR~'D~?~ D~? (7.52)
If the conditions N = 0, E = 0 and L. = 0 hold, then Re()\) < 0, and —X,Q;" is
negative-definite, thus X,Q;"' is positive-definite. Condition E = 0 is satisfied as it
represents a positive-definite diagonal matrix. Condition I > 0 will hold, according

to Lemma 1, if the following condition in scalar form is guaranteed

1 Viem; 1
— (V" + €4 1) ——>0,Viel 7.53
(0 e+ 1) > 0 (7.53)
which is easily satisfied since (Vvi”) > 1 from the droop equation (7.14) at the

steady-state (every converter is feeding the load, i.e. P; > 0). Thus, X,Q;"' = 0, and
since X3 = 0, then .J, is diagonalisable, according to Lemma 3, i.e. Py 'JyPy = Ay,
with P, unitary and A, diagonal having the same index of inertia as matrix J,.
This completes the proof of Proposition 2. [J
Now let the following similarity transformation Jo = (X4Qf1) Js (QlX N 1) for the
SEP (7.44). Hence

X,Q! (0473 - 574) Q1 X'z = )\2 (7.54)
which gives
a XyQ7 s X =B XuQ7 X5 | 2=z (7.55)
s i
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Remark 7 According to Sylvester’s Law of inertia, the similar matrices Jo, Jo and

Jo have the same inertia, i.e. same number of positive, negative and null eigenvalues.

Theorem 6 The equilibrium point (ipie, Vie, Oie, €ie) of the reduced system (7.37)-
(7.38) is exponentially stable if (7.45) is satisfied and

S e

T
: ytAsy
min,r o “r

g > Viel. (7.56)

where Ay is diagonal having the same index of inertia as matriz J,.

Proof. Notice that matrix X3 is semi-positive definite with kernel spanned by [OZ 12] r
corresponding to the global synchronisation of the graph, while matrix X,Q;* is
positive definite with kernel spanned by 0,,. Following the proof of Theorem &
in [256], by applying the Courant-Fischer Theorem to the eigenvalue problem, for
global synchronisation of the graph, all eigenvalues of .J; are real and negative since
Im (L) =13, and Im (X4Q7") N ker (X3) = 0y,, which means that X3z is never in

the kernel of X,Q;"'. Hence, one can see that ker <j4> = ker (X3). As the image of
the matrix X;Q;" excludes span ([05 1£]T>, it follows that .J,z is the zero vector if

and only if z € span ([05 1£]T) that corresponds to the global synchronisation of
the graph.

Matrices J5 and J; have the same spectrum, that is, they have 2n — 1 null
eigenvalues and one positive eigenvalue. It is important to underline that multiplying
jg with vector z = [0y 1,] would render a value outside of the matrix spectrum.
Hence, one can conclude that z = [OZ IZ]T is not an eigenvector of Js, and hence,
not an eigenvector of J,. That is, vector z = [01 1,,] does not belong in the eigenspace
of the Jacobian matrix J,, i.e. z & N <j2 — )\Ign>. A comprehensive explanation is
given below.

Consider matrix .J5 for which there is
Jsy = My (7.57)

with A the eigenvalue of Js3, and y the corresponding eigenvector. Following the

similarity transformation in (7.54), there is Js5z = Az, with z given as

c=(XQ) 'y (7.58)

Matrix X,Q; " is given in Section 7.3.3, and its inverse, (X4Qf1)_1, has the following

expression
1 D1 D1

(X071 " = LT D W v+ () D+ [V mB-1 D (7.59)
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where L is expressed in (7.52). Notice that (7.59) is also symmetric and positive-
definite since X4Q7" > 0, according to Proposition 2. For z given as z = [0F lﬂT,
then there is

san[2]-[2]-

Yn2

7#%\ (Dil) (ynl + yn2>

(V*I, + [e]) D~! + [VJ] mR™ D y,) (7.60)

[ ﬁ (Dilynl + [Ve]
which holds if y,; = —y,2. However, if y = [y,1 — ynl]T, then from equation (7.57),
eigenvector y would correspond to a positive eigenvalue outside of the spectrum of
matrix J3. Thus, y is not an eigenvector of Js since the opposite implies that Jj
has two non-zero eigenvalues, which would be in contradiction with the proof of
Proposition 1. Therein, it is demonstrated that the index of inertia of Jj is i (73) =
10 2n—1].
Therefore, it follows from Lemma 1, that if z = [0 lﬂT is not an eigenvector of
matrix J5, then ultimately it is not an eigenvector of the Jacobian Js.
Note that matrix J5:(P1_1Q1X4_1) jQ(X4Q1_1P1), isospectral with J,, can be

expressed as
Js = al; — BPT X3 X4Q7 Py (7.61)

Then, let the matrix Jg = P3_1J5P3, isospectral with J; and J,, with Py = PP,
unitary according to Lemma 2, such that the new standard eigenvalue problem

becomes
(O{P3_1A1P3 - ﬁAg) w = \w. (762)

Thus, matrix P; 'A; Ps is symmetric, since Py is unitary, similar to A;, having the
same index of inertia as X; X5 as shown in Proposition 1, and A, diagonal having the
same index of inertia as X3X4Q7 ', as explained in Proposition 2. Lemma 1 can be

applied for the eigenvalues problem as follows

- 1 w! Ayw
E — i < 0. 7.63
@ i1 OZCZR,L ngnqigéo wTw ( )
"1 w! Ayw
- 1 < 0. 7.64
i1 OZRZ 5 wgntlur;éo wTw ( )

The above condition is satisfied at all times, with a proper choice of the gain [,

required to satisfy condition (7.56).
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Converter Converter Converter Converter Converter
1 2 3 4 5

1)
1)
)
1)
1)

Physical V,
network

Communication

network

Figure 7.3: DC microgrid prototype considered for simulation testing consisting of
five converters, each of them communicating with their respective neighbours, with
Converter 1 and Converter 5 sampling the load voltage and participating in the voltage
restoration

Hence, if condition (7.56) holds, matrix Jg is Hurwitz, and by similarity both
Js and J, are also Hurwitz, with the latter having the same index of inertia as
Jy and J (as already mentioned in Remark 7). Then, there exist p, > 0 and a
domain D, = {z € R*>",| = ||z < p2} where D, C D, such that the reduced model is
exponentially stable at the origin. This completes the proof. [

According to Theorem 4, there exists ¢* = 77%71{%{L},kL > 0} such that
for all ¢ < &* (or equivalently o> #ﬁl}, or k; > k*), the equilibrium point
[iT, VI ol eﬂT of (7.29)-(7.31) with o,. € (—%,5) is exponentially stable; thus

completing the stability analysis of the entire DC microgrid.

7.4 Simulation results

To test the theoretical findings, simulations are performed in MATLAB/Simulink,
using the average model of the bidirectional DC/DC boost converter. The DC
microgrid considered for testing is presented in Figure 7.3, with the parameters speci-
fied in Table 7.1, selected to guarantee the stability analysis, and with the maximum

mar chosen to satisfy "% = E,,../r,. There are five converters and one

current ¢
common CPL. All components are connected through communication links, with all
links assumed bidirectional to feature a balanced Laplacian matrix. Each source is
driven by a bidirectional boost converter connected in parallel to a common CPL.

The reference voltage is set to V* = 400 V. We assume that the ratio of the output
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power among the sources is 5:4:3:2: 1. According to Figure 7.3, only converters
1 and 5 participate in the load voltage recovery, that is, the pinning control gains are
set as g1 = g5 =1 and g5 = g3 = g4 = 0.

During the first 4s, the load power demand is P = 2kW and the system is
controlled by the primary controller only. The load voltage is kept below the reference
V* having V, =~ 393V as depicted in Figure 7.4b. Also, it is clear from Figure 7.4c,
that the power sharing is not accurate, since the output currents are not proportional,
e i [1.6 1.22 1.15 0.7266 0.4] A.
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(b) Capacitor and load voltages
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(c) Output currents

Figure 7.4: Dynamic response of the DC microgrid system under primary and
secondary controller
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Table 7.1: System and control parameters of a DC microgrid consisting of five
bidirectional DC/DC boost converters feeding a common CPL

Parameters Values
U[V] [200 150 250 100 240]
C [uF) [700 400 500 100 150]
RIQ] 0.5 1.5 1 0.7 1.2]
LimH)| 2.3 2.2 2 2 2.5]
k 1.8 2 25 1 1.9]
m [0.014 0.0105 0.084 0.0420 0.0210]
FE o [25 35 32 18 24]
Ty 55 4 3 2]
« 100
I5; 10

At t = 4s, the secondary controller is enabled, enhancing the performance of
the system with the load voltage tightly regulated to the reference, V, = V* =
400V (Figure 7.4b), and the power sharing becoming very accurate with proportional
output currents being i ~ [1.66 1.33 1 0.66 0.33] A as one can notice in Figure 7.4c,
given the inductor currents being below their maximum technical limit as depicted
in Figure 7.4a.

The load power demand increases to P = 3kW, at t = 8s. In Figure 7.4b,
one can see that the load voltage remains at the desired 400V, while the output
currents are still accurately shared, in Figure 7.4c, having proportional values ¢ ~
2.5 2 1.5 1 0.5] A.

In order to test the overcurrent protection, the system is required, at t = 12s, to
feed an increased load of 4 kW . The load voltage stays fixed at 400 V' (Figure 7.4b).
But, the inductor current of the second converter, i, reaches its limit (Figure 7.4a),
and as a consequence, the converter loses its power sharing. Still, the power sharing
is kept between the other four converters in a 5 : 3 : 2 : 1 ratio (Figure 7.4c), having

i~ [3.35 2.02 1.35 0.67] A.

7.4.1 Communication failure

So as to investigate the influence of the possible communication failures on the
performances of the proposed method, at ¢ = 16s, the communication network is
subjected to two faults. The links that connect converter 5 to the common bus

is disconnected (g5 = 0), and also the connection between converters 1 and 5 is
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7.5. Experimental results

disrupted. In Figures 7.4b and 7.4c, one can observe that the voltage remains at the

desired value V* and the power sharing is unaffected by the communication failure.

7.5 Experimental results

The DC microgrid setup displayed in Figure 7.5 is considered for experimental testing,
consisting of three Texas Instruments modules operated as DC/DC boost converters,
supplying a common ETPS ELP-3362F electronic load acting as a CPL, with the
parameters given in Table 7.2. A more detailed electrical diagram of the testbed is
presented in APPENDIX B. The main tasks of the primary and secondary controllers
are to regulate the output voltage to V* = 48 V| while keeping a proportional 1 : 1 : 2
output load power sharing, provided none of the converters violate their maximum
allowed input current, imposed by their technical requirements. The filtered dynamic
response of the input/output currents and output voltages is presented in Figure 7.6.

In Figure 7.6a, under primary control only, the load power demand increases from
40W to 50W. One can notice that the power sharing is not accurately kept in
al:1: 2ratio, having i ~ [0.18 0.21 0.47] A when the load is 40 and i ~
[0.23 0.26 0.60] A when it increases to 50 W. Moreover, the load voltage regulation
decreases from V, ~ 46.6 V', as it was initially, down to V, ~ 45.9V at the steady
state following the load change.

The system’s dynamic response when enabling the secondary control is captured in
Figure 7.6b, while maintaining the load power demand constant at 40 W. It becomes
clear that when the secondary controller is enabled, the accuracy of the power sharing

is visibly improved, reaching the desired proportional 1 : 1 : 2 sharing, having the

souvee LS00

S

"u

Caonverter 1

Copverter 2
IS

L3 ;“'(’.'anei;ter 3

Figure 7.5: Experimental testbed
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output currents ¢ &~ [0.22 0.22 0.44] A. Moreover, the load voltage rises and becomes
closer to the rated value V* compared to the case where only the primary control is
applied.

To highlight the superiority of the combined primary and secondary control under
power demand variation, the same load power change is performed, from 40 W to
50 W. The dynamic response is presented in Figure 7.6¢. Unlike case (a), the voltage
regulation is tighter, i.e. the output voltage V, is closer to V*, while the improved
output currents maintain their 1 : 1 : 2 desired sharing, with the output currents

i~ [0.27 0.27 0.55] A.

7.6 Conclusions

A novel decentralised primary and distributed secondary control was proposed to
achieve accurate power sharing, voltage regulation, input current limitation and
overcome the CPL instability problem. By employing singular perturbation theory
and two time-scale analysis, the closed-loop system stability was analytically proven,
taking into account both the physical system and the two-level control dynamics.
Both simulation and experimental testings were carried out to validate the presented
approach and analysis.

The impact of time delays, which may occur in the secondary control implementa-
tion, on the stability of the entire microgrid is of great interest (see [257-259]). Several
methods for computing the maximum delay to avoid instability have been proposed,
such as Pade approximations [260] or Rekasius substitution-based algorithm [261].
In the same framework, Lyapunov-based methods [262,263], such as the Implicit
Lyapunov Krasovski Functional (ILKF) have emerged to provide sufficient stability

conditions. Nevertheless, the main aim of this chapter was to introduce for the first

Table 7.2: System and control parameters of a DC microgrid consisting of three
Texas Instruments modules operated as DC/DC boost converters feeding an ETPS
ELP-3362F electronic load acting as a CPL

Parameters Values Parameters Values
U[V] 24 24 24] m [366]x1073
C [uF) [100 100 100] Eros [10 9 10]
R[Q] [112.3] Ty [5 6 5]
LimH]  [2.22.22.2] a 2
k [5 5 10] 15} 1
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Figure 7.6: Experimental results of the DC microgrid system under primary and
secondary controller

time this novel two-level control for the nonlinear model of the DC microgrid with

with multiple nonlinear boost converters and guarantee its stability.
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Chapter 8

Droop-controlled DC microgrids
with overvoltage protection

As the need for overvoltage protection has emerged recently, in this chapter a droop
controller with an inherent overvoltage protection will be developed at the primary
layer of the hierarchical control framework. The proposed droop controller follows
different designs, but it is implemented similarly both in parallel configuration and
meshed configuration networks, as shown in the following sections.

In Section 8.1, the droop control strategy is introduced to limit the voltage of each
paralleled source below an imposed limit, ensure tight voltage regulation and accurate
load power distribution, and guarantee closed-loop system asymptotic stability in
the presence of a common CPL. The upper bound of the voltage of each source is
diligently proven using ultimate boundedness theory, while by using the admittance
matrix factorisation of the microgrid developed in Chapter 4, analytic sufficient
conditions for stability are acquired to lead the control parameters design. A detailed
simulation scenario for a parallel configuration DC microgrid, having the converter
units equipped with the developed controller, is presented to validate the theoretical
design and analysis.

In Section 8.2, a slightly modified droop control methodology for meshed DC
microgrids with CPLs is proposed, which guarantees the crucial overvoltage protection
property of each DER unit, independently from each other or the loads. Following
the acquisition of the admittance matrix, also known as loopy-Laplacian [264], of
meshed DC microgrids, asymptotic stability to the desired equilibrium for the closed-
loop system is analytically proven, rendering detailed stability conditions. Simulation
testing is performed for a meshed DC microgrid to verify the theoretical contribution

and the effectiveness of the proposed primary controller.
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Figure 8.1: Generic framework of a DC microgrid

8.1 Parallel configuration DC microgrid

Let us consider again the typical microgrid topology shown in Chapter 4 (Figure 4.1),
consisting of n power converters having an output capacitor, C;, connected in parallel
to a common DC bus through a line/cable with resistance, R;, and supplying a
common generic load. For the CPL case, the reduced model when assuming a
fast inner current control loop becomes as shown in Figure 8.1. The model can be
described by the differential equations describing the capacitor voltages, acquired by

employing Kirchhoft’s laws, as follows:
CiV; = tini — s (8.1)

where V; is the capacitor voltage, while i;,; and #; represent the input and output
current respectively, with i;,; also being used as the control input, for Vi € Z. One
can notice that this framework represents but a generic model of n-sourced units
which could be introduced in the microgrid structure via different power converter
configurations (i.e. buck, boost, buck-boost, or AC/DC).

When a CPL is present, the power balance equation has to be satisfied:
P=V,Y i (8.2)
i=1

with V, being the voltage at the common bus, and P the load power.
Similar to Chapter 4, the output current i; has the following expression

V-V,
[ R'L
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8.1. Parallel configuration DC microgrid

Let Assumption 1 hold. Replacing i; from (8.3) into (8.2), it yields the following
expression for the common bus voltage, obtained from the real solutions of a second

order polynomial, similar to (4.7) as

2

St (S ) s
) Sy '

As already mentioned, the load voltage (4.7) has two solutions, a high voltage and a

‘/O:

low voltage, with the high voltage being the feasible solution given as in (4.8).
When taking the partial derivative of the output current i; from (8.3), with respect

to the output voltage V;, one obtains the admittance matrix Y, as in (4.11)
Y =R'(I, - 1,,D),
where R = diag{R;}, and D = diag {g—“%} > 0 from (4.12) having the following
expression
n Vz
1 i=1 R,
Ril + Z 1 R;

= Ril
250 & ’
szl R; \/(Z?:l %) — 4P Z?:l R%Z

D

2
where, according to Assumption 1, the denominator \/ <Z?:1 %) — 4P " R%_ > 0.

The eigenvalues of D will have the form

1 1 S 1
Api= s | &+ L

2> & | R . V2 . LR
tH \/(Zi:l %) —4PY L &

i

with ¢ € 7.

8.1.1 Proposed control architecture

The proposed control strategy is set to ensure tight voltage regulation close to the
desired value, and accurate load power distribution among the DER units with
an inherent overvoltage protection for each source independently from the system

parameters and the load.
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8.1. Parallel configuration DC microgrid

8.1.1.1 Droop control design with overvoltage protection

Motivated by the sl-PI controller proposed in [253], the novel droop-based method

defines the control input 7;,;, in the following way

Zznz = _gz‘/z + ImaxiSino-i (84)
where o is designed to follow the nonlinear dynamics
O = (V* =V, — myi;)coso; (8.5)
Imawz’
which incorporates the droop control, having
By substituting the controller dynamics into the open-loop system, it yields
Cz‘/; = —ngz + Imamsz’nai — Z,L (87)
Consider the following continuously differentiable energy-like function
1 2
and by taking its time derivative, one obtains
W, = —giVi? + Vilimawisino; — Vi,
= — gV 4+ Vil hawisino; — P; (8.9)
where P; = Vji; is the power injected by the ¢—th source into the common bus

through each line i. Depending on the positive/negative sign of the power P;, the

proof is divided into two cases:
a) P,>0
From equation (8.9), it can be clearly observed that

VVZ’ S _gz‘/;2 + ‘/iImaxiSinai S _g'LH/z|2 + Imam“/z‘

(8.10)

Let g; = g;+¢; > 0, with g; > 0, and ¢; being an arbitrarily small positive constant.

Then, inequality (8.10) takes the form

IN

VV'L’ _(gl—i_ez)“/z’Q—i_[mam’V”

[maxi
—a|Vil?, VVi| > :
g.

A

2
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8.1. Parallel configuration DC microgrid

According to (8.11), the solution V; () is uniformly ultimately bounded. Moreover,

every solution starting with the initial condition V; (0) that satisfied

Imazi
Vi (0)] < P (8.12)

will stay in this range for all future times, as

Imaxi
Vi (1) < V> 0. (8.13)
gi

To guarantee that each voltage V; is limited below a maximum value V™" the

control parameters g; and I,,,,; can be chosen to satisfy the equality

Imaxi
— = mer, (8.14)
gi
Hence, this concludes the design part of the control parameters g; and I,,,q.i, to

ensure an upper bound for the capacitor voltage V;, when the power P; > 0.

b) P, <0

Given the DC microgrid structure and the existence of a constant power load,
having P > 0, then at least one current source (e.g. j-th source) should be feeding
the CPL and/or other (up to n — 1) sources. Thus, if the corresponding power
ijv", it yields that
V; > V,, and equivalently from Case a), there is V, < V; < Vm“; . However, since

of that particular source is P; > 0, then since P; = Vji; =V}

for the i—th source, the output power is negative P; = %Vié% < 0, then V; <V,
which eventually leads to V; < V™,

Therefore, independently of the sign of the source units power, an upper bound for
the capacitor voltage is ensured, i.e. V;(t) < V™% at any time instant, even during

transients.

8.1.1.2 Parameter selection

One should note that the control parameters I,,,.; and g; = g; +¢; can take any values
that satisfy equality (8.14) in order to ensure the required overvoltage protection.
However, to provide a practical guidance for the user to choose these two values, a
worst case scenario is considered where the ¢—th source feeds the load by itself, i.e.
P, ~ P. Then, it can be easily understood from (8.9) that depending on the value
of P, compared to the term g;V?, the actual upper bound of V; can be limited well
below V™ Considering a known upper value of the CPL power, i.e. 0 < P < P4z,
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8.1. Parallel configuration DC microgrid

and since it is desired that the upper value of V; to be as close to V™" as possible,
one can achieve this by suitably selecting the parameter g; such that the term g;V;?
dominates the term P in (8.9), i.e. it is at least 10 times higher assuming a worst

case scenario, thus
10P,02

(Vmaa:)Q '

Subsequently, since according to (8.14) there is §;V™** = I,,44i, then I, can be

gi = (8.15)

then selected as LOP
Imaa:i ~ maxa 8.16
|/ max ( )

due to the very small positive constant ¢;. Note that the above expressions for
selecting the controller parameters are provided for guidance only, since any other
selection that satisfies (8.14) will still guarantee the desired upper limit for each
voltage V;. Additionally, a more detailed analysis on the condition that the parameter
g; needs to satisfy is provided in the sequel and is related to the asymptotic stability

of the closed-loop system.

8.1.2 Stability analysis

Let the closed-loop system be written in a matrix form as

V = C7'(—gV + Lyusine —i) (8.17)
6 = I} k[coso|(V*—V,)1, —mi) (8.18)

where C' = diag{C;}, V = [Vl...Vn]T, g = diag{g:}, Imaz = diag{lmazi}, i =
li1.. i) o =[o1...00]", k = diag {k:}, m = diag {m;}.

Considering an equilibrium point (V;, o) of the closed-loop system (8.17)-(8.18),
(8.3) and (4.7), with o; = (—2,%), that satisfies Assumption 1, the following
theorem can be formulated that guarantees stability of the entire droop-controlled

DC microgrid with a CPL.

Theorem 7 The equilibrium point (V.,o0.) is asymptotically stable if the controller
parameter g; satisfies

Api—1 .

gi > nDT, VieT. (8.19)

Proof. The corresponding Jacobian matrix of system (8.17)-(8.18) has the following

form
—Clg-C7Y C7 0z [cOST]

—I-1 k[coso.] (1yxnD +mY) 0, xn

max

J= (8.20)
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8.1. Parallel configuration DC microgrid

Replacing Y from (4.11), one gets

—C! (g - R ([n - 1n><nD)) C_lfmax [COSO’e]
—I-1 k|coso.] (1,xnD +mR™ (I, — 1,4, D)) 0.xn

max

J = . (8.21)

with the characteristic polynomial of the system, according to Theorem 1, given as
Ao, — J| = |\1, + A\C + K| =0, (8.22)
where the two matrix coefficients are
C=C"'9+C 'R (I, — 1,xnD)
K = C"'[coso )’k ((I, — mR™) 1x,D + mR™).
By right multiplication with |[D~!| > 0, equation (8.22) becomes
MDD+ AC+K|=0 (8.23)

with
C=C"'"gyD"+C 'R (D" — 1,x»)

K=C"[coso. k ((I, —mR™) 1,0, + mR'D7?)

By left multiplying (8.23) with |RC| > 0, it yields
INROD™ + AC*+K*| =0 (8.24)

with
C*=R¢gD'+D ' -1,
K* = R[coso.]” k (I, — mR™")x
<1nxn—|— (In—mR_])fl k1 [0080]71 R_lmD_1>
Notice that matrix C* is a symmetric matrix, and, after factorisation, matrix K*,
according to Lemma 4, is a diagonalisable matrix with real eigenvalues. Thus, by

expressing the latter as K* = P~ 'AP, with matrix P being orthogonal, and A
diagonal, and replacing it in (8.24), it yields that

INRCD™' 4+ \C*+ P7'AP| =0 (8.25)

or, equivalently,

INPRODP 4+ APC*P' + Al =0 (8.26)
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8.1. Parallel configuration DC microgrid

which is a quadratic eigenvalue problem (QEP) with matrix A diagonal, having the
eigenvalues of matrix K* on the main diagonal, whereas the similarity transformations
PRCD='P~" and PC*P~! are symmetrical, since P is orthogonal (P~! = PT), and
they have the same eigenvalues as matrices RCD ™!, and C*, respectively. According
to the QEP theory (Lemma 5), if RCD~!, C*, and A are positive-definite, then the
eigenvalues A will be real and negative, i.e. A < 0, thus, J will be Hurwitz.

Since RCD™! = 0, the remaining conditions are C* = 0, and A > 0 (or equivalent-

ly K* has positive eigenvalues).

1. C* = 0: As C* is a sum of symmetric matrices, according to Lemma 1, the

condition becomes
Rigi +1
— _ —n
ADi

which is always guaranteed, provided (8.19) holds.

>0

2. A > 0 (or equivalently, K* has positive eigenvalues): Due to the choice in (8.6),
and for the bounded o;. € (—57 g), the first matrix term in the multiplication

inside K* is positive-definite, i.e.
R|[coso )’ k (I, —mR™") = 0.

Therefore, according to Lemma 2, one can investigate only the remaining sym-

metrical matrix in the product, which is
Loxn + (1, — mR_l)_1 k [coso] ' RT'mD™! = 0.

The above matrix is represented by a sum between a positive semi-definite and
a positive-definite symmetric matrices, hence, one can clearly agree that the

matrix is positive-definite (Lemma 1).

As a result, when (8.19) is satisfied, J is Hurwitz, and the equilibrium point (V¢, o)
is asymptotically stable. This completes the proof. []

8.1.3 Simulation results

A DC microgrid portrayed in Figure 8.2, with the parameters specified in Table 8.1,
chosen according to Section 8.1.1.2, consisting of five DC/DC buck converters, is
simulated in MATLAB/Simulink, considering the average model of the buck converter
for a 0.3 s testing scenario. The desired task for the proposed controller is to regulate

the load voltage close to the reference value, V* = 100V, and accurately distribute
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Figure 8.2: DC microgrid considered for testing

the load power among converters in a 5 : 4 : 3 : 2 : 1 ratio, while maintaining a safe
output voltage margin below 1.05V*, i.e. 5% above the rated value.

The simulation starts at t = 0s, with a load power demand being P = 250W. As
one can notice in the time responses in Figure 8.3, the load voltage is tightly regulated
very close to the reference with V, ~ 99.95V as expected by the droop control
function (Figure 8.3b). The output currents are accurately shared ina5:4:3:2:1
ratio with ¢ = [0.66 0.53 0.4 0.26 0.13], as it can be seen in Figure 8.3a. Note that the
output voltages are kept below their upper limit.

Later on, at t = 0.1s, the load power demand increases to P = 1kW. Notice that
the transient occurring shortly after the load change, at 0.1s, is successfully limited
below 105V. As one can see in Figure 8.3b, the load voltage is still kept very close
to the rated with V, =~ 99.7V, and the power sharing is also very accurate with the
output current vector being i = [3.34 2.67 2 1.34 0.67], as displayed in Figure 8.3a.

At t = 0.2s, the load power demand increases further to P = 1.25kW. Accor-
ding to Figure 8.3b, the new steady-state value of the load voltage is V, = 99.6V,
meanwhile the output voltage of the 5th DC/DC buck converter is limited below the
upper bound V™% = 105V. On the other hand, the power sharing among the other
four converters is kept in a 4 : 3 : 2 : 1 ratio with the output current vector being
i = [3.6 2.7 1.8 0.9] A as shown in Figure 8.3a. Hence, the theoretic analysis has

been clearly verified, illustrating how the proposed controller has as its first priority
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Figure 8.3: Simulation results of the DC microgrid equipped with the proposed
controller

to protect each converter by limiting the output voltage below a desired upper bound
at all times, while also ensures the required power sharing and load voltage regulation
in the DC microgrid loaded by a CPL.

8.2 Meshed DC microgrid

8.2.1 DC microgrid model

A common meshed DC microgrid architecture is depicted in Figure 8.4, consisting of
a finite number of nodes n, each of the nodes representing a controllable DER unit
supplying a local CPL and connected with each other through resistive lines. Note
that if a different microgrid architecture was considered, where some nodes include
a load but not a DER source, the system can still be transformed into the one in
Figure 8.1 using the Kron-reduced network approach [264]. In Figure 8.5, the model
of the voltage source converter that integrates each DER unit with each node j is

depicted. The dynamic equations of the capacitor voltages for a random node j can

Table 8.1: System and control parameters of a DC microgrid consisting of five DC/DC
buck converters feeding a common CPL

System Parameters Values
Cy.5[pnF] [25 50 20 20 5]
Ry 5[9] [11.11.051.12 1.5
Control Parameters Values
mi. s [0.42 0.21 0.14 0.105 0.084]
Lozt 5 [1.05 1.05 1.05 1.05 1.05] x 6000
k1.5 [222238] x 107
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Figure 8.4: Generic framework of a meshed DC microgrid

be acquired by employing Kirchhoff’s laws
OV = in; — i (8.27)

where Cj is the output capacitor, V; is the output voltage, while i;,; and ¢; represent
the input and output current respectively, with 4;,; also used as the control input, for
Vj € Z. This is a typical system representation where an inner current controller is
applied to the converter, resulting in a fast regulation of the inductor current to the
value 4;,; [17]. One can express the output current of the converter as
ij = % + kz i (8.28)
eN

where NV represents the neighbourhood of the node 7, in the induced graph G described
by the meshed DC network, i.e. N €V :ej € E.

Remark 8 As mentioned in Remark 4, one can notice that the system configuration
(8.27) represents just a generic model of n-sourced units which can be introduced within
the microgrid structure via different power converter configurations (buck, boost, buck-

boost, or AC/DC), where a fast inner current control loop is considered.

Considering a steady-state voltage value for the j-th node denoted by Vj, by taking
the partial derivative of the output current ¢; from (8.28) with respect to the output
voltage Vj, one can obtain the symmetric admittance matrix ¥ of the DC microgrid,

in the following form:

_h 1 _ 1 S
Vle + ZkEN Ryg Ri2 e Rin
L By L .
R V2 keN R e Ran
Y — ' 12 2e . 2k ' 2 <829)
_ 1 _ L _Pa 1
Fin Ron 7 ke T



8.2. Meshed DC microgrid

b) Simplified converter model

Figure 8.5: Integration of a DER unit in a meshed DC microgrid through a power
converter

If there is no connection between the vertices j and k, i.e. €;, ¢ £, the corresponding

Y matrix entry will be zero, i.e. RL_k = (0. The admittance matrix Y can be rewritten
J

as

Y =L-D, (8.30)

2
Vie

that L represents the Laplacian matrix of the graph G induced by the DC microgrid,

with D = diag { b } positive-definite and L positive-semidefinite matrices. Note
while D incorporates the self-loops of the nodes.

8.2.2 Proposed control architecture

The end goal of this work is to design a primary controller for the DC microgrid that
inherits the conventional and widely used droop controller, whilst guaranteeing an
overvoltage protection for each DER unit (node) independently.

The conventional droop control approach requires each node voltage V; to satisty

the following expression at the steady-state:
‘/j = V* — mjij + l’jet (831)

where V* is the rated voltage, m; is the droop coefficient and m?et is a desired signal

or correction term obtained from the supervisory controller in the hierarchical control
set
J

DC microgrids [58], but generally it can represent a constant or piecewise constant

architecture. Note that % can be set to 0, which is a common approach in islanded
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8.2. Meshed DC microgrid

value due to the time-scale separation difference between primary and supervisory
control.

This section investigates only the primary control dynamics, and in order to
achieve the desired goal, as mentioned above, a novel primary droop control technique

is proposed in the sequel.

8.2.2.1 Droop control design with overvoltage protection

Motivated by the development of the sl-PI controller in [253], the proposed droop

control strategy defines the control input, ;,;, in the following manner
iinj = —g]‘/; + [maijint (832)

with o constructed to follow the nonlinear dynamics

k.
(V¥ = V; — myi; + 235 )coso; (8.33)

Imaa:j

O'j:

that incorporates the droop control, with the droop coefficient m; satisfying the
following inequality

Substituting the controller dynamics (8.32)-(8.33) into the open-loop system (8.27),
it yields
Cj‘/] = —g]VJ + Imaijint — Z] (835)

By taking the following continuously differentiable energy-like function for each
node j

1
W, = 5@\/}2 (8.36)

and by calculating its time derivative, it becomes

. P
Wj = —gj‘/j2+‘/}jmamj5inaj_‘/} (73 + Z ijk)
T keN

— — V2 + Vi Ly sing; — (Pj +Vi Y z'jk) : (8.37)
keN

where V;3 v Uik Tepresents the power fed by the j—th converter to the neighbouring
converters through every ej, edge. Considering that V;3_, . i could be both
positive or negative, this leads to the scenario where similarly the total power P; +
Vido, e Lik could be positive or negative. Hence, the boundedness of the voltage V;
is not straightforward. As a result, the proof can be divided into the two following

distinct cases:
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8.2. Meshed DC microgrid

2)

Case 1. Pj+V;) , \ijr >0
From equation (8.37), it is clear that
Wj < =gV + Vilmawjsino; < —g;|Vil? + Lnaaj| V1. (8.38)

Let g; = g; +¢; > 0, with g; > 0 and ¢; representing an arbitrarily small positive
constant. In that case, (8.38) becomes
Wi < = (5 + ) [Vil* + Lnass| V]
]maa; j
< —glViIf VIV = = (8.39)
g,

j
According to (8.39), the solution Vj (¢) is uniformly ultimately bounded, and every

solution starting with the initial condition V; (0), satisfying

]maz'
V; (0)] < =+, (8.40)
9j
will remain in this range for all future time, i.e.
]max‘
V()| < ==, ¥t >0. (8.41)
9j

To ensure that each voltage V; is bounded below a maximum voltage V"™, the
control parameters, g; and I,,,,; can be selected to satisfy
Imaxj maxr
— = yme (8.42)
9j
This completes the design of the control parameters g; and I,,q,;, to guarantee an

upper bound for the output voltage V;, when Pj—l—ijkeN ik > 0.

Case 2: Pj+V;) o, cvije <0

In the islanded microgrid case, considering the existence of constant power loads
with P; > 0, at least one converter (e.g. k-th converter) should be feeding the
loads and/or other (up to n—1) converter units, based on Kirchhoff’s laws. Hence,
if the corresponding power of that particular source is P, + V Zl en b >0, then
since P, +V, Zle}\/ i = Vi <%+ZZGN z'kl>, it yields that V;, > V}, and equivalently
from Case 1, there is V}, < V™% However, since for the j—th source, the output
power is negative P; < 0, then there always exists a spanning tree in the induced
connected graph G such that V; < V; <V, which leads to V; < V™,

Therefore, in both cases, an upper bound for the output voltage is guaranteed, i.e.

V;(t) < V™ at any time instant, i.e. even during transients.
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8.2. Meshed DC microgrid

8.2.3 Stability analysis

Consider now the closed-loop microgrid system written in matrix form:
V =C7 (—gV + Lyasino — i) (8.43)

6 =11 klcosa] (V*1, —V — mi) (8.44)

where C' = diag{C;}, V = [Vi... Vo], g = diag{9;}, Imax = diag{lnas;}, i =
[i1...1y), 0 = [01...04], kK = diag {k;}, m = diag {m;}. Considering an equilibrium
point (V,, o.) of the closed-loop system (8.43)-(8.44), with 0. = (—%, %), the following
theorem can be formulated that guarantees stability of the entire droop-controlled DC

microgrid with a CPL.

Theorem 8 The equilibrium point (V.,0.) is asymptotically stable if the controller

parameter g; satisfies

P
g; > —JZ, Vjel. (845)
v
Proof. The corresponding Jacobian matrix of system (8.43)-(8.44) has the following
form C-lg—C-YY O, [coso.]
- —C g—0C" " lar |COSO,
S = [ Il klcoso.] (D +mY) Opxn } (8.46)
Replacing the admittance matrix Y with its expression from (8.30), it yields
—Ctg—C ' (L-D) C ' 0z [cOST)
I = [ I k[coso] (D4 m(L—D)) Oy (8.47)
According to Theorem 1, the characteristic polynomial will look as follows
Ao, — J| = |\, + \C+ K| =0 (8.48)
with
C=C"'(g+L-D) (8.49)
K = C ! [coso ]’ k (mL + (1 —m) D) (8.50)
By left multiplying (8.48) with |m~'k~![cosc.] > C| > 0, one obtains
IA2m 'k~ [coso.] P C+AC+K| =0 (8.51)
with
C =m 'k [coso.] > (g+ L — D) (8.52)
K= (L+m™"(1-m)D) (8.53)
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8.2. Meshed DC microgrid

Notice that matrix K is symmetric and matrix C diagonalisable according to Lemma
4, with P"'CP = A, with P unitary and A diagonal, having the same index of inertia

as matrix C. Equation (8.51) becomes
IN2m k™ [coso.] P C + APTPAP + K| =0 (8.54)
or equivalently
IA2Pm k" [coso,] 2CP+ A\ + PKP7!| =0 (8.55)

which is a quadratic eigenvalue problem (QEP) with A diagonal having the same index
of inertia as matrix C, and the similarity transformation Pm~'k~! [coso.] > C P!
and PKP~! symmetrical since P is unitary (P! = PT), and isospectral with
m k! [cosae]_2 C and K, respectively. According to the QEP theory presented
in Lemma 5, if the matrix coefficients are positive-definite, then the eigenvalues are
negative, i.e. A < 0, thus the Jacobian is Hurwitz. Matrix m~'k~![cosc.] > C is

already positive definite, hence the two remaining conditions are:

1. A > 0, or equivalently C has positive eigenvalues. Since matrix C is represented
by a product of two symmetric matrices, one of them being positive-definite,
ie. m k1 [cosae]_2 > 0, according to Sylvester’s law of inertia, one can

investigate the sign of the remaining symmetric matrix,
g+ L—D>0. (8.56)

In the worst case scenario, by employing Lemma 1, the above condition becomes

in scalar form
gj+0—=L>0 (8.57)

which holds true provided that (8.45) is satisfied.

2. K > 0 that, in the worst case scenario according to Lemma 1, in scalar form
becomes . P
0+ —(1—my) —

>0 (8.58)

which is true given the appropriate selection of the droop coefficient as specified
in (8.34).

This completes the proof. [
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Figure 8.6: Meshed DC microgrid under investigation
8.2.4 Simulation results

A DC microgrid portrayed in Figure 8.6, with the parameters specified in Table 8.2,
is considered for simulation testing, consisting of 7 DER units integrated via buck
converters, each of them connected to a local CPL. The main objective of the proposed
controller is to regulate each node voltage close to V* = 100V based on the droop
controller concept, while guaranteeing an overvoltage protection.

The system dynamic response is presented in Figure 8.7. During the first 0.02 s
the converters operate in conventional droop control mode, as the constant correction
term 2°* = [0000000]. Prior to the first load change at 0.01s, the load power
demand is P = [5210.530.2 3] x 102W. The output voltages drop just below the
rated value of 100V (Figure 8.7b), as expected by the droop control feature, and
the output currents are all positive, thus they all feed their local loads, as it can be
observed in Figure 8.7a.

At t = 0.01 s, the load power demand increases to P = [8 53 1.5415] x 10> W.
From Figure 8.7b, it can be noticed that the output voltages drop even lower than
before, while the output currents increase to satisfy the new power demand as reported
in Figure 8.7a.

While maintaining the power demand constant, at t = 0.02 s, the correction term
becomes x5 = [2.94 0 2.1 0 2.52 0.7 0], representing possible input signals from a
supervisory controller. One can see in Figure 8.7 that several voltages increase above
the rated 100V, while current 74 becomes negative. That means that the other six
converters are feeding not only the load P,, but also converter 4.

To test the overvoltage protection, at ¢t = 0.03 s the correction term becomes z°¢ =
[10.08 2.1 7.56 2.52 9.45 2.8 1.4]. The output voltages V3, V5, Vi are successfully
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Figure 8.7: Simulation results of the DC microgrid equipped with the proposed
controller

limited to V™ = 105V (Figure 8.7b), verifying the developed theory, while the
output currents iy, 74, ig become negative. That is converters 2, 4, 6 and their local

loads, P, Py, FPs, are fed by the other four converters.

Table 8.2: System and control parameters of a meshed DC microgrid consisting of
seven DC/DC buck converters each unit feeding a local CPL

Parameters Values
C [uF) [250 50 200 75 100 350 150]
m [0.420.420.210.210.21 0.14 0.14]
Loz 105 x 2 x 102
g 2 x 102
k 2 x 107

[R12 R23 R24 R34 R45 R56 R57] [Q] [1 1.521.250.50.75 175]
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8.3. Conclusions

8.3 Conclusions

In Section 8.1, a novel droop control method with overvoltage protection has been
proposed. Employing nonlinear systems theory, an ultimate bound for the output
voltage of each converter unit is mathematically demonstrated. Following the pro-
posed control strategy, closed-loop asymptotic stability is also ensured pending an
appropriate choice of the control parameters. Simulations have been carried out for
a DC microgrid consisting of five parallel-operated DC/DC buck converters feeding a
CPL, displaying a normal operation with tight voltage regulation and accurate load
power distribution, and maintaining an upper voltage limit at all times, even during
transient periods.

In Section 8.2, an enhanced droop controller with voltage limitation has been
introduced for meshed DC microgrids consisting of multiple DER units and CPLs.
Utilising nonlinear systems theory, an ultimate bound for the output voltage of each
converter unit was rigorously proven. Closed-loop stability was rigorously guaranteed
given some straightforward conditions are met. The theoretical findings and the
effectiveness of the proposed approach were verified through simulation testing. The
end goal of this approach was to present for the first time this novel primary droop

control structure.
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Chapter 9

Conclusions

A brief summary is assembled in this chapter, which puts a spotlight on the main
development goals achieved in this thesis. It discusses a series of remarks and includes
potential limitations and considered assumptions in this work. Additionally, it stresses
the opportunity of extending the current work by providing future potential steps to

improve and add into the existing contributions presented in the thesis.

9.1 Summary

To sum up, the main parts in this thesis are the following.

A novel idea to compute the admittance matrix is proposed in Chapter 4. Isolating
singular matrices and suitably factorising the admittance matrix leads to a simpler
path towards acquiring sufficient stability conditions. The end result has been utilised
further in the stability analysis presented in Chapters 5, 6 and 7.

A current-limiting droop controller to ensure power sharing is developed in
Chapter 5 for a DC microgrid consisting of unidirectional boost converters supplying a
nonlinear Z, I or P load. Moreover, the controller also implements an inherent current
limitation for each converter unit. Closed-loop stability of the overall DC microgrid
and control system is analytically proven, and simulation and experimental results
are presented to support the developed strategy by comparison to the conventional
droop control.

The DC microgrid, in Chapter 6, incorporates bidirectional DC/DC boost conver-
ters and three-phase AC/DC rectifiers feeding a CPL connected at the main bus. The
concept of incorporating a constant virtual resistance and a bounded dynamic virtual
voltage ensures that the input currents of every converter unit will never violate the
imposed maximum, regardless of the system parameters and without requiring any

limiters or saturators. In doing so, the integrator wind-up and instability issues,
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9.1. Summary

that occur with traditional current-limiting designs, are avoided. Simulation testing
scenarios are included with load power variations and charging/discharging battery
cycles. In addition, a parallel configuration microgrid with an electronic load is tested
experimentally.

In Chapter 7, by making use of the recently proposed state-limiting PI, a hierarchi-
cal control scheme is deployed to achieve accurate power sharing, voltage regulation,
input current limitation and overcome the CPL instability problem. Applying the
singular perturbation theory and two time-scale analysis, closed-loop system stability
is guaranteed for the overall system incorporating the physical system and the multi-
level control dynamics. Both simulation and experimental results are included to
validate the presented strategy and analysis.

An enhanced droop control methodology with an overvoltage protection has been
introduced in Chapter 8, for parallel and meshed configuration DC microgrids consis-
ting multiple DER units and CPLs. By effectively employing nonlinear systems
theory, an ultimate bound for the voltage of each source is mathematically demonstra-
ted. Asymptotic stability was diligently investigated and ensured pending straight-
forward sufficient conditions. Simulation testing is carried out to verify the proposed

approaches.

9.1.1 Discussions

One might notice that throughout this thesis the power lines/cables within the DC
microgrids have been considered, for simplicity, as purely resistive in the stability
theory part. That is because the aim was to prove the stability of the overall system,
and as shown in [67], the line inductance would not have any effect on the system
stability.

In Chapter 5, the input voltage of each converter is assumed constant and used in
the control design, which might be an issue if the voltage would vary. But, a constant
voltage might not be realistic in a DC microgrid application where the sources might
be represented by a PV or a Li-ion battery. This shortcoming has been addressed
later on, in Chapter 6, where the controller no longer uses the constant input voltage,
but a virtual dynamic voltage appropriately defined in the control design phase.

Although, in this work, the network topologies revolved around parallel and
meshed configuration, it can be agreed that any topology could reduce to one of

the two, by using the Kron-reduced network approach [264].

154



9.2. Future work

9.1.2 Assumptions and limitations

This research work has taken into account a series of assumptions, which at first
might seem potentially restrictive. In fact, they are sensible premises that allow a
clear theoretical analysis pursuit. The aim is to exclude any side discussions, which

is why they are necessary and represent a good starting point, for instance:

e The inequalities introduced in Assumptions 1 and 6 are needed to ensure the
existence of a high load voltage solution. If the power is high, the inequalities
could be easily satisfied by just increasing the rated voltage in the DC microgrid.

Similar assumptions have been taken into consideration in [22];

e Assumption 2, stating that the input voltage is less or equal to the output

voltage, is guaranteed through the boost converter design;

e Following a straightforward mathematical proof, one can ensure based on the
previously mentioned assumptions, that the inequalities found in Assumptions

3 and 7 are always satisfied;

e Since the proof of existence of a unique equilibrium point for a microgrid under
primary (and secondary) control is a non-trivial problem (see [24,132]), one is

required to include Assumptions 4, 8, and 10;

e Inequalities introduced in Assumptions 5 and 9 depend on control parameters,
thus, they can be guaranteed by incorporating a suitable selection of control
parameters in the control design part that leads to inequalities being satisfied

at all times.

But turning the focus beyond the big picture, found within these assumptions,
there are particular cases that one could choose to dive into, such as investigating
both high and low voltage solutions of the common bus. However, that was not the
purpose of this thesis, but it could be a potential future step, one of many as explained

in more detail below.

9.2 Future work

The work carried out in this thesis could be further extended and the possibilities

and research directions are numerous. Here are a few examples:
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Future work

In this work, one uses DC microgrids that have converters mostly in a parallel
or meshed configuration, but other topologies might be interesting to study as

well, for instance converters in a cascaded topology:;

The voltage regulation and power sharing results could be improved in Chapters
5 and 6 by incorporating a secondary control, similar or different to the one

presented in Chapter 7;

The transient performance of the proposed controllers in Chapters 5 and 6
can be refined to reduce oscillations, and incorporate the method within a

hierarchical control scheme;

One could investigate the effects onto the microgrid performance when time-
delays in the measurement or the control implementation occur, under different

combination of a series-parallel network;

Similarly, in presence of a communication network, as the one introduced in
Chapter 7, the consequences of time-delays onto system stability would be an

interesting phenomenon to study;

Not so different to overvoltages in Chapter 8, undervoltages cause unwanted
effects as well, and although not presented in this thesis, an undervoltage
protection can be guaranteed using a modified version of the proposed controller
in Chapter 8;

In Chapter 8, Section 8.2, an optimisation algorithm could be implemented

¢t computing the optimal flow to reduce

further for the secondary control state x
power losses between nodes in the meshed network. In doing so, z*¢ will not

be a constant anymore.
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Appendix A

Schematic of the Texas
Instruments DC/DC boost
converter

Two identical TI DC/DC boost converters (TT DCDC-Boost-2phs-HV) in parallel,
interfacing different DC sources, have been utilised in the experimental testing in
both Sections 5.2 and 6.2 feeding an ETPS ELP-3362F electronic load operating in
constant power mode. The electrical schematic of the boost converter is displayed on
the next page (Figure A.1), and it also incorporates an interleaved circuit which was
not used in this work.

This converter model was already equipped with input and output voltage sensors,
as well as input current sensors. However, since both controllers in Sections 5.2 and
6.2 require the value of the load voltage V,, an additional voltage divider and extra
wiring have been put into place to have access to the measurement of the common

bus voltage (i.e. Vo_out)-
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Appendix B

Schematic of the Texas
Instruments 3-phase inverters

In this case, three identical TI three-phase inverters (TI BOOSTXL-3PhGaNInv) in
parallel, feeding an ETPS ELP-3326F electronic load operating in constant power
mode, have been considered. However, only the lower switch of the first leg was used
to simulate the operation of a DC/DC boost converter, with only one phase of the
three-phase inverter being live. All the other switches are left open. The electrical
diagram of the testbed is presented in Figure B.1.

Additional voltage sensors have been put into place to measure the output voltages
needed by the primary control layer. And for the secondary control layer, to ensure
the information exchange within the units, cables between analog input/output ports
have been employed to send and receive real-time power data used in the power
sharing. Also, since the secondary controller needs the load voltage measurement as
well, an extra voltage sensor was introduced to sample the load voltage and send it

to the secondary controller corresponding to converter 1.
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