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ENGLISH SUMMARY

Concerns regarding power supply security, environmental issues, and the
liberalization of electricity markets have led to a new trend of generating power
locally at the distribution voltage level instead of the conventional centralized power
generation system. Microgrid (MG) has become one of the most promising active
distribution networks. They are typically equipped with power electronic interfaces
(PEIs) and controlled to provide the required flexible operation and to maintain the
specified power quality and energy output. With regard to multi-PEIs in parallel, the
power droop control method has been commonly adopted in the last decade as the
decentralized control in MGs. However, this approach has several inherent
drawbacks, such as slow dynamic response, active/reactive power coupling, and
sensitivity to line impedance.

This project proposes a novel autonomous current sharing control strategy for
paralleled voltage-controlled inverters (VCIs) in AC MGs to provide faster transient
response, better active/reactive power decoupling sharing, and wider application
ranges for different line impedances than the conventional power droop controller.
And then, develop a complete small-signal state-space model for the proposed
controller in order to analyze the stability and parameter sensitivity. Furthermore, a
hierarchical control is developed, including primary, secondary, and tertiary control
levels that are differentiated based on the proposed novel primary current sharing
control strategy in various applications. These applications include grid-connected
mode and discharge rates balancing control for energy storage units. In addition,
control strategy design and frequency/voltage stability analysis of multi-source
hybrid MGs in remote areas are other research issues addressed in this project.

This thesis starts by investigation of a simpler and faster autonomous current-
sharing controller, which consists of a synchronous-reference-frame (SRF) virtual
resistance (VR) loop, an SFR phase-locked loop (PLL), and a proportional-resonant
(PR) controller in a voltage control loop. The proposed control strategy provides
instantaneous and independent direct and quadrature currents sharing for paralleled
VClIs. In contrast with the conventional droop control, there is no need to calculate
active/reactive power. An integrated small-signal state-space model for the two
parallel VCIs with the proposed controller is developed. Root locus shows lower
sensitivity of the parameters over system dynamics and larger stability margin
compared with those of droop control. For a seamless transition between islanded
mode and grid-connected mode, an appropriate hierarchical control is proposed for
the SRF-VR-based novel primary control strategy.

Considering the slow transient response and high parameter sensitivity provided by
the droop-based state-of-charge (SoC) coordinated control, as well as the absence of
a balanced discharge rate control methods for AC MGs, a coordinated secondary
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control strategy is proposed based on the presented autonomous current-sharing
controller to balance the discharge rates of ESSs in islanded AC MGs. The
coordinated secondary controller can prevent overcurrent incidents and unintentional
outages in distributed generation (DG) units by regulating the power outputs of the
DG units according to their SoC values and ESS capacities. A dynamic consensus
algorithm (DCA)-based distributed secondary control scheme is also proposed in
this project to decrease the risk of single point of failures (SPOF) caused by a
centralized controller. This scheme achieves not only distributed balanced discharge
rate control, but also high reliability, expandability, and flexibility because of its
distributed control architecture. A detailed discrete state-space model with the
proposed SoC coordinated controller is developed by considering the discrete nature
of the DCA.

The complementary technical features of a multi-source hybrid MG make it suitable
for supplying power in remote areas. To achieve a stable parallel operation of a
hydropower station and a photovoltaic (PV)-battery system with different nominal
power capacities, inertia, and control mechanisms, a hierarchical control scheme for
an islanded PV-battery-hydropower hybrid MG is proposed. The proposed control
strategy provides stable and complete decoupling power control between the
hydropower station and the PV-battery system. The interaction behavior between
these two units during disturbances can be effectively mitigated. An integrated
small-signal state-space model for both the hydroelectric power and the PV-battery
system is developed to analyze the frequency and voltage stability of the hybrid MG.

Consequently, in order to verify the effectiveness and performance of the proposed
control strategies and modeling methods, hardware-in-the-loop (HIL) simulation
studies and experiments on a multi-three-phase inverter-based platform are
conducted in an intelligent MG laboratory. The proposed controller is expected to be
implemented in real applications to provide superior performances. The generalized
modeling methods, with verified correctness and accuracy, can give insight view of
the distributed control scheme and the impact of high level control on system
dynamics.

Keywords: Microgrids, parallel inverters, virtual resistance, droop control,
modeling, hierarchical control, DCA, balanced discharge rate, PV-battery-
hydropower hybrid microgrid, frequency stability.



DANSK RESUME

Bekymringer  vedrgrende  strgmforsyning sikkerhed, miljgspgrgsmal, og
liberaliseringen af elmarkederne har fgrt til en ny tendens til at generere strgm lokalt
pa fordelingen spa@ndingsniveau i stedet for den konventionelle centraliseret
elproduktion system. Microgrid (MG) er blevet en af de mest lovende aktive
distributionsnet. De er typisk udstyret med power elektroniske grenseflader (PEIS)
og kontrolleres for at give den ngdvendige fleksibel drift og opretholde den angivne
strgmkvalitet og energi output. Med hensyn til multi-PET'er parallelt, har magt
henge kontrolmetode den veret almindeligt vedtaget i det sidste arti, da den
decentrale styring i MG fabrikkens. Men denne fremgangsmade har adskillige
iboende ulemper, sasom langsom dynamisk respons, aktiv / reaktiv effekt kobling,
og fglsomhed over for impedansen.

Dette projekt foreslar en roman autonom nuverende strategi kontrol deling for
parallel sp@nding-kontrollerede invertere (VCis) i AC MG fabrikkens at give
hurtigere transient respons, bedre aktiv / reaktiv effekt afkobling deling og bredere
anvendelse intervaller for forskellige line impedanser end den konventionelle magt
hange controller . Og sa, udvikle en komplet sma-signal state-space model for den
foreslaede controller for at analysere stabiliteten og parameteren fglsomhed.
Endvidere er en hierarkisk styring udviklet, herunder primere, sekund@re og
tertiere kontrol niveauer, der er differentieret pa grundlag af den foresldede nye
primzre lgbende kontrol deling strategi i forskellige applikationer. Disse
applikationer omfatter nettilsluttede tilstand og udledning satser balancering kontrol
for energi lagerenheder. Desuden kontrolstrategi design og frekvens / spanding
stabilitet analyse af multi-source hybrid maskingeverers i fjerntliggende omrader er
andre forskningsspgrgsmal behandles i dette projekt.

Denne afhandling begynder ved undersggelse af en enklere og hurtigere autonome
strgm-deling controller, som bestar af en synkron-henvisning-frame (SRF) virtuelle
modstand (VR) loop, en SFR faselast slgjfe (PLL), og en proportional-resonant (PR)
controller i en spending styreslgife. Den foresldede Kkontrolstrategi giver
gjeblikkelige og uafth@ngige direkte og kvadratur strgmninger deling for parallel
VCis. I modsetning til den konventionelle statik kontrol, er der ikke behov for at
beregne aktiv / reaktiv effekt. En integreret sma-signal state-space model for de to
parallelle VCis med den foreslaede controlleren er udviklet. Root locus viser lavere
felsomhed af parametre over systemets dynamik og stgrre stabilitet margin
sammenlignet med de statik kontrol. For en problemfri overgang mellem islanded
mode og grid-tilsluttet tilstand, foreslas en passende hierarkisk kontrol for SRF-VR-
baserede roman primare kontrolstrategi.

I betragtning af den langsomme forbigaende reaktion og hgj parameter fglsomhed
leveres af henge-baserede state-of-charge (SoC) koordineret kontrol, samt fraveret
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af en afbalanceret metoder til AC MG fabrikkens udledning sats kontrol, er en
samordnet strategi fornyet kontrol foreslas baseret pa den praesenterede autonome
nuvarende deling controller til at afbalancere udledning satser ESSs i islanded AC
MG fabrikkens. Den koordinerede sekundere controller kan forhindre overstrgm
handelser og utilsigtede udfald i decentral produktion (GD) enheder ved at regulere
magt udgange GD-enheder i henhold til deres SoC verdier og ESS kapacitet. En
dynamisk konsensus algoritme (DCA) -baserede fordelt fornyet kontrol er ogsa
foreslaede ordning i dette projekt for at mindske risikoen for enkelt fejl (SPOF)
forarsaget af en centraliseret controller. Denne ordning opnér ikke blot fordelt
afbalanceret udledning hastighedsstyring, men ogsa hgj palidelighed,
udvidelsesmuligheder og fleksibilitet pa grund af dens distribueret styring arkitektur.
En detaljeret diskret state-space model med den foreslaede SoC koordineret
controlleren er udviklet ved at betragte den diskrete karakter af DCA.

De komplementere tekniske funktioner i en multi-source hybrid MG ggr den
velegnet til at levere strgm i fjerntliggende omrader. For at opna en stabil parallel
drift af et vandkraft station og en solcelle (PV) -Batteri-system med forskellige
nominelle effekt kapacitet, inerti, og kontrolmekanismer, en hierarkisk ordning for
en islanded PV-batteri-vandkraft hybrid foreslas MG kontrol. Den foreslaede
kontrolstrategi giver stabil og fuldstendig afkobling effektstyring mellem
vandkraftverket og PV-batterisystem. Interaktionen adferd mellem disse to enheder
under forstyrrelser effektivt kan afbgdes. En integreret sma-signal state-space model
for bade vandkraft og PV-batteri er udviklet til at analysere hyppigheden og
spending stabilitet af den hybride MG.

Derfor for at kontrollere effektiviteten og ydeevnen af de foresldede kontrol
strategier og modellering metoder, hardware-in-the-loop (HIL) simulering
undersggelser og eksperimenter pa en multi-trefaset inverter-baseret platform
foregér pa en intelligent MG laboratorium. forventes foresldede controller, der skal
gennemfgres i reelle applikationer til at give overlegne prastationer. De
generaliserede modellering metoder, med verificeret korrekthed og ngjagtighed, kan
give indsigt visning af distribueret kontrolsystem og virkningen af hgjt niveau
kontrol af systemets dynamik.

Nggleord: Microgrids, parallelle invertere, virtuel modstand, hange kontrol,
modellering, hierarkisk kontrol, dynamisk konsensus algoritme, afbalanceret
udledning sats, PV-batteri-vandkraft hybrid elsystemet, frekvens stabilitet.
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CHAPTER 1. INTRODUCTION

1.1. MICROGRID CONCEPT AND CHALLENGES
1.1.1. MICROGRID CONCEPT

The continuous depletion and price uncertainty of fossil fuel resources,
environmental issues, poor energy efficiency, concerns regarding power supply
security, and the liberalization of electricity markets, have resulted in a new trend of
generating power locally at the distribution voltage level instead of the conventional
centralized power generation system. This new power generation method is
characterized as distributed generation (DG) which typically includes non-
conventional energy resources such as solar photovoltaic (PV) energy, wind energy,
fuel cells, hydropower, combined heat and power (CHP) systems, biogas, and
natural gas, as well as their integration into the utility distribution network [1]-[3].
DG transforms distributed systems from passive distribution networks with
unidirectional electricity transmission to active distribution networks, thereby
leading to bidirectional power flow transmission, distributed control, and
bidirectional decision-making [4], [5].

Microgrid (MG), as an active distribution network, has elicited considerable
research interest [6]-[8]. It integrates dispersed DG units, energy storage systems
(ESSs), demand side management, and various loads, along with organized control
capabilities over MG operation, thereby establishing distribution networks that are
mostly connected to the upstream power system. In addition, these networks can be
disconnected from the utility grid as isolated networks in case of grid faults or other
external disturbances, which increases the power supply reliability and
sustainability. MGs are typically equipped with power electronic interfaces (PEIs)
and appropriate controls to provide the required flexible operation, to ensure the
specified power quality and power output [9]-[11]. A typical configuration of an
MG is shown in Fig. 1-1, which integrates power transmission lines, various energy
sources, DG facilities and communication links.

MGs reduce environmental pollution because of the use of renewable energy
sources (RESs). Furthermore, both the main grid and the customers can obtain
benefits from the implementation of MGs [12], [13]. An MG can be regarded either
as a controlled entity within the power system or as a single integrated load from the
main grid side. The controllability and flexibility of MGs make them easily conform
to grid regulations without affecting utility grid stability and security, which further,
improves power supply reliability. In addition, MGs can supply uninterruptible
power to consumers to satisfy their electrical and heat demands. They can also
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Figure 1-1 A typical configuration of a MG.

provide local voltage support, improve local electrical reliability, and reduce feeder
losses.

1.1.2. CHALLENGES FOR MICROGRIDS

Despite its potential benefits, the development of MGs has been fraught with
challenges to achieve a stable and secure operation. A number of technical and
regulatory issues must be settled [14]-[17].

e Operation control and stability issues with multi-resource MGs. Various energy
sources, which have different inertia, nominal capacities, and transient responses,
are typically included in MGs. For example, the existence of a rotating device in
hydropower results in a large rotational inertia, whereas the power electronics
interfaced with converter-based PV generation systems present extremely low
physical inertia. Full consideration is required for the operation control strategies to
overcome interactive influences among multi-resource MGs.

e Seamless transition between different operation modes. MGs should be able to
operate both in grid-connected and islanded modes. Therefore, automatic and
seamless transitions between these two operation modes are necessary to
intentionally/unintentionally island the MG from a disturbance without affecting the
integrity of the utility grid and the power quality of the local power supply.

e Voltage and current control. MGs maintain a sustainable power supply and fulfill
power quality requirements when they operate in islanded mode. Appropriate
voltage and current control strategies are required for each DG unit to stabilize
voltage and frequency of isolated networks, meanwhile, to provide the desired
current to local loads.
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e Power sharing control. Power sharing control methods among DG units in an MG
should take different nominal capacities, transient characteristics, distances between
loads and generations, into account to prevent operation failure caused by
overcurrent incidents, unintentional outages of DG units, and reductions in power
transmission losses.

e Power quality issues. Power quality issues, e.g., harmonics and unbalances, will
raise when nonlinear or unbalanced loads are included in an MG. PEIs are expected
to achieve multiple functions, such as harmonic attenuation, unbalanced voltage
compensation, and momentary interruptions rejection, in order to improve power

supply quality.

e Protection for active networks. The increasing penetration of DG units results in
several issues that should be considered for MG protection. These issues include
bidirectional power flow, various fault currents, and the climate dependent and
intermittent nature of RESs, which cause variable infeed currents. In addition,
interactive influences caused by the intensive joints in high penetration distributed
networks should also be taken in to account.

e Optimum sizing and placement of multiple sources. The optimum sizing and
location of RESs, ESSs and CHP in the distribution network near the load can
reduce power and energy losses, improve voltage profile, and decrease redundant
capacities, thereby lessening the economic cost.

e Regulations for operating grid-connected MGs. An appropriate control strategy
should be implemented in grid-connected MGs to guarantee synchronism with the
main grid, to fulfill grid code, and precise compliance with regulations.

e Communication integration. Specific communication infrastructure and protocols
must be developed for MGs. IEC 61850 has been published in communication for
MGs and active distribution networks. However, the lack of proper communication
infrastructure in rural areas remains to be addressed.

1.2. HHERARCHICAL CONTROL THEORY

In a typical MG setting, the control and management system is expected to produce
a variety of potential benefits at all time scales and full considerations. To address
these requirements, a hierarchical control structure, which has been defined for
power systems, is adopted and implemented in MGs [18]-[21].

The MG hierarchical control system comprises three levels, as shown in Fig. 1-2.
The primary control deals with the inner control of DG units. It aims to maintain
voltage and frequency stability, as well as to achieve independent active/reactive
power output sharing among paralleled DG units. The secondary control is used to
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Figure 1-2 Hierarchical control structure.

restore voltage and frequency deviations caused by the operation of the primary
control. The tertiary control is responsible for power flow management between the
MG and the utility grid. Furthermore, economical and efficient optimization is also
considered.

1.3. PRIMARY CONTROL—GENERAL INTRODUCTION AND
MOTIVATION

1.3.1. CONVENTIONAL POWER DROOP CONTROL

Interfaced DC/AC power converter for DG units can operate as a current-controlled-
inverter (CCI). It comprises an inner current loop and a phase-locked-loop (PLL) to
guarantee continuous synchronism with the grid. Alternately, converter can operate
as a voltage-controlled-inverter (VCI), and includes an inner current loop and an
external voltage loop. In grid-connected mode, interface inverters typically operate
as CClIs to inject the required current into the main grid, whereas in islanded mode,
VClIs are commonly used to stabilize voltage and frequency. However, to achieve
seamless transition between grid-connected and islanded modes, VCIs can be used
in both these two modes to export or import power to the main grid following the
reference points set by the upper control levels in grid-connected mode and to
regulate output voltage and frequency in autonomous mode.

With regard to multi-VCIs in parallel, the power droop control method has been
widely used in parallel converters to provide decentralized control in many
applications, such as parallel redundant uninterruptible power supplies (UPS),
distributed power systems, and MGs, as an independent, autonomous, and wireless
control because of the elimination of intercommunication links [10], [11], [12], [22]-
[31]. The objective of this well-known control technique is to proportionally share
active and reactive power by locally adjusting the frequency and output voltage
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Figure 1-3 Equivalent circuit of a parallel-inverter system with virtual impedance.

amplitude of each DG to emulate the behavior of a synchronous generator.

The control principles of the conventional droop control method can be explained by
considering an equivalent circuit, which can be used to emulate a subset of
distributed power networks that operate in autonomous mode, as shown in Fig. 1-3.
The equivalent circuit represents a two-paralleled inverter system that includes the
generated voltages (V,; and V), output voltages (V,; and V,;), common bus voltage
(Vius), output impedances (Z,; and Z,,), virtual impedances (Z,;; and Z,;;), line
impedances (Zj;,e; and Zy,.»), and output currents (I,; and 1,,).

In a traditional power system, the equivalent impedance (Z, £ ¢,), which consists of
inverter output impedance (Z,, £ ¢,,), virtual impedance (Z,,, £ ¢,;,), and line
impedance (Zjuen £ Qrinen), between paralleled inverters presents high X/R ratio. The
active power output (P,) can be regulated by changing the voltage angle (¢,,),
whereas the reactive power output (Q,) can be adjusted with voltage amplitude (V,,).
On the basis of this concept, the power droop control method can be expressed as
follows:

o, = o, +k,, (P -P,) 1)

n

V, =V, +k, (0, -0,) ©)

where , and V,” are the normal angular frequency and output voltage amplitude,
respectively; and k,,, and k,, are the droop coefficients.

However, the load sharing performance of the conventional droop control is affected
by the short lines and small impedances in low-voltage networks. In such situation,
power outputs (P, and Q,), output voltage amplitude, and frequency are coupled,
because [sin(gp,, —¢,.)]/ Z, = (@,, — ¢,..) ! Z, cannot be ignored when ¢,-@y,; # 0 or

with an extremely small Z,, that will cause imprecise power control. Furthermore,
with a small equivalent line impedance Z,, stability problems will arise in
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conventional droop controlled systems, because small frequency or voltage
amplitude deviations can result in large power oscillations.

1.3.2. VOLTAGE-CURRENT DROOP CONTROL—MOTIVATION

Although power droop control only requires local information, certain stability
issues have been presented and solved in the literature.

One important issue is that the droop coefficients for regulating voltage amplitude
and frequency are typically proportional terms. Therefore, derivative terms are
included to increase the value ranges of coefficients for improving system dynamics
[32]-[35]. With the addition of derivative terms, the improved droop controllers
yield 2-dimension of freedom (DOF) tunable control. By contrast, conventional
droop methods can provide only 1-DOF tunable control. Therefore, the dynamic
performance of the system can be improved by damping the oscillatory behavior of
the power sharing controllers while maintaining the same static droop gains.

Another problem concerns conventional droop is that power sharing performance is
influenced by the output impedance of DG units and line impedances [36]-[38].
When the output impedance of the generator is mainly inductive, e.g., induction
generators, voltage magnitude and frequency are related to active and reactive
power, respectively. The output impedance of an inverter can be regulated by a fast
control loop called virtual impedance. In this regard, output impedance can be
considered as a new control loop that compels the inverter to operate based on the
inductance-to-resistance ratio (X/R) of line impedance.

In case of resistive line impedances, e.g., low-voltage networks, the active power is
dominated by voltage amplitude, whereas the reactive power is regulated by
frequency [39]-[43]. Thus, the active power-voltage magnitude (P-V) and reactive
power-frequency (Q-f) droop control can be used instead of the conventional droop
control. Such use is contrary to those in high-voltage electrical transmission systems
or induction generation dominated systems.

To solve the aforementioned issues, a control architecture based on virtual resistance
(VR), P-V and Q-f droops is used to deal with the autonomous operation of parallel
connected inverters in low-voltage networks [41], [44]. However, this approach
exhibits an inherent drawback, that is, it needs to calculate instantaneous active and
reactive power and then average them through low-pass filters (LPFs) whose
bandwidth limits the system transient response [32]. Even in three-phase systems in
which the active and reactive powers can be calculated using instantaneous power
theory, an LPF is necessary to remove the distorted power components completely,
and then obtain the average power [45]. Moreover, in real applications, when short
lines with small impedance are used, e.g., low-voltage networks, the load sharing
performance of the conventional droop control presents degradation, because a small
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deviation in frequency and voltage amplitude may cause large power oscillation and
even instabilities [46].

The disadvantages of droop control can be summarized as follows: 1) slow transient
response caused by LPFs; 2) active/reactive power coupling; 3) power sharing
performance is seriously influenced by the line impedance X/R ratio; 4) slow
response and a small stability margin when active/reactive power sharing ratios are
suddenly changed; 5) complex design; 6) power sharing performance is affected if
output impedance and line impedance are unbalanced among parallel inverters.

Several control methodologies with different implementations for conventional
droop controller have been also proposed [47]-[50]. A Q-V dot droop control
method is mostly used to improve reactive power sharing [51].

Another possible approach is to combine power droop strategies with current-
sharing control. A voltage amplitude-active power droop/frequency-reactive power
boost (VPD/FQB) control method is presented in [52], [53]. This scheme allows the
paralleled VClIs to share a common load power in proportion to a scheduled ratio.
An additional VR loop is used in [52] because inverter output impedance is not zero
given the PI controller in the voltage control loop. A novel piecewise linear V-1
droop controller is introduced in [54] to exploit the flexibility and fast dynamics of
the inverter-based distributed energy resources. However, Global Positioning
System (GPS) signals are necessary as communication links to synchronize DG
units. A decentralized control for redundant parallel connection of multiple UPS
using only current sensors is proposed in [55], [56]. Through this method, the direct
and quadrature components of output current are drooped instead of active and
reactive power, however, LPFs remain necessary.

Furthermore, stability is a critical issue for islanded MGs in terms of the low-inertia
nature of inverter-dominated systems, particularly for droop-based MGs, because
both adaptive droop coefficients and variable voltage references seriously affect
system stability. Small-signal state-space models are typically conducted to study
the stability of an autonomous MG system and ensure safe operation during
disturbances [57]-[61].

In view of the aforementioned consideration, this project is dedicated to develop a
novel simpler, faster, and more accurate control strategy compared with the power
droop controller to independently share direct and quadrature current outputs among
the paralleled inverters. In addition, the strategy should be capable of being
implemented in low-voltage MGs with high R/X line impedance, medium-voltage
MGs, and even high-voltage networks with high X/R line impedance. The main
challenges of this study include an in-depth analysis on the inherent control principle
of the novel controller based on a steady-state mathematical model, a small-signal
state-space model, as well as precise dynamic performance and stability margin
determination for the novel controller-based AC MG.
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1.4. SECONDARY CONTROL—GENERAL INTRODUCTION AND
MOTIVATION

Secondary control can be implemented in centralized [62]-[64] or decentralized
[65]-[71] structures according to the actual applications, as shown in Fig. 1-4.

1.4.1. CENTRALIZED CONTROL

Centralized controller relies on centralized communication infrastructure. The
measured variables from each essential part of MGs are collected and transferred to
centralized controller by means of low bandwidth communication links [62]-[64], as
shown in Fig. 1-4(a). Based on the collected data, control and energy management
algorithms at upper levels can be executed. The obtained compensation signals will
be relayed to primary control of each DG to achieve appropriate and efficient
operation. The centralized control can provide real-time supervision over the system.
However, as the point-to-point communication is necessary for centralized control, a
single point of failure (SPOF) issue, which will cause the invalidation of whole high
level control functions, is inevitable. Therefore, the reliability and expandability of
MG controllers are degraded. Given this, centralized control scheme is more suitable
to be implemented in localized or small space MGs.

1.4.2. DECENTRALIZED CONTROL AND THE CONSENSUS
ALGORITHM

In order to avoid SPOF and therefore improve MG’s reliability and flexibility,
distributed control has been naturally brought round the corner [65]-[71]. In a
decentralized control system, essential information will be exchanged among DG
units directly by utilizing the promising wire/wireless communication technologies
[67], as well as by using distributed information exchange algorithms, such as
gossip, consensus[68]-[71], instead of all communicating with MG central
controller. A general scheme is presented in Fig. 1-4(b). Decentralized control
reduces communication complexity and computation loads, therefore, provides more
robust and expandable operation.

Consensus algorithms have been recently applied in MGs because of the effective
means of sharing information among DGs and facilitating the distributed
coordination control [71]-[76]. When consensus algorithms are used,
communication links are only required between neighboring DG units, which can
achieve plug ‘n’ play performance and reduce communication cost. In this technique,
each DG unit only communicates its state to adjacent DGs. Every DG in the network
updates its state by providing a linear equation of its own state and those of its
neighbors. Finally, the states of all the DGs are able to reach convergence of the
desired average value. With regard to MGs, a consensus algorithm can be used to
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eliminate the dependence on a single DG, and to achieve the information sharing
and coordination among DG units.

A connected MG system can be presented by a graph, Gy = (N,, E), which is
composed of a set of nodes, N,, and a set of edges, E. In this case, a node represents
a DG unit. If i and j denote two different nodes, then the edge, {i, j} € E, presents a
bidirectional communication link. To maintain accurate convergence in dynamically
changing networks, while simultaneously handling discrete communication data
exchange, a DCA is applied

(3a)
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8, (k +1) = 8;(k) +a; (x,(k) — x,(k)) (3b)

where x; and x; are the states stored in nodes i and j, respectively, i,j =1, 2, ..., N; {i,
J} € E; a;; represents the connection status between nodes i and j; ¢ is the constant

N
edge weight; z; fulfills the equation x = i z Z; ; and 6;(0) is equal to zero. In this
i=1

manner, each node updates its state based on the stored value, connection scheme,
scalar tuning parameters, and stored values of all the neighboring nodes. In addition,
with (3a), the final convergence value is related to the initial state, z;, which
indicates that regardless of the degree of change that occurs in z;, the algorithm can
converge to the desired average value.

1.4.3. COORDINATED CONTROL FOR BALANCING DISCHARGE
RATE—MOTIVATION

Certain functions can be expected for secondary control [64], [77], [78]. For
example, the restoration of voltage and frequency deviations, synchronization of
voltage magnitude, frequency, and phase angle before DG units connected to
distribution networks, voltage unbalance and harmonic compensation, and
coordinated control among multiple DG units.

An MG should be able to supply power to critical loads without the support of a
utility grid and to overcome the intermittent nature of RESs. Therefore, ESSs are
required in the case of grid-fault, energy-shortage, and load fluctuations. In this
manner, equipping more than one set of distributed ESSs to provide redundancy is
advisable to enhance system stability and reliability [79], [80]. Hence, coordinated
control is required to guarantee stored energy balance among ESSs to avoid deep-
discharge and overcharge.

The control capability of an ESS is limited to its energy capacity. Meanwhile, the
available electrical energy from ESSs is affected by various factors, such as charging
conditions, ambient temperature, charging and discharging current, and aging [81].
Assume that the valve-regulated lead acid (VRLA) battery is used as a power source
for ESS given its large number of charge—discharge cycles, deep discharge
capability, and low price. For one aspect, the depth of discharge (DOD) of a VRLA
battery decreases exponentially with an increase in its life cycle [82]. Hence, state-
of-charge (SoC) typically has a limitation to prevent deep-discharge. Another aspect
is that the capacity of a VRLA battery declines exponentially with an increase in
discharge current [81], [83]. The total available electrical energy in VRLA batteries
is variable in terms of discharge condition although the batteries have the same
initial SoC values. Conventional coordinated control strategies mainly focus on
equal power sharing among DG units [22]-[31]. However, ESSs in different DG
units can have varying discharge rates according to their SoC and capacities. The

10
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powerless DG will be shut down when its SoC is below the threshold, and the
remaining DGs have to supply more power to the total load. This situation may
result in overcurrent and unintentional outages. Furthermore, it can degrade the
stability and reliability of the MG.

To avoid such operation failure, all aspects of coordinated output power control
strategy should be considered, such as SoC and ESS capacities. That is, the unit with
the highest SoC should supply more power to the common load to ensure a balanced
discharge rate [84]. This type of coordinated control strategy can be integrated into a
hierarchical structure [18]-[21], [85], [86]. Several coordinated control strategies for
SoC balancing in an MG have been proposed [87]-[98] for centralized or distributed
topologies by combining communication technology with hierarchical control. In
[89], an adaptive VR based droop controller is proposed to achieve stored energy
balance. However, a centralized supervisory control is used which may result in a
SPOF.

A distributed control offers a robust system and guarantees uninterruptible operation
when either the network structure or electrical parameters are changed. By contrast,
consensus algorithms have been recently applied in MGs because of their effective
means of sharing information among DGs and facilitating distributed coordination
control [72]-[74]. A distributed multi-agent-based algorithm is proposed in [96] to
achieve SoC balance via voltage scheduling. A decentralized strategy based on
fuzzy logic that ensures stored energy balance for a DC MG by modifying the VRs
of droop controllers is proposed in [97]. However, these control strategies are all
developed in DC MG and based on droop control, which has a relatively slow
transient response caused by LPFs [32]. In addition, both adaptive droop coefficients
and variable voltage references seriously affect system stability in droop-controlled
systems [99].

Moreover, stability analyses on dynamic consensus-based MGs, which include both
an electrical part in the continuous-time domain and a consensus algorithm in the
discrete-time domain, remain insufficient. Modeling in the discrete-time domain is
necessary to consider the discrete nature of communication. A generalized modeling
method in the z-domain is proposed in [100], but the details are not provided.

Given the aforementioned consideration, a droop-free decentralized SoC coordinated
secondary control for balancing discharge rate of ESSs in islanded AC MGs is
expected to prevent over current and unintentional outage of DG units, and to
provide fast response and large stability margin. Furthermore, a detailed discrete
state-space model in the z-domain, which includes an electrical part, the primary
control, and DCA-based secondary control, is also expected to analyze the system
stability and parameter sensitivity.

11
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1.5. GRID-CONNECTED MICROGRIDS WITH TERTIARY
CONTROL—GENERAL INTRODUCTION AND MOTIVATION

Tertiary control is the highest and slowest control level that is responsible for
controlling power flow between MGs and the utility grid, while providing optimal
operation by considering costs, benefits, and efficiency, among others [19] , [20],
[101], [102].

In grid-connected mode, the power flow between MGs and the utility grid can be
managed by regulating voltage amplitude and frequency of point of common
coupling (PCC). First, the active and reactive power outputs of MGs are measured
and then compared with the desired values. The differences between the measured
active and reactive power outputs and the power references are sent to two
independent PI controllers, whose outputs are considered as increments in frequency
and magnitude references in primary control, to adjust output voltage, current, and
consequently, power outputs. Active and reactive power flows can be exported or
imported independently from MGs depending on the sigh of power references.

The corresponding tertiary control should be developed based on the aforementioned
novel synchronous-reference-frame (SRF) VR-based primary control to achieve not
only power sharing performance among VClIs, but also power flow management
between MGs and the main grid, e.g., injecting the required dispatched power into
the utility grid.

1.6. HYBRID MICROGRIDS

To consider of combining at least two types of power generator or two types of
common bus voltage in one MG, hybrid MGs have emerged as a result of mixing
different technologies with various energy sources to provide competitive
advantages over using a single technology. The combination of a variety of RESs is
the least-cost solution because the advantages and benefits of each technology
complement one another. Moreover, these hybrid MGs can provide improved power
supply quality, high efficiency, and reliable electricity for residential consumers,
particularly in remote areas. A hybrid power system with an appropriate coordinated
control operating as an autonomous entity can provide nearly the same quality and
services as a utility grid. Furthermore, with proper management and arrangements,
connecting a hybrid MG to the main grid is technologically possible. Hybrid MGs
can be classified according to either common bus voltage types or different
renewable energy technologies, as shown in Fig. 1-5.

1.6.1. HYBRID AC/DC MICROGRID

Most RESs e.g., solar energy and fuel cell, generate DC power or require a DC bus
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Hybrid microgrid
Figure 1-5 MG classification.

for grid connection. Moreover, increasing DC loads should also be considered.
Accordingly, DC MGs have recently emerged given their benefits in terms of
economy, efficiency, and simple system configuration. A bidirectional AC/DC
converter can be used instead of the conventional DC/AC or AC/DC power
converters, to connected both AC and DC MGs, and thus, achieve appropriate power
flow control between these two combined MGs [103]-[108]. Considering that a
hybrid AC/DC MG typically includes both AC/DC energy sources and AC/DC
consumers, hybrid AC/DC MGs can be categorized according to load connection
and MG structure. A general structure is shown in Fig. 1-6. If various RESs, ESSs
are connected to the common AC bus by the interfacing converters (IFCs), it can be
regarded as an AC-coupled hybrid MG. On the contrary, if various RESs, ESSs are
connected to the common DC bus, and an IFC is equipped to link the DC and AC
buses, it can be defined as a DC-coupled hybrid MG. In the case of AC/DC-coupled
hybrid MGs, RESs and ESSs are connected to DC and AC buses, in which these DC
and AC buses are connected through interlinking converters (ILCs). In order to
achieve the proportional power sharing among DG units in AC/DC-coupled hybrid
MGs, appropriate control strategies and management algorithms are required for the
ILCs.

1.6.2. VCI- AND CCI-BASED HYBRID MICROGRID

Another type of hybrid MG is categorized by considering different functions, control
strategies, and distributed unit types. For example, a hybrid MG includes both RES
units and distributed ESSs. Distributed ESSs are frequently equipped with VClIs to
fix the frequency and voltage inside the MG [109], [110]. DG units, such as PV or
small wind turbines (WTs), are commonly connected to CCIs and operate under
maximum power point tracking control [111], [112]. In this manner, distributed
ESSs that are integrated with VCIs can work as grid forming units, whereas, RESs
that are connected to CCIs can operate in grid following mode to generate active and
reactive power. Coordinated control strategies among multiple distributed units in

13
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Figure 1-6 A general structure of an AC/DC hybrid MG.

terms of different power conditions and various storage capacities are necessary in
these VCI- and CCI-based hybrid MGs to achieve flexible and reliable performance
[113]-[115]. VCIs and CCIs are power electronic devices, which have similar
dynamic performances, zero inertia, and comparable control structures. Therefore,
stability and interactive influence analyses are, to some degree, easier than those for
multi-resource hybrid MGs.

1.6.3. VCI- AND SYNCHRONOUS GENERATOR-BASED HYBRID
MICROGRID—MOTIVATION

In remote areas and some countries where is either provided with discontinuous
electricity a day by the utility grid or even difficult to be covered, but have abundant
solar irradiation, wind energy and small scale hydroelectric power plants, multi-
source hybrid MGs is a reasonable solution by offering a considerable improvement
and reliable power supple. Additionally, seasonal power fluctuations can be
compensated by combining various RESs. For example, the output power of wind
farm can be used to complement solar energy shortage during the night. On the other
hand, solar energy can complement hydropower generation declines during the dry
season. If daily energy variations are also taken into account, ESSs should be
installed to improve stability by energy storage and discharge for peak consumption
when power imbalance occurs between RESs and loads.

Islanded PV-battery-hydropower hybrid MGs have been proposed as a practical
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Figure 1-7 PV-battery-hydropower-based hybrid MG.

solution to deal with local electricity outages, power fluctuation elimination, and
power supply reliability and availability enhancements, by means of control and
regulations to make complementary use of different energy sources [116]-[122]. In
order to achieve the required power flow control among the different DG units and
to maintain stable operation of the islanded PV-battery-hydropower hybrid MGs, a
global consideration and proper design are expected.

Firstly, with the unavailability of hydropower plant reservoirs, such as run-of-the-
river (ROR) projects [123], in which minimal or no water storage is equipped, the
seamless transition between grid-connected and islanded modes is necessary for PV-
battery system.

Secondly, ESSs are necessary for islanded hybrid MGs in which the power
exchange among the RES, ESS, and loads, should be balanced. However, the control
capability of ESS is limited by its energy capacity. Operation failure or power
outage may occur when only ESS is responsible for MG stabilization. Operating the
PV-battery system as a PQ bus to inject desired active and reactive power to a local
hydropower-based grid, whereas controlling the hydropower station as a slack bus to
establish voltage magnitude and frequency, is a reasonable solution to ensure the
stable operation and power balance for a hybrid MG.

Presence of rotating devices is another main problem in islanded PV-battery-
hydropower hybrid MG, as it complicates the control scheme and analysis. The
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inertia of generators and hydraulic turbines is decided by physical dimensions and
rotor weight. Although the damping performance of the system can be increased by
the inherent property of the rotating devices, instability may occur as a result of the
non-minimum phase system of the hydro turbine [124]-[131]. On the contrary, the
absence of physical inertia makes power-electronics-based MGs sensitive to
network disturbances. Moreover, different transient response speeds of the VCIs and
hydropower generators may also cause instabilities. Therefore, a plenty of
parameters of the MG’s hierarchical controller as presented in [18]-[21], should be
properly designed and optimized by considering the trade-offs between the transient
response performance and MG stability.

With regard to the stability analysis for the PV-battery-hydropower hybrid MGs, a
number of previous studies have been presented to solve the problems. In [132], the
transient stability is analyzed in terms of the relationship of the rotor angles of
different energy sources. A small-signal model of a MG which consists of rotating
machines and electronically interfaced distributed resource units has been described
in [133]. However, no quantitative conclusion has been derived in these papers.
System stability analyses through detailed small-signal models for droop-based MGs
are presented in [57]-[60]. But beyond the inverters, the dynamic response of a
hydroelectric power station should also be considered, since the prime mover and
the governor will affect the performance of the local electrical network as well.
Transient response and stability analysis of a hydropower station were studied in
[134], [135].

In view of these problems, an appropriate hierarchical control strategy for an
islanded PV-battery-hydropower hybrid MG is required to achieve stable parallel
operation of a hydropower station and a PV-battery system with different normal
power capacities. For the frequency and voltage stability analyses of such a hybrid
MG, integrated small-signal state-space models should be developed for both the
hydroelectric power station and the PV-battery system. In view of varying inertia
and control mechanisms, the interaction behavior between the hydropower station
and the PV-battery system with various disturbances and under different scenarios
need to be tested and evaluated to ensure the stable operation.

1.7. THESIS CONTRIBUTION

To address all the aforementioned issues regarding the inherent disadvantages of
droop control, a SRF-VR-based simple and fast controller is proposed in this project.
The proposed control strategy, which is derived from current-sharing control
schemes in DC-paralleled converters, includes an SRF-VR loop, an SRF-PLL, and a
proportional-resonant (PR) controller in the voltage control loop. A d-axis loop and
a g-axis VR loop are used to achieve independent direct and quadrature load current
sharing among paralleled inverters. The proposed control strategy provides both
instantaneous current-sharing and fast dynamic response for paralleled VCls.
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Compared with the conventional droop control, active/reactive power calculation
loops can be eliminated. An additional SRF-PLL is necessary to provide the natural
frequency droop characteristic, and to ensure synchronization among paralleled
VClIs. The proposed control strategy is suitable to be implemented in low-voltage
networks which have resistive line impedance to provide the fast and smooth
transient response, hot-swap operation, large stability margin, online sharing ratio
change capability and decoupling control. Beyond that, it also works well with
inductive-resistive line impedance and even small purely inductive line impedance
by means of VR. The droop control strategy should be adopted in highly inductive
situations. In other cases, superior performances can be obtained by the proposed
controller.

An integrated small-signal state-space model is developed to analyze the stability
and parameter sensitivity of the proposed SRF-VR-based current sharing controller.
To precisely analyze the dynamic performance of the PR controller in dg reference
frame, a small-signal model for equivalent SRF-PR controller is derived. In addition,
a simplified SRF-PLL model is used. Inverter, network, and load dynamics, are
individually modeled as sub-modules, and then combined together by a common
reference frame to obtain the complete MG model. Through the small-signal state-
space model and stability analysis, MGs can be designed to achieve the stability
margin required for reliable power systems.

In view of the aforementioned issues regarding the slow transient response and
parameter sensitivity provided by the droop-based coordinated SoC controller, and
the lack of a balanced discharge rate control strategy for AC MG, a novel
coordinated secondary control strategy for balancing discharge rates of ESSs in
islanded AC MGs is also proposed in this project. The proposed coordinated
controller can regulate the VRs of VCIs to adjust the current output of each DG at
the secondary level in terms of SoC and ESS capacities. Accordingly, this strategy
can effectively prevent overcurrent incidents and unintentional outages in DG units
caused by unbalanced power outputs. The novel autonomous current-sharing
controller is used at the primary level instead of the conventional droop to achieve
fast and accurate load sharing. Besides, this controller can also provide a large
stability margin.

Considering the requirements of distributed discharge rate balancing control for
energy storage units in AC MGs, this project proposes a DCA-based secondary
control scheme to achieve not only distributed balanced discharge rate control that
can effectively prevent operation failure caused by overcurrent and unintentional
outage of DGs, but also high reliability, expandability, and flexibility because of its
distributed control architecture. A detailed discrete state-space model with the
proposed SoC coordinated controller is developed by considering the discrete nature
of DCA. The root locus in the z-domain demonstrates the low sensitivity of the
parameters of the proposed controller over system dynamics.
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An hierarchical control method is proposed in this project for the SRF-VR-based
novel primary control strategy to realize the seamless transition between islanded
mode and grid-connected mode. The primary and secondary controllers will ensure
power sharing among the paralleled VCIs and power quality in standalone operation.
The tertiary control level is used to control power flow between the MG and the
utility grid.

A PV-battery-hydropower hybrid MG is selected as a case study scenario to
generate a hierarchical control strategy to deal with the interaction caused by various
inertia and multiple control mechanisms. The project addresses the aforementioned
frequency and voltage stability issues regarding multi-source-based hybrid MGs. A
hierarchical controller for this islanded PV-battery-hydropower hybrid MG is
proposed to achieve parallel operation of a hydropower station and a PV-battery
system with different nominal power capacities. The proposed controller achieves
complete decoupling power control between the hydropower station and the PV-
battery system. In order to analyze the frequency and voltage stability of this hybrid
MG, an integrated small-signal state-space model for the hydroelectric power and
the PV-battery system is built. Root locus plots are presented to help identify the
origin of each mode, and consequently, improve system stability.

1.8. THESIS OBJECTIVES

The research objectives of this project are listed as follows.

e To review previous studies on control strategies for parallel connected inverters in
AC MGs and to determine their achievements and challenges

e To propose a novel primary control strategy for parallel connected inverters in AC
MGs that can address the issues of previous research and provide superior control

performance

e To study and compare the control performance of the proposed novel primary
control strategy for single-phase parallel connected inverters

e To model and analyze MG stability and parameter sensitivity with the proposed
novel primary control strategy in terms of a small-signal state-space model

e To propose a discharge rate-balancing control strategy with the presented current-
sharing controller for energy storage units in AC MGs

e To propose a DCA-based distributed secondary control method to achieve
balanced discharge rates considering for AC MGs
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e To model and analyze an AC MG with the DCA-based distributed secondary
controller while considering the discrete nature of communications

¢ To investigate an appropriate hierarchical control strategy for grid-connected AC
MGs with the proposed autonomous current sharing controller

e To propose a hierarchical control strategy for an islanded PV-battery-hydropower
hybrid MG to achieve parallel operation of a hydropower station and a PV-battery
system with different nominal power capacities

e To model and analyze the frequency and voltage stability of an PV-battery-
hydropower hybrid MG considering different disturbances and scenarios

e To verify the proposed control strategies based on the experimental setups in an
intelligent MG laboratory

1.9. THESIS OUTLINE

This thesis is organized as follows.

Chapter 2 presents the first paper, published in IEEE Transactions on Power
Electronics, which introduces a novel autonomous current-sharing controller for
paralleled VClIs. The proposed control strategy includes an SRF-VR loop, an SRF-
PLL, and a PR controller in the inner loop. D-axis and g-axis VR loops are used to
achieve separate direct and quadrature load current sharing among paralleled
inverters. In contrast to the conventional droop control, the proposed controller can
provide faster response and better current-sharing accuracy because the LPF is
removed. Stationary analysis in terms of the closed-loop transfer function is
presented to identify the inherent voltage magnitude-direct current output and the
frequency-quadrature current output droop mechanisms with different line
impedances. Comparative experiments from a setup with three parallel 2.2 kW
inverters are presented to compare the control performances of the conventional
droop control and the proposed control with different line impedances under varying
scenarios.

Chapter 3 introduces the second paper, presented in Applied Power Electronics
Exposition (APEC) 2015, in which an integrated small-signal state-space model for
the proposed novel autonomous current-sharing controller is built to analyze
stability and parameter sensitivity. The PR controller is one of the key control loops.
Hence, a small-signal model for equivalent SRF-PR controller is proposed to
accurately represent the dynamic performance of the PR controller in the dg
reference frame. A simplified SRF-PLL model is also used. Consequently, inverter,
network, and load dynamics are modeled individually and then combined on a
common reference frame to obtain a complete MG model. Stability and parameter
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sensitivity analysis can be conducted to help design a stable and reliable paralleled
network based on the complete model.

Chapter 4 presents the third paper, accepted by IEEE Transactions on Industry
Applications, which introduces a novel coordinated secondary control strategy for
balancing the discharge rates of ESSs in islanded AC MGs. The coordinated
secondary controller can prevent overcurrent incidents and unintentional outages in
DG units by regulating the power outputs of DG units according to their SoC values.
This control strategy aims to adjust the VRs of VCIs at the secondary level in terms
of SoC and ESS capacities. The proposed autonomous current-sharing controller is
adopted at the primary level to ensure the fast and accurate load sharing performance
of paralleled VCIs. The proposed coordinated secondary controller can also provide
a larger stability margin than that provided by the conventional droop controller.
Root locus analysis is presented to analyze stability and parameter sensitivity. The
experimental results obtained by using the conventional power-sharing controller are
compared with those obtained by using the proposed coordinated secondary control
to verify the effectiveness of the proposed control approach.

Chapter 5 presents the fourth paper, submitted to IEEE Transactions on Smart Grid,
which introduces a DCA-based distributed balanced discharge rate control scheme
to not only effectively prevent operation failure caused by unbalanced power
sharing, but also provide flexible, reliable, and expandable control given the
distributed control architecture. A DCA is implemented in each DG to share
information for coordinately regulating the output power of DG units according to
their SoC and ESS capacities by adjusting the VRs of paralleled VCIs. A detailed
linearized discrete state-space model in the z-domain, which includes an electrical
part, a primary control, and a consensus algorithm, is proposed. The experimental
results obtained using the conventional power-sharing control, using the centralized
control method, and those obtained from the DCA -based SoC coordinated control
using a setup with three 2.2 kW DG units are compared.

Chapter 6 introduces the fifth paper, presented in [EEE Energy Conversion
Congress and Exposition (ECCE), which reports on a developed appropriate
hierarchical control scheme based on the proposed SRF-VR-based current-sharing
strategy that functions as the primary controller in this case. The primary control
level is responsible for achieving precise current-sharing among paralleled DG units.
The secondary control is used to compensate for the voltage magnitude and
frequency deviations caused by the VR loop at the primary level. A frequency and
magnitude synchronization loop is also included in the secondary control to
synchronize MG output voltage with common bus voltage before connecting to the
main grid. The tertiary control level is therefore used to realize power flow control
between the MG and the main grid. The control signals from the secondary and
tertiary controllers will change the resonant frequency of the PR controller at the

20



CHAPTER 1. INTRODUCTION

primary level to ensure a stable operation and to guarantee the desired control
performance.

Chapter 7 presents the sixth paper, published in IEEE Transactions on Industry
Applications, in which a hierarchical control strategy for an islanded PV-battery-
hydropower hybrid MG is proposed to achieve stable parallel operation. Considering
that multi-energy sources typically present various inertia, dynamic performances,
and multiple control principles, the coexistence of differences may affect system
stability. The proposed hierarchical controller can ensure proportional power sharing
among PV-battery system, while injecting the required power into a hydropower-
based local grid. The hydropower station operates as a slack bus to maintain bus
voltage amplitude and frequency. An integrated small-signal state-space model is
derived to analyze the system stability of the hybrid MG. The simulation results
based on a real hybrid MG demonstration that includes 2 MWp PV installations, a
15.2 MWh battery system, and a 12.8 MVA hydropower plant, as well as the
experimental results on a small-scale laboratory prototype that includes two 2.2 kW
inverters, validate the effectiveness of the proposed control strategy.

Chapter 8 concludes this thesis and introduces future works.
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CHAPTER 8. CONCLUDING REMARKS

8.1. SUMMARY

This thesis focuses on developing a novel simpler and more effective autonomous
current-sharing controller for parallel three-phase inverters in AC MGs to replace
the conventional droop control strategy. Different implementations of the proposed
novel current-sharing controller, which functions as a primary controller, with
proper hierarchical control, are also set as objectives of the thesis. Distributed
control methods are applied and integrated into the hierarchical control scheme to
improve the flexibility and expandability of MG operation. Multi-energy-source
hybrid MG is another research topic in this thesis. A hierarchical controller for an
islanded PV-battery-hydropower hybrid MG is proposed to achieve parallel
operation and decoupling power control of a hydropower station and a PV-battery
system with different nominal power capacities. Detailed conclusions in different
aspects are provided as follows.

e Proposed novel autonomous current-sharing controller—control principle

A simple and fast controller that comprises an SRF-PLL, a VR loop, and a PR
controller in the inner voltage loop for independently controlling direct and
quadrature current outputs among parallel three-phase VCIs is developed. With
regard to steady-state characteristic analysis, the direct current output-sharing ratio
can be adjusted by regulating the d-axis VR ratio of the parallel inverters. Similarly,
the quadrature current-sharing ratio can be modified accordingly by regulating the g-
axis VR ratio. In contrast to the conventional droop control, the new approach
removes the LPFs for average active and reactive power calculation and power
droop loops. Thus, the new approach can provide faster transient response,
decoupling control, better plug ‘n’ play performance, more robust and more accurate
load-sharing control. The proposed autonomous current-sharing controller can be
applied to low-voltage networks with resistive line impedance. Furthermore, this
controller works well with inductive-resistive line impedance and even with small
purely inductive line impedance through the utilization of VRs.

e Novel autonomous current-sharing controller—modeling and stability analysis

A complete small-signal state-space model is built to analyze the stability and
parameter sensitivity of the proposed autonomous current-sharing controller. An
accurate small-signal model for the PR controller in the dgq reference frame is
developed. The complete MG model is obtained on a common reference frame by
considering the features of different parts of the control loops and power circuit. The
developed model exhibits a larger stability margin and faster transient response than
the conventional droop control.
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e Implementation of centralized balanced discharge rate control

A novel coordinated secondary control for balancing the discharge rates of ESSs in
islanded AC MGs is proposed. The coordinated secondary control can effectively
prevent overcurrent incidents in DG units by regulating their power outputs
according to their SoC values. The autonomous currents-sharing control strategy,
which is used at the primary control level, provides faster transient response, more
accurate output-current-sharing performance, and a larger stability region than the
earlier power droop control-based coordinated SoC control methods.

e Implementation of decentralized balanced discharge rate control

A DCA-based decentralized coordinated secondary control with the novel primary
controller for the balanced discharge rate of ESSs in islanded AC MGs is proposed
to improve the flexibility of MG operation. Compared with previously proposed
methods, this approach can not only ensure a balanced discharge rate among DGs,
but also provide higher reliability, expandability, and flexibility. Root locus in the z-
domain from a discrete state-space model with the proposed SoC coordinated
controller is established, which indicates the low sensitivity of the parameters of the
proposed controller over system dynamics.

e Implementation of hierarchical control based-grid connected mode

An appropriate hierarchical control scheme is proposed to achieve the grid-
connected operation of the paralleled three-phase VCIs with the proposed current-
sharing controller. The three-level hierarchical controller can ensure power sharing
among the paralleled VCIs and power quality, meanwhile injecting the desired
active and reactive power/current outputs into the main grid.

e Hierarchical control strategy for PV-battery-hydropower hybrid MG

A hierarchical controller is proposed to provide a stable and decoupled parallel
operation of a hydropower station and a PV-battery system with different nominal
power capacities, and thus, achieve stable frequency and voltage operation of a PV-
battery-hydropower hybrid MG, which consists of different RESs with various
inertia and control strategies. An integrated small-signal state-space model for both
the hydropower station and the PV-battery system is built to analyze the frequency
and voltage stability, as well as the parameter sensitivity, of the hybrid MG.

All the proposed control strategies and modeling methods are verified on
Matlab/Simulink, dSPACE 1006, 2.2 kW Danfoss three-phase converter, and LC or
LCL filter-based experimental platform. The simulation and experimental results are
presented in each work.
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8.2. FUTURE WORKS

e Power quality enhancement with the proposed current-sharing controller:
Autonomous current-sharing controller-based distributed control strategies that can
realize unbalance/harmonic voltage compensation and unbalance/harmonic load
current sharing in case of unbalanced/nonlinear loads will be investigated to
improve power supply quality and to realize multi-functional converters.

e Application of the proposed current-sharing controller for a multi-source hybrid
MG: An autonomous current-sharing controller-based hierarchical control strategy
for a hybrid MG with multiple energy sources will be developed to achieve a stable
and decoupled operation.

e Hierarchical control of multiple hybrid MG clusters: Distributed hierarchical
control for multiple hybrid MG clusters will be explored to achieve stable operation
and proper power flow regulation.

e Ancillary services for the proposed autonomous current sharing controller-based
MGs: Based on the proposed current-sharing controller, explore its potential for
ancillary service market participation, with functionalities such as network
stabilization, power system stabilizer, virtual inertia, voltage stability, etc.
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