ABSTRACT

RACHI, MD RIFAT KAISAR. Fault Management and Protection Coordination in Microgrid with
Inverter Based Resources . (Under the direction of Dr. Igbal Husain).

Different forms of distributed renewable energy resources are continuing to increase their pene-
tration in the existing power system landscape driven by a multitude of factors. There is a general
consensus regarding the need to reduce our dependency on fossil fuels to minimize their detri-
mental impact on the environment. Renewable energy resources are the most suitable alternatives.
Additionally, advancements in the wide band-gap semiconductor devices and the controls of power
electronic converters have further accelerated the adoption of these alternative energy resources
and their integration into the existing power grid through inverters. These are commonly identified
as inverter-based resources (IBRs) and are major candidates to replace synchronous generators.
Furthermore, through the implementation of converter-dominated microgrid systems coupled
with distributed energy resources, local communities are moving towards achieving better energy
resiliency during catastrophic natural disasters while reducing their carbon footprint. However,
a plethora of technical challenges still need to be identified, carefully investigated, analyzed, and
solved to provide technically viable solutions that will ensure the operational reliability of this future
power system with an increased amount of renewable energy resources.

The overarching focus of this research work is to identify the technological gaps associated with
overload and short-circuit faults in the converter-dominated systems, required converter response,
and protection coordination that need to be solved to achieve a clean energy landscape in the future
and investigate these challenges to develop necessary solutions. The research efforts presented in
this report can be segmented into two broad categories.

The first part focuses on the converter-dominated standalone DC microgrid system, its fault
characteristics, and the necessary protection coordination system. A standalone DC microgrid
system with emulated wave energy converter with solid-state circuit breakers as the protection
element is modeled and simulated. Current-constrained converter behavior under overcurrent con-
ditions is theoretically analyzed and a dual current/ voltage feedback-based protection coordination
method is proposed for the solid-state circuit breakers to achieve rapid fault isolation based on local
measurements only. A solid-state circuit breaker prototype is built and validated experimentally for
different fault scenarios. Next, theoretical analysis is done to model the post-fault dynamics in a
progressively switched hybrid DC circuit breaker. The modeling is utilized for its energy absorption
branch, namely metal oxide varistor (MOV), design optimization. The analysis is validated through
simulation and hardware experiments.

The second part focuses on inverter-based resources (IBRs) and their fault ride-through (FRT)
response. Grid-tied converters are a key enabling technology for distributed renewable energy
resource integration. With increased IBR penetration, it is now required for them to ride through



grid faults instead of direct disconnection to maintain the power supply security of the whole
system. While grid following (GFL) converter is the state-of-the-art for grid-connected systems,
grid forming (GFM) nature is now expected from the future IBRs as they continue to increase their
footprint in the bulk power system. The fault ride-through response of grid-tied inverters is a major
research challenge, especially for asymmetric faults. First, a novel current reference generation
method is proposed in this segment for the grid-tied inverter’s nominal and fault-ride-through
operation. The modeled and simulated grid-tied IBR utilizes an upstream converter interfaced
Li-ion battery energy storage as its energy source. Theoretical analysis is carried out to derive a
closed-form solution for real and reactive power oscillation utilizing the proposed current reference
generation method. Its effect on system component design is explored and corresponding system
design and operational guidelines are presented. The proposed work is validated in simulation and
experiments. Next, a network-level simulation investigation is conducted for fault ride-through in
IEEE 13 bus distribution feeder with GFM IBRs. Requirements for reactive power adjustment are
established considering the high % ratio of the distribution feeder interconnections. Also, the need
for real power scaling to avoid angle stability issues during FRT with current-constrained hardware
is presented. IBRs have been connected across this distribution feeder to evaluate PCC voltage
improvement during symmetric and asymmetric faults compared to the standard requirement of
momentary cessation. Fault propagating from the transmission network and the response of the
GFM IBRs connected at the distribution feeder downstream are also presented to demonstrate
the change in real/reactive power injection as the fault progresses from an asymmetric fault to a
symmetric fault. Finally, the operation of grid-connected parallel GFM IBRs and their interaction
are investigated. Circuit analysis is carried out with Kron reduction technique to derive a large signal
model of the system. The dependency of the transient response on the droop control parameters
and interconnection impedance is also explored in this work. Simulation results are presented for
two parallel GFM inverters to further corroborate the analysis and identify key issues to consider
during paralleling such GFM IBRs.

The investigation conducted in this dissertation and its findings will help accelerate the reli-
able and safe integration of converter-interfaced distributed energy resources to achieve a clean,

sustainable bulk power system in the future.
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CHAPTER

1

INTRODUCTION

1.1 Change in Energy Landscape

Climate change and its dire consequences have created a general consensus across the globe to
reduce fossil-fuel dependency. With continuous improvements in power electronic converter sys-
tems facilitated by advanced control and wide band-gap semiconductor devices, distributed energy
resources are gaining a larger share in the traditional power distribution landscape  [1, 2]. Further-
more, renewable energy resources continue to become more cost-competitive when compared to
traditional fossil-fuel-based energy sources, increasing their usage. Fig. 1.1 shows the growing use
of renewable energy resources such as hydro-power, solar, and wind  [3].

Figure 1.1: Increasing renewable energy generation in world.



A similar trend has been observed in the energy landscape of the USA. This is highlighted in
Fig. 1.2. Itillustrates a fall in the use of coal while growing use in renewable energy consumption  [4].

Figure 1.2: USA energy consumption by resources.

This expanding integration of renewable energy resource is changing the nature of traditional
power distribution and transmission system as well which is traditionally supplied by synchronous
generators. The growing integration of these renewable resources is facilitated by advanced power
electronic converters. Inverters are used to interface these resources at the transmission and distri-
bution level. The effect is two-fold. First, these inverter-based resources (IBR) continue to replace
synchronous machines from the system. Second, the use of local energy resources is on the rise.
Fig. 1.3 illustrate how the power grid is changing as we are moving towards the future with a lower
number of fossil-fuel-driven synchronous generators. However, these changes have far-reaching
impacts on other aspects of the grid. System inertia as well as fault current level is reduced with the
displacement of synchronous machine which needs careful investigation for system reliability.

Figure 1.3: Change in energy resources.



Fig. 1.4 illustrates different types of distributed energy resources such as PV panels, wind turbines,
wave energy converters, and battery energy storage.

Figure 1.4: Different types of distributed energy resources.

1.2 Converter Dominated Microgrid Systems

Converter-dominated microgrids provide an ef cient and exible infrastructure to integrate a wide
range of distributed generation systems into the grid  [5] while serving the local loads. This ensures
increased utilization of distributed, local energy resources while reducing dependency on fossil-
fuel-heavy centralized power distribution networks. Additionally, intelligent demand response
based on distributed energy resources integrated through microgrid bene ts both customer and
utility providers [6]. Furthermore, it enables local communities to achieve better energy resiliency
in the event of a natural catastrophe and leads to direct carbon footprint reduction [7]. These
bene ts, both on the environmental and socio-economic fronts, have increased the widespread
adoption of microgrid systems. While solar and wind are the most commercially viable sources of
renewable energy, marine hydro-kinetic (MHK) resources such as ocean tides and waves have a huge
potential to become an alternative source of clean energy due to their abundance, predictability,
and high-power density [8]. Numerous energy harvesting technologies, mostly with permanent
magnet synchronous generators for the electromechanical energy conversion segment, are currently
being investigated for wave energy converter deployment [9, 10]. A grid-connected hybrid AC-DC
microgrid incorporating these MHK resources can serve the energy demand of coastal communities
for multiple applications such as desalination, aquaculture, and onshore electric transport ~ /vehicle
charging while delivering clean energy to the grid. Fig. 1.5 illustrates a hybrid AC /DC microgrid
system. Different distributed energy resource interfaces to a common DC bus. The microgrid also
has a grid interfacing port which can connect to the main grid through a grid switch. It facilitates
grid integration of these local energy resources.

Microgrids have proven to be the most suitable platform to integrate distributed renewable



Figure 1.5: Power electronics converter dominated microgrid system.

energy resources into the traditional power distribution landscape in an ef cient, reliable, and
cost-effective manner with the continued advancement in power electronic converters [11,12). As
extreme weather events are on the rise due to climate change, a microgrid-based power distribution
network leveraging local energy resources can increase overall power system resiliency [13, 14].
Although the legacy power distribution network and the majority of the implemented microgrids

are AC in nature, DC microgrid has started to emerge as a suitable power distribution architecture

in recent years as it facilitates easier integration of distributed energy resources with reduced power
conversion stages increasing ef ciency and reliability  [15, 16]. The simpli ed control architecture

of the DC microgrid provides additional exibility and ease of implementation as it is free from

the complexities of an AC distribution network such as harmonics, frequency, and reactive power

ow control [17,18]. These advantages are highly compatible with the increasing DC loads in power
distribution systems such as LED lighting, modern shipboard power system, electric vehicles, and
data centers.

1.3 Fault Characteristics in a Converter Dominated System

Despite the numerous bene ts of a converter-dominated DC microgrid, its wide-scale implementa-
tion is limited due to the lack of a suitable DC protection system. The challenge is multi-fold and
each requires careful consideration. Designing a reliable DC protection device is dif cult compared
to its AC counterpart [19,20]. Compact design, absence of any moving part, and fast fault isolation
capability make the solid-state DC circuit breaker (SS-DCCB) very suitable to counter the high fault
currentrise rate in a DC system [21-23]. Another major challenge is the low overcurrent capability
of the power electronic converters. The nature of fault current in a converter-dominated system
is largely dictated by converter current constraint and adopted control strategy. Energy sources



are coupled to DC microgrids through power electronic converters that cannot provide high fault
currents due to the thermal limits of the power semiconductor devices. As a result, converters go
into a current limiting mode during an overload event collapsing the DC bus voltage. The current
magnitude-based legacy protection system is unreliable and will result in delayed breaker response
due to the limited fault current availability for such systems  [24, 25]. The intermittent power output
from the renewable energy resources coupled to a standalone DC microgrid adds to the complica-
tion as it directly changes the fault current level based on its available output power and forces the
system to implement an adaptive threshold for fault detection and isolation [26].

Multiple strategies have been reported in the literature to develop a protection system for
DC microgrids circumventing the above-mentioned issues. Communication assisted protection
mechanism is proposed for the coordinated operation of the overcurrent relays in a DC microgrid in
[27,28]. A current differential-based high-speed fault isolation scheme has been studied in ~ [29, 30]
as a unit protection method. While these methods can ensure reliable DC microgrid operation,
they require a dedicated, fast communication network and synchronization between signals. These
increase the overall system complexity and implementation cost. Also, failure in the communication
network will compromise the protection method. A current derivative-based protection system is
proposed in [31, 32]; although this method does not require any communication infrastructure,
sensor noise complicates accurate derivative calculation which can lead to erroneous breaker
operation. Traveling wave-based protection methods for DC microgrids have been investigated
in [33,34]. However, advanced data collection and processing are required which makes it unsuitable
for implementation. Next, we focus on the state-of-the-art relating to DC circuit breaker design.

1.4 DC Circuit Breaker

While DC distribution systems and DC microgrids can facilitate ef cient integration of distributed
energy resources, DC protection is considered to be a key bottleneck for rapid, wide-scale adaptation

of such systems due to its multi-faceted complexities [1, 2, 35-37]. While AC protection technologies
are well established, DC circuit breaker design still poses a challenge. The absence of natural zero
crossing in DC current can lead to hazardous arcing during fault isolation and makes its reliable
interruption dif cult. Also, fast fault current rise due to low line inductance leads to rapid bus
voltage collapse. While AC fault isolation time can be extended over several line cycles, DC faults
require much faster isolation, typically within ~ 5ms after the fault [19, 38]. Fig. 1.6 shows four major
types of DC circuit breaker topologies. Oversized, mechanical circuit breakers have been used for
protection in DC systems. However, this goes through severe arcing due to a lack of zero-crossing
in the DC system which poses an enormous re hazard. Several circuit breaker technologies have
been developed over the years to achieve arc less DC fault interruption such as passive component
dependent resonance-based circuit breakers [39,40Q]; solid-state circuit breakers [41,42], and hybrid
DC circuit breakers [43-45



Figure 1.6: DC circuit breaker topologies- (a) mechanical circuit breaker, (b) solid-state circuit
breaker, (c) resonance assisted circuit breaker, and (d) hybrid circuit breaker.

Resonant breakers rely on passive components to create a forced zero-crossing and are often
very bulky in design. While solid-state breakers can be compact in design, high on-state loss affects
system ef ciency. Hybrid DC circuit breakers are of special interest at elevated voltage class as
it combines the bene ts of a fast mechanical switch and solid-state devices to achieve both low
operational loss and arc-less rapid fault isolation. It has two parallel branches as shown in Fig. 1.6(d).
The branch comprised of the solid-state devices performs as the main circuit breaker (MCB). Parallel
to it, there is a branch consisting of a series-connected auxiliary circuit breaker (ACB) and fast
mechanical switch (FMS). This acts as the low resistance nominal conduction path. While all the
solid-state switches turn off simultaneously in a traditional hybrid DCCB after the FMS is fully
open, the alternative switching scheme is the progressive switching of the solid-state main breaker
segment [46]. Here, the MCB devices open in a pre-determined sequence to match the dielectric
strength of the FMS with the voltage differential induced by MOVs. This switching scheme can
reduce the fault current but results in non-uniform switching transients as different MOV conduct
fault current for a different duration depending on when the solid-state device placed across it
turns off. if all the MOVs across the different stage has similar clamping voltage rating, their energy
dissipation during fault isolation becomes non-uniform. This will result in MOV degradation and
can lead to breaker failure. Optimization in MOV blocking voltage and stage turn-off time is needed
to achieve near-uniform energy absorption during fault isolation with progressive switching.



1.5 Inverter Based Resources

The grid-connected converter is considered to be the key enabling technology for the reliable and
safe integration of these energy resources such as solar and wind [47]. While grid following converter
(GFL) is the state-of-the-art for grid-connected systems, research interest has grown in the grid
forming converters (GFM) as they are suitable to work as a functional replacement for synchronous
generators in the power system. Fig. 1.7a and 1.7b shows the simpli ed diagram of GFL and GFM
converters, respectively.

* GFL Converter : These can be modeled as a current source with parallel impedance. They rely
on an external stable grid to operate. A phase-locked-loop (PLL) is used to synchronize to
the grid and inject requested real / reactive power dispatch into the grid. As these converters
behave as tightly controlled current source, their current does not change rapidly in response
to a voltage sag due to a fault on the grid side.

« GFM Converter : GFM converters behaves as a voltage source behind impedance and do not
require an external voltage source to operate. Hence, they can form a local grid in the absence
of the main grid. These behave as a voltage source and respond instantaneously to a voltage
sag on the grid side which makes them superior converters for fault response.

(@) (b)

Figure 1.7: Simpli ed diagram of- (a) grid following converter and (b) grid forming converter.

Standards have been available for GFL converters for quite some time now. There is a move
towards encouraging GFM behavior in the recent standards. Multiple entities have explored the
de nition and functionalities required from GFM converters in recent years [48-53]. Fig. 1.8 shows
a timeline of relevant standards and technical reports on GFL and GFM converters. While this is an
ongoing effort across different technical entities around the world, there is a consensus regarding
some of the key functionalities expected from GFM converters such as

 Shall be able to synthesize AC voltage without support from an external source.

« Shall be able to operate in synchronism with other GFM converters and synchronous genera-
tors in the system without creating any unwanted oscillation in the system.



« Shall be able to provide frequency and voltage support during frequency /voltage events. The
frequency support translates to inertia support.

« Shall be able to inject fast fault current within its hardware constraint and have fault ride-
through capability.

» Shall be able to inject current with speci ¢ characteristics such as reactive currentand  /or
negative-sequence current to meet the system requirement.

« GFM converter interfacing energy resources may be utilized for black-start and system restora-
tion following a system collapse.

Figure 1.8: Evolution of regulatory landscape.

1.6 Fault Ride Through with Grid-tied IBRs

As inverter-based resources continue to increase their share in the energy landscape, it is crucial
that they provide some or all of the key ancillary functions that a standard synchronous generator
provides such as inertia and fault ride-through (FRT) capabilities. In the early standards developed



for the grit-tied IBRs, there was no strict requirement from them to include FRT as a key feature as
the only constituted a small portion of the overall energy resource  [54]. However, with increased
penetration, the reliability and security of the bulk power system will be at stake without IBRs' having
these capabilities. As a result system operators now mandate fault ride-through capabilities during
abnormal grid conditions  [55]. Due to natural causes, environmental factors, or vegetation, different
types of asymmetric and symmetric faults are very common in the power system  [56]. Especially,
single-line-to-ground (  SLG) and double-line-to-ground( DLG) faults are prevalent and IBRs should
have the capability to ride through these events while providing necessary support to the grid.

A variety of grid forming converter control has been investigated in the recent literature such
as droop control, power synchronization control, and virtual oscillator control that uses different
techniques to achieve grid synchronization [57,58]. While the nominal operation of these converters
is well explored, fault ride-through is still a major challenge. As the converter-dominated systems
continue to increase their share in the power distribution network, it is now required for them to
withstand the voltage sags, retain grid forming nature, and provide reactive power support to improve
the voltage at the point of common coupling (PCC) during a fault event. Additionally, their power
export capability under weak grid conditions is of importance and requires careful analysis [59-61].
The limited current carrying capability of these semiconductor-based converters adds additional
complication for fault ride through  [55]. Different double sequence current reference generation
technigues with amplitude limiter have been presented in the literature to improve the PCC voltage
during asymmetrical faults [62-64] as well as to support the legacy protection equipment to assist in
fault identi cation based on negative-sequence quantities. However, the required oscillatory power
with twice the grid frequency needs to be quanti ed to design the system components and fully
utilize the converter capability during a fault ride-through event. This depends on the underlying
current reference generation formulation, irrespective of the implemented controller. Furthermore,
GFM IBRs integrated into a distribution network need to be investigated to evaluate their FRT
performance and quantify their contribution to improving the PCC voltage.

1.7 Thesis Outline

The summary of the research works presented in the remaining chapters of this dissertation is
provided below:

In Chapter 2, a local measurement-based protection coordination system for a standalone DC
microgrid is developed. A standalone DC microgrid with a wave energy converter is modeled in
PLECSthat is broken down into separate zones isolated by a solid-state DC circuit breaker model.
Converter overcurrent behavior is theoretically analyzed considering its current constraint and
a current/ voltage feedback-based protection coordination method is proposed which does not
require an adaptive current threshold as the power contribution from the renewable energy resource
varies. A rule base for protection coordination is developed. A bi-directional, solid-state DC circuit



breaker prototype is developed and its operation is experimentally validated for a 380V system.

In Chapter 3, an analytical model for a progressively switched hybrid DCCB is developed. The
proposed model is used to demonstrate how the progressive switching scheme reduces the current
peak by reducing the slope of the rising fault current. The analytical model in juxtaposition with the
fast mechanical switch displacement curve is utilized to derive the optimum blocking voltage for
the MOVs placed across each stage of the main circuit breaker branch. The analysis is validated in a
four-stage progressively switched hybrid DCCB. Additionally, a look-up table-based MOV modeling
is done in PLECSalong with the device thermal model. This is utilized to simulate and study a two-
stage progressively switched hybrid DCCB for a 380V system. A hardware prototype of a two-stage
progressively switched main circuit breaker branch is fabricated for experimental validation of
progressive switching.

In Chapter 4, a novel current reference generation method is proposed for symmetric  / asymmet-
ric fault ride-through of a grid-tied inverter. A double synchronous space vector oscillator-based
grid forming controller is utilized to synchronize to the positive- and negative-sequence component
of the terminal voltage during an asymmetrical fault. A vector current limiter is used to keep the in-
jected current within the limit during fault irrespective of voltage sag. Theoretical analysis is carried
out to derive a closed-form expression for real and reactive power oscillation that a grid-tied inverter
injects. This closed-form expression can then be utilized to dynamically control a gain parameter of
the proposed current reference generation method to ensure that the real power oscillation remains
within the limit of the input DC-link capacitor. Additionally, it has been shown analytically that the
proposed method allows controlling the negative- to positive-sequence ratio of the injected current.
The analysis is validated in simulation. A modular PCB board-based hardware platform is developed
where a wide range of fault ride-through experiments have been conducted to support the analysis.

In Chapter 5, a network-level simulation investigation is carried out for the FRT response of a
GFM IBR connected to a distribution feeder. The high R/ Xratio on the distribution system conductor
and its effect on PCC voltage with real power injection is explored. A reactive power compensation
method is presented to alleviate this. Furthermore, the requirement for real power setpoint scaling
to avoid angle stability during FRT with current-constrained GFM FRT is investigated. The fault
is emulated in different sections of the IEEE 13 bus system and the results are compared with
the momentary cessation case. Also, real / reactive power injection injected power during fault is
evaluated. Finally, fault propagation from IEEE 9 bus transmission network and the GFM IBRs
connected at the downstream distribution feeder is presented.

In Chapter 6, we focus on the operation of parallel GFM inverters. Multiple GFM inverters
are expected to operate in synchronism with each other in the future power grid. It is crucial to
investigate the response of parallel GFM IBRs during a fault to evaluate their transient response,
capability to provide necessary voltage support, and inter-IBR interaction during a fault. Two GFM
inverters operating in parallel are considered for this analysis. Circuit analysis is carried out with
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Kron reduction technique to develop a large signal model of the system. The dependency of the
transient response on the droop control parameters and interconnection impedance is also analyzed.
Finally, simulation results are presented for two parallel GFM inverters to identify the key issues to
consider during the paralleling of such GFM IBRs. The work presented in this chapter will work as a
stepping stone for future system studies involving numerous GFM inverters working in tandem to

maintain a stable grid.

In Chapter 7, the key contributions of this dissertation are highlighted with a list of publications

and tentative future works.
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CHAPTER

2

POST-FAULT PROTECTION
CO-ORDINATION IN A STANDALONE DC
MICROGRID

A reliable protection coordination system between the power electronic converters and solid-state
device-based fast protection unit in a standalone DC microgrid supplied by a wave energy con-
verter (WEC) and an energy storage unit is investigated. Fault characteristics of a power electronic
converter-dominated system are dictated by the current constraint of the semiconductor devices as
well as the adopted control technique. A standalone DC microgrid system model with solid-state
circuit breakers is developed in PLECSto analyze the steady-state operation as well as faulted condi-
tions. The effect of both resistive and constant power loads on a current-limited bus controlling
converter behavior during an overload event is analyzed theoretically. Also, the variation in the WEC
power output and its effect on bus voltage during overload is investigated. The analysis has led to the
development of a dual current-voltage feedback-based protection coordination system. The method
does not require any communication between the solid-state circuit breakers and converters and
eliminates the need for adaptive updating of the overcurrent threshold with varying renewable
generation output. Bus capacitor discharge during a short circuit is analyzed theoretically as well
to formulate an instantaneous trip threshold selection utilizing device gate driver functionality.
The proposed protection coordination system ensures rapid fault isolation and continued power
delivery to healthy segments. A SiC-based bi-directional, solid-state DC circuit breaker prototype is
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Figure 2.1: Standalone coastal microgrid with WEC and its different fault diagnosis zones.

designed and fabricated which has been used to implement the proposed protection method with a
380V DC bus-based system.

2.1 Standalone DC Microgrid with Solid-State DC Circuit Breaker

A standalone DC microgrid with a wave energy converter (WEC) as a renewable energy resource
along with a battery storage unit and solid-state DC circuit breakers as fast protection devices are
rst modeled in PLECS Standalonewith necessary controls. System behavior during overload and
short-circuit events is analyzed theoretically and in simulation to formulate the required protection
coordination system.

2.1.1 Standalone DC Microgrid

The overall system architecture of a standalone DC microgrid with WEC is illustrated in Fig. 2.1.
Marine hydro-kinetic resources such as ocean waves have vast potential to provide clean energy
due to their high power density [8]. Standalone DC microgrid with WEC can provide energy support
to multiple applications such as seawater desalination, subsea data center, and aquaculture. The
emulated wave energy converter is modeled as the "Wave Follower' type in the simulation. A oating
buoy is used in practical systems that moves up and down with the wave trough and crest to produce

a torque proportional to the wave speed [8, 65, 66]. This torque is applied to drive a permanent
magnet synchronous generator which delivers an oscillatory electrical power output. The output
from WEC is then coupled to the DC system through an active front-end AC  / DC converter.ADC/DC
converter interfaces the storage unit to the microgrid and maintainsthe ~ 380V DC bus. The load is
modeled for a desalination plant, which is crucial for any coastal community in remote islands. The
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majority of the load of a desalination plant is inverter-driven motor loads needed to operate multiple
pumps [67]. 10% of the load is DC powering its auxiliary units. A scaled-down system is shown in
Fig. 2.1 which has a 2kW inverter connected load and a 200W DC load for other functionalities.

Fig. 2.2 shows the wave speed pro le and respective WEC-generated power. The peak output
power from the WEC is  1.5kW for this 20s simulation window. Note that the oscillatory motion of
the buoy is converted to a unidirectional rotation of the WEC generator shaft through a mechanical
linear-to-rotary converter device. Fig. 2.3 shows the current outputs from the WEC and the storage
unit interfacing converter. These are labelled in Fig. 2.1 as iwgc and i¢qny, respectively. Dips are
seen in the battery current pro le corresponding to the WEC current output as it supports the load
partially. Fig. 2.4 illustrates the average current output (without the switching ripple current content)
from the WEC and storage side converter which shows their low-frequency variation.

Figure 2.2: Wave speed and power generated from single WEC.

Figure 2.3: Current output from WEC and storage side converter.
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Figure 2.4: Average current output from WEC and storage side converter.

Together they support the load power requirement. The storage interfacing DC  / DC converter
operates in a bi-directional mode. It maintainsthe 380V DC bus compensating for the intermittent
power output from the renewable energy resource. Additionally, if the WEC power output is greater
than the load power requirement at any instant, the DC / DC converter absorbs the additional power
to charge the storage unit.

2.1.2 Converter Control and Overload Response

The storage interfacing converter employs a dual loop control scheme to maintain the 380V DC
bus. Semiconductor devices have limited current carrying capability; therefore, a saturation block

is implemented to keep the reference current within the allowable limit during overload. Fig. 2.5
shows the dual loop control structure. However, limited converter current output leads to unreliable
circuit breaker operation if only the current magnitude is used for fault detection.

Figure 2.5: Dual loop converter control with current limiting.
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