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Abstract

The increase in popularity of the microgrid concept requires the analysis and solution of
the numerous technical issues arising from the operation and integration of the microgrid
into the original distribution network. The work presented in this thesis is centred on
the study of the fault behaviour of inverter-only microgrids and on the development of a
suitable fault detection technique.

This task is approached by first understanding the behaviour of a microgrid during a
fault and the factors affecting it. A complete description and analysis of the key elements
in the study of microgrid fault behaviour is presented. Then, three microgrid models with
different inverter control methods (i.e. Synchronous Reference Frame control, Natural
Reference Frame control and droop control) and with various current limiting strategies
are built in PSCAD and their fault behaviour is simulated, analyzed and compared.

It is found that the control of the inverter is able to shape the response of the
microgrid in the event of a fault. The constraints to this capability are the inverter’s ratings
(current and voltage limits) and the characteristic changes in the network introduced by
faults. Moreover, it is found that the control in the Natural Reference Frame gives better
fault response, in terms of voltage control and simplicity in implementation, compared
with the popular control in the Synchronous Reference Frame.

The behaviour of the system is then further analyzed by developing quasi steady-
state inverter models suitable for numerical fault analysis. The models are developed
starting from the inverter control and analyzing how it changes in the event of a fault. By
combining control gains and circuit parameters, they result in being capable of capturing
the key features of inverters’ fault behaviour. Depending on the control strategy, some of
these models are balanced and therefore are directly applicable in numerical fault analysis
based on sequence components. Others are unbalanced and therefore require a fault analy-
sis based on a direct phase coordinates representation of the network. Examples on how
to perform numerical fault analysis calculations with balanced and unbalanced models are
given and the numerical results well compare with the ones obtained from time-domain

simulations using PSCAD.



From the knowledge of the microgrid fault behaviour developed analyzing the re-
sponses in time-domain simulations and by using the developed inverter models to numer-
ically calculate voltages and currents in the microgrid during different faults at various
locations, a fault detection strategy based on voltage sequence components is proposed.
Indeed, it is the behaviour of the inverter control during faults which makes the moni-
toring of voltage sequence components the best discriminator between normal operation
and fault operation. The three building blocks of the fault detection strategy which are
capable of a fast extraction and comparison of voltage sequence components are described
and then the performance of the fault detection strategy for different faults and microgrid
operating conditions is tested in PSCAD and discussed. Finally, examples are given on

how this voltage detection can be used in the design of a microgrid protection system.
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Chapter 1

Introduction

1.1 Background and scope

In recent years the number of small de-centralized power generators connected to the
medium (MV) and low voltage (LV) distribution networks has increased. The term dis-
tributed generation (DG) defines an electric power source directly connected to the dis-
tribution network or to the customer side of the meter, which is small in size compared to
conventional power plants, not centrally dispatched and not centrally planned [1,2]. Major
drives behind the popularity of DG include the deregulation of the electricity market, the
technical advances in small scale generation and the efforts of national governments to
reduce gaseous emission and increase the production of green power.

The introduction of DG is changing the shape and the operation of the traditionally
passive distribution networks which are now required to accommodate power generation
[1-4]. The successful implementation of DG requires, first, the study of the impact on
the network of the different DG power sources which include various technologies like
synchronous generators, induction machines and power electronic interfaces. Second, it
requires the development of solutions which can resolve the conflicts resulting from the
connection of DG (e.g. voltage control, network protection and equipment upgrading).

The microgrid concept has been proposed as a possible answer to the coordinated
integration and operation of DG [5,6]. The main idea behind the microgrid concept is
to group local power generators and loads and operate them as a single controlled entity
within the main distribution network. For example, a microgrid can be operated in grid-
connected mode or in islanded mode, it can be designed to meet local customers’ needs
(e.g. enhance local reliability or improve power quality) or it can be operated to meet

grid’s requirements (e.g. provision of ancillary services).
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It is expected that power electronics will have a crucial role in microgrids [5-7].
Indeed, many DG sources cannot be directly connected to the network because they do
not produce grid-compatible AC power. Some of them like photovoltaic (PV) units and fuel
cells produce DC power while others like microturbines and variable-speed wind turbines
produce power at frequencies different from the one of the distribution network (e.g. 50Hz
in the U.K.) As a result, all these power units require some form of power electronics
interface which can couple them with the distribution network. Another reason behind the
importance of power electronic devices in microgrids lies in the flexibility of the control of
these devices which can provide frequency and voltage control, synchronization functions
and fast disconnection. These are all important aspects in the operation of microgrids
as single controllable units. It follows that in future, distribution networks will contain
more electronically-coupled power sources and that these types of sources will represent a
substantial proportion of the generation mix in microgrids.

The high proportion of power electronic devices, in particular of inverters, requires
the analysis of their control, operation and response to different events in the microgrid.
However, while there is a well established body of work on power systems based on power
generated by synchronous machines, there is a limited knowledge on the behaviour of power
systems dominated by inverter-interfaced power generation. As a result, this thesis focuses
on the study of islanded inverter-only microgrids, which are microgrids disconnected from
the main grid and supplied only by inverter-interfaced DG sources.

The scope of the presented research work is three-fold. The first goal is to understand
the behaviour of inverter-only microgrids in the event of a fault and analyze the main
factors shaping the fault response. The second goal is to develop models which are capable
of capturing the principle features of the inverter fault response and which can be used in
numerical fault analysis. The third and final goal is to develop a fault detection strategy

suitable for inverter-only microgrids.

1.2 Overview

The introduction of DG and the formation of microgrids have a profound impact on the
operation of the protection system of the distribution network and this generates new
requirements which the protection system has to satisfy [4,8]. In particular, the formation

and operation of a microgrid require a suitable protection system capable of adapting
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to different microgrid operating modes (namely grid-connected and islanded) and to the
different types of DG source which can be found in a microgrid [8].

In an islanded inverter-only microgrid where the only source of power comes from
inverter-interfaced units, the detection and clearing of faults can be problematic because
of the reduced fault current environment. Usually, faults in distribution networks are
associated with high fault currents which are detected by overcurrent-based protection
devices. Synchronous generators in the power system are capable of supplying such high
currents. In contrast, inverters are usually designed to supply a very limited current (in the
region of twice the inverter’s nominal current). As a result, inverters’ limited fault current
capabilities make it difficult to detect the presence of a fault through overcurrent [8].

The fault protection of islanded inverter-only microgrids requires first an extended
investigation into the fault behaviour of microgrids and in particular into the factors
affecting the behaviour of inverters in the event of a fault. To date, little is known of
the behaviour of inverters in the event of a fault apart from the general agreement that
they provide only small currents. This simplicistic assumption is clearly not sufficient
for the design of a protection system for two main reasons. First, there are a number of
approaches to the control of inverters and therefore there is quite a lot of flexibility in the
way inverters can supply a limited fault current. Second, as the inverters are the only
source of power in the islanded microgrids under study, their response in the event of a
fault is going to deeply affect the overall response of the microgrid.

As a result, this thesis first investigates the factors affecting the behaviour of mi-
crogrids in the event of a fault by analyzing inverter fault behaviour and the interactions
with the microgrid network. In the thesis, an incremental approach is chosen where first
a very simple microgrid supplied by a single inverter is considered. Then a more com-
plex model with two parallel-connected inverters is introduced. The fault behaviour of
the two microgrid models is investigated through time-domain simulations in the software
PSCAD. This initial simulation work is quite important as it requires the analysis of all
the possible factors (e.g. microgrid network topology, inverter current limiting and voltage
ratings) influencing the behaviour of inverters and of the microgrid as a whole.

Nevertheless, studies based on time-domain simulations cannot be considered as
exhaustive, most of all when there is not a consolidated body of work on inverter fault

behaviour as there is for example for synchronous machines. Therefore suitable models
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for inverters under fault conditions are developed in the thesis. As will be shown, the
availability of these simplified but complete models brings several advantages. First, the
developed models clearly illustrate the significance of different factors (e.g. control gains
and filter parameters) which affect the overall behaviour of inverters in the event of a
fault. Later this knowledge could be used to design alternative control strategies. Second,
they can act as a first step towards the development of standardised fault models for
inverter-interfaced DG sources (such as already exist for synchronous machines). A third
advantage of the development of fault models for inverters is the possibility of performing
numerical fault analysis. Indeed, the thesis shows how to integrate these models into
quasi-steady state fault analysis studies. Ultimately these models can be used by power
utility engineers for fault analysis and fault protection studies.

Finally the thesis demonstrates that in islanded inverter-only microgrids with re-
duced fault currents, faults can still be detected by measuring voltage sequence compo-
nents. This proposed fault detection strategy is based on the analysis of the response of
inverters during faults, on the time-simulations run in PSCAD and on the application of
the inverter fault models in numerical fault analysis to compute the microgrid response to
balanced and unbalanced faults at different locations. As the microgrid protection system
is required to have fast operation, different fast-acting voltage detection techniques are
compared and the ones more suitable for the evaluation of sequence components are cho-
sen and implemented in PSCAD. Finally, the performance of the proposed fault detection
is tested and discussed. Examples of how a protection system based on voltage can be
implemented are given and the protection requirements of different microgrid models are

described.

1.3 Thesis structure

The thesis is organized into the following chapters.

Chapter 2 starts with a literature review on distribution networks, DG, microgrids and
the impact of DG on the protection system. Then, the focus is placed on the particular
protection requirements of microgrids and on the approaches proposed so far. An example
based on simulations of some microgrid models in PSCAD illustrates the difficulties in
implementing an overcurrent-based protection system in islanded inverter-only microgrids.

Chapter 3 describes the different elements which need to be considered before inves-
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tigating the microgrid fault behaviour: inverter DG topologies, earthing arrangements,
microgrid network architecture, inverter control and inverter operation.

Chapter 4 shows and analyzes the fault response of islanded inverter-only microgrids.
In particular three microgrid models (two supplied by a single inverter and one supplied
by two parallel-connected inverters) are considered in order to investigate the impact of
different inverter control strategies.

Chapter 5 develops inverter fault models and applies them in numerical fault analysis.
The developed models are validated through comparison with the results of PSCAD time-
domain simulations.

Chapter 6 develops and tests a fault detection strategy based on voltage sequence com-
ponents. The final part of the chapter shows how a microgrid protection system based on
voltage detection can be implemented.

Chapter 7 concludes the thesis, states the author’s contribution and outlines possible

future research work.
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Chapter 2

Distribution networks, distributed
generation and microgrids: the
impact on power systems
protection

2.1 Introduction

At the present time, one of the challenges faced by power engineers is to find solutions to
integrate new forms of power generation like DG within the existing synchronous machine-
based power system. In this Chapter a review and analysis of the impact of DG, and more
specifically of microgrids, on the protection system of a distribution network is given. New
key concepts are introduced along with a description of well established technologies like
overcurrent relays and protection practices in distribution networks.

Following a description of common problems encountered by the protection system
when DG is present and a review of some proposed solutions, the Chapter analyzes the
protection requirements of microgrids. In particular, the focus is placed on inverter-only
microgrids. With the help of the simulation software PSCAD, fault currents in a grid-
connected microgrid with one or two locally connected DG units are compared with the
fault currents in the same microgrid operating in islanded mode. Difficulties in using
overcurrent protection in inverter-only microgrids are discussed and finally a review of the

limited available research on microgrid fault protection is given.
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2.1.1 Distribution networks and distributed generation overview

The function of the electricity distribution network is to deliver electrical energy from the
transmission network delivery point to each customer [9]. On the basis of this function,
the distribution network is usually designed to operate in a radial configuration, in which
the power flows in one direction only and little redundancy exists. The liberalization of
the energy market together with the global trend of reducing greenhouse gas emissions
and the technical advances of small scale energy generation have powered the introduction
of DG into the distribution network [1,2]. As a result, distribution networks with DG are
being transformed from passive to active networks.

DG technologies available on the market range from traditional power sources like
diesel generators to new technologies like microturbines, fuel cells, photovoltaic systems
and wind turbines [2]. As a result, DG requires different generator technologies. Syn-
chronous generators are typically used by internal combustion engines, gas turbines, solar
thermal and biomass plants. Induction generators are extensively used in wind farms while
power electronic converters are used to interface photovoltaic systems, fuel cells and mi-
croturbines. As wind turbines have become variable-speed, they also have included some
power electronics. Overall the term DG refers to an extremely heterogeneous group of
power generators.

Sometimes the term DG is associated with renewable energy resources however not
all DG technologies are environmentally friendly. Nevertheless the introduction of small

scale, local energy generation in the distribution network brings several benefits like [2]:

e diversification of energy sources,

reduction in gaseous emissions,

possible reduction of energy losses in distribution networks,

e private production of electrical energy,

provision of services (power quality and reliability) to meet local customers needs.

Besides these benefits, there are some technical issues raised by the integration of DG into
the existing distribution network (e.g. voltage control and network protection) which need

to be addressed. Indeed, as DG is installed, the network becomes fed by multiple sources
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Figure 2.1: A simple example microgrid

but its topology, control and protection were all designed assuming that power flows in
one direction only. The connection of DG affects the network performance and stability
in a number of ways as it has been reported in the literature [1-4]. In particular, Section

2.2 is going to describe and analyze the impact of DG on distribution network protection.

2.1.2 Microgrids

The microgrid concept has been introduced as a possible approach to coordinated network
integration and operation of DG [5]. Although there isn’t a standard definition, a microgrid
can be considered as a cluster of loads and DG sources capable of operation as a single
controllable unit [6]. Usually, a microgrid is a small part of the MV (usually ~1-69 kV)
or LV (usually <1 kV) distribution network [5] where the power and possibly also the
heat demand are supplied by local small (<100 kW) power resources (including PV units,
micro turbines, fuel cells, etc.) and storage devices (e.g. flywheel and batteries) [7]. A
microgrid is interconnected to the remaining network through a separation device like
a solid state static switch (SS) which is capable of quickly disconnecting or connecting
the microgrid [6]. Figure 2.1 illustrates a basic example of a microgrid connected to the
distribution network through a SS.

As a single controllable unit, a microgrid can be operated either in grid connected
or in islanded (autonomous) mode depending on factors like planned disconnection, grid
outages or economical convenience [10,11]. When operating in grid connected mode, the

DG sources are controlled as constant power sources so that they inject into the network a
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set amount of power while using the grid voltage and frequency as a reference. In islanded
mode the sources are controlled in order to maintain the voltage and frequency within
acceptable limits. This flexibility of operation is only made possible through the extensive
use of power electronics as an interface between the DG sources and the network [6].

Although the operation of a microgrid poses a series of technical, operational and
economical challenges [6,12], it provides an effective integrated connection of DG into the
network [5]. Therefore all the benefits of DG operation can be extended to microgrids.
Moreover, as a single controllable unit, a microgrid can be operated to satisfy particu-
lar customers’ needs like enhancement of local reliability, uninterruptible power supply,
increased efficiency and environmental and economic benefits [6, 11].

For all these reasons, the microgrid concept is considered to be a key player in the
future of the distribution networks and as a result there is a big effort by the research and
industry community from all over the world to make this concept a reality. Large scale
projects are running in Europe (Microgrids and More Microgrids), in USA (the CERTS
Microgrid and the GE Global Research Microgrid), in Japan (NEDO Microgrid project),
in Canada and in UK (Supergen Microgrids Work Package) [5].

The challenges in the development of a microgrid are very broad and span the range
from network voltage and frequency control [6,7] to unit commitment for fuel minimiza-
tion [11]. Among them, this research work is focused on understanding how an islanded
microgrid supplied by DG interfaced with inverters behaves in the event of a fault and
which fault detection strategies can be used when the available fault current is limited by

the inverter’s reduced current capabilities.

2.1.3 Conventional distribution network protection

The primary purpose of power system protection is to ensure the safety of people, personnel
and equipment during the operation of the power system [13]. A good protection system

should be designed following these principles:

e Reliability: a protection system should operate correctly. By correct operation is
meant the ability to discriminate between faults and events which do not require

any action.

e Selectivity: a protection system should isolate the fault by disconnecting the mini-

mum section of the network.
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e Speed: a fault has to be cleared in the minimum possible time in order to avoid

dangerous situations for people and damage to equipment.

Different network topologies require different protection schemes. The distribution
network is usually operated radially therefore overcurrent protection is considered to be
a good compromise between performance and cost. Directional relays are also required
for looped networks because of the bi-directional nature of the power flow. Protection
schemes commonly used in transmission networks like unit or distance protection [13] are
not frequently found in distribution networks.

The main principle on which overcurrent protection is based is that faults in the net-
work generally produce very high currents in comparison to nominal load values. Moreover,
faults in different parts of the network cause currents of different magnitudes because of
the varying impedance between power source and fault point [13]. The coordination of
protective devices within a grading path is important in order to achieve good service
continuity and selectivity through the minimisation of disconnected plant. In the event
of a fault, devices are coordinated so that the one nearest to the fault operates first. In
this way the fault is isolated while power is still supplied to as many unaffected loads as
possible. As the power flow is unidirectional, this coordination is relatively easy to achieve
as faults further down the feeder have lower fault current because of the higher impedance
between source and fault.

The devices based on overcurrent protection which are commonly used in distribu-
tion networks are overcurrent relays, fuses, reclosers and sectionalisers. Overcurrent relays
are classified based on their time/current operating characteristics as: definite-current,
definite-time and inverse-time. Definite-current relays operate instantaneously when the
current reaches a preset value. In contrast, definite-time relays operate in a fixed time as
the current reaches the limit. Inverse-time relays operate in a time which is inversely pro-
portional to the fault current. As an example, Figure 2.2 shows the coordinated operating
characteristics of four overcurrent relays in a radial feeder. Each relay is supplied with
an instantaneous element and a time inverse element. In the event of a fault, their time
coordination is set in a way that the nearest device to the fault opens first.

An important feature in distribution networks which affects the design of the pro-
tection systems is the transient nature of the majority of faults (around 80-90%) [9]. A

common practice is to disconnect and re-connect the faulted circuit a number of times in
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Figure 2.2: Radial coordination of inverse and instantaneous overcurrent elements

order to allow the clearing of the fault without permanently disconnecting the faulted part
of the network. This practice is made possible by using a recloser which is a device capable
of detecting and interrupting an overcurrent and then automatically closing to re-energize
the feeder. Usually a recloser has different inverse time/current operating characteristics
to allow fast and slow operation [13]. If the clearing process is unsuccessful and the fault
is permanent, then the coordination between the recloser and devices like sectionalisers
and fuses permits the selective isolation of the fault [13].

Figure 2.3 shows a typical configuration with a recloser and sectionalisers on derived
feeders. A sectionaliser is a disconnector which is not capable of breaking fault current
but can carry it. It counts the number of passages of fault current, during the opening
and closing sequence of the recloser, and trips off as soon as a set limit is reached when
the recloser is open [13]. When the fault in Figure 2.3 is detected, the recloser trips off
thus giving the fault a chance to clear. After a set time, the recloser closes and detects
whether the fault is still present or not. If the fault is still present the recloser trips off
again for a longer set time. If once the recloser is closed again, the fault is still present,

then the recloser opens again and the sectionaliser on the faulted feeder trips off.
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Figure 2.3: Recloser and sectionalisers in a distribution network

Another popular configuration uses a recloser and fuses at the load sides. A fuse
is a device with an inverse time/current characteristic which is capable of interrupting
fault current by the melting of one of the fuse’s components. The zone of operation of
a fuse is limited by a lower curve based on the minimum melting time of the fuse and
an upper curve based on the maximum fault clearing time of the fuse. The coordination
between recloser and fuses is based on the principle that the fuse should operate only for a
permanent fault on the load feeder. In order to achieve this, the fast curve of the recloser
should lie below the minimum melting time characteristic of the fuse in the rage of fault
currents for which they are coordinated and the total clearing time characteristic of the
fuse should be below the slow curve of the recloser. The recloser usually goes trough a
sequence of two fast operations and, if the fault is permanent the fuse operates before the

third opening [13].

2.2 Impact of DG on distribution network protection

2.2.1 Impact on fault current levels

The introduction of DG alters the topology of the distribution network and the power flow
patterns. As described, overcurrent protection is widely used in distribution networks,
therefore an analysis of the impact of DG on the protection system has got to start from
the analysis of the impact of DG on fault current levels.

The way in which DG influences fault current levels depends on the type of generator,
on the generator size and location. Table 2.1 provides some typical fault current levels

for different types of generator [4]. The fault current contribution of a DG system with
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Table 2.1: Fault current levels for different types of generators

Type of generator

Fault current into shorted
bus terminals as percent
of rated output current

Inverter

100 - 200%

Separately excited synchro-
nous generator

Starting at 500 - 1000% for
the first few cycles and decay-
ing to 200 - 400%

Induction generator and self
excited synchronous generator

Starting at 500 - 1000% for
first few cycles and decaying

to a negligible amount within
10 cycles

power electronic converter is limited by the actions of its control which usually limits the
supplied fault current to a value equal two times the nominal current [14]. In [15] it is
clearly stated that “solid-state inverters do not behave like rotating generators. Solid-state
iverters have no inertia and can respond immediately to changes in the ac power system.
These inverters generally sense a short circuit by an associated voltage drop, rather than
by actually sensing short circuit current”. As this voltage drop is sensed, the response
is dependent on the implemented control scheme which limits the current to a maximum
value. This small contribution to the fault current is positive from the point of view of the
existing coordination of the protection system but can become an issue when an island is
formed and, in the event of a fault, the current produced is small and comparable with
nominal values. This problem will be discussed later in Section 2.4.

A synchronous generator is able to feed prolonged fault currents. The supplied fault
current increases as the generator’ size increases. On the other hand, induction generators
behave differently to synchronous machines because they receive their excitation from the
line. So, for example, if a three phase fault occurs at the terminals of the machine, the
excitation is completely lost and the machine will feed the fault for a few cycles because
of its gradually decaying rotor flux excitation.

Usually, installing a DG system in the distribution system increases the value of the
fault current at the fault point thus requiring some upgrading of the equipment of the
network. Indeed, with DG in the network, the number of parallel circuits is increased

and therefore the equivalent Thevenin impedance of the network is reduced. Moreover the
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Figure 2.4: Relay protection zone without and with DG

presence of DG alters the original radial topology and passive nature of the distribution

network by, in some cases, reversing the flow of current in the event of a fault [16-18].

2.2.2 Impact on overcurrent protection

The presence of DG on a feeder affects the operation of the existing protection system
by increasing the fault current level, as described in the previous Section, causing bi-
directional power flow and varying the network topology. The following Sections briefly

describe some of the issues regarding the impact of DG on overcurrent protection.
Prevention of overcurrent relay operation (Under-reach)

The installation of DG on a feeder can alter the current seen by the feeder protection thus
preventing the correct operation of the overcurrent relay [19]. This problem is referred
to as protection under-reach. Overcurrent relays are set to protect a certain section of a
feeder, this means that they are set to operate for a minimum current which corresponds
to a fault at the end of the protected section of the feeder. This is sometimes referred to
as the “reach”of the device [17]. When DG is present between the relay and the fault,
a fault at the end of the protection zone will produce an increased current at the fault
point but a decreased current at the relay point. So, the relay will react as if the fault
is further down the feeder, outside its protection zone and therefore will not operate, as
shown in Figure 2.4. The reduction of the fault current at the relay point becomes more

pronounced as the size of DG increases and as the fault moves far away from the DG.

False tripping

As mentioned before, the presence of DG causes a bi-directional power flow in the network
which can cause mal-coordination between the protective devices. Figure 2.5 shows that

a fault on feeder 1 is also fed by the DG on the adjacent feeder 2. In order to clear this
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Figure 2.5: Example of false tripping

Figure 2.6: Impact of DG on recloser and fuse coordination

fault, only relay 1 should initiate the tripping of its breaker however, because of the DG
fault contribution, relay 2 also sees a fault current. As a result, both breakers open and
loads on the healthy feeder 2 are disconnected. This problem can be solved by equipping

breakers with directional relays [4].
Reclosing

Reclosing and DG are incompatible for several reasons. First, as soon as the recloser opens,
DG has to be disconnected as well, in order to give the fault arc sufficient time to dissipate
[20]. If DG disconnects late, there is a chance that the fault may take longer to clear, thus
creating further stress to the equipment and a longer interruption for customer loads. DG
can even prevent the arc extinction and change a transient fault into a permanent one.
Second, the presence of DG increases the fault current at the point of fault, therefore,
for a fault on a feeder with a fuse, the fuse sees more current (I, 4+ I44) than the recloser
(Ir) as shown in Figure 2.6. As a result of this disparity, the coordination between the
two devices is lost and the fuse may blow before the recloser can operate properly [21].

Third, DG should be disconnected before the recloser closes in order to avoid an
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out-of-phase reclosure [17]. Indeed, once the recloser, which directly provides connection
between the DG unit and the distribution grid, trips off, the embedded generator acceler-
ates or decelerates and soon is out of phase with the utility source of supply. When the
reclosure happens, the two systems are out of synchronism and the interconnection can
cause damage to the DG and disruption to the network. In order to avoid this problem,

a reclosure interval of 1.0 s or more should be used [17].

Unintentional Islanding

The operation of protection devices in the event of a fault results in the disconnection of
a network section from the main grid supply. If DG is present in the disconnected area,
then power supply in this area might still be possible. This possibility depends on the
ratings of the DG units and on the load demand in the formed island. The term used
to describe this condition in which a part of the network is energized by DG while being
disconnected from the main grid supply is “islanding”.

Unless the network and DG have been carefully planned and designed to operate in
islanded mode, as in microgrids, unplanned islanding can be very dangerous for people and
equipment [2]. As a result standards such as Engineering Recommendation G59/1 [22] and
IEEE P1547 [23] do not permit islanding operation and recommend a series of methods to
detect this loss of mains (LOM) and require disconnection of DG units. Usually a change
in voltage or frequency is enough to detect LOM however it may happen that the formed
island is quite well balanced and therefore alternative methods for detecting LOM have

to be used [2]

2.2.3 Approaches to the design of a suitable protection system for dis-
tribution networks with DG
In order to reduce to a minimum the adverse impact of DG, the relevant DG intercon-
nection standards and the distribution network operators usually require DG units to
disconnect as soon as abnormal conditions arise in the system. According to the IEEE
P1547 [23] a DG should disconnect in the event of a contingency in the network. The
standard gives reference voltage and frequency windows and the DG units have to dis-
connect within a set time as soon as the system voltage and frequency go outside the
specified range. Moreover, as mentioned previously, the standard does not allow DG

units to operate in islanded mode. Similar requirements can be found in the Engineering
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Recommendation G59/1 [22] and in the IEEE Standard for PV systems [15].

These standards can be considered quite dated as they have been written assuming
only a small presence of DG units in the distribution network. However as the number
and size of DG units increase in the network, the standards’ approach of disconnecting
DG in the event of a disturbance can have a serious impact on the performance of the
power system [18,24]. Indeed as the system is undergoing a disturbance (e.g. a frequency
deviation) it is generally not advisable to disconnect even more generation and thereby
exacerbating the disturbance [25]. System disturbances may even cause DG nuisance
tripping because of the restrictive settings of the disconnecting devices. So for example, a
voltage drop caused by a fault on an adjacent feeder may trigger the undervoltage trip of
protection devices placed at a DG unit [24].

These restrictive disconnection rules not only undermine the performance of the
power system but also limit the potential of DG to improve the reliability and the quality
of power supplied in the event of a disturbance. Moreover, if DG units are required to
be disconnected and islanding cannot be tolerated, then islanded microgris cannot be
formed and therefore the advantages of operating them cannot be passed to customers
and network operators.

A sign of the need for updating DG connection standards comes from the recent
development of new transmission grid codes requiring fault ride-through capabilities of
wind farms [26,27]. Wind power has experienced an incredible annual rate growth of
around 20% [27] in recent years. Previously, when the concentration of wind energy was
fairly low, wind farms would disconnect from the power system during a fault. Now,
however, the high level of wind penetration has raised the need to review grid codes in
order to preserve the stability of the system. Many grid codes now require wind farms
to remain connected during network faults according to a voltage versus time curve [26].
One of them, the E.ON Netz grid code, goes even further by specifying the amount of
reactive current which should be supplied by the wind turbine during the fault.

It can be easily predicted that as DG becomes as diffused in the distribution network
as wind power is in the transmission network, the old DG interconnection standards will
be revised to allow more flexible operation of DG during network disturbances. As support
for this prediction, islanded operation is currently being considered and the IEEE SCC21 is

working on a guide for the operation and integration of islanded systems in the distribution
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network [28].

Overall, the increase of penetration of DG requires a more sophisticated approach,
compared with the simple DG disconnection philosophy, in which first the system impact
of DG is assessed and then suitable interconnection standards proposed. Therefore, as-
suming that DG units are going to remain connected during network disturbances, the
following Sections describe approaches to the integration of DG into the protection system

of distribution networks.

Network fault analysis

If simple DG disconnection is no longer an option, new methods of integrating DG with
the protection system have to be developed. The study of the impact of DG on the
protection system and the resulting proposal of suitable solutions for the integration of
DG in the protection system has to start from the analysis of the system behaviour in
the event of a fault [4,18]. In general the fault contribution of one single small DG
unit is not large however the aggregated contribution of DG units can alter the short
circuit level in the distribution network [4]. Therefore in the presence of multiple DG
units, even inverter-interfaced DG units, which usually are ignored because of their limited
fault current capabilities (see Table 2.1), have to be considered and included in fault
analysis [29].

In traditional passive and radial distribution systems where the power comes from
one single source which is the substation, fault calculations are quite simple and require
very little computational effort. The introduction of DG brings two main challenges in
fault analysis. First, as the network is now active with bidirectional power flows, fault
calculations now require the use of network analysis methods thus increasing the com-
putational effort. Fault analysis based on the Zp,s method can be used [30], however,
more commonly the impact of DG is analyzed with simulation packages like PSCAD or
SimPower Systems for Matlab/Simulink [31]. Second, DG includes many different tech-
nologies whose response in the event of a fault may not be well known. Synchronous and
induction machines have been extensively studied and modelled, but very little is known
about the fault response of inverter-interfaced DG units.

So far, only two studies [29,32] have tried to include the fault contribution of inverter-

interfaced grid-connected DG units. In [29] the authors develop some form of approximated
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model which is integrated into a quasi steady-state load flow method. The results of this
method compare well with those from simulation and the authors have produced a rather
original and innovative piece of work in this field. However the derivation of the inverter’s
model is not completely rigorous as it is based on observation of the inverter’s response
during simulations in EMTP. Moreover, little is mentioned about the inverter’s control
and its response in fault conditions. On the other hand, the fault analysis with inverter-
interfaced DG presented in [32] does not provide an efficient method or any insight because
the calculations are done by solving the state-space representation of the system, including
the inverters, through numerical integration.

In both studies [29,32], the inverters retain the grid connection therefore the system
fault behaviour is dominated by the contribution from the grid. To date, there are no
reported studies on the analysis of fault behaviour of islanded microgrids supplied by
inverter-interfaced DG units where the fault response is strongly dictated by the inverter
control. More work is clearly needed to develop simplified but complete models which can
capture the fault behaviour of inverters and then which can be integrated in numerical

fault analysis.
Advances in protection of distribution networks with DG

Various methods have been proposed to facilitate the coordinated operation of the network
protection system in the presence of DG. One possible approach is to prevent or reduce
the increased fault current levels caused by DG (mainly synchronous machine units) using
a Fault Current Limiter (FCL) [33]. An FCL is an additional current limiting impedance
which reduces the contribution to fault current by DG units. Under normal operation,
the impedance of the FCL is very small and therefore its presence does not influence the
normal operation of the system. If a fault occurs and an excessive fault current flows in the
system, the FCL detects it and introduces a large impedance in the line. The use of FCLs
minimize the impact of DG units during faults without having to modify the coordination
of the existing protection schemes or change protection devices [34]. However, there are
still some costs associated with the implementation of FCL, the impact on reclosing seems
still to be unsolved and studies are required to select the right limiting impedance [33,35].

Another approach to integrate DG into the distribution network protection system

is to redesign the protection schemes with DG in mind. Some methods focus on existing
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protection practices [21, 36, 37|, while others propose protection schemes based on new
concepts like phasor measurement units (PMU) [16], fault transient directional relays [38]
and multi-agent systems [39].

In [21] the problem of coordination between reclosers and fuses is achieved by using
microprocessor-based reclosers but even so, DG units downstream of the recloser have to be
disconnected before the first reclose in order to avoid out-of-phase reclosure. The solution
proposed in [36] is based on adaptively changing the relay pick up current depending on
the total amount of power injected by DG. The idea of adaptively changing the protection
settings as the level of DG changes is quite interesting but the authors do not give a
detailed explanation of how this can be achieved and a more detailed study would be
needed. Distance relaying applied to an 11kV network to facilitate the connection of
DG is described in [37]. The main proposed idea is to use the available 11kV ring main
unit (RMU) and add some extra information to incorporate a distance relay. However
this solution is strictly dependent on the presence of RMUs in the network which, as the
authors themselves state, is not yet widespread.

Turning now to new technologies, in [16] an adaptive protection scheme based on
the use of PMUs and aimed at keeping most of the DG connected in the event of a fault
is proposed. The scheme requires the division of the network into several zones which
are capable of islanded operation. The zones are inter-connected with breakers capable
of remote communication and synchronization-check functions. A main relay is placed at
the substation with the function of receiving signals measured with PMUs from breakers
and DG. The main relay will process the data, start the fault clearing process and follow
this by system restoration. Although this protection scheme proposes a more complete
and correct approach to the integration of DG, it requires the use of communication, the
installation of PMUs and the capability of DG units to operate also in islanded mode.

Communication is also needed to implement the protection scheme based on direc-
tional overcurrent transients which is proposed in [38]. As communication has a limited
presence in distribution network, these proposed protection schemes do not have an imme-
diate application. Similarly the agent-based protection proposed in [39], which is based on
communication and requires an extensive use of data processing tools like wavelet trans-
formation and neural networks, does not seem to offer a cheap and easy to implement

solution.
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Overall, it can be said that there is a lot of interest in the development of improved
or new protection systems to accommodate DG. However, many of the proposed solutions
require the installation of new equipment and also the use of communication. Therefore
their successful implementation depends on the willingness of operators of distribution

networks to invest in the system.

2.3 Protection issues with DG and microgrids

The previous paragraphs in general described the impact of DG into the protection system
of the distribution network. If the penetration of DG is such that microgrids can be formed,
then the protection system needs to be designed not only to operate correctly with DG but
also to satisfy the particular protection requirements of microgrids in grid-connected and
islanded mode. This is not an easy task because network topology and power flows can
change dramatically from grid-connected to islanded operation. As a result, the protection
system may have different settings or even different working principles (i.e. overcurrent,
distance, etc.) depending on the microgrid mode of operation.

The protection issues raised by the operation of a microgrid inside a distribution

network [8] can be summarized as:
e protection for faults outside the microgrid;

e protection for faults inside the microgrid when the microgrid is connected to the

distribution grid;
e protection for faults inside the microgrid when islanded.
The following paragraphs will discuss each of these issues in turn.

2.3.1 Protection for faults outside the microgrid

One of the main advantages of operating a microgrid is the possibility of supplying critical
loads even in the event of network disturbances. References [6,8,40] propose the use of
a fast acting disconnecting device like a SS capable of isolating the microgrid from the
rest of the network. This SS has the important role of discriminating between events
which require the disconnection of the microgrid and events which do not require any
action. Moreover it has to act very quickly, 0.5 to 2 cycles [40], in order not to have any

conflicting operation with the remaining protection system in the distribution network.
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Figure 2.7: Example of faults outside the microgrid

In Figure 2.7, three possible faults located around and in a microgrid are shown,
each of them requiring different actions. Faults on the feeder between the distribution
network substation and the SS, like fault A in Figure 2.7, require immediate disconnection
of the microgrid from the network in order to keep supplying power to customers and
to stop “feeding”the fault. On the other hand, a fault on another part of the network
like fault B in Figure 2.7, does not require any disconnection. Indeed, maintaining the
connection between the utility which is experiencing some form of disturbance and the
microgrid is desirable [18,24,25]

The discrimination between the two types of fault based on information (such as
voltage and current) at the microgrid disconnection point is not always easy. Usually,
a fault generates a voltage drop and a high current but identifying its location is not
straight forward. If the microgrid has a robust design and can reliably supply loads,
then the issue of discrimination is not very serious and some nuisance separations can be
tolerated. In this case, the SS can be easily set to operate if the voltage goes outside a
certain range regardless the position of the fault. This strategy can create some problems
if the microgrid is exporting power or if the formation of a microgrid requires some form
of load shedding [8]. Therefore, generally speaking, the microgrid should be islanded only
for faults on the feeder between the distribution substation and the SS. A solution to this

problem can be the use of some communication link between the substation and the SS [8].
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2.3.2 Protection for faults inside the microgrid when the microgrid is
connected to the distribution grid

The protection of grid-connected microgrids from internal faults has much in common

with the general issue of protection in the presence of DG as discussed in Section 2.2

and as a result, some of the approaches described in Section 2.2.3 can be used. However

the presence of the SS and the opportunity for disconnecting the microgrid add a new

dimension to the problem of protection for faults inside grid-connected microgrids.

First the SS has to be able to make a distinction between faults inside and faults
outside the microgrid in order to take appropriate action. Indeed for a fault inside a
grid-connected microgrid, like fault C1 (or C2) in Figure 2.7, the choice of tripping or
not the SS requires different protection strategies. If for a fault at location C1 (or C2),
it is chosen to keep the connection with the distribution grid, then approaches to fault
protection like the ones described in Section 2.2.3 can be used. On the other hand, if it is
decided to open the SS and disconnect the microgrid, then the fault becomes equivalent
to a fault in an islanded microgrid which will be discussed in the next Section. The choice
of disconnecting the microgrid for internal faults could be advantageous as the protection
scheme and the settings are the same for microgrids in grid-connected and islanded modes

of operation, as described in [40].

2.3.3 Protection for faults inside the microgrid when islanded

An islanded microgrid can be considered as a completely new network which operates
independently from the main grid. From the point of view of the protection system, in the
event of a fault, the islanded microgrid is likely to have new current flows as the main grid
fault current supply is lost and now only microgrid DG units contribute to fault current.
For a fault at C1 (or C2) in Figure 2.7, the islanded microgrid will not experience different
fault current directions from the grid-connected case as the DG units are placed right at
the beginning of the microgrid feeder. The only difference will be in the magnitude of the
fault currents depending on the type of DG units (i.e. synchronous generators, induction
generators or inverters). On the other hand if the microgrid is more complex with more
feeders and scattered DG sources along them, see Figure 2.8, then fault currents are likely
to be different in magnitude and directions from the grid-connected case.

If the DG units present in the microgrid are synchronous machine-based, then there
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Figure 2.8: Example of a more complex microgrid network

may be enough fault current to operate the existing overcurrent protection system. How-
ever, as the network topology has changed, the coordination could be lost and some form
of alternative solution (e.g. change of settings) might have to be put in place. This is a
quite challenging problem as the network is required to have a protection system which has
to work properly in both grid-connected and islanded mode. Nevertheless, the availability
of fault current in islanded mode makes possible to use the same protection system albeit
with adaptive settings to cope with two different conditions. For the case of an islanded
microgrid which is supplied by inverter-interfaced DG units only, the existing overcurrent
protection devices do not operate correctly as there is not enough fault current to operate
them [8,41]. The following Sections are going to describe in more detail the protection

issues raised by islanded inverter-only microgrids.

2.4 Protection issues with islanded inverter-only microgrids

2.4.1 Fault currents in islanded inverter-only microgrids and impact on
overcurrent protection

The ability of an inverter to process overload currents and therefore the available inverter

fault current are not standard values and very much depend on the inverter’s manufacturer

[42,43]. Every inverter model is designed for a range of current and each has a specification

for how much overcurrent over a length of time the inverter can supply. Generally inverters

can supply a maximum current in the event of a fault that is typically only twice the

nominal inverter load current [14]. Higher fault current capability can be achieved by
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Table 2.2: Fault currents for a three-phase fault in a grid-connected microgrid with
one inverter-interfaced DG source

’ | 3¢ fault at C'1 | 3¢ fault at C2 ‘
1o[A] | B[A] | L[A] | 1a[A] | I[A] | I.[A]
D1 | 811.6 | 812.2 | 811.3 | 430 | 431.2 | 430
D2 0 0 0 424.8 | 425.9 | 424.6

Table 2.3: Fault currents for a three-phase fault in a grid-connected microgrid with
two inverter-interfaced DG sources

] | 3¢ fault at C'1 | 3¢ fault at C2 ‘
Ia [A] Ib[A] IC[A] Ia [A} Ib[A] IC[A}
D1 | 817.8 | 818.5 | 817.4 | 433.8 | 434.4 | 433.6
D2 0 0 0 428.3 | 429.13 | 428.0

increasing the rating of the inverter. However, as a result, costs are increased [42,43].

In order to illustrate the differences between fault currents in a typical distribution
network and fault currents in an islanded inverter-only microgrid, the distribution network
with the microgrid shown in Figure 2.7 was built in the simulation package PSCAD and a
three-phase fault was applied first at location C1 and then at location C2. The following

four case studies are considered:
e Grid-connected microgrid with one inverter-interfaced DG source
e Grid-connected microgrid with two inverter-interfaced DG sources
e Islanded (SS open) microgrid with one inverter-interfaced DG source
e Islanded (SS open) microgrid with two inverter-interfaced DG sources

The main distribution network in Figure 2.7 is assumed to have a short circuit level of
100 MVA at 20 kV and at the substation there is a 20/0.415 kV delta/wye grounded
transformer. Each DG unit is interfaced with a 17 kVA inverter with a nominal output
current of 23.6 A. In the microgrid there are two resistive loads of 5.76 kW (three-phase)
each connected along the line.

Tables 2.2 and 2.3 show the fault currents (peak phase value) at points D1 and

D2 (where overcurrent protection relays could possibly be located) for a three-phase fault
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Table 2.4: Fault currents for a three-phase fault in an islanded microgrid supplied by
one inverter-interfaced DG source

’ | 3¢ fault at C'1 | 3¢ fault at C2 ‘
1o[A] | B[A] | L[A] | 1a[A] | I[A] | I.[A]
D1 | 66.24 | 66.24 | 66.24 | 66.29 | 66.31 | 66.23
D2 | 0.014 | 0.007 | 0.004 | 65.49 | 65.48 | 65.45

Table 2.5: Fault currents for a three-phase fault in an islanded microgrid supplied by
two inverter-interfaced DG sources

] | 3¢ fault at C'1 | 3¢ fault at C2 ‘
Ia[A] Ib[A] IC[A] Ia[A] Ib[A] IC[A]
D1 | 132.68 | 132.69 | 132.65 | 132.68 | 132.69 | 132.67
D2 | 0.02 0.01 0 131.48 | 131.52 | 131.50

applied at points C1 or C2 when the microgrid (with one or two DG sources) is connected
with the distribution network. These values should be compared with the corresponding
ones for the islanded microgrid supplied by one (see Table 2.4) or two parallel connected
inverter-interfaced DG units (see Table 2.5). In grid-connected mode, fault currents are
almost independent of the number of DG sources connected in the microgrid, with a fault
current around 430 A for a fault at C2 and a fault current around 815 A for a fault at C1
(see Tables 2.2 and 2.3). In contrast, Tables 2.4 and 2.5 show that fault currents are very
much affected by the number of DG sources in the islanded microgrid. Independently of
the location, a fault in an islanded microgrid with one DG source produces a fault current
around 66.2 A while with two DG sources the fault current is around 132.50 A. The
available fault current in the islanded inverter-only microgrid is really small compared
with that in grid-connected mode. A microgrid supplied by one single inverter has a
fault current equal to % of the corresponding fault current in grid-connected mode. For
two parallel inverters the ratio rises to % as both inverters are injecting current into the
network.

Tables 2.2, 2.3, 2.4 and 2.5 should be compared with Tables 2.6 and 2.7 which show
currents at locations D1 and D2 during normal loading conditions for a grid-connected
microgrid (supplied by one or two inverters) and an islanded microgrid (supplied by one or

two inverters). While there is a substantial difference between fault currents and normal
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Table 2.6: Normal operation in a grid-connected microgrid

|

| Microgrid with one DG | Microgrid with two DGs ‘

LA | BIA] | 1IA] | LAl | blA] | LA
D1 | 21.8 21.8 21.8 21.9 21.9 21.9
D2 | 10.8 10.8 10.8 10.9 10.9 10.9

Table 2.7: Normal operation in an islanded microgrid

| Microgrid with one DG | Microgrid with two DGs ‘

LIAL | LA | LIA] | LA | BA] | LA
D1 | 21.71 | 21.71 21.72 21.63 | 21.63 21.62
D2 | 10.79 | 10.79 10.79 10.76 | 10.76 10.74

operation currents when the microgrid is connected to the distribution network, for an
islanded microgrid this difference is much smaller. Moreover as microgrid loads approach
the inverters’ ratings, such difference in currents become even smaller.

As a result, a conventional overcurrent-based fault protection scheme would be dif-
ficult to implement as there is not much difference between normal operation and fault
operation in terms of current magnitude. Reference [41] carries out a review of the impact
of reduced fault current environments like the one of an islanded inverter-supplied micro-
grid on overcurrent protection systems. The results from the simulations in PSCAD can be
used to understand this impact and the difficulties in using traditional overcurrent-based
fault protection.

First, reduced fault currents (see Tables 2.4 and 2.5) and small differences between
fault currents and normal operation currents (see Table 2.7) in islanded microgrids result
in longer fault clearing times and potential discrimination problems. Figure 2.9 shows two
inverse time/current characteristics which are assumed to be corresponding to two over-
current relays at locations D1 and D2. Times t1 and t2 in Figure 2.9 are the tripping times
for faults at C1 and C2 respectively when the microgrid is operating in grid-connected
mode. For simplicity these two curves are going to be referred as D1 and D2. Times t3 and
t4 are the tripping times for faults at C1 and C2 in an islanded microgrid supplied by two
inverters. From Figure 2.9 it can be seen that lower fault currents correspond to longer

tripping times (t3 and t4) compared to the tripping times (t1 and t2) for grid-connected
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Figure 2.9: Impact of microgrids on inverse time/current characteristics coordination

microgrid operation. Moreover faults in the islanded microgrid supplied by one DG source
may go undetected or correspond to tripping times much longer than t3 and t4.

Second, the restrictive fault current environment in an islanded microgrid can reduce
the selectivity of the protection system. In grid-connected mode a fault at C1 and a fault
at C2 produce different fault currents at locations D1 and D2 and therefore it is possible
to design a selective protection system. So for example, a fault at C1 is detected and
cleared only by the device at D1. While a fault at C2 corresponds to a tripping time t1
on the curve D2 which is lower than the corresponding time t5 on D1 (see Figure 2.9).
As a result, there is enough discrimination margin between devices along the line and the
device at D2 is the first to clear the fault. In contrast, in an islanded microgrid faults at
different locations produce reduced fault currents with the same magnitude (see Tables
2.4 and 2.5 and Figure 2.9) thus creating problems to device coordination. So for example,
a fault at C2 in an islanded microgrid supplied by one or two inverters can potentially
operate both devices as the discrimination margin between the two curves D1 and D2 is
reduced for smaller fault currents.

Finally the small difference between current magnitudes for faults at different lo-
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cations in islanded microgrids can also compromise the use of instantaneous relays as

described in [41].

2.4.2 Approaches to the design of a suitable protection system for is-
landed inverter-only microgrids
Reduced fault current environment in islanded inverter-only microgrids can be problematic
when designing an overcurrent-based fault protection scheme. As a result, alternative
approaches to the design of a suitable protection system are required. To date, little
research has been published on this topic. Fault protection in a microgrid with reduced
fault currents has been considered for the first time in [44]. The microgrid considered by
the authors is an LV (0.4 kV) radial network, connected to the main distribution network
through a 20/0.4 kV delta/wye grounded transformer. The microgrid contains a range of
DG units including a flywheel. The approach used in [44] is to design a protection system

capable of:

e disconnection of the microgrid in the event of a fault between the main power supply

point and the transformer;

e correct operation for faults inside the microgrid during grid-connected and islanded

operation.

As the available fault current in islanded mode is rather small, the authors propose to use a
flywheel as a source of current in the event of a fault (3-5 p.u. depending on ratings). With
sufficient fault current in both grid-connected and islanded mode, the proposed protection
scheme is based on traditional overcurrent protection with the option of inter-tripping the
DG units and the option of using differential protection to achieve a faster disconnection
of the microgrid for external faults.

The presence of a flywheel definitely facilitates the design of a typical overcurrent
protection scheme which the authors demonstrate in [44] to be working efficiently for
various contingencies. However, the installation of a flywheel cannot be considered as a
general solution to the problem of fault protection in islanded microgrids as it is effectively
only a mean to increase the available fault current. Moreover the use of a flywheel opens up
a series of additional problems. First, the provision of increased fault current comes with
a cost as the flywheel is interfaced to the network via a 200kW inverter. Second, reference

[45] show how important and difficult is the development of accurate system models for the
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correct control and operation of the flywheel during microgrid faults. Finally, additional
case studies should be carried out to reveal the interactions between the flywheel and the
other DG sources present in the microgrid in the event of a fault. Indeed, the presence
of DG sources is mentioned in the description in [44], but then they are not considered
during fault current calculations. It would be of interest to determine if the overcurrent
non-directional protection system proposed by the authors’ works well when all DG sources
infeeds are considered.

A second study on protection of islanded microgrids with reduced fault currents is
presented in [40] by the CERTS consortium. The microgrid under study is supplied by
inverter-only DG units and connected to the main supply through a fast acting SS. The
protection philosophy is to have the same protection for both islanded and grid-connected
modes. Therefore, in the event of a fault in grid-connected mode, the static switch opens
to create an island. Then if the fault is within the microgrid, the protection is designed
to detect and clear it. In particular, the authors claim that single phase-to-ground faults
can be detected by using differential current and zero sequence current and phase-to-phase
faults can be detected with the negative sequence component of the current. The settings
for the negative and zero sequence currents are then calculated considering a degree of
unbalanced operation (20%) in order to avoid any false tripping.

The main criticism to this proposed fault protection approach is that no further
explanation on the reasons behind the choice of using differential, zero and negative se-
quence current is given. Moreover, the extension of this work to another microgrid results
in being difficult as no explanation is given on the factors influencing the fault behaviour
of inverter-interfaced DG sources or the fault behaviour of the microgrid as a whole. No
information is given on the current limiting or control of the inverters during fault oper-
ation and even other published literature on the CERTS microgrid control does not help
in understanding what happens to the microgrid in the event of a fault. As a result, even
if the fault protection seems to work well in the CERTS microgrid, it is rather difficult if
not impossible to apply it to any other microgrid.

Other references to protection for microgrids with inverter-interfaced DG sources
can be found in [46] and in [41]. In [46] the authors consider a microgrid supplied by two
inverter-interfaced DG units and propose the use of voltage drops as a way to discriminate

between faults inside or outside the microgrid. The use of voltage as an alternative way
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to detect the presence of a fault is definitely worth investigating for microgrid protection
purposes [6]. However the authors of [46] consider only a grid-connected microgrid and
do not explain if their voltage detection strategy would work in islanded inverter-only
microgrids. Moreover their proposed fault detection strategy is supported by very few
general simulations and very little system modelling.

After an analysis of the impact of reduced fault current on overcurrent protection,
a review of some possible protection approaches which use voltage as an alternative way
to detect the presence of a fault is presented in [41]. Different fast acting voltage detec-
tion techniques are compared and then it is proposed to use them to trigger an adaptive
overcurrent-based protection scheme. This concept of voltage restrained overcurrent pro-
tection is not new [13], however it could well suit microgrids where low fault currents need
new and more suitable time/current relay characteristics. Nevertheless no further work is

carried out by the authors in order to demonstrate the applicability of their proposal.

2.5 Conclusion

The content of this Chapter has served four purposes: (i) to give an overview of the
many issues regarding the operation of DG and microgrids with respect to the existing
protection system; (ii) to describe some proposed solutions for protection systems in the
presence of DG and microgrids; (iii) to highlight the need for more research into the study
of inverter-only microgrid fault behaviour and (iv) into the development of a suitable fault
detection strategy.

From the point of view of protection systems, the introduction of decentralized power
generating units in a traditionally passive distribution network alters the fault current flows
and magnitudes. The scale of this alteration mainly depends on the technology of the
power generators, on their size and on their location. DG units can cause malfunctioning
of the protection system and can require the upgrading of some protection devices.

Current approaches to the design of a suitable protection system to integrate DG
include the use of FCL, adaptive protection and communication. However, at the moment,
little is known about how to integrate different types of DG power sources, in particular
inverters, in fault analysis studies. As a result, there is a strong need to understand the
behaviour of inverters in the event of a fault and to be able to model them.

The problem of microgrid fault protection adds more dimensions to the general prob-
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lem of protection in the presence of DG. Indeed, the protection system has to be designed
to operate correctly for different microgrid operating modes (grid-connected and islanded
modes). Additionally, the protection system is required to disconnect the microgrid quickly
from the main electricity distribution network in the event of a fault.

Protection of islanded inverter-only microgrids has been considered in the final part
of the Chapter. Section 2.4.1 has shown the differences in fault currents between grid-
connected and islanded microgrids. Then it has demonstrated how difficult it is to design
overcurrent protection in islanded inverter-only microgrids. As a result, alternative ways
to detect the presence of a fault have to be investigated.

In Section 2.4.2, the review of the few proposed solutions to microgrid fault protec-
tion has highlighted the importance of basing any protection choice on the analysis and

study of the behaviour of the system in the event of a fault.
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Chapter 3

Microgrid network topology and
control

The shape, size, generation mix and load mix of a microgrid can vary quite a lot as there
is not a strict definition of what can be considered a microgrid. In this thesis a low
voltage (240 V phase-to-neutral) islanded microgrid supplied only by inverter-interfaced
DG units is considered. The first purpose of this Chapter is to describe the microgrid
network topology. This includes an analysis of the different ways DG sources can be
interfaced through inverters, a description of earthing arrangements which can be used in
a microgrid and the description of the different network configurations which a microgrid
can have depending on its connection point with the main distribution grid.

The second part of this Chapter is devoted to the description of the control of
stand-alone and parallel-connected inverters. The study of inverter control is of particular
importance as inverter-interfaced DG units are the only source of power in the microgrid
under study.

An incremental approach is chosen to be used in the study of microgrid fault behav-
iour. Therefore, two islanded microgrid network models are considered: in the first one
the power is supplied by one inverter-interfaced DG unit (stand-alone); in the second one
two parallel-connected inverter-interfaced DG sources are considered. The two models are

described at the end of this Chapter.
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Figure 3.1: Block diagram of a typical inverter-interfaced DG unit

3.1 Microgrid network topology

3.1.1 Inverter-interfaced DG topologies

A typical DG unit with an inverter interface is shown in Figure 3.1. The primary mover
(fuel cell, PV cell, etc.) produces DC power which is stored in the DC bus. The inverter
is then responsible for the conversion of DC power in AC power which is then supplied to
loads. For these types of applications voltage source inverters are often used [47].

In a synchronous machine-based power system, in the event of load or supply tran-
sients, the inertia of the generators is capable of supplying or absorbing the short-term
power variation. In contrast, inverter-interfaced DG units have a very low energy storage
and cannot cope with sudden high changes in power demand. This behaviour is explained
by considering the DG unit in Figure 3.1. Each prime mover has a dynamic response to
changes in power demand which depends on the prime mover technology. For example, a
Capstone microturbine has a time constant around 10-20 seconds while a fuel cell may take
few minutes to respond fully to a requested change in the amount of power produced [48].
As a result, the prime mover does not generally have an instantaneous power tracking
capability and any change in load is first picked up by the inverter which uses the energy
storing capability of the DC bus. The inverter can supply the extra required power, sub-
ject to its current limits, for a very limited time as the energy stored on the DC bus is
quickly depleted. Therefore it is important to have a suitable sized energy storage located
at the DC bus to ensure that the required energy is immediately available [7,48]. If this
condition is satisfied then the DC bus voltage is quite stiff and the prime mover together

with the DC bus can be considered as a DC voltage source [48]. The resultant DG unit



3.1 Microgrid network topology 56

Figure 3.2: Three-phase, three-leg, three-wire voltage source inverter with a
delta/wye grounded transformer

can then be approximated as a DC voltage source, Vp¢, connected to the network through
an inverter.

Low voltage end-of-users distribution networks, where microgrids are likely to be
formed, are usually designed with four wires in order to be able to supply three-phase
and single-phase loads. An inverter can provide a neutral connection to the three-phase

four-wire system in three different ways [49]:
e through a connection via a delta/wye grounded transformer;

e using split DC link capacitors and connecting the mid-point of the DC link to the

neutral point;

e using a four-leg topology and connecting the mid-point of the fourth leg through an

inductor to the neutral output terminal.

Figures 3.2, 3.3 and 3.4 show the three different network connections for inverters together
with the output LC filter (L, Rf, Ct) and the coupling impedance (L, Rec).

The approach of the split DC-link capacitors is not very convenient because it does
not sufficiently utilize the available DC link voltage Vpe [50]. This is because with the
split DC link configuration the maximum available peak value of the phase-to-neutral
output voltage is equal to VDT( (see Figure 3.3), while with the four leg configuration the
maximum amplitude of the phase-to-neutral voltage with a four-leg inverter is equal to

VD\/g (see Figure 3.4). Moreover, the neutral current flowing through the split DC link

capacitors of Figure 3.3 requires higher capacitance thus increasing costs [50].
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Figure 3.3: Three-phase, three-leg, four-wire voltage source inverter with split DC
link capacitors

Figure 3.4: Three-phase, four-leg, four-wire voltage source inverter
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As a result of these drawbacks, the most common way of interfacing the DG source
to the network is via a three-leg inverter with a transformer or a four-leg inverter. The
connection via a transformer is often required by the distribution network operator as
the transformer acts as an isolating device. In particular the transformer can prevent the
injection of DC current and some winding arrangements, such as the delta/wye grounded
(see Figure 3.2), prevent any fault current contribution from the DG source to earth faults.
However, the use of an isolation transformer is not required by the general standards on DG
interconnection [22,23]. The IEEE standard on PV systems in the Annex F [15] specifically
states that the use of a “dedicated distribution transformer” for the interconnection to the
main distribution network is not required. Similarly in [3] it is clearly identified that the
application of “transformless” inverters should be further pursued. From the point of view
of microgrids, both the three-leg inverter with transformer and the four-leg inverter are
used as possible interfaces [6]. However, depending on the level of load unbalance present
in the microgrid, the four-leg topology is preferred to the transformer configuration as it
provides control over the neutral current [51].

A basic microgrid would be formed by local loads supplied by a single inverter-
interfaced DG unit controlled in stand-alone mode. Control techniques for stand-alone
inverters will be described in Section 3.2.1. As the load size of the microgrid increases, the
supply of power from a single inverter presents some problems. First, the power ratings
of inverters are limited by factors like performance, efficiency and cost [52]. Second, the
use of one single power unit reduces the reliability of the system because if the unit fails
the whole system will be affected. For these reasons, a modular approach using inverters
connected in (near) parallel is preferred. The modular approach resolves the limitations of
high rating stand-alone inverters and gives to the microgrid flexibility in terms of supply
of future demand and use of different available renewable sources. Figure 3.5 shows a
possible microgrid topology with two parallel inverters, connected through an impedance
Ry + jwL; supplying a local network. Control techniques for parallel-connected inverters,
together with their advantages and disadvantages, are going to be described in Section

3.2.2.
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Figure 3.5: Parallel operation of two inverters

3.1.2 Microgrid earthing

For the purpose of analyzing the fault response of an islanded inverter-only microgrid, it
is very important to consider the earthing arrangements. As with any electrical systems,
the correct earthing procedures are essential for the safety and correct operation of the
microgrid. In particular, in a microgrid, the earthing has to deal with both grid-connected
and islanded mode. Indeed, as soon as an islanded microgrid is formed, a new earthing
system is formed as well which has to satisfy the same requirements as the grid-connected
mode.

Various standards such as IEEE 142 [53] and IEEE 446 [54] consider the issue of
earthing of emergency and stand-by generation and can be used to understand the problem
of earthing of a microgrid. These standards use the US National Electrical Code (NEC)
concept of a “separately derived source” which is a source which does not have any direct
electrical connection, including a neutral conductor, with any other electrical system. The
NEC requirement is that separately derived sources should be locally connected to earth.

So, in other words, if the neutral conductor is supplied by the substation transformer sec-
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Figure 3.6: Solidly interconnected neutral conductor grounded at the substation only
[54]

ondary to the emergency generator, then this neutral conductor should not be connected
to earth locally. Figure 3.6 shows a system in which the neutral is not affected by the
disconnecting device and is therefore not grounded locally. On the other hand, if the
emergency system is electrically separated from the main grid, then the neutral conduc-
tor has to be locally earthed because the main earth source at the substation has been
disconnected, see Figure 3.7.

These two examples can be readily applied to the microgrid problem. Here, if
the island is formed by opening a breaker placed at the primary side of the substation
transformer or by opening a breaker at the secondary side which does not disconnect the
neutral conductor, then earth source is still present and therefore no extra local earth
connection of the DG neutral has to be performed. On the other hand, if the substation
transformer is completely disconnected from the microgrid, then the remaining part of the
earthing system may not be sufficient and additional earthing may be required.

Now moving to the specific case of a microgrid, it is important to analyze the different
earthing arrangements in LV networks. The work undertaken in [55] provides a good

reference source in order to understand the issues involved in the choice and in the design
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Figure 3.7: Neutral conductor grounded at the substation and at the source of alter-
nate power supply (separately derived source) [54]

of a safe earthing system in a microgrid and its impact on fault currents. Two different

earthing arrangements have been proposed [55]:
o TT
e TN-C-S (Protective multiple earthing)

In the TT earthing arrangement the neutral conductor is connected to earth at one point
(usually at the substation) and the protective earth (PE) conductor is locally connected to
earth. On the other hand, in the TN-C-S arrangement the neutral and the PE conductors
are combined together and frequently connected to earth throughout the distribution
network. At the customer’s supply point in the TN-C-S system, the network operator
provides the two conductors separately. The major difference between the two earthing
arrangements is apparent in the different fault current magnitudes for an insulation fault.
In a TT system, the fault current is small because of the high impedance in the fault loop
whereas in a TN-C-S system the fault current flows back through the reduced impedance
of the neutral conductor and therefore it is high in magnitude. Based on the fact that

the TN-C-S is commonly used in the U.K. and in the study presented in [55], the TN-C-S
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Figure 3.8: LV distribution network with microgrid

system is chosen as the earthing arrangement in the LV network where the microgrid is

formed.

3.1.3 Microgrid network configuration

This Section describes the possible network configurations a microgrid can have depending
on its connection to the main distribution grid. From the simple microgrid diagram shown
in Figure 2.1, a more detailed network diagram of the microgrid and the surrounding
distribution network is shown in Figure 3.8. The two diagrams in Figures 2.1 and 3.8 are
equivalent apart from the SS which has been temporarily omitted in the detailed network
diagram.

In Figure 3.8, the power is supplied by a substation delta/wye grounded transformer
to two feeders: in one feeder there is the microgrid, while in the other there are loads
which are considered as “non critical”. The distribution network is radial with a four-
wire configuration. Following the discussion in Section 3.1.2, the distribution network

under study has a TN-C-S system with the neutral conductor connected to earth at the
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substation and at other points along the lines through resistances (R,). Each line section
has an impedance given by Ryne and Lj,. and the microgrid is assumed to have two
resistive loads Ry. The two DG units in Figure 2.1 are more explicitly represented in
Figure 3.8 as two inverters with LC output filters, connected to the distribution feeder
through coupling impedances (R.. and L..). Overall the microgrid includes two DG units
and two resistive loads connected along a radial feeder. The red line in Figure 3.8 shows
the extent of this microgrid.

So far, the specific connection point of the microgrid to the distribution network and
the SS have not been mentioned. Nevertheless they can deeply affect the shape and the ex-
tent of a microgrid. In the work presented in [55], the authors suggest that a disconnecting
switch should be placed before the primary side of the substation transformer as shown in
Figure 3.9. This arrangement facilitates the earthing of islanded microgrids. Indeed, the
microgrid earthing arrangements are left intact as the secondary of the transformer with
its grounded star is still electrically part of the islanded microgrid. Reference [55] shows
how to design a grounding system compatible for grid-connected and islanded operation by
following conventional techniques. Although this approach offers a simple solution which
can be directly applied by network design engineers, there are some arguments against it.
The first regards the fact that the secondary of the transformer is still energised even if
the primary is disconnected from the main grid. As a result, core losses are created. The
second argument regards the shape of the microgrid itself. With this arrangement, the
microgrid shown in red in Figure 3.9 has to have a transformer at the point of connection
with the main distribution grid. The non essential loads in Figure 3.9 have to be consid-
ered part of the microgrid as well and some form of load-shedding has to be implemented.
The connection of a microgrid through a transformer can be expensive and restrictive to
the possible extent of a microgrid.

Another solution is to place the SS after the secondary side of the transformer as
it is done in the CERTS microgrid [6]. Figures 3.10 and 3.11 show a possible location
just after the transformer and a location which includes only the critical loads. The SS
opens only the three phase conductors thus keeping unchanged the earthing system of
the microgrid. The part of the networks in red in Figures 3.10 and 3.11 are the resulting
microgrids. Once again, the problem with these configurations is that a transformer is

needed to interconnect the microgrid. Moreover, if the configuration in Figure 3.11 is used,
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the ground fault current path can involve parts of the network which are not part of the
microgrid.

A further solution to the microgrid connection consists of having a four-pole SS which
completely disconnects the microgrid from the network, see Figure 3.12. This is equivalent
to having a separately derived source which is a popular solution with UPS systems.
However, the obvious inconvenience is that there is a need to check the suitability of the
earth of the remaining system and possibly a need to re-design it. This is not a straight
forward task especially for microgrids supplied by inverter-interfaced DG units whose fault
behaviour and equivalent zero sequence impedances are not well known. Moreover, the
earthing is required to be suitable for grid-connected as well as islanded operation. A
possible solution suggested in [8] requires a high speed insertion of a grounding connection
as soon as the microgrid is disconnected from the utility. However this solution is likely to
require some form of communication between the SS and the additional grounding device.

In conclusion, there is no clear standard or accepted practice on how a microgrid
should be formed and interconnected to the distribution network [6]. Therefore each
specific case has to be considered and analyzed on its own with regards to the practices
of the distribution network operator and relevant standards.

In this research work, the two microgrid models under study (see Section 3.3 for a
detailed description) are formed by opening a 4-pole switch as shown in Figure 3.12. This
choice is suitable for the incremental approach used in this thesis which starts from the
study of a very basic microgrid system with one inverter only and then can be extended to
more complex systems. Finally, as the focus is on the analysis and modelling of inverter-
only microgrids and on the design of a suitable fault detection strategy, the design of the

microgrid earthing system is not included and it is assumed that an adequate one exists.

3.2 Inverter control and operation

Being the only power sources in the microgrid under study, inverters play a fundamental
role in shaping the fault behaviour. One of the main differences between conventional
synchronous machines and inverters lies in the flexibility of the operation of inverters
which can be controlled in different ways to achieve various objectives. As a consequence,
if the fault behaviour of synchronous machines is well defined, the fault behaviour of

inverters is not and varies with the choice of control.
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The following Sections describe some of the most popular strategies adopted in the
control of inverters. Understanding them is of primary importance as in Chapter 4 it will
be illustrated how these control strategies can produce different responses in the event of
a fault.

As the microgrid under study supplies LV customers, the presence of unbalanced
loads is likely. Therefore the operation of inverters with unbalanced loading is going to
be described as well. This particular issue turns out to be important for the purpose of
analyzing the response of inverters in the event of unbalanced faults and then for designing

suitable fault detection methods.

3.2.1 Control of a stand-alone inverter

A stand-alone Voltage Source Inverter (VSI) is the basic building block of a microgrid. Its
primary role is to maintain a regulated voltage and frequency supply to loads under all
loading conditions and transients. In achieving this, the role of the internal control system
of the inverter is critical.

Even before the introduction of the concepts of DG and microgrid, inverters had
been a key component in Uninterruptible Power Supply (UPS) systems. As UPS systems
operate as stand-alone units, the theory and experience in the control of their inverters
can be directly applied to the control and operation of inverters for DG units in islanded
power systems like microgrids.

A first type of inverter control was based on a simple voltage regulation loop using
Sinusoidal Pulse Width Modulation (SPWM) [49]. This approach was able to produce a
good steady-state output voltage, however its performance with load changes and loads
drawing harmonically distorted currents was poor. Since this first approach, many different
solutions have been proposed over the years to improve the inverter control [49]. In
particular, the use of a multi-loop control structure with an outer voltage loop and an
inner current loop has become a popular choice [56,57] and now it is also frequently
adopted in stand-alone inverters for DG applications [58,59]. From the basic multi-loop
structure, different combinations of control variables and feedforward decoupling schemes

can be used to improve the dynamic performance and the stability of the inverter [56,57].

Figure 3.13 shows a simple single-phase diagram of the control of an inverter sup-
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Figure 3.13: Multi-loop control of a stand-alone inverter

plying a microgrid network such as that adopted in this research work. It is possible to see
the outer voltage control loop which regulates the output capacitor voltage vy and sets the
reference for the inner control loop for inductor current, i;,. The reference value for the
output filter voltage, v is usually kept constant (in magnitude and frequency) for a single
inverter system but may vary according to droop settings [60] if the inverter is operated
in parallel with other inverters. Figure 3.13 also shows the inverter bridge voltage v; and
the feedforward transfer function F for the output current, iy which reduces the distur-
bance introduced by load changes. Blocks Gy (s) and G¢(s) are the voltage and current
regulators.

The multi-loop control of a stand-alone inverter can be implemented in various ref-
erence frames. One of the most popular solutions adopted in the literature [61], is the
control in the Synchronous Reference Frame (dg7y coordinates). These new coordinates
result from the Clarke and Park transformation of the original phase variables (see Appen-
dix A for a more detailed description). If only the Clarke transformation is applied [58],
then the control is implemented in the Stationary Reference Frame (af3v coordinates). If
no transformation is involved, the control is simply implemented in the Natural Reference
Frame (abc coordinates) as in [62]. In Chapter 4 it will be shown how inverters with iden-
tical control structures (such as that in Figure 3.13) but different reference frames behave
in the event of a fault.

It is common practice to summarise the control performance by expressing the rela-
tion between the output voltage vy and the reference v and the load current ig. Taking the

model in Figure 3.13 and replacing the current control loop with its closed-loop transfer
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Figure 3.14: Equivalent two-terminal circuit of a stand-alone inverter with multi-loop
control

function Goe(s), the relationship can be expressed as [59]
Vo(s) = G(s)Vg — Zo(s)1o(s) (3.1)
where

_ Gv(s)Gee(s)
) = sCy + Gy (s)Goo(s)

is the inverter voltage gain and

o FGcc(S) -1
Zo(s) = sCy + Gy (s)Geoe(s) (3:3)

is the output impedance. The inverter is therefore modelled as an equivalent two-terminal
circuit as shown in Fig. 3.14.

As the parameters of the inverter equivalent model depend on the control gains and
on the LC filter, the control of the inverter can be designed in order to achieve some specific
goals. Ideally, first, the output voltage should follow the reference around the frequency
range of interest (which in this case is the system fundamental frequency) with unity gain
and no phase offset. From (3.2) it can be see that if Goe(s) = 1 and if Gy (s) > sCy in
the range around the system fundamental frequency, then G(s) ~ 1. Second, the output
voltage should also be immune to any load current influence. Indeed, the load current
is considered as a disturbance and low output impedance Z; across a specific frequency
range is required to reject disturbances at those frequencies. From equation (3.3) it can
be seen that if Goo(s) ~ 1 and if F' ~ 1, around the frequency range of interest, then
Zy(s) ~ 0. However, normally F' < 1 in order to prevent accidentally creating F' > 1 which

over-compensates the disturbance and can be destabilising. As an example, Figure 3.15
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Figure 3.15: Output impedance Bode diagram

shows the Bode plot of the output impedance Zy(s) for different values of F', assuming
Gece(s) = 1, Cf equal to 50 p F and using a PI controller (G (s) = 0.05 + 390/s) in the
voltage loop. As predicted, an increase in F reduces Zy. Moreover it can also be seen that
around the system frequency (50Hz) the output impedance has an inductive nature.

The representation of the inverter as a two-terminal circuit whose parameters depend
on the control and on the output LC filter will be extensively used in Chapter 5 as a way

to model the behaviour of the inverter in the event of a fault.

3.2.2 Control of parallel-connected inverters

The main goal of the control of parallel-connected inverters is to supply power at a regu-
lated voltage and frequency while maintaining good power sharing among the inverters. In
the case of a stand-alone inverter, the voltage and frequency references are fixed and there
is no possibility for the inverter to be overloaded under normal operation as its power
rating has been chosen to suit the microgrid load demand. In contrast, in a microgrid
with several inverters, the power (active and reactive) has to be shared among inverters

according to their ratings to avoid over-loading individual inverters.
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Many different strategies to control parallel inverters have been proposed in the lit-
erature. They can be broadly divided between the approaches which use communication
links and those which do not [52]. One control technique which uses communications is
the master-slave configuration where one inverter operates in voltage control mode (the
master) and the others (the slaves) operate in current control mode [52]. The master con-
trols the output voltage and generates a current command for the slave units transmitted
via a communication link and good load sharing can be achieved. However, reliance on
communication is considered to compromise the reliability of the system because a failure
of the communication link can bring the whole system down.

One method which does not use any communication, which is based on local mea-
surements and which has gained considerable attention in DG applications is the droop
control method [60,63]. The droop control technique is derived from the operation of con-
ventional synchronous machine-based power systems where the flows of active and reactive
power are regulated through the system frequency and voltage respectively. Inverters do
not present this natural coupling neither between the frequency and the active power nor
between the output voltage and the reactive power. Nevertheless, these two couplings
can be artificially introduced through the use of a droop-based control technique as pro-
posed in [60,63]. According to this control technique, the inverter reference frequency is
decreased if there is any increase in the load real power and vice versa. Similarly, the
sharing of reactive power is regulated by an increase or a decrease in the inverter reference
voltage. Figure 3.16 shows a power controller scheme based on droop control. Here the
active (p) and the reactive (¢) powers supplied by the inverter are calculated and aver-
aged. The resulting signals P and () are used to calculate the inverter reference frequency
w* and output reference voltage v according to two droop characteristics (see the two
characteristics P/w and @ /v in Figure 3.16). The power controller scheme in Figure 3.16
is then added as an external additional loop to the two-loop control structure in Figure
3.13.

The calculation of the instantaneous active and reactive power components p and ¢
can be performed in the Synchronous Reference Frame (SynRF) from the measured value

of the output voltage vy and the load current ig as follows [63]:
P = vo,lo, + Vo, o, (3.4)

q = ’qu’L'od - ’Uod’ioq (35)
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Figure 3.16: Power droop controller

As shown in Figure 3.16, the average values P and () are obtained by passing the instan-
taneous powers p and ¢ through a low-pass filter. Therefore, P and () are determined

as:
P=—""p Q=_"¢

S + we S+ we

q. (3.6)

The inverter output frequency w* and output reference voltage v are then controlled by

the droops characteristics which are defined by equations (3.7) and (3.8):
w* = wy, —myP (3.7)

Vo, = Vo = 1qQ; v, =0 (3.8)

where w, and V,, are the nominal frequency and the nominal output voltage respectively.

The droop gains m,, and n, are calculated as:

Aw

my = P (3.9)
AV

nq - Q'ITLG/$ (3.10)

where Aw and AV are the maximum frequency and voltage deviations allowed and P4,
and Qe are the maximum active and reactive powers which can be delivered by the
inverter. In order to have good load sharing, the frequency and voltage droop gains can

be selected as follows [64]:
My, S1 = My, S2 = ... =My, Sy, (3.11)

NG S1 = NgpS2 = ... =Ny, Sp (3.12)

where my,, ng, and S; are the frequency gain, the voltage gain and the apparent power

rating of the ith inverter respectively. More sophisticated techniques to select droop gains
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Figure 3.17: Three-phase four-wire LC output filter

than the one based on equations (3.11) and (3.12) have been proposed in the literature
[11,65,66]. For example, in [11] the droop gains are chosen according to economic benefits
and updated in real time through a (relatively slow) communication link. Taking a different
approach, as droop gains have an impact on the stable operation of the system, in [65]
they are chosen to ensure system stability. Economic benefit and system stability are both

used as design criteria in [66] where droop gains are selected and optimised in real time.
3.2.3 Unbalanced operation of an inverter

Inverters are usually designed and controlled under the assumption that they supply a
balanced load. However unbalanced load operation in a microgrid is likely to happen.
Indeed, unbalanced operation in a microgrid can be caused by unevenly distributed single-
phase loads (a very common event in LV distribution networks) and by unbalanced faults.
As this research work is focused on understanding the general fault behaviour of inverter-
only microgrids, the following Sections summarize the most important aspects of the

impact of unbalanced loading on the operation, design and control of inverters.
Load unbalance and inverter operation

An unbalanced load in a microgrid draws a set of unbalanced load currents while the
inverter is still required to provide a set of balanced output voltages vg,, vo, and vy,.
The impact of load unbalance on an inverter’s operation can be analyzed by considering
the inverter LC output filter, see Figure 3.17. For an unbalanced load, the output load
currents i, , ip, and 7p, can be expressed in terms of sequence components (see Appendix
A for a more detailed description of sequence components) as:

ioa Zoflp + io(ln + Z.0(10
i, | = | toy, + 0y, T ioy (3.13)
10, io,, T 0., + %0,
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Because the inverter output voltage is controlled in order to be balanced, it can be ex-

pressed in terms of the positive sequence component only as:

V0, V0q,,
vo, | = | Yoy, (3.14)
Vo, ’U()Cp

Now, it can be demonstrated that during unbalanced loading the inverter bridge voltages
v;,, Vi, and v;, that must be provided are unbalanced and with magnitudes which depend

on the load currents ig,, 79, and ig,. From Figure 3.17 the following equations can be

written: 4
v Ly(%oa 4 CL g”oa) + g, + Ly M
o | = | i+ oG o+ LA 19
e Ly + 0%ty + 1,5
where the neutral current i, is given by:
ir,, = io, +io, + o, + O d°a + cdsob cdsgc (3.16)

By substituting (3.13) and (3.14) into (3.15), the inverter bridge voltage v; can be expressed
as a function of sequence components as follows:

di Oap

Vi, L(— d + Cd;{S“ ) + o,
i
’Ul'bp = Lf( ;’: + Cddt;) ) + vo, (317)

. dio,.
Viey Lp(—"= + Cddlt}gc) + o,

dio,,,
Vig,, Ly dt

d
Uiy, | = | Lpoem (3.18)

Vicn LS

w, [ rran e
Vi, | = | (Ly+ 3Ly, )d (3.19)
Vi, (Lf + 3L ) ZOCO

From equations (3.18) and (3.19) it can be observed that the unbalanced load requires
inverter bridge voltages with negative and zero sequence components in addition to the
positive sequence term in equation (3.17). Moreover, it also possible to observe that the
neutral current ¢y, , supplied by the inverter is equal to three time the zero sequence

component 7o, of the load current.
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Load unbalance and inverter design and control

During unbalanced operation, the inverter is required to produce a set of unbalanced

voltages v;,, v;, and v;, and to carry a neutral current as well. Now the implications for

b
the design and control of the inverter are analyzed.

From Figure 3.13 it can be seen that the output of the current control loop, which is
the reference inverter bridge voltage v}, is fed into the block called “Inverter”. One of the
components inside this block is a modulator which is responsible of generating, from the
reference voltage v}, the switching sequences for the inverter which then synthesizes v;.
Space Vector Modulation (SVM) [47] is commonly used as a modulation technique for four-
leg inverters [50] and therefore it is assumed to be implemented in the modulator. From the
theory of SVM, for a given DC-link voltage, the trajectory of the maximum amplitude of
the synthesized balanced bridge voltage, v;, is a circle with radius %VDC- The magnitude
of the inverter bridge voltage is limited by the DC-link voltage and therefore not all
voltages can be reproduced by the inverter.

Now, back to inverter unbalanced operation, expanding equations (3.17), (3.18) and

(3.19) with their sinusoidal variation and combining yields:

v, (t) = Vi, cos(wt +0;,) + V;, cos(wt + 0;,) + Vi, cos(wt + 0;)
2 2

v, (t) =V, cos(wt+0;, — gﬂ') +V;, cos(wt +6; + §7T) + Vi, cos(wt + 6;,) (3.20)
2 2

v, (t) = Vi, cos(wt+ 0, + gﬂ') +V;, cos(wt + 0;—, — gﬂ') + Vi, cos(wt + 0;,)

where V; , V; and Vj; are respectively the amplitudes of the voltage positive, negative and

zero sequence components and 0;,, 0;, and 0;, are respectively the phases of the voltage

in
positive, negative and zero sequence components.

In Appendix A it is shown how a set of three-phase unbalanced voltages like the
one in (3.20) becomes equivalent in the Stationary Reference Frame (StatRF) to three
vectors: one vector Vp rotating counter-clockwise at the angular speed of w, deriving from
the positive sequence component; one vector V,, rotating clockwise at an angular speed of

w, deriving from the negative sequence component; one vector Vv along the ~ axis which

moves forth and back (the zero sequence component). The magnitudes of these vectors
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are given by:

3
Vol =/ 5V (3.21)
_ 3
Val =/ 5 Vin (3.22)
V4| = V3V, (3.23)

Combining the positive and negative sequence voltages gives a rotating vector Vza 5 With
an elliptical trajectory with a major radius equal to |V,| + |V,,| and a minor radius equal
to |V,| — [Vs]. The presence of a zero sequence component results in a skewed ellipse.
Figure 3.18 compares the trajectories described in the o plane by the inverter bridge
voltage for balanced (in red) and unbalanced (in blue) operation. In order to be able to
reproduce the inverter bridge voltage even in the event of an unbalanced operation, the

ellipse has to be inside the red circle. Therefore the following condition has to be satisfied:
_ _ 1
Vol + [Val < 72VDC (3.24)
which then becomes equivalent to:

1
Vi, + Vi, < —=Vpc. 3.25
' J5Ve (3.25)

For a given load unbalance, it is possible to determine a value of Vp¢, bigger than the one
needed for simple balanced operation, which satisfies (3.25) and therefore makes possible
the synthesization of unbalanced inverter bridge voltages [50].

Turning now to the neutral current and its impact in the design of the inverter, it
has been shown that during unbalanced operation iy, is equal to three times ig, (the zero
sequence component of the load current). The inverter is supposed to supply the neutral
current through its fourth leg. If the switches in the fourth leg have the same rating as
the switches in the other three legs, then the maximum allowed zero sequence component
of the output current is one third of the nominal per-phase output current [50].

Finally, it should be pointed out that at the very beginning of Section 3.2.3, it was
assumed that the inverter is capable of supplying a balanced set of output voltages vy,

vp, and vy, even to unbalanced loads. Consequently it has been assumed that the control

b
of the inverter in Figure 3.13 is able to follow the reference vj and it is not affected by
unbalanced signals coming from i; and igp. This assumption is not always true as the

performance of the control of an inverter is affected by unbalanced operation [58, 67].
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Figure 3.18: Control voltage vector trajectories for balance and unbalanced operation

Chapter 4 will shown the impact of unbalanced operation on different control strategies

and some solutions for producing a balanced set of output voltages.

3.3 Microgrid network models

This Chapter has presented a general overview of the different issues affecting microgrid
network topology and control. In this Section the two microgrid network models chosen
for use throughout this thesis to investigate fault behaviour and fault detection strategies
are described.

Figure 3.19 shows the first microgrid network model where the power is supplied by
one inverter only. The microgrid is assumed to be part of a LV distribution network from
which it got separated with a 4-pole SS as in Figure 3.12. The power is supplied by a
three-phase four-leg inverter which is connected to the network through an LC filter (L,
Ry, C) and a coupling impedance (L, Rec). The network is a 240 V, 50 Hz, four-wire
system with two resistive loads (L; and L) connected along the line which are assumed
to be of 5.6 kW (three-phase) each. As the original LV distribution network is assumed
to have a TN-C-S earthing arrangement, the neutral conductor of the microgrid in Figure
3.19 is grounded at multiple points. The microgrid network parameters together with the

LC filter and coupling impedance can be found in Table 3.1.
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Table 3.1: Microgrid parameters

Microgrid parameters

Parameter | Value Parameter | Value
Ly 1.35 mH | Lijne 0.30 mH
Cy 50 uF Riine 0.36 ©
Ry 0.1 Q Liinen 0.30 mH
L, 0.67 mH | Rynen 0.36 Q2
R, 0.05 Q L 0.30 mH
Lec 0.35 mH | Ry 0.23 ©
R 0.03 L, 0.30 mH
Leen 0.35 mH | Ry, 0.23 Q
Reen 0.03 © R, 10 ©

Figure 3.19: Microgrid supplied by a single inverter

The inverter is controlled according to the multi-loop structure in Figure 3.13. In
Chapter 4 this control will be implemented first in the Synchronous Reference Frame
(SynRF) and then in the Natural Reference Frame (NatRF). The investigation of two
different reference frame implementations for the inverter control is done in order to show
the influence they have in shaping the response of the inverter and microgrid in the event
of a fault.

Figure 3.20 shows the second microgrid network model which is going to be stud-
ied. This time the power is supplied by two inverters which are connected through an
impedance (L;, R;), see Table 3.1. The inverters are identical to the one in Figure 3.19
but with droop functions, see Figure 3.16, added to the multi-loop control structure in
Figure 3.13. The model in Figure 3.20 is the extension of the basic model in Figure 3.19.
In the next Chapter the differences which parallel inverter operation brings compared with

stand-alone operation will be investigated.



Figure 3.20: Microgrid supplied by two parallel-connected inverters
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Chapter 4

Fault response of islanded
inverter-only microgrids

The flexibility associated with power electronics interfaces of DG units brings endless
possibilities [68] to the operation and control of these systems together with a series of
challenges. One of them is the study of their response to network faults. In an islanded
microgrid supplied only by inverter-interfaced DG units, the inverter’s response to a fault
condition is going to dominate the behaviour of the whole system, as shown in studies
published in [69,70]. The purpose of this work is to give an insight into the way some
particular inverters respond in the event of a fault, the factors affecting this response and
the approach which should be used in order to study it. This is an original approach as
it is for the first time that in the study of microgrid fault behaviour and protection the
focus is on the control of the inverter.

The analysis is conducted by considering the following three microgrids:

e Model 1: a microgrid supplied by a single inverter (see Figure 3.19) controlled in

the SynRF;

e Model 2: a microgrid supplied by a single inverter (see Figure 3.19) controlled in
the NatRF;

e Model 3: a microgrid supplied by two parallel-connected inverters (see Figure 3.20)

with droop control.

For each model, the inverter control is described with respect to balanced and unbalanced
operation and current limiting. Depending on the current limiting strategy implemented

in the inverter (current limiting in the SynRF, instantaneous current limiting in the NatRF
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and RMS current limiting in the NatRF'), each microgrid model can generate different case

studies as summarized in Table 4.1.

Table 4.1: Case studies in the analysis of fault response of islanded inverter-only
microgrids

‘ ‘ Inverter control ‘ Current limiting
Case 1 SynRF SynRF
Model 1 | Case 2 SynRF Instantaneous NatRF
Case 3 SynRF RMS NatRF
Model 2 Case 4 NatRF Instantaneous NatRF
Case 5 NatRF RMS NatRF
Model 3 | Case 6 Droop RMS NatRF

The three microgrid models, including the inverter controllers with the different
current limiting strategies, are built in the PSCAD software and various faults (balanced
and unbalanced) are simulated. In particular, for each case study in Table 4.1, the following

faults are considered:
e a three-phase fault (3¢);
e a double phase fault (2¢) involving phases b and ¢;
e a double phase-to-ground fault (2¢¢g) involving phases b and ¢;
e a single phase-to-ground fault (1¢) involving phase a.

From the analysis and the comparison of the different fault responses, the factors which

shape the fault behaviour in microgrids are identified.

4.1 Microgrid supplied by a single inverter controlled in the
SynRF

4.1.1 Control of a stand-alone inverter in the SynRF

As described in Section 3.2.1, the multi-loop control of a stand-alone inverter can be
implemented in different reference frames. Here the implementation in the SynRF is

chosen. From the inverter output LC filter in Figure 3.17, the following equations can be
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written:
. dir, ) dir,,
v, = Ryip, + Lfdii +vo, + Rnir, + Ln di
, di . di
vy, = Ryip, + Lf% +vo, + Rypir, + Ln Z” (4.1)
di di
v, = Ryip, + Ly ;ﬁ +vo, + Rpir, + Ly, ;i”
. , dvy,
L, — %, — Cf dg (4.2)
. . dv
ir, — 0, = Cy dgb (4.3)
d
ir, —io, = Cy Zg (4.4)
and
i, :iLa+iLb+iLc (4.5)

By substituting (4.5) into (4.1) and neglecting the filter resistances Ry and R, the LC

filter equations can be re-arranged as follows:

. Ly+2Ly, B L, B L,
(38 Ly(Ly+3Ln) LE(Lf+3Ln) Ly(Ly+3Ln) Vi, — V0,
; | - In i 2bn __ Ln Vi, — v (4.6)
..Lb Ly(Ly+3Ln)  Ly(Ly+3Ln) Li(Lf+3Ln) (3 Op .
ZLC _ Ln _ Ly f+2L’IL ’UZ'C — ’UOC
Ly(Ly+3Ln) Ly(Ly+3Ln)  Ly(Lj+3Ln)
1 . .

Vo, Cy ? 0 Ly — 0q

fUOb = 0 Cif 0 ZLb — Zob (47)

. 1 . .

0, 0 0 rops L — 20,

By applying the Clarke transformation to (4.6) and (4.7), the system equations

become: )

L, Iy ? 0

irs | = 0 I; 0

. X

tLy 0 0 53z, |
. 1
i, ; 0 0
. 1
’[‘)Oﬂ = 0 Cif 0
Vo, 0 0 c%

Vi = V0q
Ui@ — 1)06
’in - UOW

ir, — o,
i, — o,

L iLv B io’y

(4.8)

(4.9)

Finally the Park transformation can be applied to (4.8) and (4.9) and the system

equations can be expressed in the SynRF (or in dgvy coordinates) as:

i 0 w 0 ir,
i, |=|-w 0 0 ir, | +
ir, 0 0 0] |,

1

7 0

0o L
Ly

0 0

(4.10)
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Figure 4.1: Equivalent block diagrams in SynRF of the LC filter

- & 0 0 : ~

Vo, 0 w O Vo, Cy 1 Ly — 204

i)oq = —w 0 0 Vo, + 0 Cr 0 iLq — ioq (4.11)
do, 0 00 v, 0 0 c% ir, — o,

Figure 4.1 shows the block diagram interpretation of (4.10) and (4.11). As a result of
the transformations, the original LC filter in dgy coordinates is equivalent to three models,
one for each coordinate. Consequently the control system in Figure 3.13 implemented in
dg~y coordinates becomes equivalent to three multi-loops: one for the d component, one for
the ¢ component and one for the v component. Figure 4.2 shows the equivalent multi-loop
control in dqvy coordinates.

The output reference voltage v; is transformed in dgy coordinates into references
V0, v(’gq and USW. Reference véw is zero as the inverter is controlled to supply a balanced
three-phase set of output voltages. Also, reference ’U(’;q is set to zero as it is a common
practice to align the output voltage to the d axis and therefore have zero component on
the ¢ axis. Figure 4.2 shows the de-coupling terms which have been added to de-couple
the control of the d and ¢ axes. Output current and voltage feedforward terms are shown
as well together with a saturation block in each loop which represents the action of the
control to limit the amount of inductor current supplied by the inverter.

During balanced operation, the original sinusoidal phase variables become equivalent



4.1 Microgrid supplied by a single inverter controlled in the SynRF 84

Figure 4.2: Multi-loop control of a stand-alone inverter in the SynRF

to DC signals in the SynRF (see Appendix A for the full detailed derivation). Another
consequence of balanced operation is that there would be no v component and the control
would reduce to the d and ¢ component control loops in Figure 4.2. As dgq components
are DC signals, they can be easily controlled by PI regulators in the voltage and current
loops. This is the main reason behind the popularity of the control of inverters in dgy
coordinates. In the microgrid modelled in PSCAD, the voltage and current controllers in

d and ¢ loops are therefore PI regulators.

4.1.2 Control in the SynRF and unbalanced operation

A microgrid can be unbalanced during normal operation and in the event of unbalanced
faults. During these conditions, the inverter is still required to produce a balanced set
of output voltages vy, , vo, and vg. while the output current required by the loads or by
the fault is unbalanced as described in Section 3.2.3. A detailed derivation of the dgvy
components of unbalanced variables can be found in Appendix A.

The presence of unbalance affects the control in the SynRF in two ways. First

the negative sequence component introduces a 2w ripple, where w is the system angular
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frequency. Then the zero sequence component introduces a v component which now has
to be handled by the third loop in Figure 4.2.

Regarding the presence of negative sequence components, the problem is that while
PI regulators in the d and ¢ loops work well with simple DC signals, they do not give zero
steady-state error with DC signals added to a 2w ripple. One solution to this problem can
be to design a controller with a high gain around 2w in order to suppress any disturbances
at that frequency [50]. A second solution uses a modified Park transformation to control
the negative sequence component of the output voltage [58]. Here the negative sequence

component of vy is obtained in dqvy coordinates by modifying the Park transformation as

follows:
Vo, cos(wt) —sin(wt) 0 vo,,
vo,, | = | sin(wt) cos(wt) O V04 (4.12)
Vo 0 0 1 Vo

Y s

The new transformation in (4.12) corresponds to a SynRF which rotates in the opposite
direction to the original SynRF at the angular frequency —w. In the new reference frame,
the negative sequence component of the voltage will produce a DC component while the
positive sequence voltage will give a 2w ripple.

Based on the modified Park transformation, reference [67] proposes a control scheme
shown in Figure 4.3. Here the input variables X, and Xz are transformed from the StaRF
to the SynRF with the Park transformation (labelled as “dgy™”in Figure 4.3) and with
the modified Park transformation (labelled as “dgy~”). Four integral controllers (%), two
for the positive and two for the negative sequence components are used together with two
simple proportional regulators (k). This method, together with other proposed control
strategies [58], is quite effective in controlling negative sequence components, however this
good performance requires a higher complexity in the inverter control structure.

Regarding the presence of zero sequence components, the four-leg topology of the
inverter makes it possible to have a third control loop which can regulate the zero sequence
component during unbalanced operation. The reference voltage US’Y is equal to zero as the
output voltage is balanced and the « sequence loop generates the correct inverter voltage
v;, to achieve a balanced vy even with unbalanced currents.

The main difference between the dq and the v control loops in Figure 4.2 is that the
~ components of current and voltage are not DC signals but sinusoidal in form. As a result,

the common PI regulators cannot achieve zero error. A possible solution to this problem
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Figure 4.3: Control scheme for positive and negative sequence components in the
SynRF [67]

can be the use of a controller which has got an infinite gain at the fundamental frequency
and no attenuation at other frequencies. For this purpose a P4+Resonant regulator can be
used [58]. The transfer function of this regulator is defined as:

2]?7;8

= (4.13)

G(s) =kp+

and Figure 4.4 shows its Bode plot for different values of k; and k, = 1. The first term in
(4.13) is a proportional gain which is designed in the same way as for a PI regulator. The
second term is a second order generalized integrator [71] which achieves very high gain in
a narrow band centered around w, often referred as the resonant frequency. The width of
the band depends on the k; coefficient as shown in Figure 4.4: a high k; determines a wider
band. As a result, with the use of P+Resonant regulators in the + loop, it is possible to
regulate sinusoidal signals. It should be noted that for the purpose of implementation, a

more realistic version of the P4+Resonant controller has to be adopted, as explained in [72].

4.1.3 Control in the SynRF and current limiting

As discussed in Sections 2.2.1 and 2.4.1, inverters are usually designed to supply a max-
imum current of typically only twice their nominal value in the event of a network fault.

Here three possible current limiting strategies are going to be described:
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Figure 4.4: Bode diagram of P+4Resonant controller for k; =1,10,100 and £k, =1

e current limiting in the SynRF (Case 1 in Table 4.1);

e instantaneous current limiting in the NatRF (Case 2 in Table 4.1);

e RMS current limiting in the NatRF (Case 3 in Table 4.1).
Current limiting in the SynRF

A first approach to current limiting is to limit in the SynRF (dgvy coordinates) the current
supplied by the inverter, which is the inductor current, iz, by introducing three saturation
blocks as shown in the multi-loop control structure in Figure 4.2. The saturation block in
the current loop of the d component, for example, is designed to have a band defined by
an upper and a lower hard limit. The reference inductor current, i*Ld, generated by the
voltage control loop is passed through the saturation block which limits its value if it is
outside the reference band. The output of the saturation block is labelled 47 ., . Similarly
i*Lq and izw are limited.

This simple current limiting presents three major problems. The first one is related
to the presence of 2w ripple in izd and i*Lq during unbalanced operation, which causes
problems when passing through the saturation blocks. Assuming unbalanced operation,

iy, and ¢ 1, can be expressed as:

" 3 3
i, = \/;Ichos(HLp) + \/;Ianos(th +6L,) (4.14)
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Figure 4.5: Reference inductor currents i7  and izq for a phase-to-phase fault (ab)
with no current limiting compared with saturation limits

3 3
i*Lq = \/glesin(OLp) — \/;ILnsin(%Jt +6r,) (4.15)

where Ir, and I, are the amplitudes of the positive and negative sequence components of
the inductor current and 6, and 6, are the phases of the positive and negative sequence
current components (see also Appendix A). Equations (4.14) and (4.15) show that 7 , and
i’zq have waveforms not generally symmetrical around the x axis and that, depending on
the type of fault, they can have large ripples.

As an example, Figure 4.5 shows the reference inductor currents i  and i*Lq for a
phase-to-phase fault (ab) in the microgrid with no current limiting . It can be seen that
they contain a constant DC term plus a 2w term which is caused by the negative sequence
component. In the same Figure, the hard limits in the saturation blocks in the d (in blue)
and ¢ (in green) loops are drawn in order to clearly show that the ripples in i*Ld and izq
make the reference currents swing in and out the saturation blocks’ reference bands.

If current limiting is implemented by simply placing two saturation blocks as shown
in Figure 4.2 and izd and izq are limited within their reference bands, the resulting satu-
rated signals 77 aty and izsatq have a clipped waveform shape, see Figure 4.6, which causes
highly distorted inverter output voltages and currents.

The second problem in the limiting of current in dgy coordinates relates to the
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Figure 4.6: Saturated reference inductor currents i7,, and izsatq for a phase-to-phase
fault (ab) with current limiting

presence of saturation blocks and PI regulators. As saturation is reached, the feedback loop
is broken because the output of the saturation block is no more influenced by its input. The
integral action of the PI controller drifts to very large values (the integrator winds up) and
causes large overshoots and settling times as the system desaturates. This phenomenon
can be observed in Figure 4.6. Here it is possible to note some large oscillations in 7 .,
after each desaturation.

There are various control techniques which can be used in order to prevent the wind
up of the integrator value [73]. Figure 4.7 shows the structure of the tracking or back-
calculation anti-windup applied to a PI controller. The method consists of re-computing
the integral term once the controller saturates. The term K%l is usually called the tracking
time constant and it determines the rate at which the integral term is reduced. Figure 4.8
shows the saturated reference inductor currents the tracking anti-windup is implemented
in the voltage loop of the inverter control. As can be seen, the oscillations are reduced
however there will still be some distortion in the output voltage and current waveforms
when transformed into phase quantities.

The third problem relates to the limiting of the v component of the inductor current.

Assuming unbalanced operation, 77 can be expressed as:
vy

ir, = V31, cos(wt + b)) (4.16)
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Figure 4.7: Tracking anti-windup PI controller
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where I, and 6y are the magnitude and the phase angle of the zero sequence component
of the inductor current. In the event of a fault, the limiting of i’}w with a saturation block
with hard limits produces distorted waveforms as i*L7 is a sinusoidal signal. Moreover if
ijiW is limited to a constant value, it produces a DC component which is added to the
inductor phase currents.

From the above discussion it is clear that current limiting in the SynRF is not a
straight forward process. The inverter’s requirement to protect its circuitry by limiting
the supplied current has to be integrated with the requirements of the network to which
the inverter is supplying power. Moreover there is not a specific standard, which regulates
the behaviour of inverters in the event of network faults, that can be used as a reference.
For what concerns the distortion of the waveforms produced by the inverter when current
limiting, the closest standards which could potentially be applied are the ones on power
quality for distributed generation and electrical distribution systems [23,74]. In particular
the EN 50160 standard [74], which regulates the voltage quality, could be generally applied
to islanded microgrids. However the limits set by the standard on voltage harmonic
distortion do not apply to inverter fault response as those limits refer to “normal operating
conditions” [75]. Indeed, the standard does not consider “voltage quality events”like faults
[75]. This is an important limitation which rules out the application of this standard in
the regulation of the inverter fault response. Nevertheless, it can be safely assumed that
in the event of a fault the inverter should be expected to produce undistorted waveforms
while limiting the supplied current.

It can also be assumed that the inverter should be expected to behave in a “pre-
dictable”way. As this Chapter will show, the flexibility in the inverter’s control can poten-
tially produce many different fault responses. From the point of view of fault detection,
this variety in responses is not auspicious. In contrast, a well controlled and predictable
inverter response in the event of a fault makes it possible to design a suitable fault detec-
tion method capable of capturing the particular footprint (e.g. voltage drop and voltage
sequence components) produced by the inverter in the microgrid. As the inverter’s control
is quite flexible, it is possible to design a control strategy which combines inverter’s re-
quirements (e.g. current limits) and network’s requirements (e.g. no waveform distortion
and fault detection) thus giving a well defined response for different microgrid network

faults.
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Figure 4.9: SynRF (dgy coordinates) voltage and current control loops with current
limiting in the SynRF

Based on this design principle, the current limiting in dgy coordinates is chosen to
be done by using three saturation blocks and limiting 77, ij‘;q and iE"r to three fixed values
Lsat, i’iwtq and i’isatv as soon as they reach the hard limits in the saturation blocks.
Figure 4.9 shows the resulting modified approach to current limiting in the SynRF which
is going to be implemented in this Chapter. Under normal operation, each switch is closed
on position N. However, as soon as one component of the inductor current reaches the
limit in its saturation blocks, then a signal is generated which makes the switch move
from N to L position. After the fault is cleared and the microgrid goes back to normal
operation, each switch has to go back to position N. The resetting strategy is not going
to be considered in this thesis, however possible approaches could be based on impedance
and voltage measurements.

The hard limits in the saturation blocks would have to be chosen in order to allow
unbalanced operation. In particular, unbalanced loading produces values of izd, izq and

%

i1, similar to the ones in equations (4.14), (4.15) and (4.16). An admissible level of load

unbalance in the network, here assumed as 20% as in [40], should not trigger any current
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limiting. Section 4.1.4 will illustrate how to take into account unbalance and design the
hard limits in the saturation blocks.

The fixed limits i}, and i’zsatq have to be chosen according to the rating of the
inverter as Section 4.1.4 will describe. On the other hand, here it is chosen not to supply
any y component of the inductor current in the event of a fault. Thus z'*Lsat7 is equal to
zZero.

The switching of z'*Ld, i*Lq and z""L7 to izsatd, izsatq and i*Lsatv can be done separately
(i.e. each inductor current component is switched as soon as it hits the hard limit) or
simultaneously (i.e. as one current reaches its limit, the control switches the other current
components to their fixed values). However some faults (e.g. single phase-to-ground) may
not cause the switching of all three currents. Moreover, phase faults in a microgrid sup-
plying unbalanced faults may not trigger the limit on izw, therefore allowing the injection
of zero sequence current by the inverter. As a result, in order to have a uniform and
predictable response for any type of fault, it is chosen to simultaneously switch all three
switches in Figure 4.9 as soon as one current reaches the hard limit in its saturation block.

By keeping the values of izd and izq equal to a fixed value and izy equal to zero, the
inverter behaves in the event of a fault like a constant positive sequence current source.
This supplied current is free from any waveform distortion. At the same time the current
limiting makes sure that the current in each inverter leg does not exceed its maximum
value.

It should be noted that, once the value of izd, ij‘:q and i*Lq are kept constant, the
voltage feedback loop is completely broken because the output of the saturation block is
no more influenced by its input. This break in the loop reduces the two loop control of
the inverter to a single current loop. The consequences of this will be analyzed later in

this Chapter and modelled in Chapter 5.

Instantaneous current limiting in the NatRF

Another approach to current limiting in inverters is to limit the inductor current in the
NatRF. This limiting can be done on an instantaneous basis or on an RMS basis. Figure
4.10 shows how instantaneous current limiting in the NatRF can be implemented when
controlling the inverter in the SynRF. Here i izq and izw are transformed back in the

NatRF, the resulting ¢, , i}, and ¢}  are individually limited by three saturation blocks
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Figure 4.10: SynRF (dg¢y coordinates) voltage and current control loops with instan-
taneous current limiting in the NatRF

containing simple upper and lower hard limits. The phase inductor reference currents are
instantaneously limited by cutting any parts of the sinusoidal waveforms outside the limit
bands of the saturation blocks. After being limited, the inductor currents are transformed
back in the SynRF.

The choice of hard limits in the saturation blocks is much simpler compared to
the previous limiting strategy. Indeed the hard limits are simply chosen to be equal to
twice the inverter nominal current. This current limiting strategy is easier to implement
compared to the previous one as it directly limits the magnitude of each phase inductor
current. However it requires additional reference frame transformations and can produce

distorted output waveforms.
RMS current limiting in the NatRF

A third approach to current limiting in the NatRF on an RMS basis is shown in Figure
4.11. Here iy , izq and izw are again transformed back in the NatRF and the resulting 7 ,
iy, and 7 —are passed through three saturation blocks like the ones described in Figure
4.10. The output of each saturation block generates a signal which operates a switch.
Under normal operation, each switch is closed on position N. As soon as a current in
one phase (for example phase a) reaches a pre-set limit in the saturation block, then the

output of the block makes the corresponding switch to move from N to L position. As
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Figure 4.11: SynRF (dgy coordinates) voltage and current control loops with RMS
current limiting in the NatRF

a result, the inverter goes into current limiting in phase a: the voltage control loop is
broken and 77 becomes equal a fixed sinusoidal reference inductor current, ij ., , equal
to twice the inverter nominal current. This inverter mode of operation will continue until
the conditions for the normal operation of the inverter are restored in the microgrid (e.g.
the fault is cleared). A “reset”command will then operate the switch and close it back
to its normal operating position N. This resetting strategy is not going to be discussed in
this thesis. The RMS current limiting in the NatRF requires additional reference frame
transformations and the implementation of a switching strategy from normal operation
to current limiting operation, however it can avoid the generation of distorted output
waveforms.

The fault responses of the microgrid with the three limiting techniques in Figures

4.9, 4.10 and 4.11 are going to be simulated and compared in Sections 4.1.5 and 4.1.6.

4.1.4 System description: Model 1

The purpose of this Section is to describe all the data needed and the design choices which
have to be made in order to build the first microgrid model, Model 1 in Table 4.1.

The microgrid model is shown in Figure 3.19. A general description of the microgrid
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network has been given in Section 3.3 and Table 3.1 contains all the parameters including
the LC filter and the coupling impedance. The power is supplied by one 17 kVA inverter
with a DC bus voltage equal to 700 V. The DG source is considered as ideal and the
DC bus dynamics neglected as in [29,32]. Moreover, the switching process of the inverter
is also neglected on the assumption that high switching frequencies are used [63]. The
voltage and current controllers in the d and ¢ loops are PI regulators while a P+Resonant
and P regulator are respectively used in the ~ voltage and current control loop. The
current loops are designed with a bandwidth around 1600 Hz while the voltage loops have
a 400 Hz bandwidth.

Usually, the inverter’s rating S;,, is chosen to be a bit above the maximum power,
Ppaz, supplied by the prime mover in order to be able to supply reactive power if necessary.

A general rule which can be applied is [48]:

P,
Sy = —0% (4.17)
cosp

where cosp is the system power factor. From this rating it is possible to calculate the

inverter nominal current I,,:
- Sim)
3%V,

L, (4.18)

where V,, is the nominal phase voltage which is 240 V. Here P,,4, is assumed to be
15 kW and the inverter’s rating, Sj,,, is 17 kVA. The inverter is therefore capable of
supplying a nominal current I,, equal to 23.61 A and a maximum fault current equal to
47.22 A, which is twice I,,. It is important to notice that I,, refers to the inverter output
current ig. However the current limiting strategies are concerned with limiting the value
of the inductor current ¢;, which is effectively the current which flows in the inverter legs.
Therefore given a maximum value for the output current, the corresponding maximum
value for the inductor current has to be determined.

In order to implement in PSCAD the first current limiting strategy in the SynRF, see
Figure 4.9, the fixed values i}, saty UL satq and the hard limits in the three saturation blocks
have to be determined. The values 7, and z'*Lsatq are calculated from the maximum
inverter fault current I,, according to the following procedure. Assuming the inverter to
operate at full power (e.g. P = 15kW and Q = 8kV Ar), from equations (3.4) and (3.5) it
is possible to calculate ig, and ig,. The values of v, and vp, are set by the voltage control

loop and are equal to 415 V and 0 V respectively. By substituting the values of p, ¢, vo,
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and v, into (3.4) and (3.5), the output current are equal to:
io, = 36.14A (4.19)
io, = —19.27A (4.20)

The values of iz, and if, can be calculated by considering the equations in (4.10) and
(4.11). In steady-state operation the derivative terms become zero and therefore the

relations can be written as:

0 = wig, + %(vid — vo,) (4.21)
0 = —wir, + v, (4.22)
i, = ir, (4.23)
0 = —wyy, — a(igq —ir,) (4.24)

The maximum corresponding values of iz, and i, for a full power operation are 36.14 A
and -12.75 A respectively. In the event of a fault, izsatq is chosen to be fixed and equal

to -12.75 A. The value of 7 ., can be then found by considering the maximum available

3
\/;47.22\@ =\/i5 +

which gives 7, equal to 79.48 A. Finally it has been chosen to keep the value of i7, sat.,

fault current as follows:

42
Zoq

(4.25)
equal to zero.

It should be noted that the choice of fixed values for 7, and i*Lq is not unique. The
specification which is usually given is that the inverter can supply a maximum current twice
its nominal value. In order to calculate the corresponding dq components of the inductor
current, it has been assumed that the output voltage vy is controlled to be aligned to
the d axis and that the magnitude of ig is equal to twice the maximum inverter current.
However, the corresponding values of izd and z"iq are not unique and this can be seen
by considering Figure 4.12. Here the output current i is represented by a red circle of
constant radius. The second blue circle represents the possible inductor currents i;, where

the dg components have been obtained from the following equations:

ir, = io, (4.26)

iLq = ’ioq + wC’vod (427)
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Figure 4.12: Circle diagram of inverter output current iy and inverter inductor current
ir, in dgv coordinates

Equations (4.26) and (4.27) can be considered as the parametric equations of the circle in
Figure 4.12 which describes the vector of the inductor current.

The limits inside the three saturation blocks in Figure 4.9 have to be chosen in
such a away that for unbalanced operation the dgy components of the inductor current
are passed through the saturation blocks without being affected by the current limiting.
As the microgrid is part of the LV distribution network, some form of unbalanced load
can be present. Therefore, it is assumed that there can be a power unbalance of 20% as
in [40]. Here load unbalance is defined as the percentage difference between the maximum
per-phase load power and the minimum per-phase load power over the total three-phase
load [40,50]. So for example, a 20% unbalance in phase a of load L; in the microgrid

would be defined as follow:

Py =Py +02Pt , Qo= Qv+ 0.2Q¢0 (4.28)
P, =P, > Qb:Qc (4'29)
Pa"'Pb"'Pc:Ptot 7Qa+Qb+Qc:Qtot (430)

where P,, P, and P. are the active powers relative to phases a, b and ¢, @)y, @y and Q.
are the reactive powers relative to phases a, b and ¢, P, and Q. are the total active and
reactive powers of the three-phase load. Now, assuming that each load (L1 and Ls) in the

example microgrid can possibly be equal to half of the inverter nominal power, different
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Figure 4.13: Inverter’s response to a 20% power unbalance on phase a and on phase b

unbalanced loading conditions can be considered and simulated in PSCAD. Figure 4.13
shows the inverter response to a 20% load unbalance on phase a in L; and a 20% load
unbalance on phase b in Lg. Figure 4.14 shows the inverter response to a 20% load
unbalance on phase a in L1 and in Lo. This response can be compared with the one for a
balanced operation which is shown in Figure 4.15. As predicted, the presence of unbalance
in the network generates a ripple in iz, and iz, and a v component which represents the
zero sequence component of the inductor current (multiplied by a v/3 factor). In particular
the biggest ripple and values of iy, iz, and ir, correspond to the unbalance on the same
phase. Therefore the limits in the saturation blocks are chosen so that the values of iz,
ir, and iz in Figure 4.14 do not cause any current limiting (i.e. the bands defined by the
hard limits in the saturation blocks include the signals in Figure 4.14).

Overall it can be said that the limiting of currents in dgy coordinates is not a trivial
task. In this Section some specific design choices have been made and described. However
it is hoped that the given description of the process behind the design choices and the
discussion on difficulties encountered can in general guide the design of a suitable current

limiting strategy in dqvy coordinates.
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Figure 4.15: Inverter’s response to normal balanced operation
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Figure 4.16: Circle diagram of inverter output phase current Iy, and inverter inductor
phase current I,

The second type of current limiting to be implemented in the microgrid model is
the instantaneous limiting in the NatRF, see Figure 4.10. The choice of hard limits in
the saturation blocks is based on the maximum inductor current which the inverter can
supply. As before, the inverter nominal current is 23.61 A, which refers to the inverter
output current, and resulting maximum available current is 47.22 A. Now the relationship

between inductor and output phase currents can be simply written as:
Ir, = Iy, + jwCVp, (4.31)

Given a fixed magnitude of Io,, from equation (4.31) a circle diagram can be drawn, see
Figure 4.16, which shows the behaviour of I, 1, for various Voa. Here it is chosen to have
the maximum reference inductor current relative to phase a aligned with the x axis and
as a result from equation (4.31) its maximum value is 47.07 A.

Finally the implementation of the RMS current limiting, see Figure 4.11, is done
by using the same hard limits in the saturation blocks which have been calculated for
the instantaneous current limiting. The fixed sinusoidal reference currents iy, , sat,
and 17 ., are set equal to a balanced positive sequence set of currents whose magnitude
is equal to 47.07 A and whose phases are determined by the frequency reference in the

inverter control.
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4.1.5 Fault response of a microgrid supplied by a single inverter con-
trolled in the SynRF and with current limiting in the SynRF:
Case 1
The responses of a microgrid supplied by one single inverter with control and current
limiting in the SynRF to a series of faults were simulated in PSCAD. The faults were a
bolted three phase (3¢) fault (see Figure 4.17), a double phase (2¢) fault involving phases
b and ¢ (see Figure 4.18), a bolted double phase-to-ground (2¢¢g) fault again involving
phases b and ¢ (see Figure 4.19) and a a single phase-to-ground (1¢g) fault involving
phase a (see Figure 4.20). Each fault was always applied at point Fj (Figure 3.19), at
time t=1s. Voltages vy, , vo, and vg, represent the phase-to-neutral voltages at the output
of the inverter’s filter; iy, 77, and iy, are the controlled inductor currents; v,, vy and
ve are the phase-to-neutral voltages at point F3 (note that this explains why for faults
involving ground the voltages of the faulted phases are not equal to zero, see Figures 4.19
and 4.20); i4, i and i. are the phase currents at point F3. From now on, all double phase
and double phase-to-ground faults are assumed between phases b and ¢ while single phase
faults are assumed to involve phase a. Moreover, all faults are assumed to be bolted unless
otherwise stated.

The first thing to be noticed from Figures 4.17, 4.18, 4.19 and 4.20 is the high speed
of response of the system compared to that of synchronous machine-based power systems.
Traditionally in a synchronous machine-based power network, the time scale of a fault
can be divided into three periods: subtransient (first cycle), transient (3-10 cycles) and
steady-state. Synchronous generators are modelled as constant voltage sources with a
series reactance, whose value differs according to these different time periods. In contrast,
the microgrid goes through a transient which lasts less than one cycle. During this very
short transient the current is actively limited by the instantaneous (hard) current limits
inside the saturation blocks and then by the current limiting strategy as described in
Section 4.1.3. The fault transient of an inverter-only microgrid does not exhibit any of
the typical features (e.g. slow response and initial high peak currents) of fault response of
synchronous machine-based power systems. This completely different behaviour is caused
by the high bandwidth of the current control loop which dominates the dynamic response
of the inverter and of the microgrid as a whole. Indeed, being a microgrid disconnected

from the electricity grid, its dynamics are completely dependent on the inverter’s control
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Figure 4.17: Response to a 3¢ fault at point F3 of a microgrid supplied by a single
inverter (control and current limiting in the SynRF)
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Figure 4.18: Response to a 2¢ fault at point F3 of a microgrid supplied by a single
inverter (control and current limiting in the SynRF)
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Figure 4.19: Response to a 2¢g fault at point F3 of a microgrid supplied by a single
inverter (control and current limiting in the SynRF)
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Figure 4.20: Response to a 1¢g fault at point F; of a microgrid supplied by a single
inverter (control and current limiting in the SynRF)



4.1 Microgrid supplied by a single inverter controlled in the SynRF 105

and that can be implemented in a number of different ways.

Here, in the event of a fault, the inverter behaves as a constant current source as the
reference inductor currents i"id, izq and izv are switched to a constant value. The voltage
feedback loop is therefore broken and the two-loop control is reduced to a current loop
which is designed to have a very fast response. As a result, irrespective of the fault type,
the inverter supplies to each phase a current which is twice the inverter nominal current
value.

Figures 4.17, 4.18, 4.19 and 4.20 show that the behaviour of the network voltages are
highly dependent on the fault type. For example, the balanced three phase fault leads to a
uniform undervoltage while the single phase-to-ground fault produces a large overvoltage
on the healthy phases. This behaviour is explained by considering the inverter supplied
microgrid as equivalent to a constant current source with a parallel impedance whose
value depends on the type of fault. As the inverter injects a fixed amount of current, the

impedance presented by the faulted network will determine the voltage.

Inverter voltage limiting

When building the microgrid model, the switching of the inverter has been neglected and
the inverter average model developed in [50] has been used. As a result, the inverter
bridge voltage v; has been allowed to vary freely depending on the inverter control and
the network and ignoring inverter limitations. However, the overvoltages shown in Figures
4.18, 4.19 and 4.20 are not physically realizable because of the physical limit on the inverter
DC bus voltage.

As described in Chapter 3, in SVM the generated reference voltage vector V{;B has
to be inscribed in a circle of radius V%C. For Vpe equal to 700 V, the resulting maximum
value of 171* is 494.4 V which then corresponds to 404 V in abc coordinates. Moreover, as
the inverter used has four legs, another limit has to be placed on VI: as described in [50].

One of the techniques used to limit v] consists of limiting the magnitude of ‘_/i’;q

to its maximum while maintaining the original phase of ‘_G’Zq- This can be done with the
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Figure 4.21: Reference inverter bridge voltage v} in dq coordinates for a 2¢g fault at
point F3 in a microgrid supplied by a single inverter (control and current limiting in
the SynRF): without instantaneous voltage limiting (blue line), with voltage limiting

algorithm as in [76] (red line)

following algorithm [76]:

2
)%+ (v > o Ve
1d 1q — 2
)
then 6 = tan ~ —*
vy
Vbe
* —
Visat, = NG cos 6
Vbc
* .
visatq = \f sin ¢
2
elseif Vi, = Ui,
* _ *
Uisatq - Uiq

(4.32)
(4.33)
(4.34)

(4.35)
(4.36)

(4.37)

Figure 4.21 shows the trajectory of Vi’;q for a bolted double phase-to-ground fault

with no voltage limiting (in blue) and with the limiting according to this algorithm (in

red). Figure 4.22 shows the corresponding behaviour of V;;B. The values of ‘_/i’;q and X_/Z*; 5

were obtained by simulating the fault in PSCAD first with Model 1 and current limiting

in the SynRF and then by implementing the voltage limiting algorithm.

The behaviour of the dg components in Figure 4.21 is caused by the unbalance in
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Figure 4.22: Reference inverter bridge voltage v; in af coordinates for a 2¢g fault at
point F3 in a microgrid supplied by a single inverter (control and current limiting in
the SynRF): without instantaneous voltage limiting (blue line), with voltage limiting
algorithm as in [76] (red line)

the reference inverter bridge voltage. Similarly to equations (4.14) and (4.15), the dg

components of v} can be expressed as:

3 3
vf, = \/;V;;pcos(ﬁip) + \/;Vincos(Zwt +6;) (4.38)
« 3 : 3 ,
v = §Vipsm(9¢p) — 5‘/%”5271(2&)15 +0;) (4.39)

where V; and V;, are the magnitudes of the positive and negative sequence components
and 0;, and 0;, are the phase angles of the positive and negative sequence components
of the reference bridge voltage. Equations (4.38) and (4.39) describe a circle of centre
f Vi cos( 1p \[ Vi, sin(60 zp ) and radius \/> Vi, , which is the circle in blue in Figure
4.21.
As described in Section 3.2.3, for an unbalanced fault, the trajectory of 172’;[} is a
skewed ellipse. This well compares with the ellipse in Figure 4.22. For the particular
fault simulated (2¢g), the vector Viz@ goes outside the reference circle of radius V%/ic and

therefore the voltage limiting algorithm acts and brings the voltage within its maximum

limit. It is interesting to note that a complete description by vector V{;B around the red
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instantaneous voltage limiting, (b) With voltage limiting algorithm as in [76]

trajectory in Figure 4.22 corresponds to vector Vizq describing twice the red trajectory in
Figure 4.21. This is caused by the double frequency term in (4.38) and (4.39).

Figure 4.23 compares the inverter output phase voltage v; for the same bolted double
phase-to-ground fault without and with voltage limiting. The phase voltage v;, is now
quite reduced and the inverter is capable of reproducing it, however, the waveforms are no
longer sinusoidal. Moreover, the limiting algorithm acts similarly to a saturation block,
therefore the integral part of the current controller winds-up. In order to avoid this,
proportional regulators could be used in the current loop.

The limiting of voltage described so far is concerned with the inverter’s capability
rather than the network’s requirements. For example, in Figure 4.23 the resulting v;,
supplied to the network is greater than the nominal voltage value and would not be
acceptable to the network or its customers. So another approach to the limitation of

*
1a’

voltage would be to actively limit v} , v; and v with three saturation blocks as shown
in Figure 4.24. The limit can be chosen according to the requirements of the network and
loads.

Active limiting also uses saturation blocks and so it is better to use proportional
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Figure 4.24: SynRF voltage and current control loops with instantaneous per-phase
voltage limiting in the NatRF
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Figure 4.25: Comparison of v; , v;, and v; for a 2¢g fault at point F3 in a microgrid
supplied by a single inverter (control and current limiting in the SynRF): (a) Without
instantaneous voltage limiting, (b) With instantaneous per-phase voltage limiting
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controllers in the current control loops in order to avoid the wind-up phenomenon. Figure
4.25 compares the response for a bolted double phase-to-ground fault without and with
voltage limiting on v} , v and v} . The response with voltage limiting and proportional
controller is rather good and v;, is limited to a chosen value with little effect on v;, and
v;,. However, the produced waveforms are distorted.

In order to satisfy both inverter’s and network’s voltage limits, the limiting on V; da
according to the presented algorithm and the limiting on v;,, v;, and v;, can be cascaded

one after the other.

4.1.6 Fault response of a microgrid supplied by a single inverter con-
trolled in the SynRF and with current limiting in the NatRF

The purpose of this Section is to illustrate the impact of the other two current limiting

strategies (instantaneous and RMS limiting in the NatRF) on the inverter’s response in

the event of a fault.

Instantaneous current limiting in the NatRF: Case 2

Figures 4.26, 4.27, 4.28 and 4.29 show the response of the microgrid with instantaneous
current limiting in the NatRF to the same four faults considered in Section 4.1.5.

As was the case of control and current limiting in the SynRF, the response of the
system is very fast, but because the limiting of the inductor phase current iz, is now done
on a per-phase base, the response in terms of voltage and current is rather different. A
bolted three-phase fault requires instantaneous current limiting in the three phase inductor
currents and produces three equal third harmonic phase-to-neutral voltages at the fault
point, v,, vy and v., see Figure 4.26. This is an interesting behaviour considering that a
three-phase fault is a balanced fault and should not generate any voltage, let alone third
harmonic voltage, at the fault point. However, for this microgrid model, the instantaneous
current limiting produces distorted waveforms which include third harmonic components.
The sum of the three currents at the fault point, i,, i, and i, is not zero and the resulting
sum current, which flows back through earthing resistances R4, contains third harmonic.
As a result, the phase-to-neutral voltages at fault point, which are equal to the voltage
drop across Ry, are equal to a third harmonic voltage.

Figures 4.27, 4.28 and 4.29 show that in the event of an unbalanced fault the faulty

phases are current limited while the control of the output voltage is maintained on the
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Figure 4.26: Response to a 3¢ fault at point F3 of a microgrid supplied by a single
inverter (control in the SynRF and instantaneous current limiting in the NatRF)
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Figure 4.27: Response to a 2¢ fault at point F3 of a microgrid supplied by a single
inverter (control in the SynRF and instantaneous current limiting in the NatRF)
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Figure 4.28: Response to a 2¢g fault at point F3 of a microgrid supplied by a single
inverter (control in the SynRF and instantaneous current limiting in the NatRF)
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Figure 4.29: Response to a 1¢g fault at point F; of a microgrid supplied by a single
inverter (control in the SynRF and instantaneous current limiting in the NatRF)
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Figure 4.30: Comparison of v, , v;, and v;_ for a 2¢g fault at point F; in a microgrid
supplied by a single inverter controlled in the SynRF: (a) with current limiting in the
SynRF, (b) With instantaneous current limiting in the NatRF

healthy ones. Thus the inverter cannot be viewed simply as three current sources. Com-
pared with responses in Figures 4.18, 4.19 and 4.20 (see Pages 103 and 104), the instan-
taneous current limiting in the NatRF, which acts on each phase, does not produce big
overvoltages and the voltage in the healthy phases does not increase beyond inverter’s
capabilities. As an example, these two different behaviours can be compared in Figure
4.30 which shows the responses of the inverter to a 2¢g fault with average current limiting
in the SynRF and with instantaneous current limiting in the NatRF.

Another positive attribute of instantaneous current limiting is the lack of any switch-
ing in the inverter control from the normal multi-loop voltage control state to a current
limit state. As a result, no setting or re-setting strategy for the switching between one
control to the other has to be designed, as it has to be done for the current limiting in the
SynRF, see Figure 4.9, and the RMS current limiting in the NatRF, see Figure 4.11. With
instantaneous current limiting in the NatRF, the inverter goes back into normal operation
with multi-loop voltage control as soon as the fault is cleared.

On the other hand, instantaneous current limiting in the NatRF presents some

problems. The first one is related to the waveform distortion produced by the saturation
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blocks. As discussed in Section 4.1.3, at the moment, there is no standard available which
specifies what is the permitted level of harmonic distortion in a microgrid in the event of
a fault. However it is reasonable to assume that the waveforms in Figures 4.26, 4.27, 4.28
and 4.29 could not be acceptable by the network.

A second problem is connected to the control of voltage in the healthy phases. For
an unbalanced fault they do not experience a big rise, however, they are not perfectly
controlled either (e.g. see the small increase in vy, and vg, in Figure 4.29). This behaviour
is a combined effect of the voltage control trying to control the dgvy components of the
output voltage rather than vg,, vo, and vp, on an individual basis and of the wind-up of
the integrators in the PI regulators in the voltage loops.

Finally, the last problem is the computational effort required by instantaneous cur-
rent limiting in the NatRF. Indeed, inductor reference currents are transformed from the
SynRF to the NatRF and back. These two additional transformations would not be needed

if the whole inverter control could be implemented in the NatRF.

RMS current limiting in the NatRF: Case 3

Figures 4.31, 4.32, 4.33 and 4.34 show the response of the microgrid with RMS current
limiting in the NatRF to a 3¢ fault, a 2¢ fault, to a 2¢g fault and a 1¢g fault respectively.
Overall, the response is improved compared with both current limiting in the SynRF and
instantaneous current limiting in the NatRF. Indeed, RMS current limiting in the NatRF
limits the inductor current of each faulted phase to a constant sinusoidal reference current
while maintaining the control over voltage on healthy phases. As a result, RMS current
limiting does not produce any waveform distortion as the instantaneous current limiting
in the NatRF does. Moreover, the overvoltages observed with the limiting in SynRF are
avoided and therefore there is no distortion caused by voltage limiting. For example,
Figure 4.35 compares the inverter bridge voltage, v; during a 2¢g fault at Fj for current
limiting in the SynRF and RMS current limiting in the NatRF.

Only one example of overvoltages arises and that is for the voltage of faulty phases in
the event of a 2¢ fault, see Figure 4.32. For a 2¢ fault, currents i*Lb and i are controlled
and kept constant to 47 ., and 7., which are two currents equal in magnitude but with
120° phase difference. The phase-to-neutral voltages at the fault point, v, and v., are

equal and given by the voltage drop across Ry /2 caused by the flowing of the sum of i,
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Figure 4.31: Response to a 3¢ fault at point F3 of a microgrid supplied by a single
inverter (control in the SynRF and RMS current limiting in the NatRF)
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Figure 4.33: Response to a 2¢g fault at point F3 of a microgrid supplied by a single
inverter (control in the SynRF and RMS current limiting in the NatRF)
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Figure 4.34: Response to a 1¢g fault at point F; of a microgrid supplied by a single
inverter (control in the SynRF and RMS current limiting in the NatRF



4.1 Microgrid supplied by a single inverter controlled in the SynRF 117

Vig—Vig—U;

c

™

) 4
1.06 1.08 1.

I
0.98 1 1.02

(a) - Time [sec]

Vg Vig— Vi,

a

) 4
1.06 1.08 1

I
0.98 1 1.02

I

(b) - Tlllgae [sec]

Figure 4.35: Comparison of v, , v;, and v; for a 2¢g fault at point F; in a microgrid
supplied by a single inverter controlled in the SynRF: (a) with current limiting in the
SynRF, (b) With RMS current limiting in the NatRF

and 7.. This sum is not small because the two phases are current controlled. It follows that
vy and v, experience an overvoltage which is then felt all over the microgrid network up to
v, and vp,. These values of v, and vg, are outside inverter’s voltage rating and therefore
voltage limiting as described in Section 4.1.5 will act and produce distorted waveforms. It
has to be noted that phase-to-phase faults are not common in distribution networks and
therefore the response of the inverter to this type of fault could be tolerated. Alternatively
overvoltages could be reduced by reducing the magnitude of the reference currents iy ., ,
Lsat, a0 17gq, -

The RMS current limiting in the NatRF is capable of controlling the voltage of the
healthy phases however it does not keep it exactly equal to its reference value (e.g. see
Figure 4.34). This problem has already been observed and described for instantaneous
current limiting in the NatRF. Similarly, also RMS current limiting requires additional
reference frame transformations.

Overall, the RMS current limiting in the NatRF shows that it is possible to devise
the control strategy which can produce a good fault response of the microgrid in terms

of control of overvoltage on the healthy phases and absence of waveform distortion. Ad-
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ditional control effort is still needed in order to improve the control of voltage during

faults.

4.2 Microgrid supplied by a single inverter controlled in the
NatRF

The microgrid model which is going to be now considered in this Section (i.e. Model
2 in Table 4.1) is identical to the one analyzed so far with the difference that now the
inverter control is not in the SynRF but in the NatRF (abc coordinates). The following
paragraphs describe how this type of control works for balanced and unbalanced operation,
how current limiting is implemented and then how the microgrid with an inverter controlled

in the NatRF responds to different types of fault.

4.2.1 Control of a stand-alone inverter in the NatRF

As for the control in the SynRF, the starting point for the control implementation is to
consider the inverter output LC filter, see Figure 3.17. From equations (4.6) and (4.7) the
block diagram of the filter in the NatRF can be derived and is shown in Figure 4.36. In
the NatRF the filter comprises three models, one for each coordinate, which are coupled
(e.g. v;, appears in phase a and phase ¢ models) because of the presence of the neutral
conductor. By considering the filter block diagram, the control system in Figure 3.13
was adapted to the NatRF where it becomes equivalent to three multi-loops, one for each
phase. Figure 4.37 shows this multi-loop control in the NatRF.

The implementation in the NatRF does not require any reference frame transforma-

tion therefore the output phase voltages vg,, vo, and vg, are directly regulated by three

b
voltage control loops. The reference voltages vj , vy, and vg, are three sinusoidal signals
equal to the desired output values. As in the control in the SynRF, output current g
and output voltage vy feedforward terms are used. Figure 4.37 also shows the de-coupling
terms used in order to cancel the coupling effect of the neutral conductor in the LC filter
and three saturation blocks placed to limit the phase inductor currents supplied by the
inverter.

The control in the NatRF is quite straight forward to understand and implement

however it has never been as popular as the one in the SynRF because of its poor control

performance with sinusoidal control signals. In the control in the SynRF, simple PI reg-
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Figure 4.36: Equivalent block diagram in NatRF of the LC filter
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Figure 4.37: Multi-loop control of a stand-alone inverter in the NatRF
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ulators are able to achieve zero steady-state error, however, here the same PI regulators
cannot achieve that with sinusoidal control signals. This was the general attitude until
studies in [72,77, 78] introduced frequency-domain transformations demonstrating how
control systems in SynRF can be transformed in the StatRF and then in the NatRF and in
particular how PI regulators in the SynRF become equivalent to P+Resonant controllers
in the NatRF. Indeed, as PI regulators are able to achieve zero steady-state error with DC
control signals in the SynRF, P+Resonant regulators are able to achieve zero steady-state
error with sinusoidal control signals in the NatRF. A full description of these frequency-
domain transformations can be found in Appendix B. Following the studies in [72,77,78],
the control in the NatRF is gaining popularity in the control of stand-alone inverters [79],
in the control of grid-connected inverters [80,81] and in particular where there is the need
of good synchronization during unbalanced grid operation [82].

Here, in order to achieve zero steady-state error in the voltage control loop in Fig-
ure 4.37, Gy is therefore chosen as a P+Resonant regulator while simple proportional

regulators are used in the current loops.

4.2.2 Control in the NatRF and unbalanced operation

In the event of unbalanced operation, the inverter is required to produce a balanced set of
output voltages v, , vg, and vg,. Control in the SynRF with PI regulators used in the first
model (see Figure 4.2) is not capable of handling negative sequence components and re-
quires a third control loop to control the zero sequence components. In order to understand
how the control in the NatRF with three P+Resonant regulators in the voltage control
loops behaves during unbalanced operation and how its performance compares with the
one of the first model with PI regulators in the SynRF, frequency-domain transformations
are used as in [72,77,78].

As previously discussed in Section 4.1.2, one possible solution to the control of
negative sequence components in the SynRF is to use a more complex structure like the
one in Figure 4.3, which uses the Park and the modified Park transformations. By using
the frequency-domain transformation it is possible to transform this control structure from
the SynRF to the NatRF.

In general, if the control system is made by one regulator h;;q implemented in the

positive SynRF and one regulator h;q in the negative SynRF, the following two sets of
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equations can be written:
{ yl(t) ] _ 3 [ 1 % [ cos(wot)  —sin(wot) ]
i (t) 210 % +sin(wot)  cos(wot) (4.40)
. 1 2y ’
{{h;;q(t)} * {[ —5@75(@32) —I;os(c(uoct);) } \/2[ (1) é ] [ a:bgltt; ]}}
1 /31 e cos(wot)  sin(wot)
[ g?jb_(t) ] V2 [ 0 g [ —sin(wet) cos(wyt) ] 41)
_ cos(w, —sin(w, 1 -1 Tq '
{[hdq(t)} * {[ —|—si7§(w2) cos(a(uotw)f) } \/g [ 0 %3% ] [ :vbgi ]}}

where z,(t) and x(t) are the measured input variables and y,(¢) and y,(t) are the con-
trolled variables. The first set is relative to the positive sequence controller while the
second one is relative to the negative sequence synchronous frame controller. Following

the methodology in [77], the two controllers can be expressed in the StatRF as:

H;i(s + jwo) —ﬂﬁ;;(s + jwo)
Yj(s) - +qu(8 — Jjwo) deq(S — jwo) Xa(s)
Vi |- GHL(s+ws)  (Hi(s+ i) o] e
—jHg, (s = jwo) +Hy, (s — jwo)
Hey (s + jw,) JH g4 (s + jwo)
Yo(s) ] | AHg(s—jwo)  —jHg(s— jwo) Xa(s)
[ Vi (s) |- Ho (s 4 jwn)  (Ho(s+ jwo) o] e
JH g, (s — jwo) +Hy, (s — jwo)

As can be seen, in the StatRF, the difference between a positive SynRF regulator and a
negative sequence one lies in sign of the cross-coupling terms. In Figure 4.3 only the inte-

gral part of the controller is implemented separately in the two reference frames, therefore,

the equivalent two regulators in stationary reference frame are given by:

K;s _ Kijwo
+ o 32+w2 32+w2
Haﬁ(s) - Kiwoo K;s ° (444>
| T el
Kis Kiwo 7]
— _ S2+w2 s2+w2
Haﬁ(s) - _ Kiuj)o Kiso (445)
|~ T

In the original control system in Figure 4.3 the outputs

from the positive and negative

sequence controllers are summed together with the output from the proportional controller.

Therefore the final equivalent StatRF controller is given by:

Hap(s) =

Ky

2K;s
s24w?2

0

_l’_

K, +

0

2K;s
s24w?2

(4.46)
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2K;s
s24w?

The P+Resonant controller K, +

has an infinite gain at both positive and negative
frequency and therefore can achieve zero steady-state error for both positive and negative
sequence regulation. Finally, the stationary frame controller can be further transformed

into the natural reference frame as follows:

1 2| | K+ 355 0 1 5
H — \/g p S—H'uo . 2 447
w=[y Z| [N e | [0 3] e

The system in (4.47) is the equivalent in the NatRF of the control system in Figure 4.3.
In a four-wire system, a zero sequence regulator is included as well. Appendix B

shows how it is possible to transform the control system for a four-wire inverter from the

SynRF to the NatRF. If a P4+Resonant controller is included as well in the v control loop,

then the equivalent controller matrix in the NatRF of the control system in Figure 4.3 is

given by:
Ky + 255y 0 0
Hape(s) = 0 K, + 255 0 (4.48)
0 0 Ky + 255

The controller matrix in (4.48) corresponds to three P4+Resonant controllers, one
for each coordinate, which is exactly what it is used in the voltage control loops in Figure
4.37. Therefore, using three P4resonant regulators in the NatRF, yields a control scheme
which is able to handle negative [67] and zero sequence component [58]. As a result,
the performance during unbalanced operation of the control system in the NatRF with
P+Resonant regulators is better than PI regulators in the positive SynRF only, see Figure
4.2.

4.2.3 Control in the NatRF and current limiting

The current limiting strategies which are going to be considered and implemented in the

inverter control in the NatRF are:
e instantaneous current limiting in the NatRF (Case 4 in Table 4.1);
e RMS current limiting in the NatRF (Case 5 in Table 4.1).

The discussion in Section 4.1.3 and the system description in Section 4.1.4 have shown
that current limiting in the NatRF is much easier to implement than current limiting in
the SynRF. In an inverter controlled in the NatRF, the instantaneous current limiting in

the NatRF is implemented as shown in Figure 4.37. Here, the phase inductor reference
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currents 4y, , 47, and ¢7  are individually limited by three saturation blocks containing
upper and lower hard limits. The method is identical to the one described for the inverter
controlled in the SynRF, see Figure 4.10, however now no additional reference frame
transformations are needed as the whole control is implemented in the NatRF.

Figure 4.38 shows the RMS current limiting in the NatRF applied to the inverter
control in the NatRF. Once again, this limiting strategy is identical to the one implemented
in the control in the SynRF, see Figure 4.11, with the difference that no additional reference

frame transformations are required.

4.2.4 System description: Model 2

The microgrid model considered here is identical to the microgrid model analyzed in
Section 4.1. Therefore all the network and inverter data needed to build Model 2 in
PSCAD can be found in Section 4.1.4. The only difference between the two models lies in
the reference frame implementation of the multi-loop control of the inverter. In particular
for the inverter control in the NatRF, three P+Resonant regulators are used in the voltage
control loops while three P regulators are chosen for the current control loops. For each
P+Resonant regulator, the resonant frequency, w, is the system frequency (50 Hz) and
the gains are chosen in order to have a bandwidth around 400 Hz. Each proportional
regulator in the current control loop is chosen to give a bandwidth around 1600 Hz.

The design of instantaneous and RMS current limiting in the NatRF follow the
same procedure described in Section 4.1.4. Therefore for instantaneous current limiting
(see Figure 4.37), the hard limits inside the saturation blocks are equal to +47.07 A. For
the RMS current limiting (see Figure 4.38), the hard limits in the saturation blocks are
again equal to +47.07 A and 47, , izsatb and i}, are set equal to a balanced positive
sequence set of currents with 47.07 A magnitude and phases determined by the inverter

internal frequency reference.

4.2.5 Fault response of a microgrid supplied by a single inverter con-
trolled in the NatRF and with current limiting in the NatRF

The purpose of this section is to describe and discuss the fault response of a microgrid

supplied by an inverter controlled in the NatRF and with the two different current limiting

strategies.
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Figure 4.38: NatRF (abc coordinates) voltage and current control loops with RMS
current limiting in the NatRF
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Figure 4.39: Response to a 3¢ fault at point F3 of a microgrid supplied by a single
inverter (control in the NatRF and instantaneous current limiting in the NatRF)

Instantaneous current limiting in the NatRF: Case 4

Figures 4.39, 4.40, 4.41 and 4.42 show the response of the microgrid to a 3¢ fault, a 2¢
fault, a 2¢¢g fault and a 1¢g fault applied at point F3 at time t=1s. As for the control in
the SynRF, the first thing to be noticed is the high speed of the response of the inverter
in the event of a fault compared to the response of synchronous machines. This is caused
by the high bandwidth of the control loops which dominate the dynamic response of the
inverter and the microgrid network.

For a three-phase fault, the phase inductor currents are instantaneously limited and
the resultant distorted waveforms contain third harmonic component. As explained for
Figure 4.26 (see Page 111), the third harmonic current is responsible for the voltages v,,
vy and v, at fault point, see Figure 4.39. It is interesting to note that the use of reference
frame transformations and the control in the SynRF are capable of “smoothing” the current
and voltage wave shapes compared with the control and instantaneous current limiting
in the NatRF which limits ¢y, ¢, and ¢r, very neatly and produces a higher harmonic

content. Similarly for a 2¢ fault (see Figure 4.40) and a 2¢g fault (see Figure 4.41) the
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Figure 4.40: Response to a 2¢ fault at point F3 of a microgrid supplied by a single
inverter (control in the NatRF and instantaneous current limiting in the NatRF)
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Figure 4.41: Response to a 2¢g fault at point F; of a microgrid supplied by a single
inverter (control in the NatRF and instantaneous current limiting in the NatRF)
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Figure 4.42: Response to a 1¢g fault at point F; of a microgrid supplied by a single
inverter (control in the NatRF and instantaneous current limiting in the NatRF)

control in the NatRF is not capable of controlling the harmonic content in the produced
waveforms compared with the control in the SynRF (see Figures 4.27 and 4.28 on Pages
111 and 112).

During unbalanced faults, the de-coupled control of the inverter output voltages vy,
vo, and vg, and the current limiting applied to each individual inductor phase current make
it possible to control phases independently in the event of a fault. This brings two major
benefits to the fault response of the inverter. First, the current limiting on individual
phase currents avoids overvoltages on healthy phases which were experienced with current
limiting in the SynRF. So for example, for a 1¢g fault, see Figure 4.42 the current is only
limited in phase a while v, and vg, do not experience any voltage rise. For the same type
of fault but with current limiting in the SynRF, see Figure 4.20 on Page 104, v, and vy,
would rise well above the inverter voltage capabilities and would then need to be limited
as described in Section 4.1.5.

Second, the de-coupled control of vg,, vg, and vg, is capable of keeping the output

b

voltage of each healthy phase equal to its reference value. Considering again the response

in Figure 4.42, after the fault is applied, vp, and vg, are still kept equal to their pre-fault
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values and do not experience little deviations from their pre-fault values as it was observed
for instantaneous current limiting in the NatRF applied to the control in the SynRF, see
Figure 4.29 on Page 112. Healthy inverter output voltages are also not affected for 2¢ and
2¢g faults, see Figures 4.40 and 4.41. This behaviour could be advantageous when the
number of disrupted single phase customers has to be kept to a minimum.

The implementation of the control and instantaneous current limiting in the NatRF
is straight forward compared to the other methods discussed so far, does not need any
reference frame transformation and does not need any switching strategy from voltage
control to current control in the event of a fault and after a fault. On the other hand, it

introduces distorted waveforms into the network.
RMS current limiting in the NatRF: case 5

Figures 4.43, 4.44, 4.45 and 4.46 show results for similar faults but with RMS current limit.
This type of current limiting brings the same advantages, in terms of fault response,
observed in the previous Case 4 with the additional advantage of not producing any
distorted waveform. The de-coupled control limits the current only in the faulty phases
while controlling the voltage in the healthy ones. The only voltage which goes above
the inverter voltage limits is the one experienced by faulty phases b and c for a 2¢ fault
(see Figure 4.44). This overvoltage would be limited by the inverter voltage limiting,
thus producing distorted waveforms. Alternatively the amount of current supplied by
the inverter could be limited to less than twice the inverter nominal current. A similar
behaviour was observed and discussed while describing the response to the same fault in
a microgrid controlled in the SynRF with RMS current limiting (see Figure 4.32 on Page
115).

In contrast to instantaneous current limiting, the RMS current limiting in the NatRF
requires a fault-mode re-setting strategy, see Figure 4.38, in order to bring the inverter

back to normal operation after the fault is cleared.

4.3 Comparison of the different fault responses in an is-
landed microgrid supplied by a single inverter

Sections 4.1 and 4.2 have described two popular control strategies for stand-alone inverters

(control in the SynRF and control in the NatRF) and have then illustrated the responses
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of microgrids supplied by a single inverter with these two control strategies to various
types of fault. While describing and analyzing these responses, the focus has been placed
on the limitations of the inverter (i.e. current and voltage ratings), on the requirements
of the microgrid network (i.e. waveform distortion and possibility of supplying customers
during faults) and on the general level of difficulty in implementing the different controls.
It was found that the control strategies behave in completely different ways.

The control in the SynRF with current limiting in the SynRF resulted in implemen-
tation difficulties and gave a very bad response for unbalanced faults. Under control in
the SynRF, the overall magnitude and phase of the inverter output voltage and inductor
current are controlled. As a result, the current limiting in the SynRF results in the cur-
rent being limited in all three phases and the inverter becoming equivalent to a current
source. This current limiting is not easy to implement because of the behaviour of the
control in the SynRF during unbalanced operation. Additional difficulties are caused by
the presence of saturation blocks in the control loops which requires the use of techniques
to avoid the windup of the integral part of the PI controller in the voltage loop. Moreover,
even the design of the limits on izsatd, 7 atq and izsatw is not unique and requires a series
of choices as Section 4.1.4 has described.

Simulations showed that the control and current limiting in the SynRF do not give a
good response in terms of output voltage. The overvoltages in Figures 4.18, 4.19 and 4.20
(see Pages 103 and 104) cannot be generated by the inverter because of the limitations
imposed by the DC link bus voltage. A voltage limiting technique within the inverter has
to be implemented which then produces distorted waveforms. As pointed out in Section
4.1.3, currently there are no standards which regulate the response of inverters in the event
of a fault, however it can be assumed that the generation of distorted waveforms for all
types of unbalanced faults cannot be tolerated by the microgrid network.

The implementation of instantaneous and RMS current limiting in the NatRF inside
the inverter SynRF control resulted in completely different fault responses. In particular,
the current limiting on individual phase currents limits the overvoltages on healthy phases
and makes it possible, to a certain extent, to control of the voltage on these phases.
However implementing these two strategies requires extra transformations.

Recent academic studies have demonstrated that the inverter control in the NatRF

can give a very good response during balanced and unbalanced operation [79-82]. The
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study presented in this Chapter showed that the fault response with control in the NatRF
is better than the one with control in the SynRF. Overall, the de-coupled control in
the NatRF is able to control the healthy inverter output phase voltages while limiting
the current in faulty phases. Moreover, the implementation of the control and current
limiting does not require any additional reference frame transformation compared with
the previous cases.

The two current limiting strategies in the NatRF have both positive and negative
points. The instantaneous current limiting does not need any mode re-setting strategy and
does not produce any overvoltages. On the negative side, it produces distorted waveforms.
The RMS current limiting produces clean sinusoidal waveforms but then requires some
mode re-setting strategy and then it can produce overvoltages for a 2¢ fault, which have
to be limited by the inverter.

Based on these observations, the control in the NatRF is preferable to that in the
SynRF for inverter operation during a fault and RMS current limiting is preferred over
instantaneous current limiting. Inverter control in the NatRF with RMS current limiting
in the NatRF will be adopted in the next Section 4.4.1 where two parallel-connected

inverters are considered.

4.4 Microgrid supplied by two parallel-connected inverters

4.4.1 Control of two parallel-connected inverters

The purpose of considering a microgrid supplied by two inverters is to analyze the impact of
multiple inverters on the fault behaviour of the microgrid. The model which is considered
here (i.e. Model 3 in Table 4.1) is shown in Figure 3.20. The two inverters are identical and
are interconnected through an impedance Z; = R; 4+ jwl;. As described in Section 3.2.2,
the difference between the control of parallel inverters and the control of a stand-alone
inverter is in the third outer loop, the droop loop, which regulates the reference voltage
v, and frequency w* for the multi-loop control structure in Figure 3.13. As a result, each
inverter in Figure 3.20 is controlled by a three-loop control structure. The voltage and
control loops are chosen to be implemented in the NatRF for the reasons discussed in

Section 4.3.
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4.4.2 Droop control and unbalanced operation

As the fault response of a microgrid with two parallel inverters is going to be simulated and
analyzed, it is important to understand the impact of unbalanced operation on the droop
loops. From the droop control scheme in Figure 3.16, it can be seen that the operation
of the droop loop is going to be affected by unbalanced load operation through the use of
instantaneous active and reactive powers determined with equations (3.4) and (3.5). In
particular, during unbalanced operation, the resulting voltages and currents in the SynRF
contain a 2w ripple together with the DC component (see Appendix A). As a result, the

inverter output voltage vy and current iy can be expressed as:

3 3

= [ SVyeos(0,) + /280, con2un 1 0,)

vo, = \/gvopsm(e%) — \/gvonsin@wt +6,,) (4.49)
3 3

o =\ Steo0(00,) + /2D con2ut + )

. 3 . 3 ,

io, = \/;Iopsm(é?op) — \/;Ionsm(th +6p,,)

In Sections 4.1.2 and 4.2.2 it has been described how the controls in the SynRF and in the
NatRF respond to unbalanced operation. The NatRF control with P+Resonant gives a
better response therefore vg, and vp, should not have any negative sequence component or
at worst a very small one. Nevertheless to keep the discussion general, here it is assumed
that both Vg, and Vj,, are present.
Using equations (3.4) and (3.5), the instantaneous active and reactive power can be
calculated as:
3 3
p= iVoplopcos(va —bo,) + iVoploncos(Zwt + 0y, + 0o,,)

; ; (4.50)
+ §%nIOpCOS(2Wt + 0y, +00,) + 5‘/0”[0”003(9% —0o,)

q= ;Vopfopsz'n(@vp —bo,) + gVopIOnsin(th + 04, + 60,,)
(4.51)

3 ) 3 |
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The unbalance produces a 2w ripple in p and g. The low pass filter placed in each droop
loop is able to eliminate the double frequency component in p and ¢, thus leaving only the
average power P and @) in order to achieve average power sharing between inverters even

during unbalanced operation. If the inverters are connected through an impedance, as they
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are in the microgrid model under study, this average power sharing does not result in an
equal sharing of the unbalanced power component [83]. The effects of this behaviour will

be discussed in Section 4.4.5 when considering faults which do not cause current limiting.

4.4.3 Droop control and current limiting

As discussed in Section 4.3, RMS current limiting in the NatRF (see Figure 4.38) is chosen
as the current limiting strategy in each inverter. In the event of a fault, the current is
supplied by two inverters which are both able to supply twice their nominal current. As
a result, the two inverters together can supply a current four times bigger than their
nominal current. The increased fault current capacity could generate a situation where,
in the event of a fault, the inverters do not have to limit their current as the fault current
is below their combined capabilities. Section 4.4.5 will illustrate and discuss the impact
of this increase in fault current on the microgrid fault response.

In the event of faults which require a considerable fault current, the control of faulted

phases is switched to current control while voltage control is kept in the healthy phases.

4.4.4 System description: Model 3

The network and inverter parameters of the microgrid model can be found in Table 3.1
which also includes the values of the inverters’ interconnecting impedance Z;. The inverters
are identical with the same specifications as the previous ones and their voltage and current
control loops are designed as the ones described in Section 4.2.4. Using equations (3.9)
and (3.10), the frequency droop gain m,, is chosen to give a 0.3% frequency droop at
the maximum real power output, while the voltage droop gain n, is chosen to give a 2%
voltage droop at the maximum reactive power. As the inverters are equally rated, the
droop gains for each inverter are identical. The filter in Figure 3.16 is a low-pass filter
with a cut-off frequency around 5 Hz.

The design of the current limiting in each inverter is identical to the one for RMS

current limiting in the NatRF described in Section 4.2.4.

4.4.5 Fault response of a microgrid supplied by two parallel-connected
inverters: Case 6

Figures 4.47, 4.48, 4.49 and 4.50 show the response of the microgrid supplied by two

parallel inverters with droop control to the standard faults considered for the previous



4.4 Microgrid supplied by two parallel-connected inverters 136

V041 V051 V01 100 V042 V0gz— V0o
2001
S0
=200
_a00 \ . . . . 00 \ . . ‘ ‘
0.98 1 1.02 [ 1.04 ] 1.06 1.08 11 0.98 1 1.02 [ 1.04} 1.06 1.08 11
sec secC
Lot 'Lyt "Ly YLaz "Lz Lo
150 150
100+ b 100
50 q 501
-50 1 -s0
100 1 -100
150 . . . . . 150 . . . ‘ ‘
0.98 1 1.02 [ 1.04 ] 1.06 1.08 11 0.98 1 1.02 [ 1.04} 1.06 1.08 11
sec sec
Vg Ve e
400
200+
S0
=200 [

~400 L L L L L A L L L L
0.98 1 1.02 1.04 1.06 1.08 11 0.98 1 1.02 1.04 1.06 1.08 11

[sec] [sec]

Figure 4.47: Response to a 3¢ fault at point F3 of a microgrid supplied by two parallel-
connected inverters

models. Faults are applied at point F3, see Figure 3.20, in the microgrid at time t=1s.
From the control point of view, it can be said that in the event of a fault, the outer
voltage and frequency droop loops generate new voltage and frequency references because
the active and reactive power supplied will change. As the current limiting strategy is
on a per-phase base, any change introduced by the voltage droop loop will only affect
the healthy phases while a change in frequency affects both healthy and faulty phases.
From Figures 4.47, 4.48, 4.49 and 4.50 it can be seen that the fault response is again fast
(less than one cycle). However the presence of the droop loops and the slow dynamics of
the filters in them should have an impact on the speed of the fault response of inverters.
Indeed the slow dynamics of the droop loops can be seen in Figures 4.51 and 4.52 where
the fundamental powers P and @), the reference voltage v, and the reference frequency
w* for the two inverters in the event of a three-phase and a single phase-to-ground faults
are shown. As expected, the droop loops responses are rather slow as the filter is designed
with a bandwidth around 5 Hz. However the droop gains m, and n, are quite small and

therefore changes in vg, , vj,,, wi and w3 are small as well and do not substantially affect
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Figure 4.51: Microgrid response (two parallel-connected inverters) to a 3¢ fault at
point F3: (a) Fundamental active and reactive powers, (b) Generated voltage refer-
ences, (c¢) Generated frequency references

the fault response of the microgrid. This is the reason why at a first glance the effect of
the droop control cannot be seen in Figures 4.47, 4.48, 4.49 and 4.50.

Besides the fault dynamics of droop loops, Figure 4.51 also shows that for a 3¢
fault the inverters supply an increased amount of active power (i.e. P; and P,) compared
with the pre-fault operation. This behaviour is quite different to that of a conventional
power system where a 3¢ fault results in a very small active power supplied by generators.
Here, the increased active power is given by the losses in the line resistances, which in a
distribution network are higher in value than the reactances, caused by the flow of the
fault current injected by the two inverters. The equivalent microgrid fault models, which
are going to be developed and discussed in the next Chapter, can explain this particular
behaviour and the role of line parameters in it.

As the inverters have the voltage and current loops implemented in the NatRF with
RMS current limiting, their responses should be compared with those of a stand-alone
inverter microgrid in Figures 4.43, 4.44, 4.45 and 4.46 (see Pages 130 and 131). For a
3¢ fault, see Figure 4.47, both inverters are switched to current control as soon as the

reference inductor currents hit their limit and the resulting fault current is twice the value
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Figure 4.52: Microgrid response (two parallel-connected inverters) to a l¢g fault at
point F3: (a) Fundamental active and reactive powers, (b) Generated voltage refer-
ences, (c¢) Generated frequency references

for the single inverter microgrid in Figure 4.43 (see Page 130). It should be noted that the
output phase voltages of inverter 1 are visibly lower than the one of inverter 2. This effect
cannot be caused by the voltage droop as the voltage control feedback is broken when the
current control is switched on. Once again, in Chapter 5, this behaviour will be analyzed
by the development of an inverter fault model.

For a 2¢ and a 2¢g fault, see Figures 4.48 and 4.49, the control of phases b and c is
switched to current while phase a is still voltage controlled. The two voltage droop loops
generate new references v;, and v, , however, as their change is small, no visible change
in vg,, and vg,, can be seen in Figures 4.48 and 4.49. Same thing can be said about w*
which can be considered constant. During the faults phases b and ¢ are current controlled
and each inverter injects a current twice the nominal value. This causes an increase in
the voltages which go beyond the inverters’ capabilities. As a result, the built-in voltage
limiting strategy will be activated as described in Section 4.1.5. This behaviour was also
observed in Figure 4.44 (see Page 130) for a 2¢ fault in a microgrid supplied by a single
inverter. In order to prevent the action of the voltage limit, a solution could be to reduce

the amount of current supplied by each inverter after the current limiting is triggered.
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The response of the microgrid to a 1¢g fault at F3 is quite different compared with
the previous ones in Figures 4.47, 4.48 and 4.49 and compared with the one in Figure
4.46 (see Page 131) for a 1¢g fault in a single-inverter microgrid. The difference is that
this time the reference inductor current of phase a does not hit the limit and therefore
during the fault all phases remain voltage controlled. Indeed the required fault current is
well within the combined capabilities of the two inverters. However, the unbalanced load
caused by the 1¢g fault is not shared equally between the two inverters and iy, > ir,,.
Changes in vj,, v5,,, wi and wj are again very small, see Figure 4.52, and therefore do
not visibly affect the response of the two inverters.

If the position of the 1¢g fault becomes closer to the inverters, the required current
will increase and inverter current limiting will be triggered. Figure 4.53 shows the response
of the microgrid to a 1¢g fault at location F (defined in Figure 3.20). In this case the first
inverter goes into current limiting while the second one does not. Again, this asymmetric
behaviour arises because the two inverters are not forced to share the unbalanced load.

Overall, the main difference between the droop control fault response and the stand-
alone control fault response does not lie in the control but rather on the combined capa-

bility of parallel inverters to supply current in the event of a fault.

4.5 Conclusion on fault response of islanded inverter-only
microgrids

This Chapter has described, with the help of time-domain simulations, how different the
response of islanded inverter-only microgrids can be depending on the design of the inverter
control and how the choices made in the control (e.g. reference frame implementation,
current and voltage limiting) can shape such response.

From this analysis it has been demonstrated that certain control strategies give a
better response for the microgrid network. In particular, the widely used control in the
SynRF produces undesirable overvoltages and consequently distorted waveforms. A much
better fault response is given by control in the NatRF which gives the flexibility to limit
the current on the faulty phases while keeping control over the voltage on the healthy
ones. The improved response of the NatRF control is shown in Figure 4.54 where Figures
4.23 and 4.45 are presented side by side for the reader’s convenience. In particular, from

Figure 4.54 it is possible to compare, for a 2¢g fault, the overvoltage in the healthy phase
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a caused by the control in the SynRF with current limiting in the SynRF, the resulting
distorted waveforms of the inverter bridge voltages caused by the inverter voltage limiting
and the controlled output voltage on phase a with control in the NatRF.

Simulations in the Chapter also showed that RMS current limiting is preferable over
the instantaneous limiting as it avoids waveform distortion. This can be now seen in
Figure 4.55 which combines for easy comparison Figures 4.41 and 4.45. Figure 4.41 show
the response for to a 2¢g fault of the control in the NatRF with instantaneous current
limiting while Figure 4.45 shows the response with control in the NatRF and RMS current
limiting respectively. The RMS current response shows that there is control on healthy
phase voltages and no harmonically distorted output.

Difficulties in the integration of inverter’s requirements (i.e. current and voltage lim-
its) with network’s requirements (i.e. voltage control, waveform distortion and predictable
fault response) have been highlighted as well. This integration is made even more chal-
lenging by the lack of guiding principles (e.g. standards on inverter-only microgrid fault
behaviour) and lack of information from inverter’ manufacturers. Nevertheless the flexi-
bility associated with the control of inverters can address the inverter’s and the network’s
requirements and even produce a desired inverter fault response.

Finally, it has to be recognized that the time-domain simulations have only given a
simple quantitative idea of the behaviour of the example islanded inverter-only microgrids.
The use of example simulations is not sufficient to understand the interactions between
the inverter and the network. There is a need to develop simplified models which can
capture the behaviour of the microgrid and help the design engineer to understand the
system. The modelling of inverter-interfaced DG units and their integration in a fault

analysis method is the topic of the next Chapter.
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Chapter 5

Modelling and fault analysis of
islanded inverter only-microgrids

The study of fault behaviour in power networks is a well established field. The techniques
used, however, have been developed for conventional synchronous machine-based gener-
ation and do not consider the new forms of DG sources with converter interfaces. Fault
analysis of microgrids dominated by inverter-interfaced DG continues to be hampered by
the lack of agreed and appropriate models for this new form of generation. Indeed, the
inverter representations used are generally complex, making it difficult to visualise the
link between inverter control and subsequent fault behaviour of the microgrid.

The relevance of the inverter control in the fault response of the microgrid has
been analyzed in Chapter 4 through use of time-domain simulations with the PSCAD
software. It has been shown how different reference frame implementations and current
limiting strategies can shape the currents and the voltages in the microgrid. However, the
results shown in Chapter 4 are not sufficient to completely understand the inverter’s fault
behaviour and its interactions with the network because they can only give intuitive ideas
about them. The purpose of this Chapter is therefore to develop simple but sufficiently
complete mathematical fault models of inverters which can be used in traditional fault
analysis.

Starting from the description of the inverter control features, three different inverter
models (control in the SynRF, control in the NatRF and droop control) are developed.
These models are shown to be able to provide a clear interpretation of the fault behaviour
of the microgrid, as determined using PSCAD in Chapter 4. Indeed, they incorporate the

underlying interactions between the inverter dynamics and the microgrid network. Finally,
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the models are used in quasi steady-state fault calculations, whose results are consistent
with those obtained using PSCAD. This provides a further demonstration of the ability
of the developed models to reflect the basic phenomena that affect the fault behaviour of

inverter-dominated microgrids.

5.1 Inverter models for fault analysis studies

In an islanded microgrid only supplied by inverter-interfaced DG units, the inverters’
response to a fault condition will dominate the behaviour of the whole system. An under-
standing of inverter behaviour under fault conditions can be developed by starting with
the simple equivalent model of a stand-alone multi-loop controlled inverter and then ana-
lyzing how it changes in the event of a fault. First, this general fault model will be adapted
to the two control schemes (SynRF and NatRF) described in Chapter 4 so that for each of
them an equivalent model which captures the inverter’s fault behaviour is available. Then

droop control and its impact on the developed fault model will be analyzed as well.

5.1.1 Fault models of stand-alone multi-loop controlled inverter

It is common practice to summarise the control strategy of an individual inverter by
expressing the relation between output voltage vy, reference v; and load current iy as in
equation (3.1). Figure 3.14 showed the equivalent inverter two-terminal circuit, where
G(s) is the inverter voltage gain (see equation (3.2)) and Zy(s) is the output impedance
(see equation (3.3)).

As previously explained in Chapter 4, under fault conditions, inverters can supply a
current of only around two times their nominal current. The current is limited by placing
a saturation block in the control loop in order to limit the reference inductor current i}
as shown in Figure 5.1. In the event of a fault, the current in the network increases and
as saturation is reached, the voltage feedback loop is broken because the output of the
saturation block is no more influenced by its input. This break in the loop reduces the
two-loop control of the inverter to a single current loop control. Therefore, from Figure

5.1 and considering the saturation block, the following relationship can be written:

1

Vo(s) = (Goe($) rsar — Io(S))g

(5.1)

where I}, is the reference maximum inductor current. Equation (5.1) can be re-arranged
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Figure 5.1: Multi-loop control of a stand-alone inverter with current limiting

Figure 5.2: Equivalent two-terminal circuit of a stand-alone inverter with current
limiting

as

In(s) = Geo(s) g — sCVo(s) (5.2)

and the equivalent circuit of the inverter is shown in Figure 5.2, where Z.(s) = ﬁ At
the operating frequency, the transfer function Goe(s) has a gain close to unity, therefore
the inverter behaves like a constant current source with a parallel impedance.

As the voltage loop is broken, the response of the inverter is dominated by the
current control loop which is usually designed with a high bandwidth (around 1.6 kHz).
Therefore the transient which the inverter undergoes in the event of a fault lasts less than
one cycle. It should be noted here that any voltage limiting on the inverter bridge is not
being considered at this point, this is because the inverter is controlled and operated so

that the voltage limit is never reached and therefore distorted waveforms are not produced.

Stand-alone inverter controlled in the SynRF

From the general model shown in Figure 5.2, an equivalent fault model for a stand-alone

four-leg inverter controlled in the SynRF can be developed by considering the inverter’s
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response to different faults. As discussed in Section 4.1.1, the control of a stand-alone
four-leg inverter in the SynRF requires three loops identical to the one in Figure 5.1, one
for each coordinate. Three saturation blocks are placed in each loop, see Figure 4.9, and
the chosen current limiting strategy is devised so that as soon as one of the reference
inductor currents Izd, Izq and [ zﬂ{ reaches its saturation limit, the control switches all
the reference inductor currents to a corresponding fixed constant value I} saty I7 aty and

I*

Isat.- This approach is a good compromise between the inverter’s own limited current
.

ratings and the requirements of a predictable inverter response in the event of a fault.
Once the values of I7 Izq and IZA/ are kept constant, the voltage feedback loop is

broken and the inverter is now operating as a controlled current source. From Figures 4.1

and 4.9, taking into account the break in the voltage control loop, the following equations

can be written:

1
Vou = (Gee(s)Lsatr, — Lo, + u)CfVOq)@
1
Vo, = (Geo(s)!Lsar, — To, —wCrVo,)— (5.3)
sCy
. 1
‘/0'\/ = (GCC(S)ILsat—Y - IO'V)E

From these equations it can be seen that in the event of a fault the inverter becomes
equivalent to three controlled current sources, one for each coordinate, with an equivalent
two-terminal circuit representation as shown in Figure 5.2. The only difference is that the
d and ¢ components are coupled through the action of the capacitors.

The next step is to derive the equivalent inverter fault model in the NatRF. The
transformation of equations (5.3) from the SynRF to the StatRF and then to the NatRF is
done according to the transformations described in Section 4.2.2 and in Appendix B. This
derivation would lead to a rather complex and coupled system in the NatRF. However, the
closed current loop transfer function has a unity gain at the system operating frequency

and therefore equations (5.3) can be simply written in the NatRF as:

‘/Oa = (IZSata - Ioa)%
Vbb = ( ZSatb - Iob)ﬁ (54)
Vbc = (IZSatC - Ioc)ﬁ

From equations (5.4) it can be seen that in the NatRF in the event of a fault, the inverter
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Figure 5.3: Three-phase four-leg SynRF controlled inverter fault model: equivalent
phase networks
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behaves like three current sources (one for each phase) with a parallel constant impedance.
Figure 5.3 shows these equivalent phase circuits where Z.,(s) = Z,(s) = Z¢.(s) = Z¢(s).

The instantaneous values of the current sources can be calculated from I} and I}

satq satq
as follows:
YLsat, (t) = gILsatdq COS(Wt + ¢dq)
. 2 . 2
ZZSatb (t) = \/; Lsatgg COS(Wt + ¢dq - gﬂ-) (55)

- 2, 2
YLsat. (t) = \/;ILsatdqcos(Wt + ¢dq + gﬂ—)

I*
* _ *2 *2 _ Lsatq * _ . . .
where ILsatdq = \/MLsat, T ILsatq ,@dq = arctan T, and ILsatv = 0, as decided in Section

4.1.4. The three current sources form a positive sequence three-phase system therefore
overall the inverter can be considered as a constant positive sequence current source with
and I7 determines the magnitude and phase

=79.48 A and

a parallel impedance. The choice of I7

satq satq

of the current. For the particular model considered in Section 4.1.4, Izsatd

zsatq = —12.75 A which give a magnitude I} satag equal to 80.49 A and a phase angle ¢4,
equal to —9.14°.

Fault studies are often undertaken using sequence-component models. The model
in Figure 5.3 expressed in the NatRF can be converted to sequence components by first

re-writing the equations in (5.4) in compact form as:

(IZSatabc - Ioabc) = }/Cabc‘/babc (56)

where Y, = %(S) By writing I}isatabc’ Iy

I*

Lsatpno’

and 1}, in terms of their sequence components

abc

Io,,, and Vo, equation (5.6) becomes:

flv%pno (5'7)

Cabe

f1(13gsatpn0 - ]OpnO) = }/

where A is the Fortescue’s transformation matrix (see Appendix A). Multiplying both

sides in equation (5.7) by by A~! yields:

(]?zstltpn() - Jk)p710) = )/;pvlo xﬂjpno (Ei'ég>

The term Y., is the sequence components admittance matrix and is given by:

Y., 0 0
Cpn0 - AilYCabcA = 0 }/Cn 0 (59>
0 0 Y,
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Figure 5.4: Three-phase four-leg SynRF controlled inverter fault model: equivalent
sequence networks
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where Y., = Y., = Y, = Y.. Equation (5.8) describes three networks (positive, negative
and zero sequence) formed of a current source and a parallel impedance. Because in the
and I}

original inverter model only positive sequence current is generated, I} are

satyn sato

equal to zero and therefore the sequence circuit representation of the inverter shown in

Figure 5.4 has only one current source. Note that Z,(s) = Zc, (5) = Z¢y(s) = Zc(s).
Stand-alone inverter controlled in the NatRF

A stand-alone inverter controlled in the NatRF requires three equivalent multi-loop con-
trollers. The key difference between control in the SynRF and control in the NatRF is the
ability of the control in the NatRF to regulate the voltage of each phase independently.
Here the RMS current limiting in the NatRF, see Figure 4.38, is adopted. As discussed
in Section 4.3, with this current limiting strategy, it is possible to keep control over the
voltage of the healthy phases while actively limiting the current in the faulty ones without
distorted waveforms.

Because the phases are controlled independently, the fault model of the inverter is
strongly dependent on the type of fault. Here, the derivation of inverter model for a 1¢g
fault is described and inverter models for other faults can be developed using the same
approach. For a 1¢g fault, phase a is current limited and therefore its equivalent circuit
is similar to the one in Figure 5.2, while phases b and ¢ are voltage controlled and have
an equivalent circuit like the one pictured in Figure 3.14. The resulting equivalent fault
model of the inverter in phase coordinates is shown in Figure 5.5.

In the circuit corresponding to phase a, the current source is given by Gee(s)I]

satq?

where I7 is twice the nominal inverter current and the parallel impedance Z.,(s) is

satq
equal to Z.(s). The closed loop transfer function of the current loop can be expressed as:
K[N(S)

Geo(s) = m (5.10)

where K7 is the proportional controller in the current loop and N(s) is dependent on

Lf +2Ln

the LC output filter parameters. During the design stage, N(s) is chosen as SL; (L, 300

in order simplify the procedure to obtain the controllers’ parameters, but now, its full

expression has to be used. N(s) can be derived by substituting (4.5) into equations (4.1)
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Figure 5.5: Equivalent phase networks of a three-phase four-leg inverter controlled in
the NatRF for a 1¢g fault.
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and re-arranging them in the frequency domain as:

V;a = (Rf+SLf)ILa+‘/()a+(Rn—f—SLn)(ILa—i-ILb—‘rILC)
W = (Rf+SLf)ILb+%b+(Rn+sLn)(ILa +ILb+ILC) (5.11)
Vi. = (Rf + SLf)ILC + W, + (Rn + SLn)(ILa +1Ir, + ILC)

which can then be written in matrix form as:

Vi — Voo I,
Vi, = Vo, | =B | I, (5.12)
Vi. — Vo, Iy,
where the matrix B is defined as:
(Rf+ Rp+s(Ly+ Ly)) (R, + sLy) (R, + sLy)
B = (Rp, + sLy) (R + Ry, +s(Ly+ Ly)) (Rp + sLy)
(Ry, + sLy) (R, + sLy) (Rf+ Rp+s(Ly+ Ly))
(5.13)

Multiplying both terms in (5.12) by B~!, the inductor currents can be expressed as a

function of the voltage drop across the filter inductance as:

I, Vie — Vo,
I, | =B7'| Vi, — W, (5.14)
I, Vie = V.
where the matrix B~! is defined as
sLy+2sLn+Rs+2Ry, —(Rn+sLy) —(Rn+sLn)
D(s) D(s) D(s)
pl_ ~(Rn+sLn) sLy+2sLn+Ry+2Ry —(Rn+sln) (5.15)
- D(s) D(s) D(s) ’
—(Rn+sLn) —(Rn+sLn) sLy+2sLn+Rs+2Ry
D) D(s) D(s)
and the denominator D(s) of each element in matrix B~! is
D(s) = R} +2sRyLy + 3RRy, + 3sRyLn + 3sRy Ly + s°L7 + 3s° Ly L. (5.16)

Finally, from equations (5.14), (5.15) and (5.16) ,the relationship between the phase

inductor current I, and the relative phase voltage drop for each phase is given by:

I, = N(s)(Vi. = Vo.) (5.17)

T

where x = a,b,c and N(s) is

B sLy+2sLy, + Ry + 2R,
R+ 2sRgLy+3RfRy +3sRyLy +3sRy Ly + 2L} + 352 Ly Ly,

N(s) (5.18)
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For the control in the SynRF, the full expression of N(s) would be - for the

1

SLerR
1

Ly+3Ln)+Rs+3Rn

d and ¢ loops and T for the v loop. The resulting closed loop transfer
function for each loop would have to be determined as in (5.10) where K7 is substituted by
the current loop controller G¢(s). Finally, equations in (5.3) would have to be transformed
from the SynRF to the NatRF in order to have the equivalent inverter fault model in the
NatRF. However, as in the SynRF the value of Goo at system frequency is very close to
unity, this whole procedure is simplified by assuming Gce(750) = 1.

In the circuits corresponding to phases b and ¢ in an inverter controlled in the NatRF,
the voltage sources are given by G(s)Vy and G(s)Vy where G(s) is the inverter voltage
gain and Vi and V(' are the nominal reference phase voltage values. The inverter voltage

gain is calculated as in equation (3.2) and the series connected output impedances are

given by:
~ FGee(s) -1
SCf + Gv(s)GCC<S>

Finally, the developed per-phase inverter fault model can be further transformed

Zoy(s) = Zo(s) = Zo(s) = (5.12)

by substituting the circuits of phase b and ¢ with their Norton equivalent circuit. As a
result a three-phase four-leg inverter controlled in the NatRF can be represented as three

equivalent phase current sources with a parallel impedance as shown in Figure 5.6.

5.1.2 Fault models of parallel-connected inverters

The presence of two parallel inverters supplying a microgrid mainly affects the total avail-
able amount of current which can be supplied in the event of a fault. As described and
illustrated in Section 4.4.5, in the event of a fault the reference voltage and frequency
droop loops have very slow dynamics and generate new references v, and w* which can
be considered approximately equal to their values before the fault. This happens because
the droop gains m,, and n, are specifically designed to give small changes. For fault analy-
sis, the two inverters can be considered as controlled by the multi-loop structure in Figure
5.1 with constant vj and w*.

As the voltage and current loops were chosen to be implemented in the NatRF (see
Section 4.4.1), the equivalent inverter fault model depends on the type of fault. In the event
of a 3¢ fault both inverters switch to current control in all three phases, thus becoming
equivalent to two current sources in parallel with an impedance and interconnected through

Z;. Using same fault modelling as the single inverter controlled in the NatRF, the equiv-
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Figure 5.6: Equivalent phase networks, as current sources, of a three-phase four-leg
phase inverter controlled in the NatRF for a 1¢g fault
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alent fault model of two parallel inverters is shown in Figure 5.7. Here it is assumed that
the two inverters are of the same rating and control. Consequently, the reference inductor
currents for each phase are equal (Izsata1 = 1T sat,n: Izsatbl =17 satyy ILsat, = Izsam)7 the
parallel impedances are identical to Z. and the closed loop transfer function Go¢ is that
of equation (5.10).

As the phase networks in Figure 5.7 are symmetrical and the inverters behave like
balanced, positive sequence current sources, the model in Figure 5.7 can be expressed in
sequence components as in Figure 5.8. It is interesting to note that if there was no inter-

connecting impedance Z;, the two inverters would be equivalent in the positive sequence

Z0p +Zecc
2 .

2CT'CCI)LI(,satp ZCP
ZCp +Zece

to a current source equal to with a parallel impedance equal to
With the inverters connected before the coupling impedance Z.., the equivalent fault
model would be made of a positive sequence current source twice Izsatp with a parallel
impedance half Z .

In the event of a 2¢ and a 2¢g fault, the inverters switch to current control in the
faulted phases. Therefore the inverters’ fault models are derived like the one in Figure 5.5:
the healthy phase is equivalent to a voltage source with a series impedance, the faulted
phases are equivalent to a current source with a parallel impedance. All the parameters
of these fault models should be derived as it has been done for the stand-alone inverter
controlled in the NatRF.

The behaviour of parallel inverters for 1¢ faults depends on the location of the fault.
In Section 4.4.5 it has been shown that a 1¢ fault at F3 does not cause any current limiting
in the inverters as the two inverters together are capable of supplying the required fault
current. In this case, the control is not affected and the two inverters can be considered
as two three-phase voltage sources in series with an impedance. Figure 5.9 shows the
equivalent per-phase inverter fault model where Zy,(s) = Zo,(s) = Zo.(s) = Zo(s) and
G(s) is calculated as in (3.2). The voltage references for each inverter generated by the
droop loops are different because of the presence of Z;. However this difference can be ne-
glected for a fault current calculation and therefore the two voltage sources are considered
identical.

Figure 5.10 shows the equivalent sequence networks of the model in Figure 5.9.
Depending on the type of regulator used in the voltage control loop of each phase, the

two inverters can be capable of supplying a balanced positive sequence set of voltages or
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Figure 5.7: Equivalent phase networks of two parallel-connected inverters controlled
in the NatRF for a 3¢ fault at I3
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Figure 5.8: Equivalent sequence networks of two parallel-connected inverters con-
trolled in the NatRF for a 3¢ fault at F3
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not. Indeed, as discussed in Section 4.2.2, if P4+Resonant regulators are used, then the
negative and zero sequence components are suppressed and the inverters’ output is not
affected by unbalanced operation. On the contrary, if simple proportional regulators are
used, then there will be a small negative and zero sequence component in vyg.

Single phase-to ground faults closer to inverters can cause current limiting in one
or in both inverters. This asymmetric behaviour is caused by the inability of the droop
control to share equally unbalanced loads. Indeed the 1¢g can be seen as in increase in load
in phase a which is not equally shared by the two inverters. As a result, the current limit
is triggered in one inverter while the other one is still voltage controlled. Nevertheless the
methodology and modelling approach used here can still be used to model this particular

behaviour and the resulting model of the two inverters is shown in Figure 5.11.

5.2 Fault analysis studies in a microgrid

From a first qualitative description given in Section 5.1, the fault models for stand-
alone and parallel-connected inverters seem to agree with the behaviour shown during
the PSCAD simulations. However a more rigorous quantitative validation of these models
has to be done. Here it is chosen to validate these models by comparing the results ob-
tained from the time-domain simulations in PSCAD with the ones obtained by using the
models in numerical fault analysis.

Although the proposed fault models have been derived in the frequency-domain,
here they are considered as quasi steady-state models that are valid after the initial fault
transient settles until the fault clears or until the inverter is disconnected because the
fault has not cleared within the expected time. The models are computed at the system
frequency (50Hz) and then integrated into a quasi steady-state fault analysis.

The traditional fault analysis technique based on sequence components cannot be
applied to both SynRF and NatRF inverter fault models as it relies on a network whose
only point of unbalance is the fault. Some equivalent models of the inverter controlled in
the NatRF are asymmetrical and therefore sequence components fault analysis cannot be
used for these cases. It can only be used with balanced inverter fault models such the ones
in Figures 5.4, 5.8 and 5.10. Sequence components-based fault analysis in inverter-only
microgrids is proposed in [84]. Section 5.3 illustrates how to perform these calculations

and then compares the results obtained with those obtained from PSCAD.
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Figure 5.9: Equivalent phase networks of two parallel-connected inverters controlled
in the NatRF for a 1¢g fault at Fjs
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Figure 5.10: Equivalent sequence networks of two parallel-connected inverters con-
trolled in the NatRF for a 1¢g fault at I3
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Figure 5.11: Equivalent phase networks of two parallel-connected inverters controlled
in the NatRF for a 1¢g fault at F}
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As not all developed fault models are symmetrical, a more general fault analysis
approach which can be used with any kind of model, including the ones in Figures 5.5
and 5.11, has to be found. For this purpose, in [85] the microgrid fault behaviour is
analyzed using a circuit analysis approach where an equivalent direct phase coordinate
representation of the network is constructed. Figure 5.12 shows a circuit which represents
all the impedances in the microgrid supplied by one inverter, see Figure 3.19, including

the parallel impedances (Z;,, Z;, and Z;_) of a generic inverter model. This circuit can be

a
represented by an equivalent bus impedance matrix Zpyg based on an explicit representa-
tion of every node in the network including the neutral and the ground connections. After

Zpus is determined, then the system behaviour is described by the standard relationship:
V =Zpysl (5.13)

where V" are the node voltages referred to the reference node and I are the currents entering
the nodes from the current sources. Voltage and current are expressed in phase quantities
as the bus impedance matrix is built by considering each single node in the network.

In the event of a fault, equation (5.13) gives a complete description of the system
under study and can be used to calculate the voltages and currents in the microgrid. The
first step in this calculation involves modifying the original Zpyg to form a new matrix
Z BU Snew Incorporating the network modifications introduced by the fault. Then the node
voltages can be determined from (5.13) where the injected currents correspond to the
equivalent current sources derived in the inverter models.

This general approach is directly applicable to microgrids supplied by two or more
inverters. Figure 5.13 shows the equivalent circuit in per-phase quantities of the two-
inverter microgrid of Figure 3.20. In this case the number of injected currents is increased
compared with the stand-alone case.

Section 5.4 shows how this fault analysis approach together with the developed
inverter fault models can be applied to the study of the microgrid fault behaviour. The
models for the stand-alone inverter controlled in the SynRF and in the NatRF and the
models for two parallel-connected inverters are considered and each of them is studied
under the influence of a 3¢ and a 1l¢g fault. Worked examples are given in order to
show how to perform fault analysis. Numerical results are then compared with the ones

obtained from the simulations in PSCAD.
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Figure 5.12: Equivalent per-phase circuit representation of the microgrid, including
the parallel impedances of the inverter.

Figure 5.13: Equivalent per-phase circuit representation of the microgrid supplied by
two inverters
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Figure 5.14: Equivalent circuit for fault analysis studies based on sequence compo-
nents for a microgrid supplied by a stand-alone inverter

5.3 Fault analysis in sequence components

In fault analysis based on sequence components, the starting point is the representation
of the system (in this case, the microgrid) using three equivalent circuits, one for each
component. In systems where the only point of unbalance is the fault, the three circuits
are de-coupled but are inter-connected at the fault point in a way which depends on the
type of fault. A microgrid supplied by a stand-alone inverter controlled in the SynRF,
see Figure 3.19, can be represented in sequence components as in Figure 5.14. Here

the inverter is represented as a positive sequence current source [7 = I7 with a

Lsoucey Lsaty,
parallel impedance in accordance with the developed model in Figure 5.4. The circuit in
Figure 5.14 contains also the microgrid network parameters and the microgrid equivalent
negative and zero sequence circuits are reduced to an equivalent impedance Z., connected
at the fault point. The inverter negative and zero sequence impedances Z.,, and Z., in the
model of Figure 5.4 are included in the negative and zero sequence circuits and therefore
taken into account when calculating Z.,. It should be noted that the inverter parallel
impedances Z,(s), Z, (s) and Z,(s) have now to be evaluated for s = jw where w is the
system angular frequency.

The value of Z,, depends on the type of fault and therefore on the way the sequence
networks are connected. Table 5.1 summarizes the values of Z., for different faults. 7,
and Zy are the equivalent negative and zero sequence impedances of the microgrid seen
from the fault point.

Once the injected current I} and the equivalent fault impedance Z., are

sourcep

known, then the sequence components of voltages and currents can be determined and
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Table 5.1: Equivalent Fault Impedances

3oFault | 2¢Fault | 2¢0gFault | 1¢pgF ault

Zn+Zo

Z eq 0 Z n ZnZg Z n+ Z 0

Figure 5.15: Equivalent circuit for fault analysis studies based on sequence compo-

nents for a microgrid supplied by two parallel-connected inverters

from them, the resulting phase quantities can be determined as well.

This approach to fault analysis can also be used with a microgrid supplied by two

inverters, see Figure 3.5, for 3¢ faults and 1¢g faults which do not cause any current

limiting. Indeed the equivalent inverters’ fault models are symmetrical circuits as shown

in Figures 5.8 and 5.10. The equivalent circuit for this microgrid is shown in Figure 5.15

where for a 3¢ fault

* *
. GCCILsatp1 Z’fz) GCCILsatpg ZCP

I =
Lsourcep
Ze,

+

+ Z(:(: Zcp + ch + Zl

Zsourcep = (Zcp + ZCC)H(ZCP + ch + Zl)
Zog =0

and for a 1¢g fault

LGV, GV
LSOU,rcep - Z(]p + Z(:C Z()p 4 ch 4 Zl

Zsourccp = (ZOp + ch)”(ZOp + Zee + Zl)

ZLeq = Zn + 2o

(5.18)

(5.19)

It is assumed that VO’;l = VO”;)Q =V} as the effect of the voltage droop loop is not considered.
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The four case studies that follow show how to use the inverter models in sequence-
component-based fault analysis for a 3¢ and a 1l¢g fault. Numerical results are then
compared with the ones obtained from PSCAD simulations.

Case 1: 3¢ fault (microgrid supplied by a single inverter controlled in the
SynRF)

A bolted 3¢ fault is considered at point F3, see Figure 3.19. This type of fault does not
introduce any unbalance in the network and therefore only positive sequence voltages and
currents are present. The equivalent circuit in Figure 5.14, where Z,, is equal to zero,
can be reduced to a simpler network with a current source and a parallel impedance. The
voltage across the impedance is the positive sequence component of the output voltage
vg. Substituting the numerical values of the microgrid impedances yields the equivalent

parallel impedance for this fault
Zp, = (0.76 + j0.28)Q (5.20)
and the injected positive sequence current is
T} source, = (45.86 — j7.34)A (5.21)
The positive sequence component of the output voltage is given by the product:
Vo, = (45.86 — j7.34) * (0.76 + j0.28) = (37.14 + j7.61)V = 37.91/11.58°V  (5.22)

From here all the electrical quantities in the microgrid under fault conditions can be
determined. Multiplying the voltage magnitude in (5.22) by v/2, gives a value of 53.61 V
which then can be compared with the peak positive sequence component of the output
voltage obtained from the PSCAD simulation and shown in Figure 5.16. As it can be
seen, the simplified inverter model is effective in analyzing the faulted microgrid.

Case 2: 1l¢g fault (microgrid supplied by a single inverter controlled in the
SynRF)
A similar calculation can be performed for a 1¢g fault applied at point F3. From Table

5.1 the equivalent fault impedance Z, is given by the sum of Z,, and Z;. The three
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Figure 5.16: Inverter output voltage (vy) and inductor current (i;) during a 3¢ fault
in a microgrid supplied by a single inverter controlled in the SynRF

impedances are found to be:

Zo = (14.27 — j3.27)Q (5.23)
Zo = (24.33 — j3.44)Q (5.24)
Zeq = (38.60 — j6.72)Q (5.25)

From here the system becomes equivalent to a current source Izsomcep with a parallel
impedance given by:

Zp,, = (10.96 — j2.22)Q (5.26)

The positive sequence component of vg is then given by:

Vo, = (45.86 — j7.34) * (10.96 — j2.22) = (486.49 — j182.44)V = 519.57./ — 20.55°V
(5.27)
From (5.27) the peak value of Vg, is 734.78 V. This value can be compared with the one
obtained from the PSCAD simulation and shown in Figure 5.17. The mathematical model
of the inverter together with the sequence-component—based fault analysis follows quite

well the behaviour of the faulted microgrid simulated in PSCAD.
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Figure 5.17: Inverter output voltage (v9) and inductor current (i;,) during a 1¢g fault
in a microgrid supplied by a single inverter controlled in the SynRF

Case 3: 3¢ fault (microgrid supplied by two parallel-connected inverters)

A 3¢ fault is applied at the same point Fj in a microgrid supplied by two inverters. As
the fault is symmetrical there are no positive and negative sequence components to be
considered and Z, is equal to zero. The inverters’ fault model which has to be used is
the one in Figure 5.8. Voltage and current control loops are implemented in the NatRF,
therefore Goe is calculated according to (5.10) and each inverter supplies a current of
47.07 A.

Equations (5.14) and (5.15) give the equivalent current source and parallel im-

pedance of the inverter (see Figure 5.15)

Ilfsourcep = (93'57 - j3'11)A (528)
Zsource, = (0.0976 — j31.76)Q (5.29)
As expected, the two inverters are equivalent to a current source of twice the capacity of a

single inverter and a parallel impedance half the original Z., except for a small difference

caused by Z;. The equivalent impedance including the network and Zsource,, is

Zps = (0.73 + j0.17)Q (5.30)



5.3 Fault analysis in sequence components 173

V041 Voy,1 V01 V0,1
400 r T T T T T
S 200+
&
5 0
=
o
> -200F
—400 \ \ \ \ \
0.98 1 1.02 1.04 1.06 1.08 1.1
Time [sec]
V0o V0o V0,5 V0,2
4007 : : : : :
= 200}
&
5 0
=
S —200}
—400 \ \ \ \ \
0.98 1 1.02 1.04 1.06 1.08 1.1

Time [sec]

Figure 5.18: Inverter output voltages (vo,, vo,) during a 3¢ fault in a microgrid supplied
by two parallel-connected inverters

The positive sequence component of the voltage at the inverters’ connection point is:

Vint, = (69.29 + j13.64)V = 70.62/11.14°V (5.31)
From here the positive sequence components of the inverter output voltage are derived as:

Vo, = (70.98 + j18.73)V = 73.41/14.78°V (5.32)

Vo,, = (82.07 + j22.53)V = 85.11/15.35°V (5.33)

The peak values of Vp,, and Vp,, are 103.81 V and 120.36 V respectively. They compare
well with the ones obtained from the fault simulation in PSCAD and shown in Figure
5.18.

Case 4: 1¢g fault (microgrid supplied by two parallel-connected inverters)

A 1¢g fault is applied at point F3. For this type of fault the model for the inverters to

be used is the one in Figure 5.10 where G(s) and Z(s) are calculated at the fundamental

frequency according to (3.2) and (3.3) and equal to:

Z0(j50) = (0.09 + j0.23)Q (5.34)

G(j50) = (0.98 — j0.12). (5.35)
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From equations (5.14) and (5.18) the inverters’ equivalent current source and impedance

are:

I source, = (351.22 — j999.93) (5.36)

Zsourcep = (0-10 + jO.19)Q (537)

The negative and zero sequence impedance and the resulting equivalent impedance are

equal to
Za = (0.80 4 j0.36)Q (5.38)
Zo = (10.88 — j0.79)Q (5.39)
Zeq = (11.69 — j0.43)Q (5.40)
Once Z., is known from Figure 5.15, the total parallel impedance with I7_ cep and the

resulting positive sequence component of the interconnection voltage are found to be

Zp,, = (0.1048 + j0.196)Q (5.41)

Ving, = (232.79 — j3.59)V = 235.55/ — 8.78°V (5.42)

Finally the positive sequence components of the inverters’ output voltages are calculated

as:

Vo,, = (234.02 — 3.40)V = 236.48Z — 8.27°V (5.43)

Vo,, = (236.1 — j3.31)V = 238.41/ — 7.99°V (5.44)

The corresponding peak values of Vg, and Vp,, are 334.43 V and 337.16 V. They well
compare with the ones in Figure 5.19. This validates the developed fault model and also

the choice of neglecting the action of the voltage droop function.

5.4 Fault analysis in direct phase coordinates

The four case studies presented in the previous section give good results in accordance
with the simulations, however this methodology based on sequence components cannot be
applied to all inverter fault models. On the contrary, fault analysis based on direct phase
coordinates can be generally applied to any inverter fault model independently of the
symmetry of the models. The next seven case studies show how to perform fault analysis
calculations in phase coordinates and then compare the obtained numerical results with

the ones obtained from PSCAD.
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Figure 5.19: Inverter output voltages (vo,, vp,) during a l¢g fault in a microgrid
supplied by two parallel-connected inverters

5.4.1 Microgrid supplied by a single inverter controlled in the SynRF

The inverter model in Figure 5.3 is made of three identical phase circuits whose injected

current values and parallel impedances are

Gee(350) = (5.45)

Z.(j50) = Zc, (j50) = Zc_(j50) = (0.05 — j63.69)Q (5.46)

Goe(350)Ifsar, = It = (45.86 — j7.34)A (5.47)

Goe(350) I snr, = Io = (—29.29 — j36.04)A (5.48)

Goc(350) Tfaay, = Is = (—16.57 + j43.39)A (5.49)
So from Figure 5.12, the parallel inverter impedances are given by

Z;.(j50) = Z;,(j50) = Z;.(j50) = (0.05 — j63.69)Q (5.50)

The next step is to modify the original Zpyg of the network in Figure 5.12 to incorporate

the effects of the different types of fault and then determine how the injected inverter

currents set the voltages in the faulted network.
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Case 1: 3¢ fault (microgrid supplied by a single inverter controlled in the
SynRF)

A 3¢ fault applied at point F3 in Figure 3.19 introduces an extra connection between
nodes 7, 8, 9 and earth in Figure 5.12. After the modified matrix Zpggnew is determined,
using the injected node currents, it is possible from (5.13) to determine the node voltages
during the fault. For example, the inverter phase output voltages in RMS form can be

determined as:

V1 = 211I1 + 21212 + 21313 = 3791411590\/ (551)
Vo = Zo1I1 + ZooIo + ZosIs = 37.91/ — 108.41°V (5.52)
Vs = Z3111 + Z3oIo + Za3Is = 37.91/131.59°V (5.53)

where Vo, = V1, Vo, = Vo and Vj, = V3 are the inverter output phase voltages and Z;;,
with ¢ = 1,2,3 and j = 1, 2,3, are elements of Zpysnew. The corresponding peak values
are equal to 53.61 V and compare well with the peak phase voltages of 53.85 V obtained
from the PSCAD simulation and shown in Figure 5.16. Again, the quasi steady-state fault

analysis and the inverter model are effective in describing the microgrid fault behaviour.

Case 2: 1l¢g fault (microgrid supplied by a single inverter controlled in the
SynRF)

A 1¢g fault is applied at point F3. In this case Zpyg is modified by an extra connection
between node 7 and earth. By using the same inverter model, the inverter output phase

voltages in RMS form are determined as:

Vi = 21111 + Z12I5 + Z43I3 = 155.48/ — 6.37°V (5.54)
Vo = Zo1I1 + ZooIo + Zo3Is = 699.74/ — 142.49°V (5.55)
Vs = Z3111 + Z3pIg + Z33Iz = 705.75/98.34°V (5.56)

These RMS voltage values multiplied by v/2 become 219.88 V, 989.58 V and 998.08 V.
They compare well with the simulated peak voltages obtained from PSCAD of 220.1 V,
991.2 V and 999.3 V respectively, as shown in Figure 5.17 (the simulation assumed a high
enough DC-link voltage to obtain these phase voltages). This provides confirmation of the

effectiveness of the proposed model under unbalanced faults.
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5.4.2 Microgrid supplied by a single inverter controlled in the NatRF

As previously discussed, the inverter model in Figure 5.6 is formed by three unbalanced el-
ements where the values of the injected phase currents and the parallel output impedances
depend on which inverter phases current limit as a result of the fault. Therefore no general
inverter fault model can be considered and each fault case study requires its own inverter
model. The next two sections show how to obtain the inverter fault model and how to
integrate it into a quasi steady-state fault analysis of the microgrid.

Case 3: 3¢ fault (microgrid supplied by a single inverter controlled in the
NatRF)

A bolted three-phase fault is applied at point F3 in Figure 3.19 at a time t=1s. The control
strategy of the three phases is switched to current control and for each phase the inverter
supplies a fault current equal to 47.07 A. Before calculating the new bus impedance matrix
ZBUSnew, the equivalent fault model of the inverter has to be calculated. By using the
filter parameters and the control gains, Goco, Zg and G are expressed at the fundamental

frequency as:

Gee(j50) = (0.99 — §0.03) (5.57)
Z0(j50) = (0.09 + j0.23)Q (5.58)
G(j50) = (0.98 — j0.12) (5.59)

So with these values, the three equivalent current sources and three parallel impedances

are found to be:

Zc,(j50) = Z, (j50) = Zc.(j50) = (0.05 — j63.69)Q (5.60)
Gee(350) * Ifgay, = It = (46.67 — j1.44)A (5.61)
Gee(350) * Ifgay, = I2 = (—24.69 — j39.7)A (5.62)
Gee(350) * Ifgny, = Is = (—22.08 + j41.14)A (5.63)

Now the original bus impedance matrix of the network in Figure 5.12 has to be modified
in order to take into account the network modification introduced by the fault, which is
an extra connection between nodes 7, 8, 9 and earth, see Figure 5.12. After Zpysnew
is formed, the node voltages of the system can be easily determined by considering the

current injection of the inverter. For example, the output voltage of the inverter for each
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Figure 5.20: Inverter output voltage (vy) and inductor current (i;) during a 3¢ fault
in a microgrid supplied by a single inverter controlled in the NatRF

phase can be found as:

V; = 38.11/18.91°V (5.64)
V, = 38.11/ — 101.09°V (5.65)
Vs = 38.11/138.91°V (5.66)

Their corresponding peak voltage magnitude is equal to 53.89 V. The same fault has been
simulated in PSCAD and the peak values of the inverter output phase-to-neutral voltages
of 53.96 V are shown in Figure 5.20. Again, the model reflects quite well the results of
the simulation.

Case 4: 1¢g fault (microgrid supplied by a single inverter controlled in the
NatRF)

A 1¢g fault is applied at point F3. As a result of the control strategy, phase a becomes
current controlled while the control of phases b and ¢ is unchanged. By using the values of

Gee(7350), Zo(550) and G(j50) calculated for the three-phase fault, the equivalent inverter
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current sources and parallel impedances are found to be:

Z..(j50) = (0.05 — j63.69)Q (5.67)

Zo, (50) = Zo,(j50) = (0.09 + j0.23)Q (5.68)

Gee(350) * Tfgap, = 11 = (46.67 — j1.44)A (5.69)

G(j50) * V3

e % 1, — (—901.35 + j269.57)A 5.70
Zo,(350) 2= i ) (5:70)

G(j50) * V%

et % 1, — (684.13 + j645.8)A 5.71

The original bus impedance matrix of the network in Figure 5.12 is modified in order
to take into account the network modification introduced by the fault, which is an extra
connection between node 7 and earth, see Figure 5.12. Once Zpy snew is formed, the node

voltages of the system are found to be:

Vy = 167.94/1.18°V (5.72)
V, = 237.41/ — 128.08°V (5.73)
Vs = 237.75/111.91°V (5.74)

These results and their corresponding peak values (237.5 V, 335.74 V and 336.22 V)

compare well with the values in Figure 5.21.

5.4.3 Microgrid supplied by two parallel-connected inverters

The model of two parallel inverters depends on the type of fault because the current
limiting strategy is on a per-phase basis. As a result, each fault case study requires its

own model.

Case 5: 3¢ fault (microgrid supplied by two parallel-connected inverters)

For a 3¢ fault at point Fj3, all three phases in each inverter switch to current control

as shown in Figure 5.7. Therefore the equivalent six current sources and six parallel
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Figure 5.21: Inverter output voltage (v9) and inductor current (i;,) during a 1¢g fault
in a microgrid supplied by a single inverter controlled in the NatRF

impedances are given by:

Zc,(350) = Ze, (j50) = Zc,(j50) = (0.05 — §63.69)Q
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where Goe(j50) = (0.99 — 50.03). This time earth is chosen as the reference node and
therefore all node voltages will be referred to it. As a consequence, the injected neutral
currents I13 and Iy have to be considered as well. However as the equivalent inverter cur-
rent sources are balanced, I13 and Iy are equal to zero. From Figure 5.13 and considering

the extra connection between nodes 7, 8, 9 and earth, the modified Zpygnew matrix is
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determined and then the output phase voltages are calculated as:

Vi=721111 + Z12Io + Z13I3 + Z1_17117 + Z1_18T15 + Z1_19119 = 73.41/14.78°V  (5.82)

Vo = 20111 4+ ZosIo 4+ ZogIs + 2o 17117 + Zo_18118 + Zo_19119 = 73.41/ — 105.21°V

(5.83)
Vs = Z3111 + ZspIlo + Z33Is + Z3_17117 + Z3_18T18 + Z3_19119 = 73.41./134.78°V (5.84)
Viz = Z7111 + Z721o + Z7313 + Z7—17117 + Z7_18118 + Z7—_19119 = 85.11/15.35°V  (5.85)

Vig = Zg111 + ZgoIo + Zg3Is + Zg_17117 + Zg—18I115 + Zg_10119 = 85.114 — 104.64°V
(5.86)

Vig = Zo111 + ZgoIo + Zg3ls + Zg_17117 + Zg_18I118 + Zg_19I19 = 85.11/135.35°V (587)

The corresponding peak values are 103.81 V and 120.36 V. These results can be compared
with the ones in Figure 5.18 and once again the inverter fault models together with the

numerical fault analysis give results in accordance with the simulation.

Case 6: 1¢g fault at F3 (microgrid supplied by two parallel-connected inverters)

For a single phase-to-ground fault both inverters do not go into current limiting and keep
on working as two voltage sources as described by the inverters’ model in Figure 5.9. The

equivalent injected current and impedances are given by:

Zo,(§50) = Zo, (j50) = Zo, (j50) = (0.09 + j0.23)Q (5.88)

G(j50) * V3

M — I, = (217.22 — j915.38)A (5.89)
Z0,(350)

G(j50) V3

M = I, = (—901.35 + j269.57)A (5.90)
Zo,(350)

G(350) * V5,

e O 1, — (684.13 + j645.8)A 5.91
Zo.(750) 3= ( +] ) (5.91)

G(j50) * V3

M = I;7 = (217.22 — j915.38)A (5.92)
Z0,(350)

G(350) * V§,

et O 1. — (—901.35 + j269.57)A 5.93
ZOb(j 50) 18 ( +J ) ( )

G(350) * V§_,

e 02 1., — (684.13 + j645.8)A 5.94
Zo.(350) 19 = ( + ] ) (5.94)

where G(j50) = (0.98 — j0.12) and the voltage references are assumed identical for both
inverters. The injected neutral currents I13 and I3y are again equal to zero as the equivalent
inverters’ current sources are balanced.

This time, after determining Zpygnew, the node voltages at the fault point are
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Figure 5.22: Phase-to-earth (v,g, vng, V¢g) and phase-to-neutral (v, Von, vcn) voltages

at fault point during a 1¢g fault at F3 in a microgrid supplied by two parallel-connected
inverters

determined as follows:

V7 = Z7111 + Z7212 + Z7313 + Z7-171147 + Z7-18118 + Z7-19119 = OV (5.95)

Vs = Zg1I1 + ZgoIn + Zg3Is + Zg—17117 + Zg—1811s + Zg—19I119 = 3561.604 — 156.89°V
(5.96)

Vo = 29111 4+ Zgo1o 4+ Zg31s + 2917117 + Zg_18118 + Zg_19119 = 367.29/136.11°V (597)

These voltages are referred to earth. In order to have the corresponding phase-to-neutral

voltages V11 is calculated as

Vit = Z11-111 + Z912To + Z41-3T3 + Z11 17117 + Z11-18T18 + Z11—19T19 = 167.932165.20°V

(5.98)
and then the phase-to-neutral voltages at the fault point are given by:
Vs 41 = Vg — Vyy = 167.93/ — 14.79°V (5.99)
Vg_11 = Vg — Vyy = 242.06/ — 131.67°V (5.100)
Vg 44 = Vg — Vy; = 235.18./115.80°V (5.101)

The corresponding peak values are 237.48 V, 342.32 V and 332.59 V. These results compare

well with the simulation ones shown in Figure 5.22.
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Case 7: 1¢g fault at F} (microgrid supplied by two parallel-connected inverters)

A 1¢g fault applied at F} introduces and extra connection between node 14 and earth.
For this particular fault, the first inverter goes into current limiting while the second one
is controlled as a voltage source in all three phases. The equivalent model of the two
inverters is shown in Figure 5.11. The equivalent injected current and impedances for the

first inverter are:

Z..(j50) = (0.05 — j63.69)Q (5.102)
Zo, (350) = Zo,(j50) = (0.09 + j0.23)Q (5.103)
Gec(§50) * Ifgar,, = I1 = (46.67 — j1.44)A (5.104)
G(j50) * V§
M — I, = (—901.35 4 j269.57)A (5.105)
Zo,(350)
G(j50) * V§ .
———— = I3 = (684.13 + j645.8)A 5.106
while for the second inverter the equivalent model is given by:
Zo,(j50) = Zo, (j50) = Zo, (j50) = (0.09 4 j0.23)Q (5.107)
G(j50) * V§
M = I;7 = (217.22 — j915.38)A (5.108)
Zo,(350)
G(350) * V3,
———— = =T33 = (—901.35 4 j269.57)A 5.109
Zo,(350) ta = i ) ( )
G(j50) * V§ )
———= =119 = (684.13 + j645.8)A 5.110
Zo.(350) 19 = i ) ( )

where G(j50) = (0.98 — j0.12) and the voltage references are assumed identical for both

inverters. The injected neutral currents /13 and Iy are given by:

Ty3 = —(I; 4 I+ I3) = (170.54 — j913.93)A (5.111)

Ioo = —(I17 + I1g + I19) = O0A (5.112)

The node voltages at the fault point are determined as follows:
Via = 214111 + Z1a21o + Z14- 313 + Z14—13113+

+Z14—17117 + Z14a—18118 + Z14_ 19119 + Z14_20I29 = OV

+Z15-17117 + Z15-18118 + Z15 19119 + Z15_20I20 = 395.554 — 157.89°V

(5.113)

(5.114)

Vig = 215111 + Z15 21 + Z15 313 + Z15_13113+ (5.115)
(5.116)

Vie = Zig—111 + Z16—212 + Z16—313 + Z16-13113+ ( )
(5.118)

+Z16-17117 + Z16—18118 + Z16—10T19 + Z16-20I20 = 403.30£140.15°V
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Figure 5.23: Phase-to-earth (v,g, vng, V¢g) and phase-to-neutral (v, Vn, vcn) voltages
at fault point during a 1¢g fault at F; in a microgrid supplied by two parallel-connected

inverters

These voltages are referred to earth. In order to have the corresponding phase-to-neutral
voltages, Vis is calculated as

Vio = Z190_ 111 + Z19_9I5 + Z19_3I3 + Z12_13113+

(5.119)
+Z12-17117 + Z12—18T18 + Z12—19T19 + Z12-20I20 = 220.91/169.07°V
and then the phase-to-neutral voltages at the fault point are given by:
Vig 10 = Vyg — V49 = 220.91/ — 10.92°V (5.120)
Vig_ 10 = Vs — Vip = 242.37/ — 128.10°V (5.121)
Vig 19 = Vig — Vip = 235.58/113.17°V (5.122)

The corresponding peak values are 312.41 V, 342.76 V and 333.16 V. These results compare

well with the simulation ones shown in Figure 5.23.

5.5 Discussion on inverter fault models

It is clear from the results of the case studies that the developed models are capable of
capturing the principle features of the fault response of inverter-only microgrids. Complex
inverter control actions have been condensed into simple equivalent two-terminal circuit

models which then have been validated by comparing the behaviour of PSCAD simulation
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with results obtained from the use of these models in numerical fault analysis. The follow-
ing points summarize important key concepts and findings which relate to the developed

models.

Models structure and fault analysis

According to the developed models, in the event of a fault, an inverter can be represented
as a controlled current source with a parallel impedance. Depending on the fault type
and on the reference frame implementation of the control system, the equivalent inverter

model can be:

e symmetrical and therefore representable in phase coordinates or sequence compo-

nents
e asymmetrical and therefore representable only in phase coordinates.

For a three-phase fault, the equivalent inverter model is symmetrical regardless of the
inverter control. For unbalanced faults, SynRF control generates symmetrical models
while NatRF control generates asymmetrical models. Generally, the parallel-connected
inverters considered in this thesis tend to have fault models similar to the ones developed
for a single inverter controlled in the NatRF, because they have the two-loop control
structure implemented in the NatRF.

Traditional sequence-component—based fault analysis can be used with symmetrical
inverter fault models while fault analysis based on direct phase coordinates is flexible
enough to be successfully used in conjunction with all the developed inverter models, both
symmetrical and asymmetrical.

A novel characteristic of the developed fault models is their combination of microgrid
network parameters with the inverter’s control gains. For example, the model in Figure
5.5 clearly shows the dependence of the current sources and impedances on the filter
parameters and on the control gains. In particular, while Z,, is a physical impedance (the
capacitance of the LC filter), Z, and Z_ are not physical impedances. This influence of
the control on the models is also present in the SynRF model where G¢¢ is considered

equal to unity at the system frequency because of the high current-loop bandwidth.
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Figure 5.24: Interaction between faulted network and inverter controlled as a constant
current source

Fault models and stand-alone inverters

The PSCAD simulations in Section 4.1.5, showed how a stand-alone inverter controlled in
the SynRF supplies to each phase a current twice the nominal current value irrespective of
the fault type. This behaviour relates perfectly to the fault model in Figure 5.3 where the
inverter is equivalent to three constant ideal current sources with a parallel impedance.
On the other hand, the same simulations in Section 4.1.5 showed that the behaviour of
network fault voltages is highly dependent on the fault type: balanced faults lead to
a uniform undervoltage (see Figure 4.17) while unbalanced faults produce a large over-
voltage on the healthy phases (see Figures 4.18, 4.19 and 4.20).

This particular influence of the network on voltage can be explained by considering
the overall faulted microgrid model (i.e. inverter plus network) shown in Figure 5.24. Here
the inverter controls the current injected in the faulted network and the network controls
the voltage through its presented impedance. This model is the opposite of the model in
Figure 3.14 which shows the interactions during normal operation between the inverter
(controlled as a voltage source with a series impedance) and the microgrid. During normal
operation, the inverter regulates the voltage (by controlling vg) while the network (specifi-
cally, its impedances) regulate the current. A fault can be considered as an increase in load
(balanced or unbalanced) which causes an increase in current that ultimately activates the
inverter current limiting. As the limit is activated, the relationship between inverter and
network becomes reverse with the network now influencing the voltage magnitude.

In contrast to the control in the SynRF, the control in the NatRF limits the current
in the faulty phases while keeping the control of the voltage in the healthy ones. Because

of this “dual ”control, healthy phases do not experience any voltage rise in the event of
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a fault. For asymmetrical inverter fault models, like the one in Figure 5.5, the resulting
faulted microgrid model is a combination of the model in Figure 5.24 for faulted phases
and of the model in Figure 3.14 for healthy phases. This approximation can be used to
understand the fault behaviour of the system as the inverter is capable of de-coupled phase
control in the NatRF. However, for fault calculation purposes, the more rigorous approach

presented in Section 5.2 and applied in Section 5.4 has to be used.

Fault models and parallel inverters

Based on the PSCAD simulations in Section 4.4.5, the presence of the droop loops was
neglected while developing the equivalent fault models in Figures 5.7, 5.8, 5.9, 5.10 and
5.11. Numerical fault analysis results have shown how this approximation produces very
small errors compared with the simulation values.

The response of parallel inverters depends on the type of fault and on the increased
fault current capability. For a 3¢ fault both inverters inject the same amount of current
into the microgrid network which then controls the voltage. The presence of Z; results in
vg, being higher than vy, , as shown from simulation in Figure 4.47. This can be explained
by considering the model in Figure 5.24 where another current source should be added.
The second inverter sees a bigger impedance compared with the one seen by the first
inverter and, as the current injected is constant, vg, is higher than vy, .

For a 1¢g fault with no current limiting, the two inverters are equivalent to two
voltage sources, see Figure 5.10. As a result the fault is perceived as an increased unbal-
anced load and the inverters are still capable of supplying more current while controlling
the voltage as shown in Figure 4.50.

Both models for 3¢ and 1¢g faults with no current limiting are symmetrical. On
the other hand, the models for 2¢ and 2¢g faults and 1¢g faults with current limiting are
unbalanced and cannot be used in sequence-component—based fault analysis. They repre-
sent the healthy phases as voltage controlled and this is in agreement with the constant
values of vy, and vg, shown in Figures 4.48, 4.49 and 4.53. On the other hand, the models’
representation of phases b and ¢ as current sources well agrees with the plots of iz, and

ir, in Figure 4.48, 4.49 and 4.53.
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Fault models and their applications

Overall, the development of the inverter fault models and their validation with numerical
fault analysis has given a deeper insight into the different factors affecting the overall
microgrid behaviour. The improved understanding and the possibility of performing fault
analysis calculations, finds two immediate applications.

A first application of these models is going to be demonstrated in the next Chapter
where the models are going to be used in the design process of a suitable fault detection
strategy for inverter-only microgrids. The approach used in this Chapter is going to
demonstrate that the models have the potential to be more generally used by utility
engineers in fault protection studies.

A second application comes from the ability of these models to give a simple but
complete representation of the behaviour of an inverter during faults and the factors
affecting it. As a result, they can be used to modify the control of the inverter in order
to have a desired fault response. The study of a desiderable fault response is not going
to be considered in this thesis. However, the discussion in Chapter 4 on the various types
of current limiting and on the generation of distorted waveforms by the inverter is an

example of what could be involved in such study.
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Chapter 6

A Fault detection technique
suitable for islanded inverter-only
microgrids

The microgrid models considered in this thesis are a part of a larger LV network which can
be operated autonomously from the main grid supply. The existing overcurrent protection
devices in the distribution network would be designed to operate for fault currents well
above the values for normal load operation. However, in microgrids where the only source
of power comes from inverter-interfaced DG units, like the models under study in the thesis,
the detection of faults can be problematic because inverters have a reduced fault current
capability. In Section 2.4.1 fault currents in a typical distribution network were compared
with fault currents in islanded inverter-only microgrids and the impact of a reduced fault
current on overcurrent protection was also analyzed. It is clear that alternative ways to
detect the presence of a fault are needed in islanded inverter-only microgrids.

In this Chapter a fault detection technique which can be used in islanded inverter-
only microgrids is proposed. First, a review is conducted of the available fault protection
schemes in traditional distribution networks which might be applied to microgrids. Then,
in Section 6.2, the focus is on the two microgrid models under study in this thesis (see
Figure 3.19 and 3.20) and on the identification of ways to detect different types of fault
through voltage. Section 6.3 gives an overview of some voltage detection techniques and
finally Section 6.3.4 illustrates how the proposed voltage-based fault detection strategy
can be used in the design of the protection system of the two microgrid models under

study.
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6.1 Protection in traditional electricity networks: a micro-
grid prospective

The reduced fault current environment in islanded inverter-only microgrids can be prob-
lematic when designing an overcurrent-based protection scheme. Generally, the choice of
using overcurrent devices is very well suited to LV distribution networks as it represents
a good compromise between performance and costs. However there are other protection
methods which can be considered for microgrids even if they are not conventionally im-
plemented in distribution networks.

One of these methods is based on unit protection where each network element (lines,
transformers, etc.) is individually protected [13]. The most popular type of unit protection
is the current differential protection which operates by measuring the difference between
the currents at both ends of the protected element. Under normal operation or for a fault
outside the zone of the protected element, the currents at the two ends are the same (i.e.
the same current enters and then exits the protection zone). A fault inside the element
protection zone produces a difference between these currents and if the difference exceeds
a certain threshold, the protection system opens the two breakers at the terminals of the
protected element. This type of protection is really selective and could definitely work for
a microgrid. However it is rather costly as it requires some form of communication [13].

Another method which is quite popular in transmission networks is distance pro-
tection. Here the fault is located by measuring the current and voltage at the relay and
then calculating the impedance between the relay and the fault point. The value of this
impedance is a measure of the location of the fault along the protected line. Distance
protection can be very selective and also has the advantage of not being dependent on
system operating conditions. However, because it is affected by infeeds of power [13], it
might not operate properly if additional DG units are connected to the microgrid or if the
microgrid network changes its topology or if DG units are disconnected. Moreover, dis-
tance protection has some well know problems with fault arc resistance and power system
oscillations [13].

Beyond these traditional and well established protection philosophies, modern nu-
merical multifunctional relays, can calculate and process electrical quantities which pre-
viously would have required a big implementation effort. As a result, the use of sequence

components to detect the presence of faults is gaining popularity [13,86,87] and is worth
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considering in microgrid fault detection.

Finally it should be mentioned that voltage, rather than current, can be used to
detect the presence of a fault even if its use is not very common in electricity networks.
The problem with voltage is that its behaviour during power system fault is strongly
dependent on the type of fault and on the system neutral earthing [88]. Generally a fault
is associated with a drop in the system voltage however some faults like single phase-to-
ground and double phase-to-ground faults may not result in a reduction in the positive
sequence component of the voltage and may produce overvoltages. Nevertheless, if the
fault behaviour of the system is well known, then voltage can be used in fault protection.
For example, voltage sag detection techniques can be extended to general fault detection
techniques by using negative and zero sequence voltage components as described in [89] and
[41]. Another example of application of voltage observation in power systems protection
is voltage-controlled overcurrent relays where the current threshold is reduced and the
operation is inhibited until the voltage drops below a set value.

Because the available fault current is rather limited in inverter-only islanded mi-
crogrids and because the microgrid topology is intended to be flexible and costs should
be minimized, it can be easily predicted that voltage could play an important role in the

detection of faults in microgrids.

6.2 Fault detection in islanded inverter-only microgrids

6.2.1 Microgrid supplied by a single inverter

The microgrid in Figure 3.19, whose fault response has been simulated and modelled in
Chapters 4 and 5, is considered here as well. As discussed in Section 3.1.3, there are many
different microgrid network configurations but here a microgrid which can be disconnected
through a 4-pole SS as shown in Figure 3.12 is selected as the example. Figure 6.1 shows
the microgrid model with the SS, a possible relay configuration (R, Ry and R3) and three
possible fault locations (Fi, F» and F3) which will be considered in this Chapter.

When the microgrid is connected as a part of an LV distribution network, the existing
protection system would detect the presence of a fault by sensing an increase in current.
However, in island mode, the magnitude of the current cannot be used as an indicator
of the presence of a fault as the inverter can only supply a limited amount current to

the fault. An appropriate fault detection strategy needs to be designed for this type of
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Figure 6.1: Microgrid supplied by a single inverter: relay configuration and fault
locations

microgrid by considering its operation and its protection requirements.
Microgrid operation

The simulations in Chapter 4 and the modelling in Chapter 5 have shown how the control
of the inverter plays a fundamental role in shaping the response of the microgrid. Here
the inverter shown in Figure 3.19 is controlled in the NatRF with RMS current limiting
as these choices give a better microgrid fault response as discussed in Section 4.3. The
microgrid in this study supplies two resistive loads of 5.6 kW (three-phase) each. The
load is assumed to be balanced and below the inverter’s power ratings but unbalanced
load operation and overload are also possible operating conditions of the microgrid.
Table 6.1 shows the phase-to-neutral voltages (V,, Vj, V), phase currents (I, Iy, I.)
and their correspective sequence components at the relay locations (R, Re, R3) for two
load conditions: 20% unbalance and 50% unbalance. The 20% and 50% load unbalance
are referred to the inverter’s rating (i.e. 17 kVA) and were determined based on the
definition of load unbalance given in Section 4.1.4. The inverter’s control responds well
to load unbalance and the resulting voltages have very small negative and zero sequence
components even for 50% load unbalance. Here, as in [13,40], it is assumed that the
microgrid can operate with a maximum 20% load unbalance. Later in this Chapter the
values of V,, for 20% load unbalance in Table 6.1 will be multiplied by three and used as a
threshold to detect unbalanced faults in the microgrid. These threshold values are above

the corresponding values of V,, for 50% load unbalance in Table 6.1. Therefore the proposed
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Table 6.1: Load unbalanced operation in a microgrid supplied by a single inverter
controlled in the NatRF

‘ 20% load unbalance ‘
[ Device [[ LIA] | LIA] | LIA] || Va[V] [ V[V] | Ve[V] [ GIA] [ LAl | To[A] | VolVI [ ValV] [ Vo[V] |
Ry 41.35 | 25.42 | 25.49 || 330.11 | 333.08 | 333.23 || 30.75 | 5.59 5.01 332.13 1.41 1.27
Ry 41.35 | 25.42 | 25.49 || 325.75 | 332.72 | 330.81 || 30.75 | 5.59 5.01 3329.74 | 2.04 3.55
R3 20.33 | 12.63 | 12.69 || 305.19 | 324.95 | 325.31 || 15.22 | 2.72 2.39 318.45 3.65 9.73
‘ 50% load unbalance ‘
[ Device [ LIA] [ LIA] | LIA] || Va[V] [ Wo[V] | Ve[V] [ LIA] [ LA | o[A] [ Vo[VI [ ValV] | Vo[V] |
Ry 54.94 | 16.47 | 16.57 || 327.56 | 334.77 | 335.01 || 29.31 | 13.26 | 12.35 332.43 3.36 3.13
Ro 54.94 | 16.47 | 16.57 || 320.56 | 337.53 | 332.63 || 29.31 | 13.26 | 12.35 330.16 4.87 8.76
R3 26.68 | 8.22 8.30 287.04 | 335.44 | 336.25 || 14.39 | 6.40 5.87 319.38 8.69 | 23.99

fault detection strategy does not malfunction even for 50% load unbalance. Higher load
unbalance in the network is likely to cause malfunctioning in the proposed fault detection.
However, this type of malfunction should be avoided as it is safe to assume that an islanded
microgrid is likely to have some form of load control, as an “energy manager” [6,12], which
regulates the level of load unbalance and maintains unbalance within a certain limit (i.e.
20%).

The microgrid can operate with different loading conditions which have to be con-
sidered when designing a fault detection strategy. Indeed a good fault detection strategy
has to work for faults in lightly loaded as well as fully loaded (i.e. up to inverters’ nom-
inal ratings) microgrids. Overloading is also another operating condition which has to
be considered when designing a fault detection strategy. The overloading capabilities of
an inverter very much depend on the manufacturer and on the design specifications. De-
pending on the settings of the inverter own protection system, the inverter is likely to be
disconnected if the power supplied is above 1.2 or 1.5 times the nominal value after a cer-
tain length of time. Or it could happen that the inverter’s overloading capabilities allow
the supplied current to increase to a point that it triggers the inverter current limiting.
Indeed, with the low limit of 2 p.u. imposed on the maximum current which the inverter
can supply, it can be very difficult to distinguish between a simple overload or a network
fault. The presence of an “energy manager”in the microgrid could possibly mitigate this
problem by not allowing the connection of loads beyond the inverters’ ratings.

Here, the impact of different microgrid loading operations is going to be considered

and discussed in Section 6.4.
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Microgrid protection requirements

The example microgrid network of Figure 6.1 is fairly simple because the single power
source generates power flows in one direction only. Moreover any breaker operation will
not be able to form an island within the microgrid as there is only a single inverter.

At the moment there are a few rather dated standards like Engineering Recommen-
dation G59/1 [22] and IEEE P1547 [23] which specify the response of interconnected DG
units to abnormal conditions in the network (i.e. under/over voltage protection). The
operation of islanded microgrids is not contemplated by any approved standard. As a
result, there are no microgrid protection guidelines. In this work the main priority of the
protection system is the safety of people and equipment therefore it is assumed that the
inverter stays connected and supplies enough power, within its current and voltage limits,
for the fault to be detected and cleared. Additional DG interconnection requirements,
like the ones in [22,23], are not considered and the inverter’s own internal protection is
assumed not to interfere with that of the microgrid.

Finally, it is important to recognize that in order to maintain the stability of the
microgrid [44] and make sure that it is feasible to have an inverter supplying power to the
microgrid during any network fault, the detection and clearing of faults should be designed

to act as quickly as possible.
Fault detection in a microgrid supplied by a single inverter

The purpose of this Section is to identify the electrical quantities which can be used to
detect the presence of a fault in the microgrid. Various faults at locations Fi, Fy and
F3, shown in Figure 6.1, are considered and for each case the phase-to-neutral voltages
and currents at points Ri, Ry and Rj3, expressed as maximum phase values, and the
corresponding sequence components are presented and discussed. These values have been
numerically determined with the inverter fault models and the direct phase fault analysis
as described in Chapter 5.

Table 6.2 shows the response of the system to a 3¢ fault applied at points F, Fy
and Fj respectively (see Figure 6.1). The inverter behaves as a balanced constant current
source injecting a current twice its nominal value and the resulting network impedance in
parallel with the current source generates a considerable voltage drop. This type of fault

can be detected by measuring the voltage drop of the positive sequence component of the
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Table 6.2: 3¢ fault in a microgrid supplied by a single inverter controlled in the NatRF
(values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at Fy ‘
[ Device [ I.[A] [ LIA] | L[A] [ ValV] [ VoIV [ VelV] [ LIA] [ L[A] | LA [ Vo [VI [ ValVI [ V[VT |
Ry 66.15 | 66.15 | 66.15 7.53 7.53 7.53 || 66.15 0 0 853 0 0
Rs 0 0 0 0 0 0 0 0 0 0 0 0
R3 0 0 0 0 0 0 0 0 0 0 0 0
‘ Fault at Fy ‘
[ Device [ L[A] | LIA] | LIA] [ ValV] [ VB[V] [ VeV [[ GIA] [ Tn[A] | L[A] [ Vo[VI [ ValV] [ VoIV] |
Ry 66.24 | 66.24 | 66.24 || 29.47 | 29.47 | 29.47 || 66.24 0 0 29.47 0 0
Ry 66.24 | 66.24 | 66.24 || 24.99 | 24.99 | 24.99 || 66.24 0 0 24.99 0 0
R3 0 0 0 0 0 0 0 0 0 0 0 0
‘ Fault at F3 ‘
[ Device [ 1.[A] [ LIA] [ L[A] [ Va[V] [ Vo[V] [ VelV] [[ L[A] [ I[A] [ G[A] [ Vo[V | ValV] [ Vo[V] ]
Ry 66.34 | 66.34 | 66.34 || 53.90 | 53.90 | 53.90 || 66.34 0 0 53.90 0 0
Ry 66.34 | 66.34 | 66.34 || 49.76 | 49.76 | 49.76 || 66.34 0 0 49.76 0 0
R3 65.54 | 65.54 | 65.54 || 24.73 | 24.73 | 24.73 || 65.53 0 0 24.73 0 0

voltage V), which is highlighted in yellow in Table 6.2.

Table 6.3 shows the results for a 2¢ fault at Fy, F> and F3. As explained in Chapter
4, for this type of fault the inverter control triggers voltage limiting and as a result voltage
and currents are distorted. For this reason their per-phase maximum value has not been
included in the Table. Nevertheless, the current and voltage sequence components have
been determined through simulations with the On-Line Frequency Scanner block set in
PSCAD. From Table 6.3 it can be seen that V,,, which is highlighted in yellow, at Ri, Ro
and R3 experiences a very big increase which is well above the values registered during
operation with an unbalanced load. Also Vj experiences an increase however this is increase
is not as big as the one of V,,. It follows that V,, is used to detect the presence of 2¢ faults.

It should be noted that in synchronous machine-based power systems, a 2¢ fault will
not produce any zero sequence components in the current and in the voltage in contrast to
what happens in the microgrid under study. The absence of zero sequence components is
caused by the fact that the synchronous machines only produce a balanced output voltage
even during a fault and the corresponding zero sequence equivalent circuit network is
passive. On the other hand, in a microgrid, this different behaviour for a 2¢ fault can
be explained considering the control of the inverter and its model as developed in Section

5.1.1. As the inverter is controlled in the NatRF, for a 2¢ fault the current sources and
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Table 6.3: 2¢ fault in a microgrid supplied by a single inverter controlled in the NatRF
(values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at F} ‘
| Device || 1[A] | DA | LA ][ Vo[V] [ WIVI [ Ve[V || L[A] | L[A] | L[A] || Vo[V] | Va[V] | Wo[V] |
Ry n.a. n.a. n.a. n.a. n.a. n.a. 49.25 | 16.53 | 10.24 || 255.40 | 253.21 | 173.22

Ry n.a. n.a. | n.a. n.a. n.a. n.a. 16.42 | 16.41 | 10.24 || 253.84 | 253.68 | 171.78
R3 n.a. n.a. | n.a. n.a. n.a. n.a. 8.16 8.15 | 5.00 || 247.82 | 247.67 | 157.05
‘ Fault at I5 ‘
| Device || 1o[A] | B[A] [ L[A] || Va[V] [ (V] [ Ve[V] || L[A] [ 1n[A] | To[A] || V,[V] [ ValV] | Vo[V]
Ry n.a. n.a. n.a. n.a. n.a. n.a. 49.07 | 16.48 | 10.05 || 265.71 | 240.11 | 170.03
Rs n.a. n.a. n.a. n.a. n.a. n.a. 49.07 | 16.48 | 10.05 || 264.18 | 240.49 | 168.67
R3 n.a. n.a. n.a. n.a. n.a. n.a. 8.11 8.11 4.91 246.62 | 246.26 | 154.24
‘ Fault at Fj3 ‘
[Device [ TalAL | BIA] | TelAL | ValV] [ VolV] [ VelV] ]| GoIAL | JulAL [ Jo[A | VplV] | ValV] | VolV]
Ry n.a. n.a. n.a. n.a. n.a. n.a. 48.85 | 16.41 | 9.87 275.44 | 227.94 | 167.16
Ry n.a. n.a. n.a. n.a. n.a. n.a. 48.85 | 16.41 | 9.87 274.2 | 227.93 | 165.71
R3 n.a. n.a. n.a. n.a. n.a. n.a. 40.29 | 24.17 | 4.82 256.58 | 233.51 | 151.46

Table 6.4: 2¢g fault in a microgrid supplied by a single inverter controlled in the
NatRF (values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at F} ‘
[ Device || LIA] | B[A] [ LIA] | Va[V] [ WV [ VelV] [ LIA] [ Z[A] [ B[A] || V,[V] | ValV] [ Vo[V |
Ry 22.56 | 63.87 | 68.37 || 336.03 | 159.92 | 172.55 || 51.58 | 14.68 | 14.54 || 167.98 | 166.57 | 11.17

Ry 22.56 | 9.78 | 9.78 || 336.49 | 163.62 | 163.62 || 10.78 | 10.78 | 1.00 || 166.67 | 166.67 | 5.58
R3 11.29 | 4.78 | 4.78 | 338.12 | 150.07 | 150.07 || 5.35 | 5.35 | 0.57 || 162.72 | 162.72 | 12.80

‘ Fault at F» ‘
TalA] | BIAL | AL [ ValV] | VolV1 | VeV [ AT | TalA] | Jo[A] ]| VoV] | ValV] | ValV]
Ry 22.57 | 63.97 | 68.44 || 336.03 | 167.49 | 190.65 || 51.64 | 14.71 | 14.55 || 183.77 | 158.57 | 13.79

Ry 22.57 | 63.97 | 68.44 || 336.52 | 169.80 | 182.42 || 51.64 | 14.71 | 14.55 || 182.28 | 158.65 | 7.40
R3 11.29 | 4.86 | 4.86 | 338.23 | 152.69 | 152.69 || 5.38 | 5.38 | 0.51 || 163.63 | 163.63 | 11.09

‘ Fault at Fj3 ‘
L[A] | B[A] [ LIA] || Vo[V] [ Vo[V] | Ve[V] [| L[A] [ L[A] [ Io[A] [ V,[V] | Vu[V] | Vo[V]
Ry 22.57 | 64.09 | 68.48 || 336.03 | 175.24 | 207.43 || 51.70 | 14.73 | 14.57 || 198.64 | 149.81 | 17.51

Ry 22.57 | 64.09 | 68.48 || 336.55 | 176.25 | 199.86 || 51.70 | 14.73 | 14.57 || 197.02 | 149.86 | 12.11
R3 11.29 | 61.27 | 65.05 || 338.35 | 155.83 | 168.91 || 45.76 | 19.81 | 14.75 || 178.20 | 154.82 | 6.11

‘ Device

‘ Device ‘
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Table 6.5: 1¢n fault in a microgrid supplied by a single inverter controlled in the
NatRF (values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at F} ‘
| Device || 1[A] | LIA] | L[A] [| Va[V] [ Vo[V] | Ve[V] [| L[A] [ Ln[A] | Lo[A] | Vo[V] | ValV] | Wo[V] |
Ry 66.23 | 21.61 | 21.25 || 12.75 | 336.12 | 335.94 || 36.30 | 14.76 | 15.25 || 224.64 | 111.44 | 111.55
Ry 0.58 | 21.61 | 21.25 0 340.27 | 331.03 || 14.47 | 7.21 | 6.68 || 223.76 | 111.55 | 112.27
R3 0.35 | 10.70 | 10.54 || 7.14 | 327.31 | 321.26 || 7.19 | 3.58 | 3.26 || 218.46 | 108.90 | 102.65
‘ Fault at Fy ‘
LA] | LA | LIA] [ ValVI [ Vo[V] | Ve[V] [| L[A] | L[A] | Lo[A] | Vo[V] [ Va[V] | Vo[V |
Ry 66.39 | 22.68 | 21.60 || 48.33 | 335.79 | 336.24 || 36.83 | 15.29 | 14.33 || 237.57 | 98.96 | 99.06
Rs 66.39 | 22.68 | 21.60 || 40.94 | 339.55 | 331.80 || 36.83 | 15.29 | 14.33 || 236.59 | 98.99 | 99.55
Rs3 0.14 | 11.21 | 10.71 0 343.90 | 326.56 7.35 3.42 3.79 223.31 | 104.12 | 119.40
‘ Fault at Fj3 ‘
LIA] [ B[A] [ LIA] [ VaVI [ Vo[VI | VelV] [ L[A] [ Z[A] | Do[A] [ Vo[V] [ ValV] [ Vo[V] |
Ry 66.53 | 23.18 | 21.82 || 90.52 | 335.62 | 336.39 || 37.12 | 15.55 | 13.91 || 251.38 | 85.96 | 86.09
R2 66.53 | 23.18 | 21.82 || 83.87 | 339.22 | 332.18 || 37.12 | 15.55 | 13.91 || 250.31 | 85.91 | 86.28
R3 65.12 | 11.77 | 10.93 || 43.62 | 342.53 | 327.13 || 29.23 | 18.51 | 17.39 | 236.84 | 90.99 | 105.06

‘ Device ‘

‘ Device ‘

Table 6.6: 1¢g fault in a microgrid supplied by a single inverter controlled in the
NatRF (values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at I ‘
| Device || L[A] | LIA] [ L[A] || ValV] | VolV] | VelV] [ LIA] | I[A] | Lo[A] || VoIV] [ ValV] [ Vo[V] |
Ry 66.19 | 22.53 [ 21.62 [] 193.12 | 335.81 | 336.20 || 36.75 | 15.13 | 14.33 || 287.89 | 49.02 | 49.12
Ry 11.55 | 22.53 | 21.62 || 189.40 | 339.68 | 331.90 || 18.55 | 3.17 | 3.88 || 286.84 | 49.00 | 49.55
R3 5.67 | 11.25 | 10.76 || 176.42 | 338.38 | 325.82 || 9.22 | 1.57 | 2.00 || 280.05 | 47.84 | 56.62

\ Fault at F) \
LIA] | LIA] | LIA] [ ValV] [ VIV] [ VelVI [ LIA] [ LIA] [ K[A] [ V,[V] | ValV] [ o[V]
Ry 66.27 | 22.53 | 21.63 || 217.27 | 335.81 | 336.20 || 36.78 | 15.15 | 14.35 || 295.78 | 41.85 | 41.97

Ry 66.27 | 22.53 | 21.63 || 213.26 | 339.70 | 331.92 || 36.78 | 15.15 | 14.35 || 294.69 | 41.71 | 41.98
R3 5.79 | 11.25 | 10.76 || 180.08 | 338.37 | 325.94 || 9.26 | 1.53 | 1.96 || 281.31 | 46.60 | 55.47

‘ Fault at I3 ‘
[ Device [ LIA] [ B[A] | LIA] [ VoV T Vo[V] [ Ve[V] [ LIA] [ L[A] [ LIA] [ V, V] [Va[V] [ Vo[V]
Ry 66.33 | 22.53 | 21.63 || 237.56 | 335.81 | 336.20 || 36.81 | 15.17 | 14.36 || 302.42 | 36.09 | 36.23

Ry 66.33 | 22.53 | 21.63 || 233.36 | 339.71 | 331.94 || 36.81 | 15.17 | 14.36 || 301.30 | 35.81 | 35.76
R3 59.67 | 11.25 | 10.77 || 199.90 | 338.42 | 326.03 || 27.21 | 16.46 | 15.99 || 287.88 | 40.49 | 49.09

‘ Device ‘
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the equivalent impedances are unbalanced. It follows that the inverter injects a certain
amount of zero sequence current and the equivalent zero sequence circuit network is active.

Table 6.4 shows the response of the microgrid to a 2¢g fault. Here V), experiences a
drop while V,, increases and becomes almost equal to V}, depending on the position of the
fault. As a result, the values of V},, which are highlighted in yellow, can be used to detect
the presence of this fault. From this Table it can also be seen that I,, and I are equal at the
relay points between the inverter and the fault location. This can be explained again with
the inverter control and its fault model. Indeed the faulted phases are current controlled
and I, and I. have the same magnitude and phases equal to —%71 and %77 respectively. As
a result, the corresponding negative and zero sequence components are equal.

Tables 6.5 and 6.6 show the response to a 1¢n and a 1¢g fault respectively. Again V,,
experiences a drop and V,, increases significantly. For these faults, phases b and ¢ remain
voltage controlled and as a result V,, = Vj near the inverter’s output. Also this time, V,
is chosen to detect these faults.

To summarize, 3¢ faults can be detected with a drop in the positive sequence com-
ponent of the phase voltage while all unbalanced faults can be detected by measuring an
increase in the negative sequence component of the phase voltage. The fault detection
based on V,, acts as soon as an event triggers the current limiting in one or more phases.
Indeed, as the current becomes the controlled variable, control over the voltage is lost and

the component V;, increases.

6.2.2 Microgrid supplied by two parallel-connected inverters

The purpose of this section is to investigate how a fault can be detected in a microgrid sup-
plied by two inverters and what are the differences with the single-inverter case analyzed
in Section 6.2.1.

Figure 6.2 shows the microgrid model under study with two parallel-connected in-
verters, several possible relay locations (Ry, Re, R3, R4, Rs; and Rg) and three possible

fault locations (F, Fy, F3 and Fy).
Microgrid operation

As described in Section 4.4.1, the two parallel inverters in Figure 6.2 are controlled by an
outer droop loop which generates the voltage and frequency references for the two-loop

control structure which is implemented in the NatRF. The current in each inverter is RMS
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Figure 6.2: Microgrid supplied by two parallel-connected inverters: possible relay
configuration
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Table 6.7: Load unbalanced operation in a microgrid supplied by two parallel-
connected inverters

‘ 20% load unbalance ‘
| Device || LJA] | BIA] | LIA] [ ValV] [ Vo[V] [ VelV] [ LIA] | L[A] | Lo[A] [ Vo[V [ ValV] [ Vo[V ]
Ry 42.67 | 25.39 | 25.34 | 320.12 [ 323.70 | 323.81 [ 31.13 [ 5.94 | 5.61 || 322.54 | 1.50 | 1.42
Ry 74.57 | 48.00 | 48.27 || 315.06 | 323.38 | 321.44 || 56.93 | 9.69 | 7.95 | 319.94 | 2.17 | 3.98
R 36.11 | 23.71 | 23.89 || 279.03 | 308.56 | 309.64 || 27.89 | 4.61 | 3.60 [[ 299.00 | 5.34 | 14.64
Ry 32.37 | 22.66 | 23.11 || 327.33 | 328.45 | 328.81 || 26.01 | 3.88 | 2.57 || 328.19 | 0.98 | 0.65
Rs 32.37 | 22.66 | 23.11 || 315.06 | 323.38 | 321.44 || 26.01 | 3.88 | 2.57 || 319.94 | 2.17 | 3.98
Rg 42.67 | 25.39 | 25.34 || 315.06 | 323.38 | 321.44 || 31.13 | 5.94 | 5.61 || 319.94 | 2.17 | 3.98
‘ 50% load unbalance ‘
| Device || LJA] | BIA] | LIA] [ ValV] [ Vo[V] [ VelV] [ LIA] | L[A] | Lo[A] [ Vo[V [ ValV] [ Vo[V ]
Ry 56.42 | 15.43 | 15.02 [] 318.59 | 327.19 | 327.24 [ 28.93 | 13.70 [ 13.81 || 324.32 [ 3.47 | 3.51
Ry 94.94 | 31.96 | 32.36 || 310.30 | 330.40 | 325.34 || 53.03 | 22.34 | 19.57 | 321.94 | 5.03 | 9.79
R 44.93 | 15.93 | 16.20 || 254.06 | 325.94 | 328.49 || 25.64 | 10.44 | 8.84 || 302.39 | 12.32 | 35.05
Ry 39.36 | 16.59 | 17.46 || 327.61 | 330.31 | 331.00 || 24.28 | 8.94 | 6.34 [/ 329.63 | 2.26 | 1.61
Rs 39.36 | 16.59 | 17.46 || 310.30 | 330.40 | 325.34 || 24.28 | 8.94 | 6.34 || 321.94 | 5.03 | 9.79
Rg 56.42 | 15.43 | 15.02 || 310.30 | 330.40 | 325.34 [[ 28.93 [ 13.70 | 13.81 [| 321.94 | 5.03 | 9.79

~

limited in the NatRF. The inverters supply the same load as the in the microgrid model
with a single inverter. Table 6.7 shows the phase-to-neutral voltages and currents at the
different relay locations in the microgrid in Figure 6.2 for 20% load unbalance and 50%
load unbalance. The 20% and 50% load unbalance is referred to the combined maximum
power rating which is 34kVA. As it can be seen, the two inverters are quite capable of
producing a balanced set of output voltages even with a 50% load unbalance. Again, it
is assumed that the microgrid can operate with a maximum 20% load unbalance [13,40].
While the 50% load unbalance has been considered to demonstrate later in the Chapter
that the proposed fault detection does not malfunction for unbalances up to 50%.

In Chapter 4, the load in the two inverters-microgrid model was kept equal to the
load in the single inverter-microgrid for the purpose of comparing the impact of different
inverter controls on the microgrid fault response. However now, for the purpose of fault

detection, different loading conditions will have to be considered.

Microgrid protection requirements

Compared with the single inverter microgrid case, the presence of two parallel inverters
requires two extra relays, namely Rs and Rg. Indeed the role of Rs and Rg is to detect
the presence of a fault on the line connecting each inverter to the network (fault F; for Rg

and fault Fy for Rs) and disconnect the affected branch and inverter from the microgrid.
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Indeed, for faults at F; or Fj the loads in the microgrid can still be supplied if they are
within rating of the remaining inverter. In the case of a single inverter there is no such
possibility and therefore a fault at F}, see Figure 6.1, will simply cause the shut down of
the whole microgrid.

The number and position of relays in Figure 6.2 is only one of the many possible
configurations, nevertheless, it is felt that the presence of R5 and Rg is rather important
in order to improve the reliability of power supply. Finally, following what has been said
in Section 6.2.1 on the lack of specific protection standards for islanded microgrids, here
it also assumed that the two inverters stay connected to the microgrid in order to allow

the protection system to detect and clear any fault.

Fault detection in microgrids supplied by two parallel-connected inverters

This section presents the phase currents and voltages (expressed in terms of their peak
values) with their corresponding sequence components at different relays locations (R,
Rs, R3, Ry, Rs and Rg) for various types of fault at different locations (F}, Fy, F3 and
F}). These values have been determined by using the models developed in Chapter 5.

Table 6.8 shows the response of the system to a 3¢ fault at points Fy, Fy, F3 and Fy.
As was the case for the stand-alone inverter, both inverters go into current limiting and
the voltage experiences a big drop. Therefore, also this type of fault can be detected by
measuring the drop in V). It should be noted that for faults at F» and F3 the amount of
current seen by Ry and Rj is rather high compared with the nominal load current values of
21.61A for Ry and 10.74A for Rs, see Table 2.7. This increase is caused by the combined
current capability of the two inverters. As the supplied current increases, some form of
overcurrent fault detection could be used as well or instead.

Table 6.9 shows the results for a 2¢ fault at Fy, Fy, F3 and Fy. The high overvoltages
are limited by the inverters’ voltage limiting and as a result distorted waveforms are
generated. Therefore the maximum phase values are not shown in this Table and the
sequence components have been determined in PSCAD. The per-phase current limiting
strategy results in zero sequence components in the current and voltage which are not
normally presents in phase faults. As for the previous single inverter case, this fault can
be detected with an increase in V,, which is well above the values during unbalanced

operation.
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Table 6.8: 3¢ fault in a microgrid supplied by two parallel-connected inverters (values

in yellow are chosen as indicators of the presence of a fault)

Fault at Fj

[ Device | 1[A] | BIA] | LIA] [ ValV] [ ValV] [ VelV] [ LIA] | L[A] [ To[A] || Vo[V [ ValVI [ VoIVT |
Ry 65.85 | 65.85 | 65.85 7.51 7.51 7.51 66.85 0 0 7.51 0 0
Ry 0 0 0 0.06 0.06 0.06 0 0 0 0.06 0 0
Rs3 0 0 0 0.06 0.06 0.06 0 0 0 0.06 0 0
Ry 66.25 66.25 66.25 21.95 21.95 21.95 66.24 0 0 21.95 0 0
Rs 66.25 66.25 66.25 0.06 0.06 0.06 66.24 0 0 0.06 0 0
Rg 66.24 66.24 66.24 0.06 0.06 0.06 66.24 0 0 0.06 0 0

‘ Fault at Fb ‘

| Device | L[A] | LIA] | LIA] [ Va[VI [ VI [ VeVI [[ LAl [ LIA] [ To[A] || VoIV] [ ValV] [ Vo[V] ]
Ry 66.34 | 66.34 | 66.34 54.24 | 54.24 | 54.24 66.34 0 0 54.23 0 0
Ro 132.78 | 132.78 | 132.78 || 50.10 | 50.10 | 50.10 || 132.78 0 0 50.10 0 0
Rs3 0 0 0 0 0 0 0 0 0 0 0 0
Ry 66.44 66.44 66.44 70.78 70.78 70.78 66.44 0 0 70.78 0 0
Rs 66.44 66.44 66.44 50.10 50.10 50.10 66.44 0 0 50.10 0 0
Rg 66.34 66.34 66.34 50.10 50.10 50.10 66.34 0 0 50.10 0 0

‘ Fault at F3 ‘

| Device | L[A] | LIA] | LIA] [ Va[VI [ VI [ VeVI [[ LAl [ LIA] [ To[A] || VoIV] [ ValV] [ Vo[V] ]
Ry 66.52 | 66.52 | 66.52 || 103.81 | 103.81 | 103.81 || 66.51 0 0 103.81 0 0
Ry 133.13 | 133.13 | 133.13 || 99.87 | 99.87 | 99.87 || 133.13 0 0 99.87 0 0
R3 131.53 | 131.53 | 131.53 || 49.63 49.63 49.63 131.53 0 0 49.63 0 0
Ry 66.61 66.61 66.61 120.36 | 120.36 | 120.36 66.61 0 0 120.36 0 0
Rs 66.61 66.61 66.61 99.87 99.87 99.87 66.61 0 0 99.87 0 0
Rg 66.52 66.52 66.52 99.87 99.87 99.87 66.52 0 0 99.87 0 0

‘ Fault at Fy ‘

[ Device | L[A] | LIA] | LIA] [ Va[VI [ VI [ VeVI [ LIA] [ LIA] [ To[A] || VoIV] [ ValV] [ Vo[V] ]
Ry 66.15 | 66.15 | 66.15 7.55 7.55 7.55 66.15 0 0 7.55 0 0
Ry 0 0 0 0.06 0.06 0.06 0 0 0 0.06 0 0
Rs3 0 0 0 0.06 0.06 0.06 0 0 0 0.06 0 0
Ry 65.93 65.93 65.93 21.84 21.84 21.84 65.93 0 0 21.84 0 0
Rs 66.14 66.14 66.14 0.06 0.06 0.06 66.14 0 0 0.06 0 0
Rg 66.15 66.15 66.15 0.06 0.06 0.06 66.15 0 0 0.06 0 0
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Table 6.9: 2¢ fault in a microgrid supplied by two parallel-connected inverters (values
in yellow are chosen as indicators of the presence of a fault)

Fault at

Fy

| Device || L[A] | L[A] | I[A] [ Va[V] [ [V] | VelV] [ L[A] | 1n[A] |

LA || V] [ Va[V] | W[V |

Ry n.a. n.a. n.a. n.a. n.a. n.a. 41.90 | 23.76 | 6.79 262.59 | 260.32 | 193.81
Ry n.a. n.a. | n.a. n.a. n.a. n.a. 16.9 | 16.88 | 11.52 || 261.40 | 261.08 | 193.45
R3 n.a. n.a. n.a. n.a. n.a. n.a. 8.41 8.40 5.62 255.18 | 254.86 | 177.38
Ry n.a. n.a. n.a. n.a. n.a. n.a. 39.36 | 23.71 | 4.72 269.41 | 257.56 | 199.46
R n.a. n.a. n.a. n.a. n.a. n.a. 39.41 | 23.79 | 4.72 261.30 | 260.98 | 193.71
Rs n.a. n.a. n.a. n.a. n.a. n.a. 22.41 | 40.55 | 6.79 261.30 | 260.98 | 193.71
‘ Fault at F; ‘
[ Device [ LA [ B[A] [ 1JA] [ Va[V] [ VB[V] [ Ve[V [ LIA] T Zu[A] [ 1o[A] [ Vo[V] [ Va[V] [ Vo[V] |
Ry n.a. n.a. n.a. n.a. n.a. n.a. 40.81 | 22.81 | 6.85 284.62 | 234.40 | 188.08
Ry n.a. n.a. | n.a. n.a. n.a. n.a. 78.66 | 45.18 | 11.08 || 282.62 | 235.45 | 186.5
R3 n.a. n.a. n.a. n.a. n.a. n.a. 8.31 8.30 5.4 253.15 | 252.84 | 170.48
Ry n.a. n.a. n.a. n.a. n.a. n.a. 38.08 | 22.69 | 4.20 293.15 | 228.46 | 190.17
Rs n.a. | n.a. | n.a. n.a. n.a. n.a. 38.04 | 22.74 | 4.24 || 282.78 | 235.54 | 186.48
‘ Fault at Fj ‘
| Device || L[A] | B[A] [ L[A] [| Va[V] [ Va[V] [ VelV] [| LIA] [ T[A] [ To[A] [ Vo[V] | Val[V] | Wo[V] |
Ry n.a. n.a. n.a. n.a. n.a. n.a. 39.86 | 22.21 | 6.94 || 304.18 | 208.41 | 178.93
Rs n.a. n.a. | n.a. n.a. n.a. n.a. 77.03 | 44.03 | 10.62 || 301.7 | 209.54 | 178.72
R3 n.a. n.a. n.a. n.a. n.a. n.a. 67.75 | 51.31 5.2 272.81 | 226.92 | 163.77
Ry n.a. n.a. n.a. n.a. n.a. n.a. 37.05 | 21.88 | 3.71 312.28 | 203.61 | 183.3
R n.a. n.a. | n.a. n.a. n.a. n.a. 37.14 | 21.97 | 3.76 || 301.95 | 209.81 | 178.39
‘ Fault at Fy ‘
| Device || L[A] | L[A] | LIA] [ Va[V] [ Vo[V] | Ve[V] | LIA] | LA [ LIA] [ VoIV] | ValV] | VolV] |
Ry n.a. n.a n.a. n.a. n.a. n.a. 41.96 | 23.86 | 6.81 262.80 | 260.36 | 193.90
Ry n.a. n.a n.a. n.a. n.a. n.a. 16.9 | 16.88 | 11.52 || 261.56 | 261.25 | 193.61
R3 n.a. n.a. | n.a. n.a. n.a. n.a. 8.41 8.40 | 5.62 || 255.44 | 255.13 | 177.30
Ry n.a. n.a. | n.a. n.a. n.a. n.a. 39.32 | 23.68 | 4.72 || 269.43 | 257.84 | 199.74
R n.a. n.a. | n.a. n.a. n.a. n.a. 25.07 | 40.74 | 4.73 || 261.30 | 260.98 | 193.71
Rg n.a. n.a. | n.a. n.a. n.a. n.a. 41.94 | 23.81 | 6.80 || 261.56 | 261.25 | 193.61
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Table 6.10:

2¢g fault in a microgrid supplied by two parallel-connected inverters
(values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at F} ‘
[ Device [ LIA] [ BA] | LIA] [ Va[V] [ Vo[V [ VelV] [ LAl [ LAl | G[A] [ Vo[V] [ ValV] [ Vo[V] |
Ry 8.15 | 61.32 | 70.41 || 338.73 | 329.60 | 342.49 || 46.11 | 20.03 | 20.00 || 225.51 | 224.38 | 111.14
Ry 24.34 | 19.31 | 19.31 || 341.95 | 332.39 | 332.40 || 14.53 | 14.53 | 4.85 || 224.71 | 224.64 | 108.04
Rs3 12.32 | 9.37 | 9.37 || 360.77 | 297.94 | 297.96 || 7.22 | 7.22 | 2.20 | 219.39 | 219.33 | 79.56
Ry 18.73 | 61.30 | 70.67 || 335.28 | 340.60 | 366.70 || 49.97 | 16.90 | 15.86 | 237.62 | 221.73 | 123.83
Rs 18.73 | 61.30 | 70.67 || 341.95 | 332.39 | 332.40 || 49.97 | 16.90 | 15.86 | 224.71 | 224.64 | 108.04
Rg 8.15 | 61.32 | 70.41 || 341.95 | 332.39 | 332.40 || 35.44 | 30.94 | 11.21 || 224.71 | 224.64 | 108.04
‘ Fault at F5 ‘
[Device || L[] [ 1A [ LIAL | ValV] [ VoVI | VeIV [ L[AL | Z[AL [ Bo[AL ] VyIV] [ ValV] [ Vo[V] |
Ry n.a. n.a. n.a n.a. n.a. n.a. 48.32 | 18.31 | 18.11 || 255.22 | 205.93 | 121.45
Ro n.a. n.a. n.a n.a. n.a. n.a. 95.62 | 36.71 | 35.13 || 254.16 | 206.42 | 118.49
Rs3 n.a. n.a. n.a n.a. n.a. n.a. 7.25 7.24 | 2.22 | 219.27 | 218.95 | 79.52
Ry n.a n.a. n.a n.a. n.a. n.a. 47.53 | 19.07 | 17.28 || 267.99 | 203.69 | 136.41
R n.a. n.a. n.a n.a. n.a. n.a. 47.53 | 19.07 | 17.28 || 254.13 | 206.47 | 118.46
‘ Fault at F3 ‘
[Device | L[] [ 1A [ LIAL | ValV] [ VoVI | VeV [ LIAL | Z[AL [ Bo[AL ] VyIV] [ ValV] [ Vo[V] |
Ry n.a n.a. n.a n.a. n.a. n.a. 47.94 | 18.36 | 18.08 || 280.71 | 184.59 | 125.56
Ro n.a n.a. n.a n.a. n.a. n.a. 94.60 | 36.93 | 33.77 || 278.88 | 183.96 | 121.75
Rs3 n.a n.a. n.a. n.a. n.a. n.a. 86.56 | 43.71 | 30.89 || 244.08 | 196.80 | 83.86
Ry n.a n.a. n.a n.a. n.a. n.a. 46.98 | 16.86 | 15.76 || 292.32 | 180.84 | 138.09
R5 n.a n.a. n.a. n.a. n.a. n.a. 46.86 | 16.68 | 15.81 || 270.62 | 185.10 | 122.26
‘ Fault at Fy ‘
[Device || Ta[A] | LA | LIA] || ValV] | V] | V] | LIA] [ TlA] | JolA] | VIV | ValV] | VolV] |
Ry 8.15 | 61.32 | 70.41 || 338.73 | 329.63 | 342.55 || 46.11 | 20.03 | 20.00 || 225.59 | 224.33 | 111.17
Ry 24.34 | 19.31 | 19.31 || 341.95 | 332.39 | 332.40 || 14.53 | 14.53 | 4.85 || 224.71 | 224.64 | 108.04
R3 12.32 | 9.37 | 9.37 || 360.77 | 297.94 | 297.96 || 7.22 | 7.22 | 2.20 | 219.39 | 219.33 | 79.56
Ry 18.73 | 61.30 | 70.67 || 335.29 | 340.56 | 366.64 || 49.97 | 16.90 | 15.86 | 237.54 | 221.78 | 123.80
Rs 18.73 | 57.01 | 60.64 || 341.95 | 332.39 | 332.40 || 31.72 | 34.49 | 15.17 || 224.71 | 224.64 | 108.04
Rg 8.15 | 61.32 | 70.41 || 341.95 | 332.39 | 332.40 || 46.11 | 20.03 | 20.00 || 224.71 | 224.64 | 108.04




6.2 Fault detection in islanded inverter-only microgrids 205

Table 6.11: 1¢n fault in a microgrid supplied by two parallel-connected inverters
(values in yellow are chosen as indicators of the presence of a fault)

‘ Fault at F} ‘
[ Device [| L[A] [ B[A] [ LA] [ Va[V] [ WIV] [ VelV] [[ LIA] [ I[A] [ L[A] [ Vo[V [ ValV] [ Vo[V] |
Ry 66.26 | 14.63 | 8.72 15.30 | 338.53 | 335.94 || 28.23 | 15.55 | 22.82 || 225.92 | 110.65 | 112.28
Ro 0.61 21.98 | 21.16 0.14 346.37 | 329.53 || 14.57 | 7.14 6.84 225.33 | 110.51 | 114.88
R3 0.36 10.88 | 10.50 7.44 333.00 | 319.82 7.24 3.55 3.34 229.99 | 107.89 | 105.05
Ry 66.42 | 11.33 | 16.78 36.50 | 335.60 | 338.15 || 30.31 | 21.71 | 14.71 || 232.94 | 105.19 | 103.78
Rs5 66.17 | 10.69 | 16.94 0.14 346.37 | 329.53 || 30.31 | 21.71 | 14.71 || 225.33 | 110.51 | 114.88
Rg 65.81 | 14.63 | 8.72 0.14 346.37 | 329.53 || 15.79 | 28.85 | 21.40 || 225.33 | 110.51 | 114.88
\ Fault at F, \
[ Device [ TJA] | LIA] [ LIA] | ValV] [ ValV] [ VelV] [ LA [ LA [ LIA] | V,[V] | ValV] [ VolV]
Ry 66.58 | 15.21 | 7.88 98.41 | 338.01 | 336.35 || 29.06 | 16.30 | 21.56 || 254.65 | 83.46 84.88
Ry 133.32 | 24.17 | 22.03 89.58 | 345.35 | 330.67 || 59.75 | 38.12 | 35.47 || 253.84 | 83.19 86.70
R3 0.17 11.94 | 10.92 0.01 366.92 | 333.31 7.64 3.16 4.34 232.19 | 95.98 | 137.04
Ry 66.74 | 12.17 | 17.10 || 122.72 | 335.44 | 338.35 || 30.68 | 22.10 | 14.19 || 261.83 | 78.41 77.34
Rs5 66.74 | 12.17 | 17.10 89.58 | 345.35 | 330.67 || 30.68 | 22.10 | 14.19 || 253.84 | 83.19 86.70
Rg 66.58 | 15.21 | 7.88 89.58 | 345.35 | 330.67 || 29.06 | 16.33 | 21.56 || 253.84 | 83.19 86.70
Fault at F3
| Device | L[A] | L[A] | LIA] [ ValV] | ValV] | VelV] [ BIA] | LlA] | To[A] [ V,[V] | ValV] | Vo[V]
Ry 66.86 | 15.63 | 7.61 187.93 | 337.76 | 336.56 || 29.51 | 16.67 | 21.02 || 284.16 | 57.74 58.92
Rs 133.87 | 25.21 | 22.68 || 179.63 | 344.86 | 331.26 || 60.41 | 38.75 | 34.72 || 283.22 | 57.11 59.13
R3 130.92 | 13.09 | 11.56 91.25 | 364.09 | 334.53 || 51.71 | 40.94 | 38.27 || 261.09 | 68.88 | 106.53
Ry 67.01 | 12.52 | 17.37 || 212.16 | 335.35 | 338.42 || 30.90 | 22.34 | 13.97 || 291.49 | 53.61 53.15
Rs5 67.01 12.52 | 17.37 || 179.63 | 344.86 | 331.26 || 30.90 | 22.34 | 13.97 || 283.22 | 57.11 59.13
Rg 66.86 | 15.63 | 7.61 179.63 | 344.86 | 331.26 || 29.51 | 16.67 | 21.02 || 283.22 | 57.11 59.13
‘ Fault at Fy ‘
| Device || 1JA] | LIA] [ LIA] | ValV] | ValV] | VelV] [| BIA] [ I[A] | Bo[A] | V,[V] | ValV] [ VolV]
Ry 66.26 | 15.52 | 8.79 15.35 | 338.50 | 335.93 || 28.26 | 15.57 | 22.75 || 225.99 | 110.57 | 112.17
Rs 0.61 21.98 | 21.16 0.16 346.37 | 329.58 || 14.57 | 7.14 6.84 225.35 | 110.48 | 114.91
R3 0.36 10.88 | 10.50 7.46 333.00 | 319.86 7.24 3.55 3.34 220.02 | 107.87 | 105.07
Ry 66.42 | 11.29 | 16.63 36.37 | 335.63 | 338.16 || 30.28 | 21.68 | 14.75 || 232.90 | 105.23 | 103.85
Rs 65.66 | 11.29 | 16.63 0.16 346.37 | 329.58 || 13.78 | 22.48 | 29.60 || 225.35 | 110.48 | 114.91
Rg 66.26 | 14.52 | 8.79 0.16 346.37 | 329.58 || 28.26 | 15.57 | 22.75 || 225.35 | 110.48 | 114.91
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Table 6.12: 1¢g fault in a microgrid supplied by two parallel-connected inverters

‘ Fault at

[ Device || I[A] | B[A] | ZIA] || ValV] [ %IV] | VelV] [ LIA] [ LIA] [ T[A] | V,[V] [ ValV] | Vo[V]
Ry 65.63 | 17.25 | 8.09 || 316.01 | 336.88 | 337.23 || 30.31 | 17.36 | 18.34 || 330.03 | 6.53 7.81
Ry 18.68 | 23.15 | 22.22 || 312.42 | 342.76 | 333.16 || 21.30 | 0.47 | 2.37 || 329.30 | 7.39 | 14.14
R3 9.13 | 11.60 | 11.11 || 286.57 | 346.43 | 333.26 || 10.58 | 0.23 1.33 || 321.51 | 7.21 | 31.29
Ry 42.82 | 6.74 | 14.19 || 332.16 | 336.73 | 337.20 || 20.90 | 13.14 | 9.15 || 335.34 | 3.33 2.32
Rs 42.82 | 6.74 | 14.19 || 312.72 | 342.76 | 333.16 || 20.90 | 13.14 | 9.15 329.30 | 7.39 | 14.14
Rg 24.44 | 17.25 | 8.09 312.42 | 342.76 | 333.16 3.11 | 13.44 | 13.39 || 329.30 | 7.39 | 14.14

‘ Fault at I3

‘ Device Ia[A] ‘ Ib[A] IC[A] H ‘/;I[V] Vb[V] ‘ V([V} ‘ I[}[A] [n[A} ‘ IO[A] ‘ VP[V} ‘ Vn[V} ‘ VO[V} ‘
Ry 63.13 | 13.74 | 11.80 || 329.05 | 336.69 | 336.46 || 29.47 | 16.19 | 17.52 || 334.02 | 4.10 4.45
Ry 99.23 | 22.95 | 22.21 || 322.81 | 342.22 | 333.18 || 48.04 | 26.39 | 24.83 || 332.54 | 5.94 | 12.42
R3 8.59 | 11.49 | 11.11 || 269.26 | 343.91 | 333.19 || 10.36 | 0.47 | 1.44 | 314.79 | 14.56 | 35.92
Ry 37.81 | 9.22 | 11.16 || 335.96 | 336.95 | 337.92 || 19.23 | 10.57 | 8.04 || 336.92 | 2.68 2.04
Rs 37.81 | 9.22 | 11.16 || 322.81 | 342.22 | 333.18 || 19.23 | 10.57 | 8.04 33254 | 594 | 12.42
Rg 63.13 | 13.74 | 11.80 || 322.81 | 342.22 | 333.18 || 29.47 | 16.19 | 17.52 || 332.54 | 5.94 | 12.42

‘ Fault at I3

‘ Device I(L[A] ‘ Ib[A] IC[A] H ‘/;L[V] Vb[V] ‘ V([V} ‘ I[}[A] [n[A} ‘ IO[A] ‘ VP[V} ‘ Vn[V} VO[V} ‘
Ry 58.02 | 13.71 | 11.95 || 329.63 | 336.66 | 336.45 || 27.80 | 14.53 | 15.74 || 334.21 | 3.68 3.99
Ry 91.26 | 22.79 | 22.18 || 323.77 | 341.56 | 333.52 || 45.33 | 23.69 | 22.30 || 332.79 | 5.33 | 11.16
R3 82.11 | 11.40 | 11.08 || 274.76 | 341.96 | 332.86 || 34.81 | 24.06 | 23.25 || 316.02 | 13.07 | 32.16
Ry 34.83 | 9.09 | 10.91 || 336.02 | 337.02 | 337.88 || 18.14 | 9.48 | 7.22 || 336.96 | 2.40 1.83
Rs 34.83 | 9.09 | 10.91 || 323.77 | 341.56 | 333.25 || 18.14 | 9.48 | 7.22 | 332.79 | 5.33 | 11.16
Rg 58.02 | 13.71 | 11.95 || 323.77 | 341.56 | 333.25 || 27.80 | 14.53 | 15.74 || 332.79 | 5.33 | 11.16

\ Fault at F

‘ Device I(L[A] ‘ Ib[A] IC[A] H ‘/;L[V] Vb[V] ‘ V([V} ‘ I[}[A] [n[A} ‘ IO[A] ‘ VP[V} ‘ Vn[V} ‘ VO[V} ‘
Ry 65.63 | 17.25 | 8.09 || 316.17 | 336.88 | 337.23 || 30.31 | 17.36 | 18.35 || 330.08 | 6.48 7.76
Ry 18.62 | 23.15 | 22.22 || 312.49 | 342.77 | 333.16 || 21.30 | 0.47 | 2.37 || 329.32 | 7.37 | 14.12
R3 9.13 | 11.60 | 11.11 || 286.64 | 346.43 | 333.26 || 10.58 | 0.23 1.33 || 321.53 | 7.19 | 31.28
Ry 42.84 | 6.74 | 14.19 || 332.16 | 336.73 | 337.20 || 20.91 | 13.14 | 9.51 335.34 | 3.33 2.32
Rs 47.09 | 6.74 | 14.19 || 312.49 | 342.77 | 333.16 9.12 | 17.82 | 20.51 || 329.32 | 7.37 | 14.12
Rg 65.63 | 17.25 | 8.09 || 312.49 | 342.77 | 333.16 || 30.31 | 17.36 | 18.35 || 329.32 | 7.37 | 14.12
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Table 6.13: Zero sequence component of the phase-to-earth voltages for unbalanced
operation and 1¢g faults

’ Device ‘ 20%unbalance F Fy F; Fy
Ry 9.64 322.14 | 291.66 | 264.70 | 322.14
Rs 10.16 322.84 | 292.64 | 265.59 | 322.87
Rs 13.05 322.11 | 301.89 | 273.90 | 322.13
Ry 9.41 320.42 | 291.07 | 264.17 | 320.47
Rs 10.16 322.84 | 292.64 | 265.59 | 322.87
Rg 10.16 322.84 | 292.64 | 265.59 | 322.87

Table 6.10 shows the response to a 2¢g fault. For faults at F5 and F3, the voltage
limits are triggered and therefore current and voltage waveforms are distorted. This type
of fault produces an increase in V,, which can be used to detect the presence of this type
of fault.

The increase in the value of the negative sequence component of the voltage can
be also used to detect 1¢n faults as Table 6.11 shows. It is interesting to note that for
faults at F» and F3 the phase a current is again well above the nominal current values at
Ry and Rs. Therefore as for the corresponding case of three-phase faults at Fo and Fj
overcurrent-based fault detection could be used.

Finally Table 6.12 shows the response of the microgrid to a 1¢g fault. As expected
and already illustrated, this type of fault may not trigger the inverter’s current limiting
as the combined current capacity is enough to supply the fault. Only faults at F} and Fy
triggers the current limiting of the first inverter. As a result the microgrid operates as an
unbalanced system and the values of V,, and Vj are rather well controlled. Therefore they
cannot be used to indicate the presence of a fault.

An alternative to V,, and Vj can be the zero sequence component of the phase voltage
referred to earth. Table 6.13 compares the values of the zero sequence component of the
phase-to-earth voltages V. for a 20% load unbalance and then for a 1¢g fault at Fy, Fb,
F3 and Fj. The zero sequence component V. for 1¢g faults is well above the values for
unbalanced operation and therefore it can be used to detect the presence of this type of

fault.
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6.3 Voltage detection methods, their performance and ap-
plication to fault detection in microgrids

The results shown in Sections 6.2.1 and 6.2.2 clearly point to voltage magnitude as the
distinctive electrical quantity which can be used to detect the presence of a fault. Three-
phase faults can be detected with the drop in the positive sequence component while
unbalanced faults can be detected with the increase in the voltage negative sequence
component. Single phase-to-ground faults with parallel-connected inverters, which do not
cause current limiting and therefore produce no big increase in negative sequence voltage
component, can still be detected by measuring the zero sequence components of the phase-
to-earth voltage.

Ideally any fault should be detected and cleared as soon as possible in order not
to interfere with the inverters own protection or create any stability problems. For this
purpose voltage sag detection methods implemented in the microprocessor of a Solid State
Transfer Switch (SSTS) seem to be rather appropriate. A SSTS is a device which is
able to transfer the power supply of a sensitive load from a primary source which is
experiencing some form of voltage disturbance to an alternative source. The voltage
detection methods implemented in SSTS are particularly fast and are designed to be
immune to false triggering caused by voltage transients and utility harmonics. As a result,
these qualities make them the ideal candidate for fault detection in microgrids.

The following Sections start with a review of two voltage sag detection methods
based on the dq transformation [90-92] and on the 90° phase shift operator [93,94] and
then illustrate a proposed fault detection technique suitable for islanded inverter-only

microgrids.
6.3.1 Voltage sag detection method based on dgvy transformation

The use of the SynRF transformation to calculate voltage magnitude has a significant
advantage compared to processing voltage information in the StatRF or NatRF. The
dg~y transformation produces DC voltage signals which are easy to filter to eliminate any
high frequency transients or harmonic components and to do so without changing the
magnitude and phase of the system frequency component. Indeed, any filtering applied to
sinusoidal waveforms is likely to introduce phase delay and magnitude attenuation. This

is the main reason behind the popularity of this approach in SSTS where voltage sags
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Figure 6.3: Block diagram of voltage detection method based on dgvy transformation

have to be detected in an accurate and fast way.

A block diagram of a voltage detection method based on dgv transformation as
proposed in [90,91] is shown in Figure 6.3. The instantaneous utility voltages v, (t) , vp(t)
and v.(t) are transformed into SynRF as described in Appendix A. Assuming balanced

operation, the resulting components vg and v, are equal to:

vy = \/gvcosw)
v, = \/g\/sin(e) (6.1)

where V' is the maximum voltage magnitude and 6 is the phase voltage. By knowing vy

and v, it is straight forward to determine V' as follows:

2
V= \/;1/71§+7)3- (6.2)

Once V is determined, it is possible to determine the presence of a voltage sag by simply
comparing V' with a reference value V¢ to give an error signal, e (Figure 6.3). The error
is filtered to give ey and if this is above a certain limit then a voltage sag is indicated.

A very important role is played by the filter block in Figure 6.3 as it affects the
speed and the accuracy of the voltage detection method. Ideally, the method should
detect a change in magnitude as quickly as possible and at the same time be immune to
any voltage transient or harmonic distortion. In particular, vg and v, may contain 2w
ripple for unbalanced operation, where w is the system angular frequency, and 6w and 12w
ripples caused by harmonic components (see Appendix A for further explanation) together
with some high frequency components caused by voltage transients.

A first solution to this problem is to use a low-pass filter with a cut-off frequency
fe around 50Hz. This scheme is effective and accurate but not very fast because of the

delay introduced by f.. The higher f., the faster the response of the filter and the shorter
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Figure 6.4: Block diagram of detection method with a notch filter
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Figure 6.5: Bode diagram of the notch low-pass filter in Figure 6.4

the detection time, but, if the filter has a high f., then the detector is more sensitive to
voltage transients and harmonic components.

Reference [92] proposes a slightly different detection method, see Figure 6.4, in order
to reduce the impact of unbalanced faults on dg components and improve the speed of
the detection strategy. This time the dgq voltage components are first passed through a
filter whose Bode magnitude diagram is shown in Figure 6.5. The filter contains a notch
2w to eliminate any 2w ripple for unbalanced faults and a low pass filter (f. = 200H z) to
attenuate voltage transients. After the filtering, V' is calculated and compared with V,..r
in the same way as the previous method. The use of a notch enables the f. of the filter
to be set high so that the response is very fast, compared to simple low-pass filter alone,

and, as a result, the fault can be detected quickly.
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Figure 6.6: Block diagram of detection method with phase shift filter

6.3.2 Voltage sag detection method based on a 90-degree phase shift
operator
The basic principle of this method [93,94], which is shown in Figure 6.6, is that the sum of
two squared sinusoidal waveforms with a 90° phase shift is equal to a constant value. So,
each phase voltage is passed through an all-pass filter which shifts the signal by 90°. The
two signals for each phase, e.g. v,(t) and vys(t), are squared, summed and then compared
to a reference value. The resulting error is filtered with a low-pass filter (f. = 50Hz2) in
order to remove voltage transients. Finally the output is compared with a threshold to

detect the presence of any disturbance.
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6.3.3 Comparison of detection methods

In this section, the performance of the three detection methods is compared for various
types of fault. In order to do so, the analytical expressions of the dg components of the
voltage for a single phase-to-ground, double phase-to-ground and phase-to-phase faults
have been derived and can be found in Appendix C. These are the input signals for the
testing of the voltage sag detection methods based on the SynRF transformations and the
use of a low-pass filter (see Figure 6.3) or notch filter (see Figure 6.4). The low-pass filter
is designed to have a 50 Hz cut-off frequency while the notch filter is designed to have a
notch at 100 Hz and a 200 Hz cut-off frequency. For both methods V. is equal to 80%
of the voltage pre-fault level. For the testing of the 90° phase shift method, the input
signals v, (t), vp(t) and v.(t) (see Figure 6.6) for each fault can be found in Appendix C.

The transfer function of the all pass filter is

1_ s
= w 6.3
142 (6:3)

H(s)
where w is the system frequency. The low-pass filter in Figure 6.6, which filters the error,
is again designed with a 50 Hz cut-off frequency.

The three voltage sag detection methods with different input signals were coded
in Matlab and their response, in terms of detection times, to various types of fault was
obtained with the use of the “lsim”function in Matlab. The “lsim”function is able to
simulate the time response of a continuous system to arbitrary inputs. Figures 6.7, 6.8,
6.9, 6.10 and 6.11 compare the detection times of the three methods for various types of
fault.

Generally speaking the detection times are rather small, in the order of few millisec-
onds, and always less than half a cycle. From the response to a three-phase fault in Figures
6.7 and 6.8 it can be seen that the detection times are much smaller compared to the ones
for unbalanced faults. As severity of the voltage sag increases, the corresponding detection
times decrease to 1 or 2ms. The three methods do not show any major differences in the

response however the method with the notch filter is generally faster than the other two.

From the responses to unbalanced faults it can be seen that the detection times are
quite dependent on the type of fault and on the voltage phase angle at the time the fault

happens. The longer detection times, at close to 8 ms, are for single phase-to-ground
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Figure 6.7: Detection times for a three-phase fault with voltage drop to 60% nominal
value
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Figure 6.11: Detection times for a phase-to-ground (a-g) fault

faults with the low pass filter method. As expected, the notch filter gives a faster response
compared with the low pass filter as its bandwidth is higher.

The method based on the 90° phase shift filter has a good performance for unbal-
anced faults, sometimes it is even faster than the notch filter method, but for three-phase
faults it is slower.

The detection times shown are based on analytical expression and therefore they do
not take into account other factors like the dynamics of the voltage in the event of the
fault and any time associated with the online measurement and processing of voltages.
Nevertheless, overall these methods are capable of detecting any drop in the voltage in
few milliseconds with the notch filter method having the best performance over the other
two methods.

In conclusion, the purpose of this Section and of Sections 6.3.1 and 6.3.2 has been
to illustrate different methods which process voltage signals and detect the presence of
voltage sags. The next Section is going to show how to adapt these methods to design
a sequence-component voltage detection technique which can be then used to detect the

presence of faults in islanded inverter-only microgrids.
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Figure 6.12: Positive sequence detector block

Figure 6.13: Negative sequence detector block

6.3.4 A fault detection technique based on voltage sequence components

In Section 6.2 it has been shown that the various types of fault make characteristic changes
in the sequence components observed. These are: (i) large reduction of V), for 3¢ faults;
(ii) increase of V,, for unbalanced faults; (iii) increase in Vp for 1¢g faults in microgrids
supplied by two parallel inverters. The sequence components of the voltage can be obtained
by modifying the voltage sag detection methods based on the SynRF with a notch filter
and on the NatRF with a 90° phase shift filter.

In particular, Figure 6.12 shows how the positive sequence component can be ob-
tained by using the dg transformation as in (A.7) and a filter with a low-pass filter with
notch at 2w. The negative sequence component can be determined by applying the mod-
ified Park transformation as in (4.12) and then filtering any 2w component caused by the
positive sequence component with a notch filter as shown in Figure 6.13. Once the positive
and negative sequence components of the voltage have been determined, each of them is
compared with a reference value and if V), is below its reference value or V,, is above its

reference value, then the presence of a fault in the microgrid is indicated.
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Figure 6.14: Zero sequence detector block

The zero sequence component of the phase-to-earth voltage, which is used to de-
tect 1¢g faults in microgrids with parallel inverters, can be determined by applying the
extraction technique illustrated in Section 6.3.2. In particular, the zero sequence compo-
nent is calculated by summing up the three phase-to-earth voltages and then by passing
the obtained signal through the extractor block in Figure 6.14. Once the zero sequence
component is obtained, it is compared with a reference value and if it is above it then a
fault is indicated.

In conclusion, the proposed fault detection technique based on voltage sequence
components is made by three voltage signal detector blocks: (i) one which extracts V}, and
detects a drop in its value (see Figure 6.12); (ii) one which extracts V;, and detects an
increase in its value (see Figure 6.13); (iii) one which extracts V. and detect an increase

in its value (see Figure 6.14).

6.4 Voltage-based fault protection in an islanded inverter-
only microgrid: two illustrative examples

The purpose of the next two Sections is to give an example for each microgrid under
study of how to implement a fault protection system based on voltage detection. The
three detector blocks described in Section 6.3.4 are implemented in the PSCAD models
and the performance of the proposed fault detection technique is analyzed. Examples are
given on how to design a selective protection strategy and extra protection requirements

to complement the voltage-based protection are discussed.

6.4.1 Voltage-based fault protection in a microgrid supplied by a single
inverter

Each location (R;, Re and Rj3) in Figure 6.1 is equipped with three blocks capable of

detecting any drop in the positive sequence component of the voltage (V},) and any increase
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Table 6.14: Detection times for faults at F}

| | 30 [ 26 [ 2¢g | 1dg [ 1¢n |
taet ] | 32 [ 2.4 3.0 | 25 | 0.9
taetmyms] | 31| 2.7 | 2.7 | 3.6 | 1.3
tdetps|ms) | 3.2 | 3.4 | 3.8 | 6.4 3

Table 6.15: Detection times for faults at F5

| | 30 | 29 | 209 | 1ég | 1¢n |
tagetn [ms] | 3.5 | 2.6 | 2.8 [ 3.0 | 1.2
taetpms] | 34 |29 3.0 | 41 | 1.5
tdetnsms] | 3.1 | 35| 3.8 | 6.5 | 3.1

in the negative sequence component of voltage (V;,) as described in Section 6.3.4. The

settings at each location are chosen as follows:
e a fault is indicated if V}, drops below 80% of its nominal value;

e a fault is indicated if V,, goes above three times its value at 20% load unbalanced

operation (see Table 6.1).

Settings at Ry, Ro and Rj3 for V,, are 4.23V, 6.12V and 10.95V respectively. As it can be
seen, these settings are well above the corresponding values of V;, for 50% load unbalance
(see Table 6.1). This allows a safety margin between unbalanced operation and fault
indication.
The same types of fault considered in Section 6.2 are applied again at locations
Fy, Iy and F3 and Tables 6.14, 6.15 and 6.16 show the detection times tgetp, , tdety, and
tdet s Of the extractor blocks at Ry, Ry and R3 for faults at Fi, F» and F3 respectively.
As expected, detection times are short and all in the order of few milliseconds. These
detection times are relative to faults applied at t=1s, however, as shown in Section 6.3.3,
detection times are strongly dependent on the voltage phase angle. So, for example, for
a single phase-to-ground fault applied at t=1.0025s (around 7§ on phase a) at Fi, the
detection time for the device at R; increases from 2.5 ms to 9.5 ms. Nevertheless, it can

be said that faults are detected in less than 15ms.
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Table 6.16: Detection times for faults at Fj3

| | 30 [ 26 [ 2¢g | 1dg [ 1¢n |
taet 5] | 3.8 | 2.8 | 3.0 | 35 | 1.4
taetn,Ims] | 3.8 | 3.0 | 3.3 | 4.6 | 1.9
tdetps|ms) | 3.4 | 3.8 | 4.1 | 7.3 | 3.6

By applying the inverter fault models developed in Chapter 5, it is possible to con-
sider various microgrid operating conditions (e.g. different loading conditions including
overloading) and then to verify that the fault detection strategy operates correctly. For
example, it is important to know what degree of overload would create a large enough
reduction in V), to give a false indication of a fault. Figure 6.15 shows the inverter phase
output currents, the positive sequence component of the phase-to-neutral voltages at lo-
cations (Ry, Ry and R3) and the active power supplied by the inverter for increasing
loading conditions in the microgrid. These values were obtained by representing in phase
coordinates the inverter as three controlled voltage sources with a series in impedance Zj,
the microgrid network as in Figure 5.12 and the loads as varying impedances. No current
limiting was considered in order to study the response of the microgrid to different load-
ings. The nominal load operation (two loads of 5.6kW each) is highlighted with a dashed
vertical line together with the inverter nominal output active power P, highlighted by the
horizontal dashed line. From Figure 6.15 it can be seen that an increase in load produces
only a small drop in Vj,. It can also be seen that an overload twice P, does not produce
any current limiting and therefore no big drop in V), is registered. It follows that there is
no possibility of malfunctioning of the fault detection method for overload operation be-
tween P, and 2 x P,. For sustained inverter overloading conditions above P,,, the inverter
protection will act, after a pre-defined time, and disconnect the inverter.

A sudden load increase above twice P, does cause the inverter to go into current
limiting. Figure 6.16 shows what happens to the positive sequence component V), for
different overloads which do cause current limiting. Once the inverter operates as a current
source, the microgrid becomes equivalent to the model in Figure 5.24 where the voltage
is controlled by the network’s impedances. With the overload increasing above twice P,
the value of the value of V), drops until it reaches the horizontal dashed line in Figure 5.24

which represents 80% of the nominal voltage value. For this condition, the fault detection
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strategy indicates the presence of a 3¢ fault. However, this malfunction is unlikely to
happen as the load in the microgrid should not be allowed to increase above the rating of
its inverters.

The fault detection strategy for unbalanced faults has been tested in PSCAD for the
microgrid nominal load however, loading affects the voltage magnitude in the event of a
fault. Therefore it is important to verify V,, is sufficiently high that unbalanced faults can
be detected regardless of the load present. Figure 6.17, which uses the models in Chapter
5, shows what happens to the values of V,, at R1, Ry and R3 for unbalanced faults at F3
with varying load conditions. The dashed line indicates the nominal microgrid load (i.e.
two resistive loads of 5.6 kW each). As expected, the values of V,, are load dependent but
they are always well above the reference values of V,, (4.23V, 6.12V and 10.95V) which
cause the triggering of the voltage detection strategy. As a result, varying loads do not
interfere with the detection of unbalanced faults.

So far, it has been shown that the use of voltage makes possible the detection of
various faults. However the use of voltage makes it difficult to locate and selectively
eliminate a fault. Protection can be made selective by assigning delays to some devices.
For the specific protection of the microgrid in Figure 6.1, the fault detection at R3 was
chosen to have no delay, the one at Ry to have a 10 cycle delay [13,40] and then the same
delay was chosen for the device at Ry. So for example, for a fault at F3, the detection at
R3 will occur first and open the circuit while devices at 1 and Ry do not command any
action. For a fault at Fy or F1, first the fault will be sensed at R3 and a tripping signal
will be sent and then after 10 cycles devices at Ry and Ry will open as well.

Overall this microgrid offers a rather limited example of protection studies. Indeed
little selectivity is required and there are no additional DG units which could possibly
form new islands as a result of the tripping of some breakers in the event of a fault. The
next example will show that as soon as the number of inverters and the complexity of the

microgrid network increase, protection requirements increase as well.

6.4.2 Voltage-based fault protection in a microgrid supplied by two
parallel-connected inverters

Consider the microgrid in Figure 6.2. At each point Ry, Rs, R3, R4, R5 and Rg, 3¢ faults

are going to be detected by a drop in V,, unbalanced faults are going to be detected with

an increase in V,, and 1¢g faults are going to be detected with an increase in Vj.. The
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Table 6.17: Detection times for faults at I, parallel-connected inverters

| [ 36 [ 20 | 209 [ 1¢g | 19n |

taetms] | 3207 0.7 | 1.4 ] 1.0
taetmyms] | 32 | 1.0 | 1.0 | 1.4 | 1.3
tdetps|ms] | 3.2 | 3.5 | 43 | 1.5 | 3.6
taetnms) | 34| 0.7 | 0.7 | 1.4 | 1.0
taetns|ms) | 3.2 | 1.0 | 1.0 | 1.4 | 1.3
taetnoms) | 3.2 | 1.0 | 1.0 | 1.4 | 1.3

Table 6.18: Detection times for faults at F;, parallel-connected inverters

! | 30 | 20 [ 2¢g | 19g | 1¢n |

taetpms] | 3.9 | 14] 1.2 | 1.4 | 1.7
taetpyms] | 3.8 | 1.9 | 1.7 | 1.5 | 2.0
tdetps|ms] | 3.2 | 55| 5.8 | 1.5 | 4.1
taerpms] | 4.2 [ 13| 1.1 | 1.5 | 15
taerpsms] | 3.8 | 1.9 | 1.7 | 1.5 | 2.0
taetpglms] | 38 | 1.9 | 1.7 | 1.5 | 2.0

settings are similar to the ones for a stand-alone inverter microgrid which are 80% voltage
drop in the nominal value of V},, three times the value of V,, for 20% load unbalance (see
Table 6.7) and three times the values of Vp. for 20% load unbalance (see Table 6.13).

The faults simulated in Section 6.2.2 are applied again at locations Fp, F5, F3 and
Fy and Tables 6.17, 6.18, 6.19 and 6.20 show the corresponding detection times for the
fault detection techniques implemented at Ri, Ro, R3, R4, R5 and Rg. As expected, these
detection times are rather small however they are relative to faults applied at t=1s and
very much dependent on the voltage phase angle. Nevertheless, simulations show that it
can be safely assumed that detection times are below 15 ms. Some unbalanced faults may
produce a drop in the positive sequence component of the voltage as well, therefore they
can be detected by measuring any drop in Vj,. However not all faults produce a sharp drop
and moreover simulations show that detection times are longer that the ones obtained by
using V,.

Different microgrid operating conditions can be again studied with the developed
inverter fault models and the direct phase coordinates representation of the microgrid.

As for the case of the microgrid supplied by a single inverter, overloads below twice the
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Table 6.19: Detection times for faults at I3, parallel-connected inverters

| [ 36 [ 20 | 209 | 1¢g | 19n |

taet[ms) | 4.9 [ 51| 2.4 | 15 | 2.7
taetmyms] | 47 | 5.2 | 5.3 | 1.5 | 3.4
taetpy[ms] | 3.8 | 59 | 6.3 | 1.6 | 55
taetnmS) | 53 | 51| 2.0 | 1.5 | 2.5
taetns|ms| | 4.7 | 52 | 53 | 15 | 34
tdetpelms] | 4.7 5.2 | 53 | 1.6 | 34

Table 6.20: Detection times for faults at F), parallel-connected inverters

! | 30 | 20 [ 2¢g | 19g | 1¢n |

taetp ms] | 3.2 1 0.7] 0.7 | 1.4 | 1.0
taetp,lms] | 3.2 [ 1.0 | 1.0 | 1.4 | 1.3
tdetps|ms] | 3.2 | 35| 4.3 | 1.5 | 3.6
taetp[ms] | 3.4 | 0.7 ] 0.7 | 1.4 | 1.0
taerpsms] | 3.2 | 1.0 | 1.0 | 1.4 | 1.3
taetpglms] | 32 1.0 | 1.0 | 1.4 | 1.3

inverters’ nominal power P, produce only a small drop in V), and therefore the voltage
detection does not indicate any fault. Because of the unequal load sharing of the two
inverters during transients, a further increase in the load causes one inverter to go into
current limiting before the other. Nevertheless, as the load keeps increasing (i.e. Ry,
diminishes), both inverters go into current limiting and V), decreases to a point where the
presence of a fault is indicated. Again, this is not to be considered as a malfunction of the
detection strategy as a high increase in load in a microgrid is generally not advisable.

Similarly to what has been done in Section 6.4.1, the inverter models developed in
Chapter 5 can be used to analyze the behaviour of V,, and Vj, for varying loads in the
microgrid. Indeed, it has to be verified that unbalanced faults can be detected with an
increase in V,, (2¢, 2¢g and 1¢n faults) or an increase in V. (1¢g faults) independently
of the load in the network. For example, Figure 6.18, shows the influence of varying loads
on the values of V,, and Vj. at Ry, Rs, R3 and R, for various unbalanced faults applied
at F3. It can be seen that the values of V;, and V). are always above the thresholds which
have been set at the beginning of this section to indicate the presence of a fault.

It has to be noted that in Figure 6.18, the values of V,, for a 2¢ and a 2¢g faults
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at nominal load operation (see the dashed line) are above the corresponding values in
Tables 6.9 and 6.10. This is because the inverter limits the overvoltages created by the
fault. Nevertheless, the resulting limited values of V,, are still high enough to indicate
the presence of a fault. Moreover, Figure 6.18, in particular diagrams (a) and (b), shows
that an increase in load produces a decrease in the magnitude of the overvoltage on faulty
phases until the voltage is well within the inverters’ ratings.

An increase in load results also in the triggering of current limiting in the first
inverter for a 1¢g fault at F3. Only big overloads (e.g. Ry = 5{2) cause both inverters
to go into current limiting for the same fault. However, as discussed before, big overloads
are unlikely to be allowed in the microgrid. It follows that V. has always to be used to
detect 1¢g faults in this microgrid model.

If V,,, Vi, and V. can be used to detect the presence of a fault, again it is rather
difficult to use them to locate the fault and selectively isolate it. Moreover as there are
two inverters, there has to be some form of coordination in the protection system which
allows one generator to be disconnected while the other one keeps on supplying loads. For
the example of a fault at F}, devices at Rq and Ry should disconnect while the second
inverter should remain connected. This is the main reason behind the choice of having
a disconnecting device and fault detection at Rs and Rg. However by only using voltage
sequence components, devices at Rs and Rg cannot distinguish between faults inside their
protected area (F} for the device at Rg and Fy for the device at R5). A possible solution to
this problem is to place at R5 and Rg a current-based directional element which can sense
if the fault is inside or outside the protected zone. Consequently, as the only function of
these two devices is to sense the direction of the fault current, they do not need to have
any other detection technique based on voltage sequence components.

The protection system should also be selective for faults at F3 and F>. In particular
for a fault at F3, only the downstream load should be disconnected thus allowing the load
upstream the fault to be still supplied. A possible solution could be to assign to each
device a delay. So for example R3 can have a 10-cycle delay, followed by a 20-cycle delay
for Ry, R1 and R4 while R; and Rg do not have any delay.

For a fault at F3, detection at Ry, Ry, R3 and Ry is alerted but as R3 has the
smallest delay, it is the first device to disconnect. For a fault at Fy first Rs will open,

then Ry followed by R; and R4. By placing another delay at Ry and Ry it could even be
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possible to keep the inverters connected while supplying no load for a fault at Fs. For a
fault at Fy (or Fy) the directional element at Rg (or Rs) will operate first thus allowing
the second inverter to stay connected. Tripping of device at R; (or Ry) will soon follow
after a delay or could be activated by an inter-tripping signal from Rg (or Rs)

Overall it can be said that as the system becomes bigger in size, its requirements
increase and therefore the complexity of the fault detection and protection increases as
well. The design of a protection system based on of voltage sequence components with the

addition of directional elements at Rs and Rg can potentially give a good performance.

6.5 Conclusions

This Chapter has shown how it is possible to detect the presence of a fault in islanded
inverter-only microgrids and how this detection strategy can be used in the design of
a microgrid protection system. As inverters dominate the response of the microgrid, it
has been possible to propose a suitable fault detection strategy (based on voltage only)
from the analysis of the impact of the inverters’ control on the microgrid fault behaviour.
Indeed, the simulations in Chapter 4 and the modelling in Chapter 5 have provided the
right knowledge and tools to find an answer to the problem of microgrid fault detection.

Voltage can be successfully used to detect the presence of a fault because the trig-
gering of the current limiting breaks the inverter voltage control loop. Under normal
operation, the inverter control is designed to produce a balanced output voltage with lit-
tle influence from loading conditions. However, as soon as the inverter goes into current
limiting, then the voltage is no longer controlled and then it exhibits abnormal behaviour
(e.g. drops in positive sequence components and rises in negative sequence components).
When current limiting does not happen, like for single phase-to-ground faults in parallel
inverters microgrids, then an alternative way to detect the fault had to be found.

Overall this Chapter has shown that from the point of view of fault detection,
parallel-connected inverters do not give a good response for 1¢g faults. The bad load
sharing of the two inverters causes unpredictable different responses which require the use
of simulations, to determine the behaviour, and the use of an alternative fault detection.
Ideally in the event of a fault, the two inverters should share the load equally and go into
current limiting. This would produce a predictable behaviour and allow the use of V,,

to detect any type of unbalanced fault. The flexibility provided by inverters control can
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possibly achieve a better response.

The proposed voltage detection technique with its three detector blocks borrowed
from the signal processing methods implemented in SSTSs give very small detection times.
However the time which is needed by protective devices to clear fault is above the millisec-
onds range. So for example, the 10-cycle time discrimination margin proposed in Sections
6.4.1 and 6.4.2 is the minimum value which can be used [13]. However, this means that
inverters may have to remain connected and supply enough current for many cycles before
the fault is cleared. This requirement on inverters is not easy to meet as usually inverters
are designed to supply current or power above their ratings only for few cycles. As a re-
sult, there is a strong need to design a fast acting protection system which possibly has to
use solid-state breakers which would allow smaller time discrimination margins. Moreover
inverters capabilities have to be chosen according to the requirements of the microgrid
protection system.

Finally, it is understood that the proposed solutions to fault detection have been
tailored to the two specific microgrid models, however the approach used in this Chap-
ter and in the whole thesis can be considered as a guideline in the design of microgrid

protection and can be exported to other microgrid models.
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Chapter 7

Conclusion and future work

7.1 Concluding remarks

Secure and reliable power supply is one of the claimed benefits of microgrid operation.
Consequently, a microgrid’s own protection system should be designed to fulfil this objec-
tive (e.g. by quickly disconnecting the microgrid in the event of a grid disturbance) and the
protection system should not degrade the microgrid performance through false tripping or
failure to clear a fault. As the number of inverter-interfaced DG units increases and the
operation of islanded inverter-only microgrids becomes possible, it is therefore of prime
importance, for microgrid protection design purposes, to understand how the microgrid
can respond in the event of a fault, how this response can be modelled and how faults can
be detected.

At the moment, there is limited knowledge on how inverters behave during network
faults and on the factors affecting this behaviour. This lack in knowledge is mainly caused
by the novelty of the problem (i.e. inverter only microgrid operation) and then by the
diversified and heterogeneous expertise which is required in order to address the problem.
Indeed, from one side, the power systems community is not very familiar with inverters,
their design and control while, on the other side, the power electronics community is not
usually concerned by power systems fault analysis studies and design of protection.

It is clear that microgrids require re-examination of the established assumptions
about how generators respond to faults and how faults are detected and cleared. This
research work has first shown how the control of the inverter is able to shape the response
of the microgrid in the event of a fault. Depending on the control choices, it is possible,
for example, to choose to maintain the control over healthy phase voltages or to generate

distorted waveforms by using instantaneous current limiting. The only constraints to
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this shaping capability are the inverter’s ratings (i.e. current and voltage limits) and the
topological change in the network introduced by each fault.

While simulating faults in microgrids, it has been shown that the fault response
of certain inverter control methods can be considered better than others. In particular,
the popular inverter control in the SynRF with PI regulators does not give a good fault
response as the global current limiting in the SynRF is not easy to implement and produces
high overvoltages for asymmetric faults. In contrast, control in the NatRF, which was not
popular until recent studies, gives a better controlled response by limiting the fault current
and maintaining the control of voltage on healthy phases. For microgrids and in general
for DG applications, the inverter control has to be designed bearing in mind not only
normal steady-state operation but also faulted network operation.

The inverter’s ratings, and in particular the limited overcurrent and overloading
capabilities, require different fault detection approaches and faster disconnecting devices
than conventional generation. On the other hand, LV distribution networks have their own
requirements, which include limited overvoltages and low waveform distortion, and their
specific system design characteristics, such as slow speed overcurrent protection devices.
As a result, the juxtaposition of the inverter’s response and ratings and the network’s
operation requires the development of standards which can regulate and harmonize the
fault response of microgrids and the microgrid protection requirements.

This thesis has also developed inverter fault models and integrated them in fault
analysis studies. The availability of these models can aid understanding and design of
fault detection and protection in reduced fault current environments like inverter-only
microgrids. The ability to model the inverter’s behaviour can serve this purpose in two
ways. First, by knowing the behaviour of the microgrid a suitable way to detect the
presence of a fault can be implemented. Indeed in this thesis the inverter models have been
successfully used in the design of the voltage-based fault detection. Second, the knowledge
of the factors influencing fault response can be used to devise new inverter control strategies
which can give a better response and aid fault detection. The conventional approach is to
make the fault protection suit the system fault response. However, the flexibility of inverter
control coupled with the analysis here opens up the interesting possibility of reversing the
relationship and making the fault response suit a convenient means of protection.

The analytical models of the form described here may also contribute in another
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way. It has to be acknowledged that the models proposed are reliant on access to data
on the control characteristics of the inverter. At present such data may not be readily
available from manufacturers. However, the models constitute a way in which such data
could be condensed and presented by the manufacturers without disclosing the full control
system. In effect, the model captures the key aspects of the fault response of inverters
(i.e., current limits and equivalent impedances) in a similar manner to the widely used
simplified models of synchronous machines. The development and common acceptance
of such equivalent models will take time but studies such as this are a starting point for
further discussion in the academic and industrial community.

Finally, the proposed fault detection strategy has demonstrated that it is possible to
protect inverter-only microgrids with reduced fault current by using alternative electrical
quantities like voltage sequence components. The proposed technique is supported and

justified by a thorough analysis of the microgrid system and its fault response.

7.2 Author’s contribution

Overall, the main novelty and originality of the work presented in this thesis is the focus on
the control system of inverters in order to study the fault behaviour and fault detection
of microgrids. Indeed, the very few studies on fault analysis with inverter-interfaced
DG [29,32] and microgrid protection [40,44] do not consider the inverters’ control and do
not investigate the factors affecting the inverters’ fault response and more generally the
network’s fault response.

The author’s specific contribution in this thesis can be summarized in three main
points as follows.
A systematic approach to the analysis of inverter-only microgrid fault behav-
iour
In Chapter 3 all the aspects which have to be considered when studying microgrid fault
behaviour have been compiled and methodically described. This description can improve
the time consuming process of analyzing and collecting the information which is required
for microgrid modelling and which varies from earthing arrangements to the reference
frame for implementation of the inverter control.

As the microgrid is usually formed in a LV distribution network, it is important to
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represent it as a four-wire system, including earth connections, and to consider unbalanced
operation. Such approach has been carried out throughout the whole thesis.

Chapter 4 has presented an analysis of the fault behaviour of three microgrid models.
These three models have been chosen by following an incremental approach in which first
a single inverter-supplied microgrid is considered (first two microgrid models) and then a
microgrid supplied by two parallel-connected inverters is studied (third microgrid model).
The difference between the first two models lies only in the different reference frame
implementation of the control of the single inverter. This chosen approach has contributed
to the simplification of the analysis of the impact of inverters in the fault behaviour of the
microgrid.

For each model, the inverter’s control, its current limiting and unbalanced operation
have been described. Different faults have been simulated and for each model the results of
these simulations have been analyzed and compared with the others. It is recognized that
the microgrid models presented encompass only three (SynRF, NatRF and droop control)
of the many mechanisms that have been proposed for control of inverters. However the

framework and the approach used in this analysis can be applied to other microgrid models.

Development of inverter fault models

Inverter fault models have been developed and validated in Chapter 5. Once again, start-
ing from the inverter’s control and the different reference frame implementations, it has
been possible to derive equivalent phase circuits which can model the fault response of
single inverters controlled in the SynRF and NatRF and of parallel-connected droop-
controlled inverters. These equivalent models, which can capture the complex inverter
control actions, are made by a combination of physical network parameters and control
gains.

In these fault models, the inverter is usually represented as a constant current source
with a parallel impedance. In some cases, the inverter model is the Norton equivalent of
what was a voltage source with a series impedance. Some models are balanced and there-
fore it has been possible to determine their sequence component representation and use
them in sequence-component-based fault analysis. Other models are unbalanced because
of the per-phase current limiting strategy. The thesis has shown how to use the unbal-

anced (and also the balanced) inverter fault models in numerical fault analysis based on
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an equivalent direct phase coordinates representation of the network.

Development of a fault detection strategy suitable for inverter-only microgrids

In Chapter 6 a fault detection technique based on voltage has been developed and its
performance tested. As current limiting is triggered, the control over the inverter output
voltage is lost and therefore the voltage sequence components can be used as an alternative
way to detect faults when the available fault current is too small to provide discrimination.

Again, an incremental approach has been used and therefore two basic microgrid
models have been considered: one supplied by one inverter and another supplied by two
parallel-connected inverters. First, for each model, the microgrid operation including
unbalance and the microgrid protection requirements have been discussed. Then the
inverter fault models have been used to compute the behaviour of the microgrid for various
faults at various locations. Following consideration of these numerical results, voltage
sequence components have been chosen to detect the presence of a fault. In particular, a
drop in the positive sequence component of the voltage detects the presence of a three-
phase fault while an increase in the negative sequence component of the voltage detects
the presence of an unbalanced fault.

In order to implement the proposed fault detection strategy in PSCAD, various
voltage detection methods presently used by transfer switches have been considered and
from them three methods to extract voltage sequence components were chosen and built
in PSCAD. The performance of the proposed fault detection strategy has been simulated,
tested and discussed. Finally, a microgrid protection system based on voltage detection

has been illustrated.

7.3 Suggestions for future work

The flexibility in the inverter control and the potential to shape the microgrid fault re-
sponse need to be further investigated. The thesis has stressed the importance of having
a well defined fault response for fault protection purposes. So, for example, it has been
pointed out that the response of droop controlled inverters during 1¢g faults and their load
sharing should be improved in order to give a predictable response (i.e. both inverters in
the example microgrid should enter current limiting). However, more studies are needed

to understand what the desired fault response should be and how to control inverters in
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order to produce it. It can be predicted that the desired fault response will be influenced

by:

e the need to protect customers from undesired network disturbances while maintain-

ing a regulated and distortion-free supply of power;
e the protection system of the host network;
e the control and design options available for inverters.

During the design of the fault detection strategy, it has been assumed that inverters
remain connected to the microgrid until the fault is cleared. It has also been assumed
that the inverters’ own protection system does not interfere with the microgrid protection
system. These assumptions require further studies, including models of prime movers
and DC bus dynamics, in order to understand what are the conditions and the system
requirements which can make these assumptions valid.

The microgrid models considered in Chapter 6 need to be expanded and include
additional DG sources. Further studies should consider more scattered DG units with the
possibility of forming new islands as a result of the tripping of breakers. Coordination
between microgrid protection, DG unit protection and intertripping should be considered
as well.

Finally the gap between the work based on simulations/modelling and the “real
life” inverters and microgrids has to be bridged. First, the fault behaviour of inverters,
which has been simulated in Chapter 4 and modelled in Chapter 5, has to be experi-
mentally verified. Second, the proposed fault detection strategy has to be implemented
and tested. The implementation in a lab of the various inverter control methods and
the different microgrid network models does not only allow the verification of the results
presented in this thesis but it also has the potential to demonstrate to a wider audience,
including network operators and manufacturers, the feasibility of operating an islanded
system supplied by inverters in the event of a fault.

Experimental implementation gives the possibility of studying even further the fault
behaviour of inverters and their equivalent models for the purposes of (i) developing stan-
dard fault models and encouraging manufacturers to supply the data needed, (ii) devel-
oping some testing procedures which can give all the data needed for the inverter fault

models. The comparison with the standard practice with synchronous machines is very
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strong. Indeed, synchronous machines have well defined fault models whose parameters
are usually supplied by manufacturers but can also be determined through standard test-
ing procedures. Similarly, it would be very useful to have standard inverter models whose

parameters can be determined if not supplied by the manufacturer.
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Appendix A

Three-phase transformations

A.1 Symmetrical Components

According to the method of symmetrical components proposed by C.L. Fortescue in 1918,
in a three-phase system, any asymmetrical set of vectors (for example a set of three-phase
voltage vectors V,, V, and V,) can be expressed as the sum of three symmetrical sets of

vectors defined as follows:

e a three-phase vector set, Vap, pr and ch, with vectors of equal size and 120° clock-

wise displacement, called positive sequence components;

e a three-phase vector system, V,, V. and V., , with vectors of equal size and 120°

anticlockwise displacement, called negative sequence components;

e a three-phase vector system, Vj,, Vbo and V,,, with vectors of equal size and 0°

displacement, called zero sequence components.

Figure A.1 shows the decomposition of asymmetrical voltage vectors as the sum of positive,
negative and zero sequence components.

Now from Figure A.1 the following relations can be written:
Va — Vap+van+‘7ao :‘ZDWLVnJF%
Vo = Vi + Vo, + Vi =V, +aVu + W (A1)

Vo = Vo + Ve, + Ve =aV,+’V, + 1
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Figure A.1: Symmetrical components and decomposition of an unbalanced three-

phase set of voltage vectors
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where, a = —0.5 + j0.5v/3, a® = —=0.5 — j0.5v/3, V,, = V,, Vo, = Vi, and V,, = Vo The

a
relation in (A.1) can be re-arranged in the matrix form as:

Va 1 1 1 Vp V,
Vil=1]a2 a 1 Vo | =A| V, (A.2)
V. a o 1 Vo Vo

where A is the Fortescue’s matrix. Conversely for a given asymmetrical three-phase sys-

tem, it is possible to determine its symmetrical components as:

Y:/p 1 1 a o 1:/(1
Vi = g 1 062 (07 W (A3)
Vo 1 1 1 V.

A.2 Clarke and Park transformations

Consider the instantaneous three phase utility voltages of an ideal (balanced and un-

distorted) supply:

va(t) = V cos(wt+0)

2
vp(t) = Vcos(wt+0— gﬂ') (A.4)
velt) = Vcos(wt + 0+ §7r).

This set of voltages is transformed into a two axes coordinate system with the Clarke

transformation as follows:

1 1
Va(t) 1 =5 -3 Va(t)
2
() | =4[5 0 % =% || w0 (A.5)
vy (1) R AR ve(t)
which gives
3
va(t) = iV cos(wt + 0)
3., .
vg(t) = §V sin(wt + 0) (A.6)
vy(t) = 0.

Effectively the Clarke transformation converts a three-phase stationary coordinate system
(the NatRF) into a two-phase stationary system (the StatRF) as shown in Figure A.2.

The StatRF defined by the Clarke transformation can be further transformed into
a rotating dgvy coordinate system with the Park transformation as follows:

Vg cos(wt)  sin(wt) 0 va(t)
vg | = | —sin(wt) cos(wt) 0 vg(t) (A.7)
Uy 0 0 1 vy (t)
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Figure A.2: Clarke transformation from three-phase abc to two phase af stationary

system

which results in

v = \/gvcos(e)
vy = \/gvsm(e) (A.8)

v, = 0.

By applying the Clarke and Park transformations, the original set of three phase utility
voltages which varies in time is now represented by another set of components which are

constant in a rotating reference frame as shown in Figure A.3.

A.3 System unbalance in the StatRF and in the SynRF

In the NatRF an asymmetrical set of three-phase voltages can be expressed in terms of

symmetrical components as follows:
va(t) = Vpcos(wt+6,)+V,cos(wt+ 60,) + Vo cos(wt + )
2 2
up(t) = Vpcos(wt+ 6, — §7T) + V, cos(wt + 6, + gﬂ') + Vocos(wt +6p)  (A.9)

2 2
ve(t) = Vpcos(wt+ 6, + gﬂ') + V, cos(wt + 6, — 577) + Vo cos(wt + 6p)
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Figure A.3: Park transformation from the StatRF to the SynRF

By applying the Clarke transformation to (A.9), the following voltages are obtained:

3 3
va(t) = \/;Vpcos(wt +0,) + \/;Vncos(wt +6,)

vg(t) = \/gvpsin(wt +0,) — \/gvnsm(wt +6,) (A.10)
vy (t) = V3Vhcos(wt + )

The positive sequence component of the voltage becomes a vector V,X% which rotates anti-
clockwise with an angular speed w describing a circle and the negative sequence component
becomes a vector Vagn which rotates clockwise in a circle with an angular speed of w as
shown in Figure A.4. The zero sequence component of the voltage becomes a vector
moving back and forth along the v axis. The resultant rotating vector V5 given by the
sum of Vaﬁp and Vaﬂn describes in the af plane an ellipse with a major radius equal to
— ]Vag"\ where |Vaﬂp| = \/gvp and
Vs, | = \/g V,,. Figure A.5 shows the trajectory of V5 for a balanced three-phase set of

and a minor radius equal to [Vag,

voltages (circle) and for an unbalanced one (ellipse).

If then the Park transformation is applied to (A.10), the equivalent components in
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Figure A.4: Positive and negative sequence components in the StatRF
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Figure A.5: Voltage vector trajectory for balanced and unbalanced operation in the

af plane
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the SynRF are:

vy = \/>Vcos )+
Vg = \/7Vszn

vy, = \[Vocos(wt—l-ﬁo

—Vhcos(2wt + 0,,)

—Vpsin(2wt + 6,,) (A.11)

ﬁﬁ

As a result of the unbalance, the dq components of the voltage have a DC component and

a 2w ripple.

A.4 Harmonic components in the SynRF

The utility voltage is often distorted by the presence of harmonics produced by the non-
linearities of loads. So, the three phase utility voltages with harmonic components can be

then written as:

va(t) = Vicos(wt+ 61)+ Vscos(bwt + 05) + V7 cos(Twt + 07) + ... (A.12)
2 2 2

vp(t) = Vicos(wt+ 6 — g’iT) + Vs cos(bwt + 05 — 5§7T) + V7 cos(Twt + 07 — 7§7T) +
2 2 2

ve(t) = Vicos(wt+ 6y + 577) + Vs cos(bwt + 05 + 5§7T) + V7 cos(Twt + 07 + 7§7r) +

By applying the Clarke and Park transformations to this set of voltages, the dg components

vg = \/ng cos(6r) + \/§V5 cos(bwt + 05) + \/§V7 cos(6wt +07) + ... (A.13)
3 . 3 . 3 .
vy = \/;Vl sin(6q) — \/QV{, sin(6wt + 05) + \/;‘/7 sin(6wt + 67) +

As a result of the harmonics, v4 and v, have a DC component and then a 6w ripple

are:

if 5" or 7*" harmonics are present in the signal. It can be shown that 11** and 13"

harmonics determine a 12w in the dg components.
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Appendix B

Frequency-domain transformations

The frequency-domain transformations developed and applied in [72,77,78] make possible
to shift controllers form one reference frame to the other thus allowing comparison and
performance evaluations. The first step is to consider a SynRF control system where the
input variables z; in the NatRF are transformed with the Clarke and Park transformations
into a SynRF and then passed through a regulator hgy(t). The output from the regulator
is then transformed by applying the inverse of the Park and Clarke transformations, thus
giving the output controlled variables y,,. This process is expressed by the following

equation [77]:

EIRGE

cos(wet)  sin(wot) 211 -3 xq(t)
{[hdq(t)] * {{ —sin(wet) cos(wot) } 3 ! 0 é ] [ xp(t) ]}}

where w, is the fundamental angular frequency. From (B.1), the equivalent representation

] [cos(wot) —sin(wot) ]

sin(wet)  cos(wot)

Sl

(B.1)

of the system in the StatRF in the frequency-domain is given by:

58] - 35

Y(s)
where . » .
Hgqy(s + jwo) —JHaq(s + jwo)
1 +Hg,(s — jwo) JHaq(s — jwo)
H, 3(s) = = e . 4 . B.3
0= Hugls+gwe)  (Hagls + juwo) (B:3)

_deq(s_jwo) +qu(3_jwo>
Using the above transformation, the frequency-domain transfer fuction of synchronous

frame PI regulators can be expressed in the StatRF as:

K + Kis _ Kiwo
_ Pl os24w2 52+w?
Haﬁ(s) - Kiwo K, + Kpis (B4)
s24w?2 Pl 2402
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As a result of the frequency domain-transformation, it can be seen that the two PI regula-
tors in the SynRF are equivalent to two P4+Resonant controllers and some coupling terms.
An alternative to the transformation in (B.3) is the “bandpass transformation”, which is
defined as follows:

52+w2

H(s) = Hay(*—) (B.5)

By applying this transformation to Hy, = K, + K the StatRF regulator becomes:

QKZ'S

His) =K+
o

(B.6)

By applying the bandpass transformation, the cross-coupling terms in (B.4) disappear and
the StatRF controllers are symmetrical around 0 Hz. As a result they are able to remove
negative sequence components from the input signals. On the other hand the system in
(B.4) does not remove negative sequence components.

The work presented in [72,77,78] refers to three-phase three-wire systems therefore
the v sequence component is not considered. However the procedure can be easily extended
to a three-phase four-wire system. So if a third regulator hy(t) is included, the following

equation can be written:

Ya(t) 5 11 \95 T cos(wot) —sin(wet) 0
w(t) | = 3| 2 7T 0w sin(wet)  cos(wet) 0
Ye(t) SR/ S 0 0 1
2 2 2

cos(wot)  sin(wet) 0 5 1 -3 -3 xq(t)

[Rago (D)  § | —sin(wot) cos(wot) 0 |4/5 | 0 3 _ o3 (1)

0 0 1 % L 1 zo(t)

2 V2 V2
B.7)

(

From (B.7), the equivalent representation of the system in the StatRF in the frequency

domain is given by:

Ya(s) Xa(s)
Ys(s) | = Hapo(s) | Xga(s) (B.8)
Yo(s) Xo(s)
where
qu(S +jwo) _deq(S +jw0)
| FHugls ) Ha(s — o)
Hoso(9) =5 | iHanls +3e0)  (Hagls+3we) (.9)
_deq(s_jwo) "‘qu(s_jwo)
0 0 Hy(s)

It is interesting to note that the presence of the third zero sequence component does

not introduce any additional coupling with the other phases in the StatRF. Now if it is
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assumed that in the dq loops a PI controller is used while a P+Resonant is used in the

zero sequence loop, the equivalent matrix H,go(s) in the StatRF is given by:

K; Kiwo
Kp+ 3y _s2+°;§ 0
Kiwo i
Haﬁo(s) = s2+w? K, + 524_3(2) 0 (B.10)
K;
0 0 K, + 524‘33

Now the equivalent matrix Hgp.(s) in the NatRF can be found as:

1
—— 1 1
2| s 7 R
L v3 1 3 3
Hape(s) = 3|72 XA Hpo(s) (1) 72
1 3 1 11 1
T2 T2 V2 V2 V2 (B.11)
K, + K;s 1 Kiwe 1 Kiwe )
Pl os24w2 /3 82 +w? V3 82 +w?
o 1 Kiwe K, + K;s 1 Kiwe
= /3 52 +w2 P S22 V3 s2+w?
1 Kiwe 1 Kiwe K, + K;s
V3 82 +w? V3 82 +w? p 524-w?2

If the control system is implemented in the StatRF with three P4+Resonant regulators,

the equivalent control system in the NatRF is obtained as follows:

2 11 \93 ye ! Tfe%, _ég
Habc(s) = § 2 2 V2 Haﬁo(s) (1) ? _17
4 -4 -5 % s -
Ky + 25 0
— 0 Kp+ 2i% 0
0 0 Kp+ #2¢5

Overall the frequency-domain transformations are a powerful tool in the design and com-

parison of control systems.
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Appendix C

Derivation of the voltage dq
components for unbalanced faults
for comparison of different voltage

detection methods

In the event of an unbalanced fault, the resulting voltage contains both positive, negative
and zero sequence components. The following paragraphs show the derivation of the dg
components of the voltage for different types of faults. Once v4 and v, are obtained, the
magnitude of the utility voltage can be calculated and be used to compare the detection

times of different voltage detection techniques illustrated in Chapter 6.

C.1 Single phase-to-ground fault (1¢g)

In the case of a 1¢g fault involving phase a, the utility voltages are given by:

ve(t) = 0
w(t) = Vcos(wt+6— gw) (1)
ve(t) = Vcos(wt+ 0+ 27r)

3
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The symmetrical components of the faulted utility voltages expressed as phasors are found

as follows:
_ 2 .
= gve] (wt+0)
_ 1.
V, = fgveﬂwt”) (C.2)
v = _Ly e

The sequence components of the voltage can be also expressed in time domain as:

vp(t) = gV cos(wt + 6)
on(t) = —év cos(wt + 6) (C.3)
vo(t) = —%V cos(wt + 0)

and the utility voltages can be then expressed as a sum of positive, negative and zero

sequence components of the voltage:

va(t) = gV cos(wt +6) — }V cos(wt +6) — 1V cos(wt + 0)
3 3 3

up(t) = %V cos(wt + 60 — %ﬂ) — %V cos(wt + 6 + %W) — %V cos(wt+0) (C.4)
2 2 1 2 1

ve(t) = §V cos(wt 4 0 + §7r) — §V cos(wt 4 0 — §7r) — §V cos(wt + 0).

Now the dg components of the voltage are be found by applying the Clarke and Park

transformations to (C.4) as follows:

vg = gV cos(f) — %V cos(2wt + 0) (C.5)
vy = %V sin(6) + %V sin(2wt 4 0).

C.2 Phase-to-phase fault (2¢)

In the case of a 2¢ fault involving phases b and ¢, the utility voltages are:

va(t) = V cos(wt+0) (C.6)

w(t) = vc(t):—gcos(wt+9).
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The symmetrical components of the faulted utility voltages are:

1

‘7}7 —_ §Vej(wt+9)

_ 1 )

V, = §Ve](“’t+9) (C.7)
Vo = 0

which can be expressed in the time domain as:

o) = %vCos(wHe)
um):%wWw+m (C.8)
v(t) = 0.

The utility voltages expressed as a sum of positive, negative and zero sequence components

of the voltage are:

1 1

va(t) = §V cos(wt + 0) + §V cos(wt + 0)
1 2 1

w(t) = §V cos(wt + 60 — 577) + §V cos(wt + 0) (C.9)
1 2 1

ve(t) = §V cos(wt + 6 + §7T) + §V cos(wt + 0).

By applying the Clarke and Park transformations to (C.9), the dg components are:

1 1

vg = §V cos() + §V cos(2wt + 6) (C.10)
1 1

vy = §V sin(f) — iV sin(2wt + 0).

C.3 Double phase-to-ground fault (2¢g)
For a 2¢g fault involving phases b and ¢, the utility voltage at the fault point become:

va(t) = V cos(wt+ 0) (C.11)

up(t) = wve(t) =0.

The symmetrical components of the faulted utility voltages are:

7, = Lyttt

3
_ 1.
V, = gveﬂ(wt*@ (C.12)
W = %Vej(thr@)
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and the utility voltages can be expressed as a sum of positive, negative and zero sequence

components of the voltage as:

1 1 1

va(t) = §V cos(wt + 0) + §V cos(wt + 0) + gV cos(wt + 0)
1 2 1 2 1

u(t) = §V cos(wt + 60 — gﬂ') + §V cos(wt + 60 + §7r) + gV cos(wt +6) (C.13)
1 2 1 2 1

ve(t) = §V cos(wt + 0 + §7r) + §V cos(wt + 6 — §7r) + §V cos(wt + 6).

By applying the Clarke and Park transformations, the dg components of the voltage are:
1 1
vy = §V cos(0) + gV cos(2wt 4 0) (C.14)

vg = §V sin(f) — %V sin(2wt + 0).



