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Abstract

Recently, riding through grid faults and supporting the grid voltage under faults have
become major requirements in distributed energy resource (DER) units. There have been
also extensive efforts in academia and industry to develop and implement control
strategies to ride through voltage disturbances, and even to support the grid under such
faulted conditions which can be named as low-voltage ride-through (LVRT) technology.
Therefore, a comprehensive and comparative study seems to be very useful in order to
analyze and discuss available LVRT reference-current-generation (LVRT-RCG)
strategies in converter-interfaced DER units, compare their performances, and introduce
their pros and cons. This thesis studies all existing (nine) LVRT-RCG strategies available
in the literature. These strategies are categorized into two main groups. The analytical
evaluations and mathematical assessments of all LVRT-RCG strategies are performed.
For a comprehensive evaluation of these strategies, the following important parameters
are used in this study: instantaneous active/reactive powers oscillation and maximum
phase currents. Analytical expressions of these parameters are formulated, evaluated and
used to conduct several evaluation and comparative studies on different strategies. Based
on the obtained formulas for the maximum phase currents, the maximum allowable
reactive power delivery (MARPD) equations are proposed specifically for each of the
nine LVRT-RCG strategies. Proposed equations help each LVRT-RCG technique to
provide their best voltage support under the specific maximum phase current restrictions
imposed by DER owners. Using different test cases, the strategies are compared and the

proposed equations are validated. This thesis can be helpful to evaluate the performance
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of existing LVRT-RCG strategies, solve their existing drawbacks, exploit the best

performance out of each, combine their individual capabilities, and improve them.
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Chapter 1
Introduction

1.1 Background

Encouraging political and socioeconomic circumstances along with increasing fossil fuel
prices have encouraged the development of renewable energy and distributed energy
resource (DER) systems in recent years as reflected saliently in global energy
statistics [1]-[2]. At the same time, the construction of wind farms is economically
feasible and leads to relatively large amounts of wind-based power penetration into the
grid [3]. Growing penetration of DERs (most notably wind power) into the distribution
systems (medium-voltage level), an increasing portion of power is no longer generated
by centralised synchronous generators, but rather from de-centralised converter based
DER units that have severely dissimilar operating characteristics. For low wind-power-
penetrated (LWPP) systems, such as China with wind power penetration percentage
(WPPP) of 1.6% [4], these unique characteristics posture no concern to the network
operator. In these grids, wind power plants (WPPs) are simply seen as negative loads (i.e.,
consume negative active power); and network voltage and frequency continue to be
controlled by large scale conventional approaches [5]. As a result, ancillary
services [6]-[9] or fault-ride-through (FRT) capabilities [10]-[13] are not mandatory for
WPPs connection in LWPP systems (such as US with 3.5% WPPP in 2012 [2], [4] and
Canada with 3.6% WPPP [4]) unlike in high wind-power-penetrated (HWPP) grids (such
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as Denmark with 34.2% WPPP in 2012, Germany with 8.0% WPPP, and Spain with
17.5% WPPP [4]), where the fulfillment of FRT requirements are obligatory for WPPs
connection.

In North American power systems and other LWPP systems, the conventional control
philosophy is currently applied which allows WPPs to inject whole available power near
unity power factor and quickly disconnect them in the presence of grid disturbances.
However, with non-negligible WPPs portion in the generation field, the conventional
simple control strategies will incur grid instability and unreliability issues in near
future [5], [14]. Network operators have comprehended the approaching challenges and
responded by releasing new grid codes that directly point the robust and safe connection
of DERSs such as photo-voltaic (PV), wind, fuel cells and micro-turbines into the grid [15].
Such codes has been firstly documented in parts of Europe, most remarkably Germany.
Later, many utilities across North America have also begun to pose their own grid codes
for the connections of DERs. These ascending codes are starting to impose expectations
for ancillary services, grid support and low voltage ride through (LVRT)
requirements [16]-[19]. In this regard, response of WPPs during grid faults and LVRT
capabilities of wind turbine (WT) systems has been widely studied by industry and
academia e.g. in [20]-[29]. Among the studies on the LVRT technology in WTs, most
efforts target doubly-fed induction generators (DFIGs), as for instance in [30]-[37]. On
the other hand, numerous research have been also carried out on the LVRT technology
applied in converter-interfaced DER (CI-DER) units such as permanent magnet
synchronous generators (PMSGs) [38]-[41] and PVs [42]. The main focus of this thesis
is also the second group, LVRT strategies applied in the CI-DER units.

The electrical grid is a dynamical system, whose behavior depends upon many aspects
such as constraints set by system operators, occurrence of grid faults, excitation of
resonances, and existence of nonlinear loads. As a consequence, CI-DER units should be
designed in a way that they guarantee a robust and safe operation under generic grid
voltages, especially exposing best performance under abnormal grid conditions [43]. The
tight requirements forced by system operators, mainly related to LVRT and grid support

during and after faults, have inspired engineers and researchers to amend the conventional



CHAPTER 1. INTRODUCTION 3

control strategies. Occurrences of grid faults usually cause the appearance of unbalanced
voltages at the point of common coupling (PCC). Under unbalanced voltages, the currents
injected into the grid may become non-sinusoidal and/or unbalanced. Such currents and
voltages may lead to undesired fluctuations in the active/reactive powers delivered to the
grid leading to grid instability and power converter unreliability. The appropriate
operation of CI-DER under such conditions is a critical issue. Subject to the aim of the
control strategy used to generate the reference-currents under different faults, the general
performance of the grid-connected CI-DER and its interaction with the network will
significantly vary. Consequently, reference-current generation (RCG) of CI-DER units
during faults is another challenging issue [25].

References [8], [23], [25], [38]-[39], [42]-[57] propose, study and apply numerous
RCG methods for the LVRT capability enhancement of CI-DERs. However, there are
only nine unique LVRT-RCG strategies proposed by [43]-[47]; whereas other researches
just represent the same ideas in other manners. Therefore, this thesis presents a detailed
comparative study and evaluation results all of these nine LVRT-RCG strategies; and
then presents analytical expressions to characterize the performance of these strategies

and enable effective LVRT design of CI-DER units.

1.2 Objectives and Scope

The objectives of this thesis are to:
1. Study and review all available LVRT-RCG strategies in CI-DERs based on
reference current formulas proposed in [43]-[47] and group them in two main

categories:
e Uninterrupted power delivery (UPD) LVRT-RCG strategies, and
e Flexible voltage support (FVS) LVRT-RCG strategies.

2. Develop analytical approaches to find expressions of the most important terms of

each LVRT-RCQG strategy. These terms are:
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¢ Instantaneous active and reactive powers,
e Maximum oscillations on instantaneous active and reactive powers, and

e Maximum phase currents under a generic grid condition (i.e. different

fault types, various system and controller parameters, etc.)

3. Propose a novel analytical method to find expressions of the maximum allowable
reactive power delivery (MARPD) for each LVRT-RCG technique. This method

aims to:

e provide the best support for PCC voltage by injecting the maximum

allowable reactive power;
¢ and simultaneously; respect phase-current limits imposed by DER owners.

Consequently, the proposed method exploits the best conceivable performance out of
each LVRT-RCG strategy proposed by [43]-[47]; and it will allow the CI-DER units to
ride through different grid faults under predetermined limitations (e.g. phase-current and
maximum allowable reactive power limits).

The contents of the LVRT techniques studied in this thesis are limited to reference
current calculation strategies applied to CI-DER units, such as PMSG, PV, fuel cells, etc.,
with an emphasis on the power electronically interfaced DER units and application of the
voltage-sourced-converter (VSC). Therefore, the LVRT techniques applied in other
converter-based DER topologies (such as DFIG) are outside the thesis scope.

1.3 Layout

Chapter two provides the overview and literature review on renewable energies booming
growth, the dominant requirements of new grid codes and interconnection standards
relating to ancillary services and LVRT technologies in DERs (either CI-DER units or
other DER topologies). Chapter three studies and reviews all available LVRT-RCG
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strategies in CI-DERs based on reference current formulas proposed in [43]-[47] and
divides them into two main groups (i.e. UPD and FVS). Chapter four and five
mathematically and analytically find expressions of the aforementioned important terms
for each LVRT-RCG strategy in UPD and FVS groups, respectively; and verifies the
analytical results by simulation results. Lastly, Chapter six concludes the thesis work and

highlights main contributions, notable outcomes, and future work.



Chapter 2

[iterature Review

2.1 Diastributed Energy Resources (DERS)

There are several kinds of (and various technologies for) energy sources and energy
storage systems under the concept of DERs. Moreover, many methods exist in
coordinating these energy sources and energy storage systems and connecting them to the
grid such as direct connection, converter-interfaced connection, or a combination
between these two. Commonly, a modular architecture for grouping of DER components
is considered in the literature which permits the formation of distinct power generation
units, each one a collection of DER elements suited for a particular study. In this section,
a brief overview of DERs, their subsets and types is provided in order to establish the
accurate scope of this thesis. In particular, the concepts of a DER unit and its main
conceivable elements (i.e. energy storage system and energy source) are introduced. Later
in subsection 2.1.3, a certain type of DER units is introduced under the label of converter-

interfaced DER units (CI-DERs), which is the main concentration of this work.

2.1.1 Distributed storage

The term distributed storage (DS) systems denotes different forms of energy storage

systems which are capable to be connected to the distribution network. The integration of
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DSs is mainly developed with distributed generation (DG) units in order to provide a
dispatchable energy rather than a non-dispatchable stochastic energy (which is the nature
of many renewable energy sources like solar, wind, wave, etc.). The use of DSs is
specifically beneficial in micro-grid applications where the balance between generation
and loads must be met within the micro-grid in an islanded operation [5]. There are

several forms of energy storage technologies such as [58]:
= Battery energy storage systems (BESS)s (most common technology)
= Super-capacitors
= Flywheels
= Pumped hydro-electric storage systems

= Compressed air storage systems

2.1.2  Distributed generation

It is generally accepted to refer any source of electric power of limited capacity,
directly connected to the distribution network as a DG unit [58]. A typical DG unit can
have any capacity from a few kilowatts to several megawatts [59]. There are similarly

several forms of DG technologies [58]:

Renewable energies: wind, solar, biomass, hydro, geothermal and solar-

thermal
= Reciprocating engines: gas or diesel
= (Gas turbines: micro-turbine or combustion-turbine

= Fuel cells
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2.1.3 DER unit

Generally, a DER unit contains a DG source with or without a DS connected to the
distribution network, including all necessary interconnection equipment, at the point of
common coupling (PCC). An illustration of a DER unit is provided in Fig. 2.1. Typically
DER units use power electronics to convert the power output of the DG (or DS), which
can be DC or AC with varying frequencies, to the grid compatible ac power. To obtain
this goal, there are various converter topologies and connection schemes, with a final
option dependent on different parameters like desired system operating characteristics,
technical requirements, system constraints, and cost. In most cases, the final power
conversion stage at the grid interface will require one or more dc-ac converters. As a
result, the interaction or behaviour of a DER unit with the network is primarily
characterized by this converter topology rather than the actual energy source. Therefore,
these DER units are often referred to as inverter based generation. These inverter based
DERs have operating characteristics that are completely different from conventional

power generation units, and comprise the following [5]:
= Electrical decoupling of energy source from the grid
= Absence of source inertia
= Relatively low short circuit fault current capability
= (apability for fast dynamics

The scope of this work is constrained to converter-interfaced DER (CI-DER) units
which interface to the distribution network utilising DC/AC converters. In particular, a
stress 1s placed on the application of VSCs. The energy source(s) for each DER unit is
(are) inclusive of all DS and DG as stated earlier in section 2.2.1 and section 2.2.2,
respectively. However, the LVRT in other DER connection technologies is important, as
for instance in DFIGs. Due to their importance, different LVRT technologies in DFIGs

is briefly addressed in section 2.3.
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2.2 Grid Code Requirements

According to International Energy Agency, in the last decade wind power had one of
the highest average annual growth rates among renewable sources [60]. Spanish grid is a
good example, where the average wind power penetration has been 11%, 13.8%, and 16%
in 2008, 2009, and 2010, respectively [61]-[63], although the wind energy penetration
can temporarily reach a much higher value, e.g. the 64% on September 24, 2012 [64]. A
study from European Wind Energy Association [65] estimates that wind is capable of
delivering 12% from the electricity consumption by 2020 and in excess of 20% by 2030.
On the same time in the last decade, the wind turbines become bigger and bigger and
currently single units up to 5 MW are commercially available. The future development
of wind power is also expected in Canada, Australia and Japan. Modern up to 5 MW wind
turbines currently replace a large number of small wind turbines [66]. Therefore some
countries have issued dedicated grid codes for connecting the wind turbines/farms to the
electrical network addressed to transmission and/or distributed system. The grid code
requirements are established by power system operators to ensure the reliability and safe

operation of the utility [67]. These requirements can be divided into two categories [66]:

= Steady-state or quasi-stationary operation requirements (such as reactive and

active power regulation to support the utility voltage and frequency)
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= LVRT requirements

Some general and useful reviews of the grid code requirements of several countries
are presented in [5], [67], [69], which is also briefly discussed in section 2.2.2 and section
2.2.3. Under grid disturbances, the traditional grid code requirements allowed the
disconnection of the WECSs to prevent large over-currents. However, with the increasing
growth in the wind energy penetration, the sudden disconnection of WECSs can cause
instability of the entire power system, even leading to global blackouts [66]. Accordingly,
the power system operators have updated their grid code requirements, and engineers and
researches try to find novel control methods to comply with updated requirements. For
instances, [68] addresses LVRT control with high-order filters and advanced voltage
control to mitigate fast voltage disturbances; whereas LVRT applications in microgrids
is studied in [70] to enhance microgrids reliability.

With new grid code requirements, the LVRT requirement demands wind power plants
to remain connected when a grid-voltage disturbance occurs, thus continuing to deliver
active and reactive power to the grid, with a specific profile depending on the grid-voltage
dip depth, in order to have network voltage and frequency stability. Therefore, LVRT is
the most challenging requirement among the new grid codes, at least from the point of
view of the WECS [66]. LVRT requirements, extracted from the new grid codes of the
utility operator E-ON [72], are shown in Fig. 2.2 and Fig. 2.3. Similar curves are
presented in the LVRT requirements of other power systems operators [67]-[69], also
presented in section 2.2.2. Moreover, during the voltage disturbances, the WECS has to
deliver a reactive current to aid the utility in holding the grid voltage, illustrated in Fig.
2.3 and discussed in details in [5]. The reactive power to be delivered depends on grid
voltage reduction, the system rated current, and the reactive current delivery before the
disturbance occurrence.

In most of the grid codes, e.g. Denmark and Ireland, these new requirements have
focus on power controllability, power quality, and fault ride-through capability.
Moreover, some grid codes require grid support during network disturbances e.g.
Germany and Spain. Denmark has the most demanding requirements regarding the

controllability of the produced power. Wind farms connected at the transmission level
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should act as a conventional power plant providing a wide range of controlling the output
power based on transmission system operators (TSOs) demands. The power quality
requirements are very demanding in respect with flicker emission as well as the harmonic

compatibilities especially at distribution systems [69].

lowest value of the voltage band
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Fig. 2.3. Reactive current to be delivered to the grid under a voltage dip.
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2.2.1 Grnid Voltage Disturbances

Within the context of FRT, many grid codes and technical standards frequently use
various terms such as under-voltage, low-voltage, dips and sags in order to quantify
similar disturbances in the grid voltage [5]. For an instance, “according to [73] the voltage
sags are short duration reductions in RMS values of the voltage, caused by short circuits,
overloads and starting of large motors” [69]. As another example, “a voltage dip is a drop
in voltage with duration between one half-cycle and one minute [74], which is, in most cases,
caused by a short-circuit fault” [75]. Hence, to maintain consistency when discussing voltage
deviations from steady-state values the term voltage sag is used throughout this work to
indicate a temporary decrease in voltage magnitude from its nominal value (at
fundamental frequency), regardless of the disturbance duration and depth. On the other
hand, the term voltage swell indicates a temporary increase in voltage magnitude from
the nominal value. However, it should be noted that there are several different sub-
categories under which voltage deviations are classified depending on their relative
magnitude, duration and frequency content [5]. Since voltage sags are caused by faults
located at hundreds of kilometres away in the transmission system these events are more
global problems than an interruption [73]. The magnitude of the voltage sags are

determined by the following factors [69], [73]:
= Distance to fault

= Connection type of transformers between the location of fault and the

recording point
= Cross section of the lines and cables

= Type of the grid (radial or meshed)

Short-circuit impedance of the network, etc.

On the other hand, the common causes for voltage swells include [5]:
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= A line-to-ground fault can increase the voltages on the healthy phases
= Switching in capacitor banks onto the network

= Sudden and severe reduction in system load (e.g., large loads switched off-

line)

For the system, symmetrical disturbances, particularly the deep voltage sags, are more
stressing than asymmetrical disturbances since all phases are lost. However, most of the
disturbances are asymmetrical; and their analysis is more complex due to the appearance
of negative-sequence components in voltages and currents. Only 12% of grid voltage sags
are symmetrical [73], [76]-[77]. Furthermore, based on the presented survey in [69]

studying different faults on the electrical network other useful conclusions can be drawn:

=  Most of the faults are located on overhead lines, and in 132 kV networks.

Esy Dip type: A Dip type: B » Diptype: C
AY

> Dip type: E

Fig. 2.4. Voltage dip classification “A” to “F.” Phasors of three-phase voltage before (dotted) and
during fault (solid) are displayed.
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= The single phase fault has the highest probability to occur.

= Most of the voltage sags down to 0.75 pu have a duration of several cycles;
while most of the voltage sags down to 0.25 pu have the duration of several

seconds up to minutes.

Finally, according to interesting fault analysis carried out in [75]-[76], six distinct fault

types in power electric networks are identified as illustrated in Fig. 2.4.

2.2.2  LVRT Requirements in National Grid Codes

In [69], an overview of the LVRT requirements in some of the national grid codes (as
for instance in Denmark [78], Ireland [79]-[80], Germany [72], England [81], Spain [82],
Italy [83]-[84], USA [85], Hydro-Quebec [86], AESO-Alberta [87]) for wind turbines is
presented. Some national grid codes e.g. Denmark and Ireland have specific fault ride-
through requirements for distribution networks as well as for transmission ones while
other national grid codes have focus only on the transmission level, e.g. Germany and
Spain. All considered grid codes in [69] require FRT capabilities for wind turbines. A
summary of these requirements is given in Table 2.1. Voltage values are provided to
specify the depth of the voltage sag and the clearance time. The voltage value for LVRT
capabilities in different countries can be summarized as shown in Fig. 2.5.

Irish grid code is very demanding regarding the fault duration while Denmark has the
lowest voltage sag time duration with only 100 msec. However, Danish grid code
mandates the wind turbine to remain connected to the electrical network during
consecutive faults. The German grid code necessitates wind energy conversion systems
(WECSSs) to remain connected during most severe voltage sags even down to 0% for a
duration of 150 msec. In addition, during the fault a reactive current injection (up to

100%) is mandatory in German code as well as in Spanish grid code.
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TABLE 2.1. Summary of LVRT codes for wind turbines/farms in different national grid codes [69].

Fault ride-through capability
Country Voltage Fault Voltage Recovery Voltage Reactive
Level . . current
duration | drop level time profile L
injection
Denmark DS 100 msec 25%U, 1 sec 2, 3-ph no
TS 100 msec 25%U, I sec 1,2, 3-ph no
Ireland DS/TS 625 msec 15%U, 3 sec 1,2, 3-ph no
Germany DS/TS 150 msec 0%U, 1.5 sec generic Up to 100%
Great DS/TS 140 msec 15%U; 1.2 sec generic no
Britain
Spain TS 500 msec 20%U, 1 sec generic Up to 100%
Italy >35kV 500 msec 20%U, 0.3 sec generic no
USA TS 625 msec 15%U; 2.3 sec generic no
Ontario TS 625 msec 15%Ur - - no
TS 150 msec 0%U, 0.18 sec | Positive- no
Quebec
sequence
4 Voltage[%]
100 — Germany
TS
90 - =
H — | —
75 - < —
- L
must remain  Denmark —
connected DSETS o -
- =" Ireland
- - -Ts
i | [msec] | .
100 500 700 1000 1200 1500 2000 3000

Fig. 2.5. Summary regarding LVRT capability of WESs in national grid codes [67].

2.2.3 Technical Standards for DER Interconnection

These standards encompass a broad set of topics such as power quality, response to
network disturbances and system operating limits. Utilities commonly use these standards
as guidelines for developing their respective grid codes. Reference [5] identifies the key

standards governing the interconnection of DERs and summarizes their requirements.
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However, the scope of standards is limited to North America. It reviews different

technical standards:

IEEE Std. 929 [88] is presented in 1988 for the PV interconnection. This
standard focuses on smaller capacity systems, 10 kW or less, which is the
characteristic of single phase residential installations. There are no explicit

FRT requirements in this standard.

IEEE Std. 1547 [16], published in 2003, is well adopted by utilities and system
manufacturers throughout North America as a technical guide for integrating
DERs within the electrical network. Unlike IEEE Std. 929, which targeted only
PV systems, IEEE Std. 1547 was designed to be inclusive of all DG
technologies. In conjunction with this standard, application guide IEEE Std.
1547.2 [89] was released in 2008. The scope of IEEE Std. 1547 covers
installations of any DG technology with a capacity up to 10 MVA. A lower
capacity limit of 30 kW is presented in [89] to distinguish DER systems that
have a minimal impact on power system operations. One of the most prominent
recommendations in IEEE Std. 1547 is that DER systems should quickly stop
to energize the distribution network once a fault is detected. There is no
mention of FRT capabilities to aid maintaining grid stability, even though this
standard provides recommendations for system capacities up to 10 MV A. This
philosophy evidently implies that there is no footprint of LVRT requirements

in this standard.

CSA Std. C22.3 No.9-08 - Canadian electrical code part III: interconnection of
distributed resources and electricity supply systems [90]: The Canadian
Standards Association (CSA) prepared Std. C22.3 No.9-08 in 2008 to address
the need for standardized connection practices. CSA Std. C22.3 No.9-08
covers the interconnection of DERs and distribution systems with voltages less
than 50 kV and applies to any DG technology, with an aggregate system

capacity up to 10 MW. This standard focuses on inverter based systems
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connected to the distribution system where the PCC is at the medium-voltage
level (defined as 0.75 kV through 50 kV). A power factor operating range of

+0.9 is recommended.

UL1741 standard for safety - Standard for inverters, converters, controllers and
interconnection system equipment for use with distributed energy resources
[91]: this is a well-known and commonly utilized standard that covers the
construction, safe operation and performance testing of inverters, converters,
charge controllers and interconnection system equipment associated with
DERs. In contrast to the previously discussed standards that provide technical
recommendations, most utilities require inverters obtain UL1741 certification

as a prerequisite for grid connection.

Finally, IEEE Std. 519 [92] is studied and reviewed in [5] which includes
recommended practices and requirements for harmonic control in electrical

power systems.

2.2.4  Grid code requirements for DER

Interconnection

The objective of this section is to briefly introduce some main grid requirements for

the connections of DER systems. A detailed study in this regard is provided in [5] which

has considered:

Anticipated developments in North American grid requirements for DERs,
Requirements for a practically safe interconnections.

Dominant features and common trends of emerging grid codes.
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2.2.4.1 Agreed active power

Agreed active power denotes the maximum active power injection permitted by a DER
system for delivery into the distribution system and is contractually agreed by both the
utility and DER owner. In this thesis, the agreed active power is defined as a fixed
maximum amount of active power that can be delivered to the distribution system by the
DER system at the PCC. This limitation bounds the contractually obliged reactive power
requirements of the DER system at the PCC. The agreed active power is determined by:

=  Sum of the maximum active power outputs of each on-site DER unit,
= Aggregate load demands of the DER system, and

= DER system objectives such as micro-grid capability or dedicated feed-in-

tariff operation [5].

2.2.4.2 FRT requirements

These requirements specify an expected system response or behavior, both during and
immediately following the faults, where the DER system is disallowed from

disconnecting. The enforcement of FRT requirements have two advantages [93]:

= Alarge DER system will not disconnect due to the short-term faults and it does
not lead to a sudden significant loss of generation that could further result in

grid instability.

= There will be the voltage and frequency support for the network both during

and immediately after the fault.

Depending on the network configuration and type of fault, a voltage sag neighboring
the fault propagates differently through system impedances [75], resulting in voltage sags
at the DER system PCC with differing possible severities. These voltage conditions can

be tackled by grid connected inverters in order to ride through the faults and thus maintain
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synchronous connection of the DER system. This obligatory resistance to temporary
voltage sags during grid faults is commonly referred to as low-voltage ride-through
(LVRT). LVRT requirements are expressed by a voltage versus time curve similar to the
example presented in Fig. 2.2 or Fig. 2.5. When the PCC voltage is above the pre-
specified line in Fig. 2.2, the DER system is obliged to maintain a synchronous grid
connection. However, when the voltage is under the determined line, the DER is allowed
to disconnect.

Similar to LVRT, requirements to tolerate temporary voltage swells is referred to as
high-voltage ride-through (HVRT). HVRT requirements are the complement to LVRT as
they identify voltage swells that a DER system must remain synchronously connected.
Voltage swells occur less frequently than voltage sags. It is possible to define HVRT
constraints by a voltage versus time curve similar to LVRT curves; however, it is most
frequently established in the literature with a simple table of voltage ranges and
corresponding trip times [5]. The common causes for voltage swells were mentioned in

section 2.2.1.

2.2.4.3 Ancillary services

Ancillary services were traditionally provided only by synchronous generators to
support and ensure that the power system operates in a safe, robust and reliable manner
[94]. They required a certain additional network reserve of active and reactive power to
help maintaining system frequency and voltage within expected limits. However, with
recent growth of DERs, some burdens of these important roles are on the shoulders of
various de-centralized sources. Ancillary services from DERs can provide even

progressive functions such as [5]:
= Assist in supporting local voltage
= Assist in regulating the frequency

= Black start capability
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=  Harmonic compensation
= Contribution to grid spinning reserve

Therefore, state of the art power electronics provide advanced schemes for DER
systems to emulate most ancillary services traditionally provided by centralized
synchronous generators. In this thesis, ancillary services are defined as functions

accomplished by grid interfacing inverters.

2.2.5 WECS specific codes

Due to the significant growth and increased penetration of grid connected WECSs in
recent years, many countries have released their own wind specific grid codes, usually at
the sub-transmission and transmission systems. These codes enforce technical
requirements on grid connected operation of WECSs [5]. The main reasons for the

development of these grid codes are to [67]:
=  Provide WECSs performances similar to those of synchronous generators
= Lower the amount of wind power lost in the case of short-term disturbances
= Improve and stabilize wind turbine systems operations

Interesting discussions and comparisons of existing WECS grid codes across Europe
and North America are available in [67], [69], [95]. Denmark and Germany were the first
countries to have WECSs, connected into their high voltage networks, meeting the LVRT
requirements associated with their new grid codes [96] and are often considered as leaders
in this field. Other European nations have also adapted their own grid codes subsequently.
Transmission system operators in Canada and the USA have followed the path of their
European counterparts, and published their own WECS specific grid codes. Notably, the
WECS grid codes of Hydro-Quebec [86] and the Alberta Electric System Operator [87]

are often referred to as successful Canadian standards, as they are well established and
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moderately progressive. Each code has its individual set of requirements due to the
respective grid operating characteristics. Good examples are Germany, Spain, Great
Britain and Ireland grids where an injection of reactive current during grid faults is
necessary while other codes do not impose this requirement [69]. As another example,
Hydro-Quebec imposes a wide range of frequencies which the WECS must ride-through
due to the lack of synchronous links with neighboring grids [97]. Although each WECS
grid code may have some unique sets of requirements, they all normally have common

characteristics. These common requirements can be listed as:
= FRT capabilities - namely LVRT and HVRT specifications
= Voltage regulation capabilities and associated reactive power injection
= Frequency regulation capabilities and associated active power injection
= Power quality enhancements
= Voltage and frequency operational limits

It is also important to put an emphasize on dissimilarity (non-harmonization) in WECS
grid codes as this is repeatedly deliberated in literature and has caused major challenges
for the wind industry in designing systems for compliance with multiple rules. This
contrast between codes is best clarified with curves depicting LVRT requirements from
several different WES grid codes, shown Fig. 2.5 [69]. On the other hand, existing WECS
grid codes still experience revisions because of increasing penetration levels. To tackle
these issues, the power system operators, engineers and researchers should aim to move
toward grid code harmonization. Despite aforementioned challenges, most wind turbine

manufacturers are now able to supply WECSs that are compliant with target codes [5].

2.2.6  DERSs specific codes

Similar to grid connected WECSs which have changed sub-transmission and

transmission grid codes, the unprecedented growth of other DGs is contributing to the
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formulation of new medium-voltage grid codes governing the operation of DERs. Mainly
these medium-voltage grid codes specify interconnection restrictions for DER systems
including various DG technologies. Due to strong growth of DERs, particularly PV,
Germany has advanced technical rules for interconnections of DERs [98]. They have
released their technical guidelines for generating plants connected to their medium-
voltage network [99] in 2008, which commands both LVRT requirements and ancillary
services. A detailed discussion of this code is provided in [100]. Although existing
medium-voltage codes are less developed in North America compared to those in Europe,
various North American organizations are introducing task forces/working groups to
assess the impact of large scale DERs interconnected into the power grid [5]. As a notable
effort, the North American Electric Reliability Corporation (NERC) originated the
integration of variable generation task force (IVGTF) in 2007. In 2009, the IVGTF
released a preliminary report [101] which summaries several recommended actions for
both the NERC and industry. In 2011, an update on the IVGTF activities was reported in
[14] where initial suggestions exposed an updated set of requirements that include LVRT.
These IVGTF recommendations seem to be running in parallel with the developments in
order to adapt to increasing DER penetration. If realized, these recommendations and
code requirements will provide North American grids a robust and safe operation with a

high penetration level of DERs.

2.2.7 Requirements from DER owner point of view

First and foremost, DER owners need to have regulated maximum phase currents
under any fault in order to protect their devices. Furthermore, oscillations on the active
and reactive powers are important for DER owners, since they have serious impacts on
the controllers design (such as DC-voltage regulation) and devices sizing (e.g. DC-link
capacitor sizing). These important terms (i.e. maximum phase currents and active/reactive
power oscillations) along with their expressions and analysis will be thoroughly studied

in next chapters.
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2.3 Example of LVRT Technology I:
LVRT i DFIGs

23.1  Why DFIG?

Two of the most common types of wind turbine systems are DFIG (which occupies
close to 50% of the wind energy market [102]) and PMSG (with market share of almost
20% [103]). In [104], three generators suitable for wind energy applications are studied:
a direct-drive synchronous generator (offered by Enercon [105]), a direct-drive PMSG
(marketed by different companies, e.g., Vestas [106] and Clipper [107]), and a DFIG
(manufactured by several companies such as Vestas [106] and Gamesa [108]). The results
in terms of weight, cost, size, and losses are available in [66], [104]. From these results,
it is concluded that the total costs are almost the same. The total weight of a WECS based
on a direct-drive PMSG is about 4 times higher than that of a WECS based on a DFIG
[104]. The stator diameter of a direct-drive PMSG is about six times that of a DFIG of
similar power. However, the power losses in PMSG is almost half of the total power

losses in a DFIG.

2.3.2 Systems and Controls in DFIG under Grid
Faults

Behaviour of the DFIG under the grid voltage disturbances is studied in [66] in details.
It 1s stated that the grid disturbances cause rotor over-currents and over-voltages with a
dc-link over-voltage which can lead to converter failure if no protection is involved [71],
[109]. Different protection tools are depicted in Fig. 2.6. Their operation and some control

methods to fulfil with the LVRT requirements is discussed in [66].



CHAPTER 2. LITERATURE REVIEW 24

de-link chopper

active crowbar

otor side converter Grid side converter

stator switch

Fig. 2.6. Rotor and converter protection devices of a typical DFIG: crowbar, dc-link chopper, ESS,
and ac switch [120].

The primary solution implemented by manufacturers to protect the rotor and the
converter was to short-circuit the rotor windings with the so-called crowbar and to
disconnect the turbine from the grid [110]. This solution is not permissible with the LVRT
requirements because the WECSs do not support the utility to continue normal operation.
If the rotor side converter is sized to generate a voltage equal to the rotor over-voltages,
it will be able to fully control the rotor currents and avoid the crowbar operation [71],
[111]. This is the simplest solution to take care of rotor over-voltages because it provides
full control of the DFIG at all times. A technique to determine the rotor side converter
size based on the maximum rotor over-voltage and over-current is presented in [112].
One of the most comprehensive analysis of the operation limits for the rotor side converter
under grid disturbance is presented in [113], which takes the impact of limited ratings for
the DFIG converters into account under grid disturbances. Oversized converters provide
more controllability, but the DFIG topology loses its advantages of the low-size power
converter [71]. It is well-recognized that the DFIG converters ratings are around 30% of
the total DFIG power [66] and is not normally sized to generate a voltage equal to the
rotor over-voltages [71]. It is also noted in [66] that for deep voltage sags the rotor side
converter over-sizing is far beyond the converter steady-state ratings. Converter sizing is
thus a tradeoff between the LVRT requirements and the cost, together with other
protection devices such as the crowbar and the dc-link chopper.

In [114], it is proposed to connect the grid-side and rotor-side converters in parallel,
using appropriate ac switches, to provide more reactive power to the grid. If the DFIG is

not able to provide the reactive power support required by the gird code requirements,
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dynamic and static VAR compensators [115], or static synchronous compensators [116]—
[117] can be installed at DFIG terminals to support it. Other equipment, such as the
dynamic voltage restorer, can also be used [118].

The dc-link chopper is not essential for fault ride-through operation, but it increases
the range of DFIG operation [119]. The energy storage systems [120], connected to the
dc-link absorbs the extra energy supplied to the dc link during the fault, and returns it to
the DFIG in normal operation. However, it dramatically increases the cost and complexity
of the WECS. An interesting performance comparison between using a crowbar, a dc-
link chopper, and an energy storage system is presented in [120]. The stator switch

proposed by [121] is another device to meet the LVRT requirements.

2.3.3 Control Methods for LVRT in DFIG

To control rotor voltages and currents, reduce the rotor over-voltages and/or over-
currents, and avoid the crowbar activation in order to keep full DFIG control at all times
to meet the LVRT requirements are some of the hottest research directions in recent
efforts in academia and industry [122]-[132]. However, in many cases, the crowbar
activation cannot be avoided, and the crowbar mode contemporarily operates with control
methods. Some control approaches regulate the currents of the rotor and the grid-side
converter in the positive and negative d—q reference frames [112], [122] based on a
positive- and negative-sequence models of DFIG [123]. The main goals are the DFIG
active and reactive power controls to meet the LVRT requirements. As it will be discussed
in section 2.4, each power converter has four degrees of freedom, allowing including
additional control goals, as for instance the regulation of the dc-link voltage, stator current
balancing, and cancelation of the oscillations in the active power, rotor current, and torque
[66]. Although crowbar activation cannot be avoided in the case of severe asymmetrical
faults [112], non-crowbar methods to lower the rotor over-voltages based on injecting
demagnetizing flux currents from the rotor-side converter is proposed by [124]-[125].
Full DFIG control is reported; but a large rotor current capacity is needed, and there is

limited capability in the case of severe asymmetrical faults. If the crowbar is activated,
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the use of the demagnetizing current lowers the crowbar mode time [126]. A robust
controller in the a—f stationary frame is offered in [ 127], claiming full control in all LVRT
cases. However, the results have been attained with oversized converters that can
accommodate rotor over-voltages and full rotor current control. With normal converter
ratings, this control method may have some limitations.

Another control approach presents a virtual resistance in the rotor to reduce rotor over-
currents [128]. A combination of demagnetization and virtual resistance control is also
presented in [128]. For symmetrical dips, reduced rotor currents (in comparison with the
results of [124]) are also reported in [128]. However, operation under asymmetrical faults
is beyond the scope of [128]. PI controllers with resonant compensators are addressed in
[129]-[130] for operation under grid voltage disturbances. In [131], the conventional
controller used in normal operation is switched to the proposed vector-based hysteresis
current controller during voltage disturbances. Appropriate system performance is
reported; however, the operation limits are not specified, and there are drawbacks to the
hysteresis control. Last but now least, sliding-mode control has been effectively applied
to DFIG in [132] under asymmetrical faults and harmonically distorted grid conditions.
Future application of sliding-mode control method in the DFIG to meet the LVRT

requirements can be expected.

2.4  Example of LVRT Technology II:
LVRT in CI-DERs

As stated earlier, most of the DER units interconnect to the grid by power electronic
devices and converter interfaces; which are also the main scope of this thesis, and they
are called CI-DERs and referred to consistently throughout this thesis. A typical CI-DER
unit connected to the grid is shown in Fig. 2.7. Far away from operating in perfect steady-
state, balanced and stable conditions, the electrical grid behaves as an ‘alive’ system, with
its specific dynamical performance, that is affected by resonances, overloads, faults, etc.

Therefore, the control of grid-connected CI-DERSs should be carefully considered in order
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to guarantee a proper performance under countless operating conditions. Recently, the

operation of CI-DERs under abnormal grid conditions, mainly under voltage sags, has

become a great challenge for the DG industry due to the increasing demands of the new

grid code requirements LVRT and ancillary services such as reactive power injection

during grid faults. Despite the fact that the initial developments were predominantly

oriented to tackled balanced grid faults, the attention of engineers and researchers has

lately moved towards controlling the current injection of CI-DERs under unbalanced grid

voltage conditions. Under generic grid conditions, the voltage at the point of connection

of this active rectifier can be expressed as [43]:

o0
V=Z(V+n+V_n+V0n) =

n=l1

cos(nat+¢™") cos(nawt+¢ ") cos(n@t+ ")
=DV cos(mart+g*" - 2?7[) +V7" cos(nwt+g™" + 2?7[) +7% | cos(n wt+ ¢*")
n=l1 On
cos(nwt+¢ ")
cos(nat+¢™" + 2%) cos(nowt+¢ " — 2%)

2.1)

where superscripts +n, —n and On represent respectively the positive, negative and zero

sequence components of the n-th harmonic of the voltage vector v. Similarly, the current

injected by the CI-DER can be generically written as:

I+n

s

sinnwt+5"™)

sinnwt+6"™" — 277[)

sinnwt+6"™" + 2%[)

sinnwt+0 ")
sin(nwt+0 " + 277[)

sinnwt+o " — 277[)

(2.2)

According to the instantaneous power theory [ 133]-[134], the instantaneous active and

reactive powers resulting from the interaction of these voltages and currents can be

obtained by respectively calculating their inner and cross product, as follows:

p=v.i ;

q = vxi]|

(2.3)
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Fig. 2.7. A typical CI-DER connected to the grid [44].

As stated in references [43] and [133], average values in the instantaneous active and
reactive powers, P and Q, result from the interaction of voltage and current components
with the same frequency and sequence, while oscillations in these instantaneous powers,

p and g , result from the interaction of voltage and current components with either

different frequencies or sequences. Considering only the fundamental frequency in
voltage and current expressions, i.e. making n = 1, the generic instantaneous active and
reactive powers expressions under unbalanced grid conditions can be expressed in the

form of following expressions [135]:
p =P+ P cos (2wt) + Py sin 2wf) (2.4)
q =0+ QO cos Lwt) + O sin 2wt) (2.5)

where P and Q are the average values of the instantaneous active and reactive powers
respectively, whereas Pc2, Ps2, Q2 and Oy represent the magnitude of the oscillating terms
in the instantaneous active and reactive powers [136]. In most of the existing studies
dealing with power flow in power converters under unbalanced grid conditions [38]-[57],
the voltages and the currents to calculate these power magnitudes are expressed on
synchronous reference frames. Therefore, the amplitude of these power magnitudes can
be obtained as:

P:%(v;i;Jrv; A A (2.6)
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2.7)

(2.8)

(2.9)

(2.10)

(2.11)

where v; , v, and i ,i; are calculated by Park transform [137] and represent the dg

components of the positive-sequences of voltage and current vectors represented on a
synchronous reference frame rotating at the fundamental grid frequency ®, whereas

v, ,v, and i, , i, arethe components of the negative-sequences of the voltage and current

vectors lying on a synchronous reference frame rotating at —w, respectively [43]-[44].
Many of the studies on the control of CI-DERs under unbalanced grid voltages have
rewritten power terms of (2.6)-(2.11) in the form of following matrix expression [38],

[43], [45], [52]-[53]:

B + — - r .+_
P Vd Vq Vd A% ld
+ - - .+

A% -V A% -V l
g _3 Ve T N 2.12)

c2 2 Vd v Vd Vq ld
P - - + + -

52 Ve Ve Y Ve |l

M4><4

By inverting the matrix Myx4, it is possible to find the current set-points that gives a
certain value of the active and reactive power components for given grid voltage

conditions, as:
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i [ p* ]
';r* » 2 Q* (2.13)
* = M4><4 X— 5
I 3| P,
iy | P ]

Therefore, from (2.13) it is possible to calculate the currents to be injected by the
converter that give a certain value of P and Q, while also cancelling out the active power
oscillations terms, P> and Pj>, under unbalanced grid voltages. These power references

can be fulfilled by calculating the current references as shown in (2.14):

iy P

q* =M4_Xl4><% 0 (2.14)
i 310
i, 0

The expression shown in (2.14) for setting the current references has been extensively
used in the literature [43]-[45], [52], [138]. However, other alternative approaches have
been presented more recently, as for instance in [45], [139]. In other studies, the power
losses associated with the filter between the converter and grid are considered in the
calculation of the reference currents [ 140]. Nevertheless, all these efforts mainly target to
attenuate active power oscillations; but the reactive power oscillations is normally beyond
their scope. In parallel with the studies related to the regulation of the currents to be
delivered by grid connected CI-DERs in order to preserve the active power constant
during unbalanced voltages, several studies started to emphasize the importance of
proposing new operation states in order to realize additional characteristics. For an
example, [45] tries to cancel out oscillations on either active or reactive powers and
simultaneously have balanced currents. As other examples, [46]-[47] deal with not only
the LVRT requirements, but also with other ancillary services such as flexible voltage
supports under voltage disturbances. Actually, there exist infinite combinations for the
currents to be delivered to the grid by a three-phase grid-connected power converter in

order to acquire certain values for the average active and reactive powers, P and Q, under
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given grid voltage conditions. Therefore, depending on the control objective, e.g. perfect
control of the instantaneous active and reactive powers, cancellation of active and reactive
power oscillations, having sinusoidal and balanced currents, flexibly supporting the grid
voltage, etc., different expressions can be proposed to calculate the reference currents to
be delivered by the grid-connected power converter in order to exchange given averaged
values of active and reactive powers [44]-[57], [141]. The specific methods to find these
reference current expressions to meet the LVRT requirements are referred to in this thesis
as LVRT reference current generation (LVRT-RCG) techniques. This thesis reviews,
studies, analyzes, and expands nine previously introduced LVRT-RCG strategies [43]-
[47] in the following chapters.

Once the reference currents to exchange given active and reactive powers with the grid
under generic voltage conditions are properly determined, it is necessary to have a proper
current controller that is able to inject such currents into the grid. The current control loop
structures proposed for tracking the reference currents have been extensively improved
throughout the years [43]. Firstly, back in the 1990s, [140] proposed the implementation
of a single PI current controller on the positive-sequence synchronous reference frame
for tracking both positive- and negative-sequence reference currents. Later, by the end of
the 1990s, other authors introduced two control loops, one for the positive-sequence and
another one for the negative-sequence currents [ 142]. Song et al. proposed PI controllers
which contain notch filters tuned at twice the fundamental frequency to attenuate
associated oscillations (these oscillations at twice the fundamental frequency in the
reference currents dg signals come from the interactions between current vectors and
reference frames with different sequences [43], [142]).

As an alternative to the current controllers based on the double synchronous reference
frame, resonant controllers operating on the stationary reference frame have been
demonstrated to have appropriate performances in order to track the calculated reference
currents under unbalanced and distorted grid voltages [143]-[144]. These controllers are
based on frequency adaptive filters, which show the same performance for both positive
and negative frequencies. Other solutions based on hysteresis current controllers [145]

(offer fast dynamic response and robust performance), direct power control methods
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[146]-[147] and model-based predictive control [148], can also be used to regulate the
currents under generic distorted voltages. It is necessary to mention that the appropriate
performance of any of these current controllers under generic grid conditions significantly
depends on the accuracy of the grid synchronization system [149]. In the case of three-
phase systems, the grid synchronization effects get more severe, since the symmetrical
components of the grid voltage in positive and negative sequences should be perfectly
calculated in order to acquire a proper control of the positive- and negative-sequence
currents.

Last point to be mentioned is that the reference currents during unbalanced grid faults
may be balanced, unbalanced or even distorted (non-sinusoidal). As a consequence, the
current injected by the grid-connected power converter is likely to be different from one
phase to another phase. Therefore, one additional crucial issue is taking the maximum
instantaneous phase currents into account in order to avoid any undesired overcurrent

tripping. This last point will be addressed thoroughly in Chapter 4 and Chapter 5.

2.5 Summary

In this chapter, the DERs were presented and discussed with their fundamental
components (i.e. distributed energy storage systems and distributed generation systems).
Also, a well-known category of DERs with the label of converter-interfaced DERs (CI-
DERs) is introduced. Furthermore, newly developed grid codes and their strict
requirements were categorized and studied from different points of views (such as LVRT
requirements in national grid codes, technical standards for DER interconnection, wind
energy conversion systems specific codes, etc.). Finally, two examples of the LVRT
technologies were studied in twofold DERs, i.e. directly connected DFIGs and CI-DERs.
As the scope of this thesis, the other three chapters will specifically focus on LVRT
technologies in CI-DERs.



Chapter 3

A Generic Comparative Study on
Available LVRT-RCG strategies 1n
CI-DER Units

3.1 Introduction

Subject to the aim of the control strategy used to generate the reference currents under
different faults, the general performance of the power converter and its interaction with
the electrical network will vary significantly. Additionally, the grid codes impose specific
requirements related to the injection of active and reactive currents during grid faults.
Consequently, reference current generation during faults is a challenging issue in the
control of power converters [25]. [43]-[47] have proposed different reference current
generation methods under grid faults (mostly under asymmetrical faults). The tight
requirements forced by the grid operators, mainly related to low-voltage ride-through and
grid support during grid faults, has inspired engineers and researchers to amend the
conventional control strategies for grid-connected DG converters [43]. Occurrences of
grid faults usually cause the appearance of unbalanced voltages at PCC. Under
unbalanced voltages, the currents injected into the grid may become non-sinusoidal
and/or unbalanced. Such currents and the unbalanced grid voltages may lead to undesired
fluctuations in the active and reactive power injected into the grid. The appropriate

operation of the power converter under such conditions is another critical issue.
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In 2007, Rodriguez et al. [44] proposed a flexible active power control under the grid
faults based on a reference current selector. In [44], using experimental results, five
strategies to generate the proper reference current were studied and compared during an
asymmetrical fault. Another interesting contribution in the field of reference current
generation is recently proposed by Ma et al. in [45]. In this work a new control strategy
which uses the zero sequence components is proposed to improve the power
controllability under grid faults. By injecting appropriate zero sequence current and
relevant circuit configurations, the DG converter can have more flexible control
objectives, e.g. achieving better performances in the delivered power, having non-
oscillatory active and reactive power injection and injecting more enhanced load currents
when suffering from unbalanced AC voltage.

In balanced voltage sags, the DG inverter should inject reactive current in order to
boost the voltage in all phases. However, in asymmetrical faults, the main concern of the
DG inverter is to equalize three-phase voltages by decreasing the negative sequence of
the voltage in order to reduce the phase jump [46]. Due to system restrictions, a balance
between these two severe policies is required. In 2013, a flexible control scheme for grid-
connected DG inverters was proposed by Camacho et al. [46] in order to have more
flexibility to either boost the three-phase voltages or reduce the negative sequence voltage
based on system requirements. In [46], the grid equivalent impedance is assumed to
contain only the inductive part. However, a modified control strategy of grid-connected
DG inverters for the positive sequence voltage recovery and negative sequence voltage
reduction under asymmetrical grid faults is presented very recently by Guo et al. [47].
Unlike the control strategy of [46], which was based on an assumption that the grid
impedance is just inductive, the proposed control strategy in [47] considers the impact of
the resistive part of the grid impedance, which is of great importance especially in low-
voltage networks. The presented control strategy is examined in a low-voltage grid where
the grid impedance just contains the resistive part.

A comprehensive and comparative study on available LVRT-RCG strategies in terms
of their merits and demerits under a generic voltage sag condition is the main focus of

this chapter as reported in the following sections. This chapter collects two categories of
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LVRT-RCG methods. The first group aims to control power under grid voltage
disturbances and imbalances which are introduced in section 3.2; whereas, the second
group, presented in section 3.3, targets to flexibly support the voltage under the grid
faults.

3.2 Uninterrupted Power Delivery Control
Strategies under Unbalanced Grid Voltages

The control of the delivered instantaneous active/reactive powers of a three-phase
grid-connected power converter under unbalanced and faulted grid voltages needs the
determination of proper reference-currents. In this section, six strategies to calculate the
reference-currents introduced in [43]-[45] will be studied. The aim of control strategies
of this group is uninterrupted power delivery (UPD) under the grid faults. Each of these
strategies intends to demonstrate a specific performance for the delivered active/reactive
powers and/or injected currents. The energy source of power converters usually have slow
dynamics and consequently the delivered power can be assumed constant during a grid-
fault. Also, the dc-side of the converter in all following strategies can be assumed to be a

constant dc source [43]-[45].

3.2.1 Instantaneous Active-Reactive Control (IARC)

According to instantaneous power theories [133], any current vector aligned with the

voltage vector, v, will produce the active power, P, while any current vector aligned with

the orthogonal voltage vector, v, (90° leading from v), will produce the reactive power,

Q. Therefore, one can obtain the reference active/reactive currents i, and i, given by

(3.1) in order to deliver P and Q:
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i=gv , i =bv 3.1

where g and b can be considered as instantaneous conductance and instantaneous

susceptance obtained by [43]:

.. P (3.2)
P :ip.v:gv.v=g|v|2:>g:| >
.. * (3.3)
0 =iq.v=bvi.v:b|v|2:>b: Q|2
The total reference-current is obtained by:
A 34
=i+, (3.4)

Two points worth mentioning related to the IARC strategy. First, the IARC is the most
effective reference-current determination method in the sense of delivering the exact
instantaneous active/reactive powers under general grid voltages. Second, under balanced
sinusoidal grid voltages, the reference-currents obtained from (3.1)-(3.4) are sinusoidal.

However, under unbalanced voltages, the module |y} contains oscillations at twice the

fundamental frequency (o)
V=V +| v [P +2]vT || v | cos Qot+ ¢ —¢7) (3.5

Therefore, the obtained reference-currents are not sinusoidal and include harmonics.
These distorted currents have several drawbacks. First, they need more complicated
control systems in order to track the harmonic components of the currents. Second,
harmonic components of the currents may cause overcurrent problems, excitation of

resonances and extra deterioration of PCC voltage.
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3.2.2 Average Active-Reactive Control (AARC)

In order to omit the oscillations at twice the fundamental frequency in (3.5), average
active-reactive control (AARC) strategy intends to use average conductance, G, and
average susceptance, B, using (3.6) [43]:

G:i B:Q , VAV P +v ] (3.6)

Then, the reference-currents are

(3.7)
i;:Gv , i;:BvJ_
Also, the instantaneous active/reactive powers can be given by
2 + 14— + - .
p:i;.v:|vlz PPy 20v7 v |c025(2a)t%;¢ ) P (3.8)
V VI v
p
2 + - + -
* R « | 2|vT]|v |cos Qaot+g —@ ) | = (3.9)
g=ijv, ="00 =0+ 0 :
q L V2 |: |v+|2+|v—|2
q

where p and g are active/reactive powers oscillations. Therefore, the injected currents

by the AARC strategy will be perfectly sinusoidal at the cost of oscillations in active and

reactive powers at twice the fundamental frequency.

3.2.3 Balanced Positive-Sequence Control (BPSC)

If the quality of the injected currents is important or the current controllers should be
simple proportional-integrator compensators, then the reference-currents should be not

only sinusoidal, but also balanced. Therefore, the value of the conductance and
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susceptance can be modified in order to realize this objective by using balanced positive-

sequence control (BPSC) strategy [43]-[44]:

o + o+ + _ P
i=G"v , G =T (3.10)
. * 3.11)
ST s <

\%

Using (3.10) and (3.11), the reference-currents become sinusoidal and balanced; and
they only follow the positive sequence. Therefore, the current amplitudes will be

relatively lower. The instantaneous active/reactive powers will be

R (3.12)
p:V-i:(V++V_).(G+V++B+VI):P +P v .V2 n VJ_.VZ
v V" |
p
N A (3.13)

g=vyi=(] +V )GV +Bv])=0"+0 TErRie
v \%

3.2.4 Instantaneously-Controlled Positive Sequence
(ICPS)

Reference [44] introduces the instantaneously-controlled positive sequence (ICPS)

strategy which delivers P and O by imposing the following constraints:

io=i-=0 , i'=gv" , i'=b"v] (3.14)
i;+.v=i;+.(v++v_)=P* , i;+.vL:i;+.(vI+vI)=Q* (3.15)

Then, the instantaneous positive conductance and susceptance can be obtained as:
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* * 3.16
P 0 (3.16)

g == =
V[P vty ’ v ]P +vty

Using this strategy, non-sinusoidal and unbalanced reference-currents are generated
under unbalanced conditions since g and b" calculated by (3.16) have oscillations in their
denominators at twice the fundamental frequency. Unbalances and harmonics in the
currents may lead to the over current issues, etc. The instantaneous active and reactive

powers using the ICPS method can be calculated as

. . -t (3.17)
p=v.i = (" ). i) =P 0T
[vE T vty
D
-t (3.18)
Gk _ 3k 3k * * VJ_-V
g=v, i =TV i =0 + PP — LY
+ S |v* |2 v
q

where p and ¢ contain oscillations at 2.

3.2.5 Positive and Negative Sequence Control
(PNSC)

As another approach, the positive- and negative-sequence control (PNSC) strategy
calculates a reference-current vector which contains a proper set of positive- and
negative-sequence components and aims to remove some oscillation terms in the

instantaneous active and reactive powers [43]-[44]:

*

g Ry L _ Sy Ky Gk Sk 319
A A A A A (3.19)

Then, according to instantaneous power theories [133]-[134], the instantaneous

active/reactive powers are as follows:
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B — Gk 4+ ok 4o — Gk 4k — Ry (320)
p=v .i, +v 1, +v -y +v Iy +v 1 +v i +v g +v g
P 0 Pe> Py
o+ — * + — * + — + JF— — Ky
q—VJ_.lq +VJ_.lq +VJ_.lp +VJ_.lp +VJ_.lq +VJ_.lq +VJ_.lp +VJ_.lp (321)
Q 0 qc2 ds2

Reference [43] proposes to cancel out the summation of fifth and sixth terms of both
active and reactive powers presented in (3.20) and (3.21), respectively. So, the reference-
currents can be obtained as

*

Gy P V+
P =yttt evis L2 R
=Vl Ip N [vi [T =[v] (3.22)
ﬁ62=v+.i;7+v7.i;+20 - —P" v
p |V+ |2_|V— |2
S Q* vi
Q*—v+ R G R
=Vilg TVl VI =] v
= (3.23)
~ + LFe — kg *
Ger =Vy-ig +vy.i, =0 i -0 v,
qa T +2 -2
RAR AN

3.2.6 Zero-Sequence Current Injection (ZSCI)

In previous strategies where the system has three-wire structure, there were six distinct

terms for active and reactive powers as indicated in (3.20)-(3.21) and repeated here:

p=P+p,+p.,,=P+P,sin Qut)+P,cos 2at) (3.24)
q=0+G,+G,=0+0,sin Qut)+Q,,cos Qwt) (3.25)

However, there were just four degree of freedom in generating reference-currents, i.e.

Hy [T - . . . . . .
1,1, ,1,,and i , as indicated in (3.19). Thus, the five previously mentioned strategies
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suffer from unsatisfactory performances under unbalanced conditions such as high power
oscillations or over-loaded/distorted currents. Thus, using four-wire structure and

injecting proper zero-sequence currents, extra current control freedoms can be achieved,

1e. i;g and z;ﬁ [45]. Then, the instantaneous active power formula of (3.24) is changed to

p=P+p,+p,=| P+P’ |+ P,+P) |sinax)+| P, +P; |cos(2et) (3.26)

It is worth mentioning that the zero-sequence voltage and current only contribute in
the active power. One can use synchronous dg-frame in order to write six distinct terms
of power with respect to six reference-currents as (3.27) [45]. Due to the lack of enough
current control freedom in all five previously mentioned strategies, none of them can
provide completely non-oscillatory active and reactive power delivery with sinusoidal
current injection. However, by applying the ZSCI strategy and using (3.27), a power
converter can easily accomplish non-oscillatory active and reactive powers (i.e.

P,+P=P,+P°=0,=0,=0) without low-order harmonic content in currents [45].

c

Cpapd ] | Yo i e Ve v |15
P,y+P) Vi Ve Ve Ve VRe ~Vim || i (3.27)
Po+PY | 3| Ve v Vi Ve e i
o 2 V; —V;; Vg  Va 0 0 iy
Oc2 v, Va V; —vy 0 0 lge
L O v oy, vioove 0 0 |l
- I * 4 L+ 2 )
it (P vy, )/(vd +vy)
i ©vi)/[ ) iV ]
* _2
iy q % (P va,)/(v;,r +vy) (3.28)
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3.3 Flexible Voltage Support Control
Strategies under Unbalanced Grid Faults

This section introduces another group of control strategies under unbalanced grid
faults where the objective is flexible voltage support (FVS). The voltage support under
unbalanced faults can be accomplished by either boosting the positive-sequence voltage

(V") or reducing the negative-sequence voltage (7 ).

3.3.1 Flexible Positive and Negative Sequence
Control (FPNSC)

Along with power control strategies under unbalanced grid voltages introduced in
2011 [43] and listed in previous section, Teodorescu et al. propose one flexible voltage
support strategy named flexible positive and negative sequence control (FPNSC). In order
to generate the reference-currents, the FPNSC strategy defines the positive- and negative-
sequence values for conductance, g, and susceptance, b, (i.e. G*, G, B, and B"). Using

these values, the active and reactive reference-currents can be calculated as:

=k GV (k)G v (3.29)

i; =k, B" v +(1-k,) B v, (3.30)

where G*, G, B, and B are as follows:

P P

G = — > 0 =——

Al v |
(3.31)

-




CHAPTER 3. COMPARATIVE STUDY ON LVRT-RCG STRATEGIES 43

Using (3.24)-(3.25) and (3.29)-(3.30), the instantaneous active and reactive powers

can be achieved as:

p=k G vV +(1-k)G vV +[ kG +(1-k) G |v.v [k, B =(1-k,) B vy (3.32)
P | p

q=k, B vV +(1=k,) B v v +[k, B +(1-K) B [V +[ -k G +(1-k) G v (3.33)
0 i

The proportion between positive- and negative-sequence current components in both
the active and the reactive currents can be flexibly controlled by applying different values
of k1 and k> in (3.29)-(3.30). The interaction between the power converter and the grid
during faults can be also controlled by this flexible strategy. For example, the positive-
sequence reactive current injection (k2=1) will boost the positive voltage component at
the PCC in an inductive line. On the other hand, the negative-sequence reactive current

injection (k2~0) will decrease the negative voltage component in such line.

3.3.2 Flexible Balance of Symmetric Sequences
(FBSS)

Another flexible voltage support strategy proposed in the literature is offered by
Camacho et al. in 2013 [46] named flexible balance of symmetric sequences (FBSS). As
presented earlier, different voltage support objectives can be obtained when the reference
reactive currents (in inductive grids) contain a specific amount of both positive- and
negative-sequence voltages [43], [46]. Therefore, another possibility for balancing the
positive- and negative-sequence components can be obtained with the reactive current

references proposed by [46] in the o/ reference-frame:
. 2 . k*v; +k v,

faw = 3 0 k* [(va+ )2 + (v; )2 } +k” [(va )2 + (v/} )2} (3.34)
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+o .+ - -
- :EQ* kv, —k™v,
B@

37k [(v; )+ (v )2}+k [(va )y + (v, )2}

(3.35)

where £+ and k— are the complementary control parameters to balance the positive- and
negative-sequence voltages and the relation “k'=1-k" is imposed between them in order
to normalize these control parameters. Using (3.34)-(3.35), flexible reactive references
are obtained to raise or equalize voltages in an inductive grid. Different settings of control
parameter k+ result in different voltage support levels. The power control strategies listed
in previous section are fixed for different voltage sags and unbalance conditions.
However, FBSS strategy is able to balance positive and negative sequences depending on
sag conditions. To attain the preferred voltage support, a suitable setting of &+ is needed.
By tuning 4+ to be 0, reference-currents will follow negative-sequence voltages and the
maximum voltage equalization is achieved at the cost of minimum voltage increment.
This strategy is well fitted for unbalanced faults, supplying a significant negative
sequence support. On the other hand, by setting £+ to be 1, the positive-sequence voltage
will be increased leading to an increase in each phase rms voltage while no voltage
equalization is obtained. This setting is suitable for three-phase balanced faults with
negligible negative-sequence voltage. Between these two settings, a flexible combination
of positive- and negative sequence voltages can be adopted with a combination of raising
and equalizing objectives. In [46], the conventional strategy for active reference currents
is applied in which the reference currents in active component only follow the positive
components of the voltage like the BPSC strategy in Eq. (3.10). In inductive grids, the
active current injection have negligible effect on the voltage support. However, as it will
be discussed in the next part of this section, active current injection has considerable
effect on the voltage support in grids with lower X/R ratios. Applying (3.24)-(3.25) in the
FBSS strategy, one can write the instantaneous active and reactive power in af frame as

follows:
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where 7 is defined as “n=V/V"".

3.3.3 Modified Flexible Balance of Symmetric
Sequences (MFBSS)

One of the biggest drawbacks of FBSS strategy [46] is that it assumes that the grid is
totally inductive which is not a true assumption in general. Therefore, [47] has recently
proposed a modified version of FBSS strategy (named MFBSS in this Thesis) which takes
into account the X/R ratios for different grids. [47] simply adds two terms related to the

network impedance (i.e. R/\/m and X/\/m) to (3.34)-(3.35). It is worth

mentioning that [47] proposes MFBSS formula for the active reference current unlike

FBSS [46] which applies the conventional active reference current formula of (3.10).
The active and reactive components of the reference currents in af frame are as

follows:

K [(@)2 +(V;)2}+Rk [(va)q(vﬁ)z} (3.38)
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Using reference currents of (3.38)-(3.41) and performing mathematical calculations,
one can obtain the instantaneous active and reactive powers as:

R
, 2 2
R™+X nxcos (Qwt) +

K —— ki (3.42)

kT +k”
p=P +P

’ 2 2
+0" R™+ X nxsin (2wt)

k™ +k 72)( -
g=0+0" XJR + X nxcos 2wt) +
K+ k™ n? (3.43)

JR*+ X

k" +k”

’ 2 2
+P R+ X" sin Qwt)
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3.4 Simulation Results

Fig. 3.1 illustrates the block diagram of a grid-connected 1.0 MV A inverter where the
gird voltage becomes deteriorated as indicated in Fig. 3.2. V" and V" are calculated with
MCCF-PLL (A detailed discussion of MCCF-PLL is provided in [150]). In order to ride
through temporary faults, inverter should withstand during the fault and inject power into
the grid. A dc power supply is used to emulate the renewable energy resources and storage
in the dc link [151] which is widely used in most of the studies related to LVRT
techniques [43]-[47]. It is assumed that a type B fault (A-to-G) [75] occurs with
significant voltage dip. The typical system of Fig 1 is the fundamental test system which
has been widely used in evaluation and assessment of different LVRT-RCG strategies in

the literature [43]-[53]. System parameters are listed in Table 3.1.

3.4.1 Uninterrupted Power Delivery Control
Strategies

This section presents the performance of each UPD strategy under grid fault in the HV
grid, where the line impedance is mainly inductive. A single-phase-to-ground fault is
emulated between 0.3s and 0.4s. The proportional resonant (PR) control is used in the af

reference frame for the converter current regulation which is studied in details in [43].

TABLE 3.1. Test system parameters

71 (Q) jx(90x10%) | O (MVAR) 0
Zg (mQ) 1 Voe (V) 2000
Zr (mQ) 1 Vi1, rus (V) 690

P (MW) 1 f (Hz) 60
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BUS 1 BUS 2

Grid-connected
Inverter

Fault Zf :Rf +ja)Lf

Fig. 3.1. Block diagram of grid-connected inverter.
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Fig. 3.2. Emulated fault: (a) voltage waveforms of the grid, (b) positive- and negative- sequences

of the grid voltage, and (c) positive- and negative- sequences of the PCC voltage.

Simulation results of [ARC strategy are shown in Fig. 3.3. In Fig. 3.3(a), the generated
currents by IARC strategy are shown. As it is illustrated in Fig. 3.3(a), the currents are

non-sinusoidal and unbalanced in agreement with the explanations of Section 3.2.1 and
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(3.5). Since the effect of the injected currents on PCC voltage is also of interest in this
particular example, the short-circuit power of the PCC is not assumed to be much higher
than the reactive power injected by the inverter. Therefore, the PCC voltage is practically
deteriorated by the injected harmonic currents as (as Fig. 3.3(b) shows). The
instantaneous active and reactive powers are depicted in Fig. 3.3(c). Since the currents

are not sinusoidal, the current control fails to perfectly track reference-currents.
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Fig. 3.3. Simulation results of TARC strategy: (a) currents injected by the inverter, (b) PCC
voltage, and (c) instantaneous active and reactive powers delivered by the inverter.

Therefore, small oscillations on active and reactive powers are realistically
unavoidable. Another negative point worth mentioning is high currents generated by
IARC strategy (see Fig. 3.3(a)) which may cause overcurrent relays tripping. The
simulation results of AARC strategy are demonstrated in Fig. 3.4. As it is indicated in Fig.

3.4(a), the currents are sinusoidal but unbalanced in agreement with the Section 3.2.2 and
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(3.6). Since the injected currents do not contain harmonics, the PCC voltage remains
sinusoidal as it is depicted in Fig. 3.4(b). The active/reactive powers are depicted in Fig.
3.4(c). According to (3.8) and (3.9), when Q is zero, the oscillation at 2o appears only in

the active power, and does not appear in the reactive power.

(a)
(b)
)
«
E ©)
7 o0 ames— —
0.25 0.3 0.35 0.4 0.45
Time (s)

Fig. 3.4. Simulation results of AARC strategy: (a) currents injected by the inverter, (b) PCC
voltage, and (c) instantaneous active and reactive powers delivered by the inverter.

The simulation results of the BPSC are illustrated in Fig. 3.5. As Fig. 3.5(a) shows, the
currents are sinusoidal and balanced with relatively lower magnitudes under the fault
which is an important advantage of this strategy as discussed in Section 3.2.3. The
active/reactive powers are depicted in Fig. 3.5(b). According to (3.12) and (3.13), even if
one of P or Q is non-zero, both instantaneous active and reactive powers will contain the

oscillation at2w.



CHAPTER 3. COMPARATIVE STUDY ON LVRT-RCG STRATEGIES 51

! Imax: 1.166 ; !
(a)
1.5 T TP 1.2 T
2 1 . ;
z = P
a% 05_ ................................ ..... Qo4 ............. _Q.._ (b)

Fig. 3.5. Simulation results of BPSC strategy: (a) currents injected by the inverter, and (b)
instantaneous active and reactive powers delivered by the inverter.

Fig. 3.6 demonstrates the simulation results of the ICPS. As it is indicated in Fig.
3.6(a), the currents are non-sinusoidal and unbalanced with a high magnitude in the
faulted phase as explained in Section 3.2.4, which is a drawback of this strategy. The
active/reactive powers are shown in Fig. 3.6(b). According to (3.17), when P is zero, then
the instantaneous active power is non-oscillatory. The simulation results of the PNSC are
shown in Fig. 3.7. As it is depicted in Fig. 3.7(a), the currents are sinusoidal but
unbalanced with almost high magnitude in the faulted phase. The active/reactive powers
are illustrated in Fig. 3.7(b). According to (3.20)-(3.21), when P is non-zero and Q is
zero, the oscillation at 2w only appears in the reactive power. Fig. 3.8 shows the
simulation results of the ZSCI. As Fig. 3.8(a) demonstrates, the currents are sinusoidal
but unbalanced with considerably high currents and high zero-sequence component.
Using the proper zero-sequence current injection, the constant instantaneous
active/reactive power (shown in Fig. 3.8(c)) can be achieved without harmonics in the

currents unlike the IARC strategy.
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(a)

(b)

(©

Fig. 3.8. Simulation results of ZSCI strategy: (a) currents injected by the inverter, (b) PCC
voltage, and (¢) instantaneous active and reactive powers delivered by the inverter.

Table 3.2 illustrates important characteristics of each of the UPD strategies e.g.
oscillation amount on instantaneous powers, maximum current magnitudes, etc. In this
test case, the ZSCI and IARC have the best performance from the point of view of non-
oscillatory instantaneous active/reactive powers. In addition, the ICPS and BPSC have
relatively good performances, since they yield less oscillation in the instantaneous
powers. However, the AARC has the worst performance from the perspective of
instantaneous power, since the oscillation on each power component depends on the
average value of the same component. So, one cannot mitigate the oscillation on active
power by setting the reactive power to zero. From the perspective of lower current

amplitudes, the BPSC strategy is the best, and the ZSCI strategy is the worst according
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to Table 3.2. IARC and ICPS have non-sinusoidal harmonic current injection which is a
major drawback. Table 3.2 indicates their THD values in this test case. All in all, the
BPSC seems to be the best strategy, since it has relatively lower oscillations on powers
and lower current magnitudes, along with the sinusoidal and balanced currents. These

features simplify the controller implementation.

TABLE 3.2.  Characteristics of each UPD strategies in the simulated test case

D max s Lnax THD sinusoidal | Balanced
IARC 1.41 21%
AARC 0.4 1.24 v
BPSC 0.2 0.2 1.17 v v
ICPS 0.2 1.44 10%
PNSC 0.4 1.45 v
ZSCI 2.26 v

3.4.2 Flexible Voltage Support Control Strategies

This section presents the performance of each FVS reference-current generator
strategy under a grid fault, where the line impedance includes both resistance and
inductance. A type-B fault [75] (phase A to ground) is emulated from 79 = 0.2 s, and Via

becomes deteriorated as shown in Fig. 3.9.
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Fig. 3.9. Positive- and negative- sequences of the grid voltage under the fault
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The simulation results of FPNSC are shown in Fig. 3.10. After #;= 0.25s, P goes to
zero and Q is configured to either boost V" or decrease’ ~. Reference [43] presents an
analytical approach to find the maximum current value, /ax, in each phase based on the
delivered P and Q, ki, k>, and voltage dip. Therefore, /. limitation can be applied in the
process of reference-current generation which enables calculation of the maximum
allowable Q. For example, 1.5p.u. is set as lnuqx limitation (shown in Fig. 3.10(c)) in the
test case of the FPNSC strategy which leads to limit the average value of the reference
reactive power as shown in Fig. 3.10(d). In the simulation study of the FPNSC strategy,
three cases with three k> values in (3.30) are simulated and studied. The first value of k>
is set to 0.9 between #; and = 0.3s in order to inject mostly the positive reference-
currents. Due to the positive current injection between # and #, V" is boosted from
0.76p.u. to 0.9 p.u. as shown in Fig. 3.10(a) and Fig. 3.10(b). The second value of k> is
0.5, between £, and 3= 0.35s, in order to inject both positive- and negative-sequence
currents. As a result, V" is increased to 0.79p.u. and ¥ = is simultaneously decreased to
0.04p.u. Finally, k> is set to be 0.1 between #; and #= 0.4s, which leads to inject mostly
the negative sequence currents. Therefore, ¥~ is decreased from 0.23p.u. to 0.03p.u. as
shown in Fig. 3.10(a). The active/reactive powers are depicted in Fig. 3.10(d). According
to (3.32) and (3.33), both active and reactive powers contain the oscillation at2e.

The simulation results of the FBSS are shown in Fig. 3.11. After #1, P goes to zero and
the reactive power is enabled to flexibly support the PCC voltage. The value of k" in
(3.34) and (3.35) is set to 0.9 between ¢ and > to generate mostly the positive currents.
Due to the dominant positive current injection, V" is boosted from 0.76p.u. to 0.92p.u. as
shown in Fig. 3.11(a) and Fig. 3.11(b). Between t; and #3, k" is 0.5 which leads to inject
half-negative and half-positive currents. Therefore, ¥~ is decreased from 0.23p.u. to
0.19p.u in addition to ¥ boost from 0.76p.u. to 0.91p.u. Between #3 and #4, k" is set to 0.1
to inject mostly negative-sequence currents. As a result, ¥~ is considerably decreased to
0.09p.u. Although, the portion of the positive current (and k") in the last case (i.e. £'=0.1)
is lower than the second case (i.e. £'=0.5), V" value is still boosted to the same value

(0.91p.u).
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Fig. 3.10.  Simulation results of FPNSC strategy: (a) positive and negative sequences of the PCC
voltage, (b) currents injected by the inverter, (¢) PCC voltage, and (d) instantaneous
active and reactive powers delivered by the inverter.

This high 7" boost and high ¥ ~drop in the last case is at the cost of higher Ly in the
faulted phase as it is seen between #3 and #4in Fig. 3.11(c). The active/reactive powers are

depicted in Fig. 3.11(d). According to (3.36), when P is zero and k" is 0.5, the active
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power is constant and non-oscillatory as it is seen in Fig. 3.11(d) between £, and #3. This

can be a useful criteria to select proper k" values.
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Fig. 3.11. Simulation results of FBSS strategy: (a) positive and negative sequences of the PCC
voltage, (b) currents injected by the inverter, (¢) PCC voltage, and (d) instantaneous
active and reactive powers delivered by the inverter.

For the comparison between the performance of the FBSS and MFBSS in the case of

a resistive line impedance, a test case in a LV grid is implemented with the same faulted
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voltage values (i.e. V' is 0.76p.u. and ¥ ~ is 0.23p.u.). The resistance of the line is 1Q and
the inductance is 0.8 mH (X/R = 0.3 which is low). Therefore, for a flexible voltage
support, P should be mostly delivered to the grid instead of Q. In both strategies, after 71,
300MVA apparent power is available. The reference active/reactive powers in both

strategies under the fault can be reasonably calculated as:

P*=(R/x/m)x5:287w (3.44)

Q*=(X/x/R2+X2)><S=87VAR (3.45)

The simulation results of FBSS and MFBSS are shown in Fig. 3.12 and Fig. 3.13,
respectively. The value of k" in (3.34)-(3.35) (for FBSS) and in (3.38)-(3.41) (for
MFBSS) is set to 0.9 between ¢ and #,. Due to the positive-sequence current injection, V™"
is boosted from 0.76 p.u. to 0.85 p.u. in both strategies as shown in Fig. 3.12(a) and Fig.
3.13(a). The performance of both strategies is similar for high k" values. However, for
k'=0.5 (between t, and 13), V'~ is decreased to 0.22p.u. and 0.20p.u. in the FBSS and
MFBSS, respectively. In addition, for £"=0.1(between 3 and #4), V ~ is decreased to 0.21
p.u. and 0.13p.u. in the
FBSS and MFBSS strategies, respectively. Therefore, one can conclude that in the grids
with lower X/R ratios, the FBSS loses its flexibility to support the grid and fails to reduce
¥~ and unbalances. So, in resistive grids, the FBSS strategy with any k" value will result
in the same V" boost and the negligible reduction in ¥ ~. However, the MFBSS strategy
is capable of flexibly support the voltage with different &* values even in different X/R
ratios. The instantaneous active/reactive powers in the FBSS and MFBSS strategies are
respectively depicted in Fig. 3.12(d) and Fig. 3.13(d).

Table 3.3 and Table 3.4 summarize the pros and cons of each reference-current
generation strategy. Studying and analyzing Tables 3.2 and 3.3, and taking the simulation
results into account, it can be generally concluded that the BPSC strategy [43] is the best

strategy in the first group due to its considerable advantages such as low current
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amplitudes, sinusoidal and balanced currents, and low power oscillations. Furthermore,
the AARC [44] and ZSCI [45] strategies are good candidates in the first group despite
their own drawbacks. For example, the AARC strategy causes low-amplitude and

sinusoidal currents, but it results in high oscillations on the active power.
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Fig.3.12.  Simulation results of FBSS strategy: (a) positive and negative sequences of the PCC
voltage, (b) currents injected by the inverter, (c) PCC voltage, and (d) instantaneous
active and reactive powers delivered by the inverter.
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Fig. 3.13.  Simulation results of MFBSS strategy: (a) positive and negative sequences of the PCC
voltage, (b) currents injected by the inverter, (c) PCC voltage, and (d) instantaneous
active and reactive powers delivered by the inverter.

Also, the ZSCI is very advantageous from the point of view of yielding constant
instantaneous active and reactive power and simultaneously having sinusoidal currents.
However, the high current amplitudes in the ZSCI strategy is its worst drawback. Finally,

the ICPS strategy seems to be the worst strategy due to its listed drawbacks.
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TABLE 3.3.

Advantages and disadvantages of each reference current generation strategy

Advantages

Disadvantages

UPD reference current generation strategies

IARC -

Instantaneously constant active
and reactive powers.
Simple DC link controller.

Harmonic currents.

PCC voltage harmonics.
Unbalanced currents.
High current amplitudes.

Complicated current controllers.

AARC

Sinusoidal currents.

Power oscillations.

Oscillations in active power depends on the
average value of active power itself. It is not
desired; since, it cause ripple in the DC link.

BPSC -

Sinusoidal and balanced currents.

Simple current
controllers can be used.

Low current amplitudes.

synchronous

Lower oscillations on each power
component (although, oscillations
exist on both active and reactive
powers).

Oscillations on both active and reactive
powers even when one of them is zero.

ICPS

Lower power oscillation.

Oscillation on the active power
depends on the average value of
the reactive power. So, one can
mitigate active power oscillation
by zero reactive power injection.

Harmonic currents.

PCC voltage harmonics.
Unbalanced currents.

High current amplitudes.
Complicated current controllers.

Power oscillations.

PNSC

Sinusoidal currents.

Oscillation on the active power
depends on the average value of
the reactive power. So, one can
mitigate active power oscillation
by zero reactive power injection.

Power oscillations.

High current amplitude in the faulted phase.

ZSCI -

Sinusoidal non-harmonic currents.

Instantaneously constant active
and reactive powers.
Simple DC link controller.

Unbalanced currents.
High current amplitudes.

It needs 4-wire or 6-wire structures.
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Strategies of the second group have almost similar performances, summarized in Table
IV. However, the FPNSC strategy [43] seems to be the best, due to its better flexibility
and controlled current limitations. Finally, one can easily conclude that the strategies of
the second group [43], [46]-[47] are generally better than the first one from the grid

support perspective, and they are more useful for future grid requirements.

TABLE 3.4.  Advantages and disadvantages of each reference current generation strategy

- Flexibly support the voltage: either by boosting | - Power oscillations.
the positive sequence or reducing the negative

FPNSC sequence.

- Controlled current amplitudes.

- More controlling parameters and more flexibility.

- Flexibly support the voltage: either by boosting | - Only flexible in the grids

the positive sequence or reducing the negative with high X/R ratio.
FBSS

sequence. oy
q - Power oscillations.

- Controlled current amplitudes.

- Flexibly support the voltage: either by boosting | - Power oscillations.
the positive sequence or reducing the negative

MFBSS sequence.

FVS reference current generation strategies

- Applicable in the grids with any X/R ratio

3.5 Conclusion

This chapter compares the performance of reference-current generating strategies for
LVRT in converter-based DER units. These strategies aim to provide a proper set of
reference-currents under different faults, low voltage and unbalanced voltage conditions.
This chapter categorizes these strategies into two main groups. The first group aims to
deliver the required active and reactive powers with a suitable performance under
different faults or voltage sag conditions. On the other hand, strategies in the second group

target to not only stand under faults (and deliver the power), but also support the grid
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voltage by injecting a proper set of active and reactive currents. This chapter studied these
strategies by analytical calculations, simulations and comparisons. Pros and cons of each
strategy were addressed and summarized in Table 3.3 and Table 3.4. This chapter can be
helpful to find appropriate LVRT strategies, solve their existing drawbacks, combine their
individual capabilities and strengths, and propose other innovative and more enhanced

LVRT strategies.



Chapter 4

Mathematical Assessment,

Performance Evaluation,

and MARPD Method I:
UPD-LVRT-RCG Techniques

4.1 Introduction

A comparative study was conducted in Chapter 3 in order to collect all well-known
and newly introduced LVRT-RCG strategies in gird connected CI-DER units [43]-[47],
analyze them, compare their performances, and introduce their pros and cons under
various conditions. These strategies have been categorized into two main groups. The
first group of method (six LVRT-RCG strategies introduced by [43]-[45]) aims to control
power under unbalanced grid conditions; while, the second group (three LVRT-RCG
strategies proposed by [43], [46] and [47]) targets to not only control the power; but also,
flexibly support the voltage under the grid faults.

This chapter presents the analytical evaluations and mathematical assessments of
strategies of the first group, introduced in section 3.2 and named as UPD-LVRT-RCG
strategies. These six strategies are studied, simulated and generally compared in the

previous chapter. They aim to provide a proper set of reference-currents under different
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faults, low voltage and unbalanced voltage conditions. In terms of practical applications
of LVRT-RCG strategies, their thorough analytical evaluation and precise mathematical
assessment are extremely necessary. This chapter introduces three most important terms
for comprehensive analytical evaluations and reasonable comparisons of available

LVRT-RCG techniques. Oscillation values on instantaneous active/reactive powers ( p
and g, respectively) and the maximum phase currents (/nax) are three most important

terms of each LVRT-RCG strategy. Afterward, the maximum allowable reactive power
delivery is proposed. The maximum allowable reactive power delivery (MARPD) method
aims to provide the best support for the PCC voltage (either boost the positive voltage or
reduce the negative voltage component) and simultaneously respect the maximum limit
of the phase currents imposed by DG owners. Simulation results for different fault
conditions and reference values are performed in order to verify the accuracy and
effectiveness of the proposed formulas.

The accurate mathematical equations of p and ¢ for four UPD-LVRT-RCG

strategies are currently available in [43]-[45], which have been collected and reported in

Section 4.2. Moreover, the mathematical equations of p and ¢ for the other two

strategies are calculated based on the instantaneous power theories |311[-]311[, and
presented also in Section 4.2. In addition, the precise mathematical equation of Zyax is not
available for none of 6 UPD-LVRT-RCG strategies in the literature. However, the
equations of 7,4, for all six strategies are calculated and presented in Section 4.3. Using
the equations of Section 4.3, it is very useful to obtain the maximum allowable reactive
power, Omax, Which the converter can deliver to the grid under the grid faults (in order to
support the grid voltage) without passing the maximum allowable instantaneous phase
current limit, ;imi. The mathematical equations of O« under various conditions (i.e.
different fault types, various voltage dip characteristics, several system parameters,
different operating points, etc.) for all six strategies are obtained and presented in Section
4.4. Simulation results in various conditions, presented in Section 4.5, verify the accuracy

and effectiveness of the obtained expressions.
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4.2 Mathematical Equations of
Instantancous Active/Reactive
Power Oscillation Terms

The control of the delivered instantaneous active and reactive powers of a three-phase
grid-connected power converter under unbalanced and faulted grid voltages needs the

determination of proper reference-currents. In this section, the equations of p and g for

all six UPD-LVRT-RCG strategies will be presented using the instantaneous power
theories [133]-[134].

The total reference-current can be written as:
Po—7 4 4.1
i=i,+i, 4.1)

Also, active and reactive reference currents can be divided into the positive and negative

terms as:
.. . et — ot — e+ — 4.2
[o=i 4D =0+ i i =0+ 4.2)

According to [43], the recognized equations of the instantaneous active/reactive powers

can be thoroughly represented as:

p=v.i=("+v ).(("+i)=v.i +v.i +v.i +v.i =P+p (4.3)
P p
g=lvxil=v . i=W+v).("+i)=vi.i"+v..i +v.i +v,.i'=0+q (4.4)
0 q

Also, according to [135]-[136], instantaneous active/reactive powers can be divided into
its oscillatory terms as:

p=P+p,+p.,=P+P,sin 2Qwt)+ P, cos 2wt) 4.5)
%’C_j
p
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q=0+G,+q,=0+0,sin 2wt)+Q.,cos 2mt)
%:—/

(4.6)
q

where p and g are oscillation terms of the instantaneous active and reactive powers,
which are the main focus of this section. Table 4.1 demonstrate the available p and ¢
expressions in the literature. As Table 4.1 states, p and g are zero for IARC and ZSCI

strategies. Also, p and g are provided for AARC and PNSC strategies in [43]. However,

the obtained expressions in [43] for the BPSC strategy is not correct. Moreover, there is

no p expression for ICPS in [44]. It is worthy to be mentioned that the expressions of
the maximum values of p and g ( p,,, andq,,, ) are more important than the expressions

of their instantaneous values. p,,. and{,,, can be written as:

Poax =1 P = \/Pszz +R:22 “.7)

- - 4.8
G =G =0,2 0., (4.8)

TABLE 4.1. Available expressions for oscillation terms of instantaneous active and reactive powers
of UPD-LVRT-RCG strategies

p q
IARC 0 0
AARC
BPSC
ICPS
PNSC
ZsCI 0 0

[ Correct and available in literature [ Not available in literature . Incorrect in literature
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Hence, this thesis tries to extract and present the useful expressions of p_, and ¢,,, .
Another effective aspect to be followed is to represent the expressions of p,_,. andg,, in

terms of scalar parameters (like the expressions of p and g for AARC, stated in Table
4.1, which their magnitudes are in terms of [v'], |v], P and Q) rather than vector terms (as
for instance, the p and g expressions of PNSC, indicated in Table 4.1, which are in terms
voltage and current vectors).

As stated earlier, p,, andgq,,, are zero in IARC and ZSCI strategies; since their
essential objective is to instantaneously control the active and reactive powers. However,
for the remaining four strategies in UPD group, the expressions for p . andgq, are

calculated in the following sub-sections.

4.2.1 p,. and g_ Expressions in AARC and PNSC

This thesis frequently uses four important voltage vector terms (i.e. positive- and
negative- sequences of original and orthogonal voltage vectors). Neglecting initial
voltage angles or assuming that the angle of the original voltage vector is zero, then, these

four voltage terms can be written as following expressions:

. |V, cos (@) [V, cos (@)
"o v, sin (ot) " 7| sin (0b) (4.9)
. |7V, sin(@1) . {—Vn sin (w't) }
= Vv, =
T V,cos (wt) T |V, cos (wt) (4.10)

where, V), 1s the magnitude of the positive original and orthogonal voltage vectors, i.e.
[v']; and ¥, is the magnitude of the negative original and orthogonal voltage vectors, i.e.
|v 7|. These four terms are frequently used hereinafter to find meaningful results for

different expressions.
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According to (4.3)-(4.4) and using (3.7), one can rewrite the instantaneous active and

reactive powers of the AARC strategy as:

p= V-(ip +iq) = V.(GV+BVL) = sz +BV.VL — GvZ

0

q=v,.(i,+i)=v (Gv+Bv )=Gvv, +Bv; =BV’

Replacing G, B, and v* fro

P
p=Gv’

2|vT v |.P

[V P+

VP v

0

m (3.5)-(3.6) and applying (4.9)-(4.10):

: (VP +1v P +2[v v | cos Qaot+¢" —¢))

~cos Qot+¢" —¢)

g=Bv 0

=Q+

VPV P

VP v
2[vi v .0

p

: (1P +v P 2]vt v |cos Qot+ g —¢0))

cos Qot+¢" —¢)

q

So, p,.. andq,, of the AARC strategy can be expressed as:

~AARC_2|V+HV_|'P

VPP

~AARC=2|V+||V_|'Q
ST

4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

According to (4.3)-(4.4) and using (3.22)-(3.23), one can easily obtain the

instantaneous active and reactive powers of the PNSC strategy as (3.20)-(3.21) which are

repeated here:
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ot e - .- + .= - .+
p=Vv .lp+V .lp+V .lq +v .lq

P ﬁsZ
- Q - Q
=P-(v V) ——————+ (V) ————
( 1 )|V+|2—|V7|2 ( L)|v+|2_|v,
q=Vvi.i, 4V i +Vi.i +Vv i =
Q 652
- P o P
=0-(v v ) ———+0 v
Q ( L)|V+|2—|V7|2 ( 1 )|V+|2—|V7
applying (4.9)-(4.10) will result:
—p+ 22V L 2wy
Vv -y
q=Q—%sm(2m)
Vv -y

q

So, p,.. andq,, of the PNSC strategy can be presented as:

~PNSC _ 2Q|V+ |V |

max

Py

2

~PNSC _ 2P v [[v7 |
R

|2

|2

4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

422 p,.. and q_ Expressions in BPSC and ICPS

According to (4.3)-(4.4) and using (3.10)-(3.11), one can rewrite the instantaneous

active and reactive powers of the BPSC strategy as:
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p=v.(i,+i)=0"+v)(GV +BV )=
=G |V P +BYV YV +G (VY )+BT (v )
%,—J

0

q=v,.(i,+i)=0", +v )(GV +BV" )=
=GV +B |V PGV Y ) +BI(v )
0

Replacing G*, B*, and v*from (3.5)-(3.6):

P _
p=P- WCOS(2a)t)+Q| H |s1n(2a)t)
v [’ v [
p
o v | Piviiv]

q=0- =——>—-cos 2wt) —————>—sin Qot)
v [ Rk

q

So, p,.. andq,, of the BPSC strategy are equal and is obtained as:

~BPSC _ ~BPSC |V| [p2
pmax max P +Q

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

Finally, (3.17)-(3.18) provides the instantaneous active and reactive powers of the

ICPS strategy as:

-+
‘ o V.
p=v.i=(v V)0 i) =P + 0 ——
R Y
p
- o+
V.
=v,.i =(v+v).(C+i)=0 + P ——*——
9=V L HvD)-Gy +i) =0 VP v

q

(4.28)

(4.29)
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applying (4.9)-(4.10) will result:

O|v'||v |sin Qet) (4.30)
V' P =|v" ||V |cos 2at)

p=P+

—P|v||v |sin Qet) (4.31)
[V P =|vT||v | cos Qat)

q=0+

So, p,.. andq,, of the ICPS strategy can be obtained as:

~ICPS _ Olv ‘\/ v’ ’ ‘V (4.32)

max
VP =y P

I TN TG (4.33)

[V P =P

max

4.2.3 Discussions onp__ and q_.Expressions

Table 4.2 summarizes the obtained results of the expressions of p . andg,,, for all
six UPD-LVRT-RCQG strategies. Table 4.2 reveals numerous facts, as for instances:

e p... andqg . in the AARC strategy depend on their corresponding power

components (i.e. p, . depends on the average value of the active power; while,

d.... depends on the average reactive power).

e p.. and g, . in both ICPS and PNSC strategies depend on their anti-
corresponding power components (i.e. p, . depends on the average reactive

power; while, g,_. depends on the average active power).

e p_andgq, are equal for the BPSC strategy.
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TABLE 4.2. Obtained expressions for oscillation terms of instantaneous active and reactive powers

of UPD-LVRT-RCG strategies

ﬁmax qmax
IARC 0 0
AARC 2\vi v |.P 21viv |.O
Vv P WV P+
v | / 2 2 v | / 2 2
BPSC m P +Q m P +Q
ops Ol NIV F—Iv I Pl v Pl P
VP —=v P v =V P
20(v7 v | 2P|v' v |
PNSC _— —_—
VP =v VP =v
ZSCI 0 0

Due to the near-unity power factor operation of DERs [90], the reactive power is

normally much smaller than the active power. Another point to be mentioned is the

importance of the p,. for DER owners [23], [152]; since it severely affects the

regulation of the DC voltage in the DC-side of the power converter. Knowing these two

facts and based on the expressions of Table 4.2, several conclusions can be made on the

practicality and effectiveness of the strategies in terms of the active power oscillation and

the DC voltage regulation:

IARC and ZSCI are obviously best options for having instantaneously

controlled powers with zero oscillation components.

In the second and third places, the ICPS and PNSC strategies have,

respectively, less oscillations on the active power (compared to AARC and
BPSC strategies), since p,,, in ICPS and PNSC depends on Q which is
normally much smaller than P. Furthermore, since,

v P -Iv P

2|v7|

0< <0.5
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Do OF the ICPS strategy is less than half of p_, value in the PNSC strategy.

In the fourth and fifth places, the AARC and BPSC are located and their
comparison depends on voltage sag characteristics (i.e. |v' |and | v | values)

and power components (i.e. P and Q). The relationship between p " and

P2 can be conducted as:

ﬁAARC B 2 | V+ |2 E

max

PESC TV v TS

where in most cases, not always, the above ratio is greater than 1. Thus, one
can stochastically state that the AARC strategy is the worst option in terms of

the active power oscillations and DC voltage regulation.

Furthermore, for an advantageous summary of some concrete facts it is valuable to

consider Bars 4.1 and 4.2 which indicate the performance of all six strategies in terms of

D, and ¢, . under 5 different fault cases. It is also useful to generally rank the strategies

in terms of maximum oscillations on active and reactive powers, according to Table 4.2,

conducted conclusions, and Bars 4.1 and 4.2:

First, IARC and ZSCI strategies have least oscillations on their respective
active and reactive powers, comparing all UPD-LVRT-RCG strategies under
the same fault and system conditions. Therefore, these two strategies have the
least problem with their DC-voltage regulations.

In the second place, ICPS and BPSC strategies stand which their oscillations
on active and reactive power are reasonable according to Bars 4.1 and 4.2.
The AARC and PNSC strategies has the third and fourth ranks in terms of
oscillations on active and reactive power. Although AARC has the worst
oscillations on the reactive power, PNSC is the worst strategy in terms of
power oscillations since the importance of the oscillations on the active power

is much more than that of the reactive power.



CHAPTER 4. MATHEMATICAL ASSESSMENT, AND MARPD METHOD I: UPD-LVRT-RCG STRATEGIES

[ M Case 1:
14 1 . 'Vp=0.83', 'Vn=0.16'
o — IP=1l’IQ=1I
1.2 M Case 2:
'Vp=0.8', 'Vn=0.18'
'P=1','Q=0.7"
_1f ;
5 e = Case 3:
Sos & 'Vp=0.8', 'Vn=0.18'
g 'P=0.3','Q=0.7'
3 2
%0.6 + n @ o HCase 4:
e ° -3 % 'Vp=0.65','Vn=0.32"
< % 'P=0.3','Q=0.7'
™ HH =
0.4 + o R o @ i
I ] NS o i MmCaseS:
i 9 SEy | Sy = #  'Vp=0.65','Vn=0.32'
S S . L e -
0.2 T e 88# §m§08 =i} :’E‘ E :._ .:_:,: |P=O.3', |Q=1|
1S2935°3 2_B° = B = i
R | e || | I ¢ NG = average o 5 cases
TIARC ZSCI ICPS AARC BPSC PNSC

UPD-LVRT-RCG strategies

Bar 4.1. p,,, values of six strategies under five different conditions (all values are in p.u.).

0.8 T

N M Case 1:
| 'Vp=0.83", 'Vn=0.16"
07 & 'p=1','Q=1'
| M Case 2:
0.6 T 'Vp=0.8', 'Vn=0.18'
'P=1','Q=0.7'
~ ~
-~~~ -
"E 0.5
=
= =} ©
S L =) 5]
0.4 + o0 ] !
5 £ ©
Q
1]
)
Ql

o
w
'

0.21

0.06

LR Rk X
e e e e e e e e

[

AR a e | 0,29

R ety e e
A,

o Lol ol Tl ol Tl Tl Tl 1l
u,

Lr Tl
[

=

: s <
M Case 3:
3 'Vp=0.8', 'Vn=0.18'
r N 'P=0.3','Q=0.7'
r (=) (=]
S 08 > 5 H Case 4:
T © s° & ¥ 'Vp=0.65', 'Vn=0.32'
: ~ { % 5 'P=0.3','Q=0.7'
02 4 ° = S ': < = i
‘ L ~ - b - - '-..
[ o ; u % Sl | B m Case 5:
[ S 3 S | B i ¥ 'Vp=065','Vn=0.32"
+ =] o el " Y] i -2l 'A_1!
0.1 [ a_a8a ~ i .'" 4 i P=0.3','Q=1
i ogoo-o og T o T o
S £ &
od m.ull: [ N | W o) i Average of 5 cases

ZSCI1 IARC ICPS BPSC PNSC AARC
UPD-LVRT-RCG strategies

Bar 4.2. G, values of six strategies under five different conditions (all values are in p.u.).

75



CHAPTER 4. MATHEMATICAL ASSESSMENT, AND MARPD METHOD I: UPD-LVRT-RCG STRATEGIES 76

4.3 Mathematical Expressions of
Maximum Instantaneous Phase
Currents

Along with four mentioned voltage terms in (4.9)-(4.10), it is very helpful, for the
calculation of the /..« equations, to represent the PCC voltage vector and its respective

orthogonal form in af} reference frame and in simple forms as:
v, V, cos(wt) Vig —Vy —V, sin (wt)
V= = . and v, = = =
Vg V, sin (at) Vig v, V, cos(at)

nh=vr,-v,
where
V,=V,+V,

(4.34)

In a balanced operation, the magnitudes of a and B voltage components (i.e. V1 and V>)
are equal; while in an unbalanced condition, they are varied. Also, as stated earlier the

general form of the reference current can be written as:
R I 4.
i =i,+i,=g.vt+b.v, (4.35)

Therefore, the general form of the injected current under the fault can be written based
on (4.34)-(4.35) in the af} reference frame:

(4.36)
‘ {l},} {ng cos (at) —bV, sin (a)t)}
1= =

iy gV, sin(wt)+bV, cos (wt)

To transform the af3 currents of (4.36) into the abc current, a useful transformation matrix

is used in this paper which is based on the ideas presented in [43]:
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. 1 0
! ; (4.37)
A

Z, __% _ﬁé_

Applying (4.37) to (4.36) will result in the general equation of (4.38) which gives the

maximum instantaneous current values in each of abc phases under different situations:

I (gV)* + V)’ (4.38)
Loy |=| (C3gV + L0V + G0V, + L gl,)

o] [ (~48Vi=FbR) + G0V, = Lgl,y
Then, Imax is simply:

ax—a® ~ max—b? T max—c

L =X (Lo Lo L) (4.39)

4.3.1 Inu Expressions in IARC and ICPS

Using (4.38) in both IARC and ICPS strategies and substituting g and b values,
respectively, from (3.2)-(3.3) and (3.16) will result in:

. , (4.40)
12 — P + Q
max—IARC sz + I/nz . 2Van

(4.41)
s V(PP 0Y
max—ICPS 2 2
&, =V,r)

Although the reference currents generated by both IARC and ICPS strategies are
unbalanced and non-sinusoidal (which are discussed in details in Chapter 3), the

equations of (4.40)-(4.41) are still valid to calculate the maximum instantaneous currents.
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However, due to the non-sinusoidal currents in these two strategies, it is impossible to

find the 7. expressions for each specific phase with this general approach.

4.3.2 Iu Expressions in AARC, BPSC, and PNSC

Applying (4.38) in AARC, BPSC and PNSC strategies and using g and b values
presented, respectively, in (3.6), (3.10)-(3.11) and (3.22)-(3.23) will result in:

i Plez +0 szz N
12 (I/l2 + *Vv22)2
max—-a—AARC
) x| CEPVALOV) + GOV, + L PV))’ @42
max—b—AARC V2 N V 2)2 .
IZ ( 1 2
max—c—AARC
—1 PV, =L OV +(10V, - T PV,)’
i > +70) |
P*+Q?
Y riaxfafBPSC =1 riax—bePSC =1 rzlax—c—BPSC = T (4.43)
p
P (V) + 0’
v, =V
Lux-apnsc 2[ 1 Gl 2y Gl
i )| 3P+50| +(1)|50+°5P (4.44)
max—b—PNSC | - B T =
v, =V
Iriax—c—PNSC - p_ ) B -
(Y[ 1P=50] + 07101 P)
(sz _ Vnz)z |

Since the reference currents generated by AARC, BPSC and PNSC strategies are
sinusoidal, the expressions of their maximum instantaneous values can be calculated

phase by phase for each strategy using the presented analytical approach and following
(4.34) to (4.39).
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4.3.3  [u Expression in ZSCI

The analytical calculation of /. formula in ZSCI strategy is complicated; and, its
equation is too large due to the inverse operation of a 6x6 matrix in (3.27). However, the
analytical equation of 1., can be calculated for the simplified-ZSCI strategy using (3.28).
Knowing positive-negative-zero sequence currents obtained from (3.28), the current

vector in abc frame can be calculated by [153]:

1} 11 1 Z" 11 e+ (4.45)
I |=|1 a® a|I"|=|1 a® a| I;+/I]
I 1 a a’| I 1 a a’ I+,
Therefore,
]2
I’ |=
]2
Uy + 1+ 1)+ + 1 +1,)
2 2
|1 =3+ 1)+ LU =) [+ 1 =3 + 1) =L -1 |
2 2
[0 =3a 1 =La; -1 |+ 1 -sa; + i+ L -1 ||
and
ImaprSCI = max ([a s Ib D IC) (446)

In a single-phase-A voltage dip, the instantaneous currents in other two phases are equal

and larger than the phase current of the faulted phase. So:

ImafoSCI = | Ib |: | Ic | (4.47)
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4.3.4 Discussion and Summary

Table 4.3 summarizes the expressions of /. obtained in this section. According to

Table 4.3, the following facts can be concluded:
e Under the same voltage dip characteristics and equal apparent powers, the
IARC and ICPS strategies have the same amount of maximum phase currents.

e The maximum phase current in the BPSC strategy is less than that of either

IARC and ICPS; since,
2 2 2
V' = (Vp -V ) < Vp

e The ZSCI strategy has the greatest /. value due to the zero-sequence current
injection, which is the most notable problem of this strategy.

e Mathematical evaluation on /. expressions of AARC and PNSC strategies
indicates that for the case that Q is zero, the maximum phase current in the
AARC strategy is less than that of the PNSC strategy, since:

JA4RC (sz + Vn2 +V,V, ).(Vp2 - I/;lz)2

when QZO = rI’I;‘?VXSC: 2 2 2 2N\2 T
1 V, +V, +2V, V).V, +V,)

max

Also,

) 5 2 25\2
i _ V,+V, 2V V).V, =V _
JPSC (sz + Vn2 +V 7, ).(Vp2 + V,,z)z

max

when P=0 =

The AP ratio is less than 1, when n = (V,/V)) is greater than 0.2 and AP is
greater than one when 7 is less than 0.2. Therefore, when P is considerably less
than Q, Ina of the PNSC can be either greater or less than /. of the AARC

depending on the voltage dip characteristics (i.e. n).

Bar 4.3 shows 7ax values of six strategies under five different conditions, i.e. different
active and reactive commands and altered voltage dip characteristics as indicated in the

right hand side of the bar graph. It is noteworthy to check the above conducted
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TABLE 4.3.

Obtained expressions for the maximum instantaneous phase currents of
UPD-LVRT-RCG strategies

I .. expressions in the

max

literature

I . expressions obtained

max

in this thesis

IARC

AARC

BPSC

ICPS

PNSC

ZSCl

P2+Q2 _P2+Q2
sz + V;Z =2V, Vf

P2V12+Q2V22 T
V2 +V,)

— 1PV + 5OV +(L0V, + L PV, )
(VIZ +I/22)2

(—1pv -Lovy +dov, - L Py,
V2 +V,) |

P*+Q°
2
VP

V(PP0Y) P4
2 2 2
V=V 7,) Z

P (V) + QM)
(sz —Vn2)2

vy [ips Lol vy [ro+ L]
(V 2 _I/nZ)Z

P

2 r 12
| sp-Lol +mr[io-LTr
v, =V

U+ 1+ 1) + ()" + 1 +1,)

(18 2y + 1)+ L1 - 1) + .
[ =t =S a1 |

(e =y + 1= La; -1 ..

et I =+ 1)+ LU - 1) ]

2

81
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conclusions with the results presented in the bar graph. Also, it is very useful to compare
the values of 7.4 of six strategies together under different conditions; in order to evaluate
and rank them in terms of maximum phase currents needed to be injected with each
strategy. It is worthy to be mentioned that the strategies with high maximum phase
currents such as ZSCI and IARC has less capability in supporting the grid voltage with
reactive power injection compared to the strategies occupying lower /uas like BPSC and
AARC. The detailed study on the capability of each strategy to inject the maximum

allowable reactive power will be carried out in Section 4.4.
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Bar 4.3. [ values of six strategies under five different conditions (all values are in p.u.).

To wrap up the studies in this section, it is beneficial to summarize some concrete facts
by generally ranking the strategies in terms of maximum phase currents, according to
Table 4.3, conducted conclusions, and Bar 4.3:

e First, BPSC and AARC strategies have least needed maximum phase currents
among the UPD-LVRT-RCG strategies under the same fault and system

conditions. Therefore, these two strategies have the greatest capability
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between UPD-LVRT-RCG strategies in order to support the grid voltage with
reactive power injection which will be discussed further in next Section and
will be verified by simulation results in Section 4.5.2.

e The PNSC and ICPS strategies has the second and third rank in terms of
current under generic fault conditions according to Bar 4.3. Although both
PNSC and ICPS occupies almost the same amount of current under different
voltage disturbances, ICPS is placed in the third rank since its currents contain
harmonic and they are not sinusoidal which is a great drawback of this
strategy.

e In the fourth place, the IARC strategy stands since its required currents under
the fault are greater than those of heretofore mentioned strategies, i.e. BPSC,
AARC, PNSC and ICPS.

e Finally, the ZSCI strategy is the worst in terms of injected currents since it
requires very high currents to be injected under voltage disturbances. This
high current injection is mainly due to the zero-sequence current required to
be injected in order to keep the active and reactive powers constant with
sinusoidal currents. Although these features are notably appropriate in terms
of non-oscillatory powers and non-harmonic currents simultaneously, high
currents injection is the most notable drawback of the ZSCI strategy.
Therefore, the ZSCI strategy has the least capability between UPD-LVRT-
RCG strategies in order to support the grid voltage with reactive power
injection which will be discussed further in Section 4.4.2 and will be verified

by simulation results in Section 4.5.2.

4.4 Calculation of the Maximum allowable
Reactive Powers; MARPD Equations

In this chapter, the maximum allowable reactive power (Omax) delivery (MARPD) is

proposed which is the main contribution of this chapter. Applying the MARPD method
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in each of the traditional LVRT-RCG methods provides the best support, to ride through
any fault and to assist the disturbed voltage, under an existing very important constraint
(the maximum phase currents limitation). Therefore, this section intends to obtain all
required equations of QOumax for each of the six UPD-LVRT-RCG strategies based on the

calculated /. expressions in Section 4.3.

4.4.1 Omax Expressions in IARC, BPSC and ICPS

According to Chapter 3, IARC and ICPS strategies have non-sinusoidal phase currents
(harmonically distorted); and finding concrete and accurate I, expressions for each
phase in these strategies is impossible, stated in Section 4.3. Therefore, for each of these
two strategies, one expression was found, in Section 4.3, which indicates the maximum
of the magnitudes of three phases instead of finding specific expressions for all phases.
Therefore, obtaining Onax expressions is easy for these two strategies. Knowing (4.40)
and substituting the 1,..» with the maximum allowable phase current limitation imposed
by DER owners (named as Zimir), the following equation for the Opax in the IARC strategy

can be easily obtained:

QIARC — \/I;m[t.(sz + I/nZ _ 2VPI/’1) _P2 (448)

max

Also, using (4.41), the equation of the Onax in the ICPS strategy can be calculated as:

QICPS e (4.49)

max limit

v, -V, -P’

Furthermore, in the BPSC strategy, phase currents are balanced and they have equal
magnitudes, as stated in Chapter 3 and shown analytically in Section 4.3 and (4.43). Thus,
like IARC and ICPS, finding the Omax expression in the BPSC strategy is easily obtained
using (4.43):

QBPSC — 12

max limit

V 2 _P2 (4'50)
p
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4.4.2  Omax Expressions in AARC, PNSC and ZSCI

Since Iax expressions of AARC, PNSC and ZSCI found in Section 4.3 are different
and specifically assigned for each phase; so, the Onax €xpressions of these three strategies
should be found in a way that none of three phase currents in each strategy overpass the
determined Zjinir. For example, using (4.42), three different values may obtain for the

allowable maximum Q as indicated in (4.51):

AL, (V2 + V2 - P
v,
AARC
lAARC _ _b+ b2 —4CZC
ARC | _ \
AARC 2Cl
} b+b* —4dac
iy (4.51)
a=3V2+V}
where b=23P(V} -V?)

c=P (7 +30,) -1,

imit

7 +7y)

However, just one of the obtained Qs is correct where all of the three phase-currents
remain under the pre-specified ljini: value. Hence, QOmax of the AARC strategy will be

given to the inverter controllers according to the following expression:

O =min (0, 0,, 0;) (4.52)

Similarly, using (4.44) gives the expression of Onax in the PNSC strategy as follow:
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V=V =P (V] +V})
v, =V)
PNSC
IPNSC B —b+b* —4ac
2PNSC 2a
’ b++b* —4ac
2a
where (4.52)

a=3V,+V)+WV,-V,)
b=23P|(V,+V,) =(V,~V,)’ |
c=P[(V,+V,) +3(V, -V, |- 1}, (V} =V})

“ Llimir

Finally, using (4.46) and considering the simplified-ZSCI equations of (3.28), the Qmax

expression for the simplified-ZSCI strategy can be attained as:

zscr _ b+b’ —4ac
limit  — 2(1
L3V V) 0 (4.53)
o[-
_ QIS =1+ L)V, +V)) =, + 1)V,
Bl -0,

=N A+ ALY 43U+ 1) -

limit

b

4.5 Simulation Results

To verify the mathematical expressions obtained in Sections 4.2, 4.3 and 4.4, two test

cases are studied and implemented in this chapter. Fig. 1 illustrates the circuit topology



CHAPTER 4. MATHEMATICAL ASSESSMENT, AND MARPD METHOD I: UPD-LVRT-RCG STRATEGIES 87

of a grid-connected 1.3 MVA, 690 V, 60 Hz CI-DER unit. In order to ride through
temporary faults, the inverter should withstand during the fault and inject the power into
the network. Grid ac voltage source in Fig 4.1 realizes the desired voltage dip presented
in Fig 4.2. As it is stated earlier, a dc power supply can be used to emulate the renewable
energy resources and storage in the dc link [151] which is widely used through most of
the studies related to LVRT methods [43]-[47]. It is also assumed that the type B fault
(phase A to ground) [75] occurs with significant voltage dip on phase A as indicated

in Fig 4.2. The simulation system parameters are listed in Table 4.4.

4.5.1 TestCase A:
Instantancous Active and Reactive Powers
Oscillations and Maximum Phase Currents

This section presents the simulation results of each UPD-LVRT-RCG strategy under
grid faults in a HV grid, where a single-phase-to-ground fault is emulated after t;=0.2s,
and the grid voltage, Varig, becomes deteriorated as indicated in Fig 4.2. V+ and V- are
calculated with MCCF-PLL [150]. Between t1=0.2s and ts=0.4s, a moderate voltage dip
is emulated where Vg + = 0.8 p.u. and Vg-=0.18 p.u. as indicated in Fig 4.2. In addition,
for more evaluations, a more severe voltage dip is emulated between ts=0.4s and to=0.6s
where Vg+=0.65 p.u. and Vg- = 0.32 p.u. as shown in Fig 4.2. In this test case, P* is set
to be 1 MW until t3=0.3s and 0.3 MW after t3. Also, O* is set to be 0.7 MVAR until
t7=0.5s and 1 MVAR after t7.

The proportional resonant (PR) control is used in the aff reference frame for the
converter current regulation [43]. The simulation results of the IARC strategy are shown
in Fig4.3. In Fig 4.3(a), the injected currents of IARC are shown. As it is illustrated in Fig
4.3(a), the currents are non-sinusoidal and unbalanced. The ..x shown in Fig 4.3(a) is
calculated using (4.40). As Fig 4.3(a) shows, the calculated I.. is not completely
accurate. There are two reasons for this inaccurate ln.: first, the PCC voltage is affected
by the injected currents; second, inaccurate current regulation due to the huge harmonics

in reference currents. Therefore, if the effect of the injected currents on the PCC voltage
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is completely eliminated and the reference currents are considered for comparison with
calculated Inax; then, the calculated /,..x will be accurate as it is indicated in Fig 4.4. The
instantaneous active/reactive powers in the IARC strategy are depicted in Fig 4.3(c). As
stated here, the current controllers fail to perfectly track the reference-currents since the
currents are not sinusoidal. Therefore, some small oscillations on the active and reactive
powers are realistically unavoidable unless a perfect deadbeat controller is used to
regulate the output currents of the inverter. Another negative point worth mentioning is
high currents generated by the IARC strategy as Fig 4.3(a) shows which is also claimed
by analytical calculations in Section 4.3.4. These high currents may cause over current

relays tripping which is undesired and against LVRT requirements.

Grid
T Transformer
DC | 1= | vsc . \
Power Supply 1 Filter Zg
L A
Sn[Sb Sc g U
Positive and
Vie Conle < negative
sﬁat:glles on sequence Load
ault detector

Grid side controllers

Fig 4.1. Circuit topology of the grid-connected inverter [45].

TABLE 4.4. Specified Active/Reactive Powers Commands and Test System Parameters — Case A

P” (t5=0s to t3=0.3s) 1 MW O (t=0s to t7=0.5s) 0.7 MVAR
P" (5=0.3s to t5=0.6s) 0.3 MW 0" (t=0.5s to t9=0.6s) 1 MVAR
Zg (mQ) 34.6/78.3 Ve (V) 2000
Zr, (mQ) 37.8487° Vit rmus(V) 690
Zr (t1=0.2s to ts=0.4s) 0.8 mQ f (Hz) 60
Zy (ts=0.4s to t10=0.65s) 0 S (MVA) 1.3
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Fig 4.4. Reference currents produced by IARC and calculated maximum instantaneous phase current.

Fig 4.5 illustrates the simulation results of AARC strategy. Using the equations of
(4.42), Inax in all phases are calculated accurately under different conditions as indicated
in Fig 4.5(a). Fig 4.6 and Fig 4.7 illustrate the simulation results of BPSC and ICPS
strategies. As it is indicated in Fig 4.7-(a), the Jax 1s inaccurate after ts=0.4s which is due
to the non-sinusoidal reference currents as it is also discussed earlier for the IARC
strategy. Relatively lower currents of the BPSC strategy and higher currents of ICPS can
be observed from Fig 4.6-(a) and Fig 4.7-(a) in agreement with the conclusions and
discussions in Section 4.3.4. Furthermore, the instantaneous active powers in BPSC and
ICPS contain more oscillations as illustrated in Fig 4.6-(b) and Fig 4.7-(b) compared to
IARC and AARC strategies (see also Fig 4.3-(b) and Fig 4.5-(b)).

1.5 | ! ! | '

i mmma

_,uu_w_u_uu..i ________________________________________________

1, (pu)

s —

Fig 4.5. Simulation results of AARC: (a) injected currents and maximum instantaneous phase
currents, and (b) instantaneous active/reactive powers.
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Fig 4.8 and Fig 4.9 demonstrate the simulation results of PNSC and ZSCI strategies.
Using (4.44) and (4.46), the [.a for each phase in PNSC and ZSCI strategies are
accurately calculated which are also shown in Fig 4.8-(a) and Fig 4.9-(a). Relatively
higher fault currents of both strategies (especially ZSCI) are considerable accordance to

the conducted conclusions and results of Section 4.3.4. The instantaneous active power

in PNSC contains very high oscillations (i.e. p,,, is 1.25 MW after t;) as shown in Fig

4.8-(b); whereas, oscillations on instantaneous active/reactive powers are negligible in

ZSClI as illustrated in Fig 4.9-(b).

4.5.2 Test Case B:
Maximum Phase Current Limitation and
MARPD Method

This section tests and studies the MARPD method and presents the simulation results
of each UPD-LVRT-RCQG strategy with MARPD method under different fault conditions
in the same HV grid of the test Case A. The grid voltage, Varid, becomes deteriorated
similar to Case A. The only difference is the time of the severe voltage dip which is
t7=0.5s in this test case as it can be seen in Fig 4.10-(a) and time notations i.e. t;=0.2s,
t5=0.25s, ..., t11=0.7s. The values of the deteriorated positive/negative-sequence voltages
are similar to the Case A for both slight and severe faults. Moreover, P* is set to be 1
MW until ts=0.4s and 0.3 MW after ts. Also, MARPD is applied in order to support the
grid voltage under the fault after t3=0.3s considering the maximum limit for luax (1.€. Liimir)
which is taken “3.5 p.u.” until t¢=0.6s and “2 p.u.” from t9 to t11=0.7s. Therefore, there
are four different fault conditions after applying the MARPD.

TABLE 4.5. Specified Active Power Commands and /i Commands — Case B

P* (t¢=0s to ts=0.4s) 1 MW P* (ts=0.4s to t;1=0.7s) 0.3 MW

Liimie™® (13=0.3s to to=0.6s) 1.5p.u. Liimir™® (19=0.6s to t;;=0.7s) 2p.u.

Zr (11=0.2s to t7=0.5s) 0.8 mQ Zs (t7=0.5s to t10=0.7s) 0
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Fig 4.10 shows the simulation results of IARC strategy in test case B. As Fig 4.10-(b)

*

shows, the injected currents are limited to the reference limi (i.€. [, .. ) by calculating the

maximum allowable reactive power introduced by (4.48). The currents are even less than
the allowable 7jini: due to the reasons (e.g. high harmonics) mentioned in the previous
Case. As it is indicated in Fig 4.10-(c), the maximum allowable reactive power is
presented for each of the four fault conditions. For example, the maximum allowable
reactive power is 1.3 MVAR between ts and t7 in order to limit the injected currents to
the reference /iimi: which is 1.5 p.u. in this period. In this period, the positive-sequence of
the PCC voltage is boosted from 0.8 p.u. to 0.87 p.u.. Furthermore, an increment in the
maximum allowable reactive power can be observed at t¢=0.6s from 0.69 MVAR to 0.96
MVAR when the reference ljimi increases from 1.5 p.u. to 2 p.u.. This increment in the
reactive power delivery results in further boost in the PCC voltage.

Fig 4.11 shows the simulation results of AARC strategy in test case B. As Fig 4.11-
(b) depicts, the injected currents are limited to the reference Ilimi: by calculating the
maximum allowable reactive power presented in (4.51). The maximum currents are
accurately equal to the allowable Zimi: since the currents are sinusoidal. As it is indicated
in Fig 4.11-(c), the maximum allowable reactive power is obtained (which is the average
value of the instantaneous reactive power plotted in Fig 4.11-(c)) for each of the four fault
conditions where the instantaneous active/reactive powers contain oscillations at twice
the fundamental frequency. The positive PCC voltage boost can be observed in Fig 4.11-
(a) which is due to the reactive power injection after t3. This voltage boost is the most
(i.e. 0.09 p.u. voltage boost) from tg to ti1 where the specified reference Jimi is 2 p.u. and
the specified reference active power is only 0.3 MW. Comparing Fig 4.10 and Fig 4.11,
one can conclude that the AARC has more capability to support the PCC voltage under

the similar fault conditions and the same reference commands (for the active power, P*,
and maximum allowable phase currents, / ;m”). More capability of AARC strategy in

supporting the PCC voltage is at the cost of having more oscillations on the instantaneous

active/reactive powers (compare Fig 4.10 and Fig 4.11). In addition to positive voltage
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boost, a small reduction in negative PCC voltage is observable in Fig 4.11 (0.3 p.u.
negative voltage reduction) which is due to the negative reactive current injection.

Fig 4.12 demonstrates the simulation results of BPSC strategy in test case B. As Fig

*

4.12-(b) shows, the injected balanced currents are limited to [, . by calculating the

imit
maximum allowable reactive power obtained in (4.50). The positive PCC voltage boost
can be observed in Fig 4.12-(a) which is more than that of the previous strategies. As it
is stated in section 4.3.4, the BPSC strategy has the greatest capability among UPD-
LVRT-RCQG strategies to support the PCC voltage. However, there is no negative voltage
reduction in the simulation results of the BPSC strategy shown in Fig 4.12-(a) and

according to its objective which is injecting the balanced positive sequence currents. The

*

voltage boost is the most (i.e. 0.13 p.u. voltage boost) from to to t;1 where I, . is 2 p.u.
and the reference active power is only 0.3 MW. Furthermore, the value of oscillations on

the instantaneous active power in BPSC (i.e. p,, reaches 0.8 MW after t9) is more than

that of previous strategies which is a big drawback of this strategy.
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Fig 4.10. Case B — IARC strategy: (a) pos/neg-sequences of grid and PCC voltages, (b) injected
currents, (c¢) instantaneous active/reactive powers
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Fig4.15. Case B — ZSCI strategy: (a) pos/neg-sequences of grid and PCC voltages, (b) injected
currents, (c) instantaneous active/reactive powers

Fig 4.13 illustrates the simulation results of ICPS strategy in test case B. As Fig 4.13-

(b) shows, the injected non-sinusoidal currents are equal or less than / ;m[.[ by applying

the MARPD formula for the ICPS strategy presented in (4.49). As Fig 4.13-(c) illustrates,
the maximum allowable reactive power is obtained successfully for each of the four fault
conditions. The positive PCC voltage boost can be seen in Fig 4.13-(a) which is less than
that of the BPSC strategy under the same fault conditions and same reference values. The
voltage boost is 0.08 p.u. from ts to t; and from t9 to ti1. Furthermore, the values of
oscillations on the instantaneous active power in BPSC are depicted in Fig 4.13-(c). For

instance, p,, reaches 0.6 MW after to).

Fig 4.14 and Fig 4.15 show the simulation results of PNSC and ZSCI strategies in test

*

case B. As Fig 4.14-(b) indicates, the injected unbalanced currents are limited to the [}, .

by applying the MARPD equation for the PNSC strategy presented in (4.52). However,
the injected currents of ZSCI strategy depicted in Fig 4.15-(b) are a little greater than

Il

limit

*

in some conditions. One of the reasons for this small inaccuracy is the
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simplifications made in the ZSCI strategy (i.e. using simplified equations of (3.28) instead
of applying the accurate complex equations of (3.27)). Another reason is the inability of

the inverter in delivering 0.3 MW active power, riding through the severe fault by ZSCI

*

strategy, and respecting the imposed /., simultaneously. Therefore, ZSCI strategy loses

imit
its performance and objective (which is delivering non-oscillatory instantaneous
active/reactive powers) under the severe voltage dip and in the case of having a limit for

injected currents, as it can be seen in Fig 4.15-(b) and Fig 4.15-(c).

4.6 Conclusion

This chapter presented the analytical evaluations and mathematical assessments of all
UPD-LVRT-RCG strategies in gird connected converter-based DER units. These
strategies aim to provide a proper set of reference-currents in order to have power delivery
continuance under different faulty voltage conditions. This chapter introduced and
presented three most important parameters of these strategies for a comprehensive
evaluation. Oscillation values on instantaneous active/reactive powers and maximum
phase currents are three most important terms related to each strategy. Based on the
obtained formulas for the maximum phase currents in each strategy, the maximum
allowable reactive power delivery, i.e. MARPD method, formulas were proposed
specifically for each of the six UPD-LVRT-RCG strategies. The MARPD method aims
to provide the best support for the PCC voltage and simultaneously respect the maximum
limit for the phase currents (specified by DER owners) under different faults. Simulation
results under different fault conditions and altered reference commands were carried out
for each strategy. The simulation results showed the accuracy and effectiveness of the

proposed formulas of the MARPD method for each strategy.



Chapter 5

Mathematical Assessment,
Performance Evaluation,

and MARPD Method II:
FVS-LVRT-RCG Techniques

5.1 Introduction

Chapter 3 evaluated and studied two groups of LVRT-RCG strategies in grid
connected CI-DER units introduced by [43]-[47] which are named as UPD [43]-[45] and
FVS [43], [46]-[47] strategies in this thesis. The second group contains three strategies;
i.e. FPNSC [43], FBSS [46] and MFBSS [47] which intend to provide a flexible support
to the PCC voltage by injecting controlled positive and negative sequences currents. The
analytical evaluations, mathematical assessments and performance evaluations of three

strategies of the second group are the scope of this chapter.
In Chapter 4, mathematical expressions of ﬁmax, (imax and . of the first group were

formulated and their performance comparisons were accomplished under several fault
and reference commands conditions. Also, the expressions of the maximum allowable
reactive power, Omax, for each of the six strategies of the first group were found. This
method is named MARPD and it aims to provide the best support for the PCC voltage

(either boost the voltage magnitudes or reduce the voltage imbalances) by injecting the
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Omax under a pre-specified and important limitation, limi. Three FVS strategies are
studied, simulated and briefly compared in Chapter 3. However, in terms of their practical

applications, their complete analytical evaluations and precise mathematical assessments

are exceedingly crucial. This chapter finds the expressions of ﬁmax , c]max and . of these

three techniques for their thorough analytical evaluations and reasonable comparisons.
Later, the MARPD equations for each of the three FVS strategies are found.

The accurate mathematical equations of 5 and & for the FBSS strategy, as well as
the p expression for the FPNSC strategy are currently available in [46] and [43],
respectively, which are reported in Section 5.2. However, the equations of 5 for FPNSC
and the expressions of p and & for FBSS are missing in the literature which are

calculated in this chapter based on the instantaneous power theories [311[-]311[, and
presented in Sections 5.2.1 and 5.2.3. In addition, the mathematical equation of /4y is not
available for MFBSS and the 7,..» of the FBSS, presented in [46], is not correct. Therefore,
the equations of /.. for FBSS and MFBSS strategies are calculated and presented in
Sections 5.3.2 and 5.3.3. Using the equations of Section 5.3, it is very useful to obtain the
maximum allowable reactive power, Omax, Which the converter can deliver to the grid
under grid faults without passing the maximum allowable instantaneous phase current
limit, Zjimir, imposed by DG owners. The mathematical equations of Onax under various
conditions (i.e. different fault types, various voltage dip characteristics, several system
parameters, different operating points, various strategies parameters, etc.) for all three
FVS strategies are obtained and presented in Section 5.4. Simulation results for different
fault conditions and reference commands values are carried out, in Section 5.5, to verify

the accuracy of the calculated expressions and effectiveness of the MARPD formulas.
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5.2 Mathematical Equations of
Instantancous Active/Reactive Power
Oscillation Terms

In this section, the equations of p and G for three FVS-LVRT-RCG strategies are

presented using the instantaneous power theories [133]-[134]. Chapter 4 presented the
total reference-current in terms of active/reactive and positive/negative components.
Also, the well-known equations of the instantaneous active/reactive powers thoroughly

studied in terms of the average components, P and Q, an oscillation terms, p and §. The

dot (and cross) product(s) of the voltage and current vectors at the same sequences will
result in P (and Q). However, their dot (and cross) product(s) in the opposite sequences
will give rise to p (and § ). Also, it is studied in chapter 4 that instantaneous
active/reactive powers can be divided into its oscillatory terms one oscillating by

sin (2w t) and one oscillating withcos (2w ). Therefore, the general equations for the

instantaneous active and reactive power can be summarized as:

p=v.i=v.i"+v.i +v.i +v.i"=P+P,sin Qwt)+P,cos Qwt) (5.1

P % %

g=lvxil=v . i=vi.it+vi.i +vi.i +v.i"' =0+Q,sin Qwt)+Q,,cos Qwt) (5.2)

o q q

Table 5.1 demonstrate the available 5 and g expressions in the literature. As Table
5.1 states, p and g expressions are provided for the FBSS strategy in [46]. Also the p
expression of the FPNSC strategy is correctly presented in [43]. It was mentioned earlier,
in Chapter 4, that the expressions of ﬁmax and c]max are more useful than the expressions

of their instantaneous values, i.e. p and & , where:
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Pow = Pl=A[PS 4 B (5-3)

G 17O + 0. 4
Hence, this thesis tries to extract and present the useful expressions of 5 and g5 .
Another point highlighted in the previous chapter is to represent the expressions of p
and 5 _in terms of scalar parameters (specifically in terms of [v'|, [v], P and Q) rather

. - . +
than vector terms (as for instance, voltage vector of v, and current vector ofZ, ).

TABLE 5.1. Available expressions for oscillation terms of instantaneous active and reactive powers of
FVS-LVRT-RCG strategies

I ’ |

ST

FPNSC

FBSS

MFBSS

[ Available and correct in literature Not available in literature

521 p_. andg . of FPNSC

Applying the instantaneous power theories and using (3.29)-(3.31), the instantaneous

active and reactive powers can be achieved as:
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p=k GV V' +(1-k)GVv Vv +..
P
otk G (=K G v+ [k, BT =(1-k,) B vy (5.5)

p

q=k, Bv' v +(1—-k,)Bv v +..

0 (5.6)
oty BT +(1=k,) B |v v +[ =k, G*+(1-k) G |viv

q
Then, substituting V', v and V| from (4.9)-(4.10) and G*, G*, B*, and B from (3.31)
g L

will result in:

p= [—klnP— (-k,) Pn” J cos(Qwt) + [kan —(1-k,) On™' ] sin(2awt) (5.7)

ﬁcZ ﬁSZ

§=|-k,nQ—(1-k,) On™" |cosQt)+| ~knP+(1-k) Pn”" |sin2e1)

| (5.8)
9. q,,
So:
b= \/PZ [~kn—-k)n' T +0* [kn—(~k) ' T (5.9)
g = \/QZ [~hn ==k n ' T+ P [k +(1=k)n”' | (5.10)

522 p,_. andg_ of FBSS

According to the instantaneous power theories and taking (3.10) and (3.34)-(3.35) into

account, the instantaneous active and reactive powers can be achieved as:
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3. ..
PZE(V;’;"'V/;%)"‘ (v, 1, +vyig) + (vz +V, i, +V, 1, Vi)

p+ _p =0 p=P,cos (2wt)+ P, sin 2awt) (5.11)

3 : R T - - -
q:z(—v‘;zﬁ+ +vﬁ+1;)+5(—vazﬂ +vg i, )+ E(—vazﬁ+ +V i v iy + Vi)

a q G=0, sinQwi) + 0, cos Qar) (5:12)

Then, substituting v; , v; , Vg » and v, from (4.9)-(4.10) and i I, ,and i, from

a ﬁ: a ®

(3.10) and (3.34)-(3.35) will result in:

faznPcos(2a)t)+2k—_1_anin(2a)t) (5.13)
k" +n’k
g=—nPsin (2wt)+;_chos Qot) (5.14)
k*+n’k
q+:k+k_2k_ (5.15)
+n
27—
q—:]f”_kzk_ (5.16)
+n
So:
2
3 2k -1 (5.17)
=n|P’+0*| =L ——
pmax n\/ Q |:k++n2k:|

2
qmax =n\/P2 +Q2 |:k+—12k_:| (5.18)
+n
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523 p,.. andq__ of MFBSS

According to (5.11)-(5.12) and substituting v; , v; , v, ,and v, from (4.9)-(4.10) and i;

, i; , 1, ,and i, from (3.38) -(3.41) will result in:

. kR . kR
p=pipk +J/[k +nj 1 cos (00)
{( VR +X° VR +X°

(5.19)
. kX . kX .
+Q{[k —\/m]/[k +\/mn2]}n><s1n(2a)t)
N kX N kX )
reavefi 2o
VRP+X VR + X (5.20)
N kR N kR ) .
Then,
Pn[ ++7k R j
P - JR* + X?
’ k++7kiR n’
y VR + X
Puas =\ P’ + By’ where y (5.21)
P - VR + X7
s2 _
k™ + kX n
R +X?
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Qn(k*+kX ]
0, = R*+X°
c2 -
k++7]z X - n’
G =07 0 where et
pol -t KR (5.22)
0, - JR+X?
52 . kfR ,
k' + ———n
VR + X°

5.3 Mathematical Equations of Maximum
Instantaneous Phase Currents

Chapter 4 provided a systematic procedure to find the maximum instantaneous phase
currents of any LVRT-RCG strategy. Therefore, the general equation of (4.38) was
obtained which is repeated here and gives the maximum instantaneous current values in

each of abc phases under different situations:

o (gV)* + bV, )
Loy |=| (~1gV +LbV) + (LY, + Lgh,y
e G TR LA CTUAS T 1A (523)
V=V, -V,
where
V=V, +V,

also V), and V, are voltage magnitudes of the positive and negative sequences voltages,
respectively. Moreover, g and b are generic conductance and susceptance, respectively,
which can be replaced by specific conductance and susceptance expressions of each

LVRT-RCQG strategy.
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5.3.1 Equations of Maximum Instantaneous Phase
Currents in FPNSC

The reference current in FPNSC can be written as:

=k g v +(=k) g v +ky b v +(1=ky)) b V] (5.24)

As also stated in section 4.2.1, the voltage under unbalanced condition can be

represented as:

. vy | Vpcos (wt) _ v | [Vcos (b (5.25)
b v} - V,sin (ot) b Vs |V, sin (wt)
S VLZ _ -V, sin (wt) - Vi _ —V, sin (wt) (5.26)
- VIﬂ V, cos (1) + Vig —V, cos (wt)

Therefore, the injected current under the fault can be rewritten in af reference frame

using (5.24)-(5.26):

{k1g+Vp —(l—kl)g_Vn}cos(a)t)
{ia} —{kzb“LVp+(1—k2)b_Vn}sin(a)z) (5.27)

(g™, +(1=k)g ¥, fsin (@) -

. +{k2b+Vp—(l—kz)b_Vn}cos(a)t)_

To transform the af currents of (5.27) into the abc current, the transformation matrix

of (4.37) is used, and the maximum phase currents will be obtained as:
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2 2 2
L ax—a—FPNSC (Kp)”™ +(K3) (5.28)
2 3 2 3 . \2 .
L ax—b-FPNSC | = (_%Kl +%K4) +(%K2 +§K3)
2
L ax—c—FPNSC (—%Kl —@Két)z + (% K, —@Kﬂz
where,
Kl = k1g+Vp — (1 — kl )g_Vl’l
Ky = kb V, +(1-ky)b 7, (5.29

K3 = klg+Vp +(I-k)g 'V,

K4 = k2b+Vp - (1 - kz )b_Vn

5.3.2 Equations of Maximum Instantaneous Phase
Currents in FBSS

In the FBSS strategy, the total reference current is:

i =gvi+kbvi+(1-k)bv] (5.30)

Then based on (5.25)-(5.26), injected o currents under the fault can be rewritten as:

{,-a}_ {2V, | cos () ~{kbV,, + (1= k)b, }sin (wr) (5.31)
ip {ng}sin (a)t)+{kap —(l—k)an}cos (o)

To transform these af currents into the abc phase currents, the transformation matrix

of (4.37) is applied, and the maximum phase currents can be calculated as:

"2 1\2
Iglax—a—FBSS (Kl) + (KZ)
2 ' 3 1\2 ' 3 71N\2
P obopmss |=| LK+ Bk + A Ky + LKD) (532)

2
L inax—c—FBSS (—%K{—%Kg)z +($ K5 —%Kéf

where,
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Ki=K;= gv,
Ky =kbV,+(1—k)bV, (5.33)
Ky =kbV,—(1-k)bV,

5.3.3 Equations of Maximum Instantaneous Phase
Currents in MFBSS

The total reference current and its form in af reference frame in the MFBSS strategy

are as follows:

{i*—gkv++gR'(lk)v+bka+bX'(1k)VL (5.34)

rR=rRINR2+x*> | x=x/NR®+x?

{ngp _g(l_k)R'Vn}cos (wt) -+

i, oo ={bkV, +b(1=k) XV, }sin () (535)
{ } {ngp+g(l—k)R'Vn}sin(a)¢)...

<+ {BRV, =b(1=k) XV, } cos (@)

The abc phase currents are easily obtained similar to the previous strategies, using the

transformation matrix of (3.37). Therefore, the maximum phase currents are achieved as:

2 mn2 2
L ax—a—MFBSS (K1) +(K3)
2 " 3 n\2 " 3 m2
Lax—b-mrBss |=| (5 K] +%KO +(3K; +%K3) (5.36)

2
L ax—c—MFBSS (—%K{'—@Kﬁ)z +(%K§' —@Kg)z

where,

K{=gkV,-g(-k)R'V,

Ky =bkV,+b(1-k) XV, (5.37)
K3y=gkV,+g(1-kR'V,

Ky =bkV,-b(1-k)XV,
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TABLE 5.2 Available and obtained expressions of /... of FVS-LVRT-RCG strategies

111

1., s obtained in this thesis”

I.,. expressions in the literature
\/aP2+bQ2—cPQ where:
k . (1-k)’ | 2k(1-k).cos2y
R A Vv
FPNSC . )
__k (-k) -2k(-k).cos2y
P P vl v
o _ 2k +2k, —4kk,)" sin 2y
Vol v
FBSS
MFBSS NA

P P
Ky =k — (1= k) —
1 le ( I)Vn
K2:k22+(1—k2)2
v, v,
P P
K=k —+(0-k)—
3 le ( I)Vn
0 0
Ky=ky—-(-ky)—
v, v,
Ki=k;=L
Vo

. kY, +(1-k)V,
2T T 5 o 5
kv, +(1=kyv,;

KV, —(-k),
Ky=—3 2
V2 + (- k),

"__

1=

—(1-k)—R _
kv, ~(1 k)WVnP

Kj =

" _

" _

2 R 2
kY, + (- k),

’RZ
kVp+(1—k)\/1%Vn
kVp+W( KV,
KV, +(1-k)-=2—V

P ’z 2 n
kv?+- R ?13)1/21)
PR xT n

X
kVp—(l—k)WVn
2 X _ 2
kVp+m(l KV,

Correct and available in literature

Not available in literature

@ [ncorrect in literature

Al Loy expressions of FVS strategies are in the similar form of (5.28), (5.32), or (5.36); and it is just

needed to replace the specific K;, K, K3 and K, values for each of the three strategies from the Table.
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5.4 Calculation of the Maximum

Allowable Reactive Powers;
MARPD Equations

In this section, the maximum allowable reactive power expressions (Qmax) or MARPD
equations are proposed and calculated for each of the three FVS-LVRT-RCG strategies
based on the aforementioned /..x equations in the previous sections.

Using (5.28)-(5.29), the equation of Onax in the FPNSC strategy is calculated as:

VoV Timax — K7
QIFPNSC koVy +A=ky)V), (5.38)
Q;pNSC _ —b+b% —4ac
FPNSC 2a
s b+\b* —4ac
2a

ky 1-k ky 1-k
3 2 2 2+ 2 + 212
Gy TG

P n p n
kb 1-k k 1-k 5.39

b=2\3| Ky(R2 4 ——2) - K (-2 - —2) (539)
Vp Vv, Vp v,

c=K}+3K} -4l

max

However, just one of the obtained Qs is correct where all of the three phase-currents
remain under the pre-specified lini: value. Hence, Onax of the AARC strategy will be

given to the inverter controllers according to the following expression:

O =min (G, 0, 0;) (5.40)

Using (5.32)-(5.33), the equation of Onax in the FBSS strategy can be expanded as:
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KV + (=W, N Iy — K
kv, +(1-k)V,

FBSS
1
FBSS | _ —b+b* —4ac (5.41)
i"BSS 2a
3 b+\b* —4ac
2a

Ky ==V, KV, (=),
2 2

VY + 1=k} Ky +(1-k)V,

o A e (o

T2 e-kwE k2 (-2

(5.42)

b=23| K

P2
c=4(—5Iw)
VP

Finally, using (5.36)-(5.37), the equation of Quma in the MFBSS strategy can be

similarly calculated as:

KV +(1=R) XV, ey — KT
\ESS kv, +(1-k)X",

1
—b+b* —4ac
OFFBSS | = (5.43)

B 2a

MFBSS
o b++b* —4ac

2a

Ky ==XV, 5 KV, +(1=0XY, ,

KV (=X k(=KX Y,
kV (Ki—K)+(1-k)XV, (Ki+K/

b=283 (K3 =K+ (1-k) XV, (K35 +K))

V) + (=X,
c=K{*+3Ky* —4I2.)

(5.44)
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5.5 Simulation Results

To verify the mathematical expressions obtained in Sections 5.2, 5.3 and 5.4, two test
cases are studied and implemented in the same system of the previous chapter. The
desired voltage dip shown in Fig 5.1 is realized using three ac voltage sources of the

system presented in Chapter 4.

T

) -
l‘l‘l‘l‘l‘l‘l‘l‘l‘l‘mmm I

Fig 5.1. Emulated fault: (a) grid voltage in abc phases, and (b) positive and negative-sequences of the

5.5.1

Test Case A:

grid voltage.

Instantaneous Active and Reactive Powers
Oscillations and Maximum Phase Currents

This section presents the simulation results of each FVS-LVRT-RCG strategy under
grid faults, where a single-phase-to-ground fault is emulated after t;=0.2s, and the grid

voltage, Varid, becomes deteriorated as indicated in Fig 5.1. Between t1=0.2s and ts=0.4s,
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a moderate voltage dip is emulated where Vg+=0.8 p.u. and Vg- =0.18 p.u. as indicated
in Fig 5.1. In addition, similar to Chapter 4, a more severe voltage dip is emulated between
ts=0.4s and t10=0.65s where Vg+=0.65 p.u. and Vg- =0.32 p.u. as shown in Fig 5.1. In
this test case, P* is set to be 1 MW until t3=0.3s and 0.3 MW after t3. Also, O* is set to
be 0.7 MVAR until t7=0.5s and 1 MV AR after t;. The proportional resonant (PR) control

is used in the o reference frame for the converter current regulation.

TABLE 5.3. Specified Active/Reactive Powers Commands and Fault Characteristics — Case A

P” (ty=0s to t3=0.3s) 1 MW P (t:=0.3s to t;0=0.655) 0.3 MW
O (t=0s to t,=0.5s) 0.7 MVAR O (t7=0.5s to t;0=0.65s) 1 MVAR
Zr(11=0.2s to ts=0.4s) 0.8 mQ Zr (t5=0.4s to t10=0.65s) 0

Fig 5.2, Fig 5.3 and Fig 5.4 show the simulation results of FPNSC, FBSS and MFBSS
strategies, respectively. In the simulation of the FPNSC strategy, ki in (3.29) is set to be
“3” until t,=0.25s, “0.8” from t, to t4=0.15s, and “0.2” from t4 to t;0=0.65s. Also, k> in
(3.30) 1s set to be “3” until ts=0.15s, “0.9” from t¢ to ts=0.55s, and “0.5” from tg to tio.
Therefore, there are nine different conditions all in all in the test case of FPNSC as
indicated in Fig 5.2. Applying (5.28) and (5.29) gives Inax for each phase in all of nine
conditions as shown in Fig 5.2-(b). The negative sequence voltage reduction (i.e.
imbalance reduction) is obvious after tgs when k» 1s “0.5”, and the inverter intends to inject
negative reactive currents. Oscillations on the instantaneous active/reactive powers are

high after applying “k,=0.5" at tg as illustrated in Fig 5.2-(c).
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Fig 5.2. Simulation results of FPNSC: (a) positive/negative- sequences of the PCC and grid voltages,
(b) injected currents and /,.x, and (d) instantaneous active/reactive powers.

Since the test system is a HV grid, where the line impedance is mainly inductive, the
performance and results of FBSS and MFBSS strategies are similar as shown in Fig 5.3
and Fig 5.4. In the simulation of FBSS and MFBSS strategies, k™ parameter introduced
in (3.34)-(3.35), and (3.38)-(3.41) is set to be “3” until t¢=0.15s, “0.1”” from te to tg=0.55s,
and “0.05” from tg to t10=0.65s. Therefore, there are seven distinct conditions all in all in
the test case of FBSS and MFBSS as illustrated in Fig 5.3 and Fig 5.4. Using (5.32)-
(5.33) for FBSS and (5.36)-(5.37) for MFBSS vyields 7.4 in all of seven situations as
shown in Fig 5.3-(b) and Fig 5.4-(a). The negative sequence voltage reduction or
imbalance reduction is obtained by imposing “k'=0.05" after ts, where the inverter
intends to inject mostly the negative reactive currents to the grid. Oscillations on the
instantaneous active/reactive powers in both FBSS and MFBSS strategies are high when
injecting the negative reactive currents (i.e. after ts when k™ is 0.05) as demonstrated

in Fig 5.3-(c) and Fig 5.4-(b).
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Fig 5.3. Simulation results of FBSS: (a) positive/negative- sequences of the PCC and grid voltages,
(b) injected currents and /.4, and (d) instantaneous active/reactive powers.
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Fig 5.4. Simulation results of MFBSS: (a) injected currents and maximum instantaneous phase
currents, and (d) instantaneous active/reactive powers.
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5.5.2 Test Case B:
Maximum Phase Current Limitation and
Maximum Reactive Power Delivery

This section tests and studies the MARPD method and presents the simulation results
of each FVS-LVRT-RCG strategy with MARPD method under different fault conditions
in the same grid, where the grid voltage becomes deteriorated similar to Case A. The
values of the deteriorated positive/negative-sequence voltages are similar to the Case A
for both slight and severe faults. The only difference is the time of the severe voltage dip
which is t7=0.5s in this test case as it can be seen in Fig 5.5-(a) and time notations i.e.
t1=0.2s, t2=0.25s, ..., t11=0.7s. Moreover, P*is set to be 1 MW until ts=0.4s and 0.3 MW
after ts. Also, MARPD is applied in order to support the grid voltage under the fault after
t3=0.3s as Fig 5.5-(c) shows. The maximum limit for Zuax (i.€. Limi) which is taken “3.5
p.u.” until t¢=0.6s and “2 p.u.” from to to t;1=0.7s. Therefore, there are four different fault
conditions after applying the MARPD as also mentioned in Table 5.4.

Fig 5.5 presents the simulation results of the FPNSC strategy in test case B. k2 in (3.30)
is set to be “3” in the first 50ms of each of the four fault conditions (e.g. from t3=0.3s to
t4=0.35, or between ts=0.4s and t¢=0.15s, etc.) and it is “0.5” in the second 50ms of each
of the four conditions (e.g. between t4 and ts, or between t¢ and t7=0.5s, etc.). Therefore,
there are totally 8 different faulty conditions after applying the MARPD method at t3.
As Fig 5.5-(b) shows, the injected currents, in all eight conditions are limited to Ziimi:* by
applying the MARPD formula presented in (5.38)-(5.40). As Fig 5.5-(c) illustrates, the
maximum allowable reactive power is obtained successfully for each of the eight fault
conditions. The positive PCC voltage boost and the negative voltage reductions can be

seen in Fig 5.5-(a) which shows the flexibility of the FPNSC strategy in order to either

TABLE 5.4. Specified Active Power Commands and /i Commands — Case B

P* (t5=0s to ts=0.4s) 1 MW P* (t5=0.4s to t;;=0.7s) 0.3 MW

Liimie™* (£3=0.3s to t9=0.6s) 1.5 p.u. Liimie™* (t6=0.6s to t11=0.7s) 2p.u.

Zr (t1=0.2s to t7=0.5s) 0.8 mQ Zs (t7=0.5s to t;1=0.7s) 0
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boost the PCC voltage or reduce the unbalance voltage under the imposed Zjimi:*. For
example, the positive voltage boost of 0.09 p.u. is observable between t3=0.3s and
t4=0.35s when k> is equal to “3” and the inverter injects completely-positive reactive
currents. On the other hand, a negative voltage reduction of 0.08 p.u. is observable
between t¢=0.45s and t7=0.5s when k> is equal to “0.5” and the inverter injects half-
positive-half-negative reactive currents. It is predictable that the highest positive voltage
boost and negative voltage reduction belong to the period when P* is small (i.e. P*=0.3
MW) and Zjimic* 1s high (i.e. Limi:*=2 p.u.) which can be seen in Fig 5.5-(a).

Fig 5.6 and Fig 5.7 present the simulation results of FBSS and MFBSS strategies in
test case B, where their performances are almost the same; since the test system is a HV
grid and line impedance is mainly inductive. k" parameter introduced in (3.34), (3.35)
and (3.38)-(3.41) is set to be “3” in the first 50ms of each of the four fault conditions and
itis “0.05” in the second 50ms of each of the four conditions. Therefore, there are totally

8 different fault conditions after applying the MARPD method at t3.
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Fig 5.5. Case B — FPNSC strategy: (a) pos/neg-sequences of grid and PCC voltages, (b) injected
currents, (c) instantaneous active/reactive powers
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As Fig 5.6-(b) and Fig 5.7-(b) show, the injected currents, in all eight conditions are
limited to Limi:* by applying the MARPD formula presented in (5.41)-(5.42) for FBSS
and in (5.43)-(5.44) for MFBSS. As Fig 5.6-(c) and Fig 5.7-(c) illustrate, the maximum
allowable reactive powers are obtained successfully for each of the eight fault conditions.
The positive PCC voltage boost and the negative voltage reductions can be also seen
in Fig 5.6-(a) and Fig 5.7-(a) which shows the flexibility of the FBSS and MFBSS
strategies in order to either boost the PCC voltage or reduce the unbalance voltage under
the imposed Zimi*. For example, the positive voltage boost of 0.09 p.u. is observable
between ts=0.4s and t¢=0.45s when k™ is equal to “3” and the inverter injects completely-
positive currents. On the other hand, a negative voltage reduction of 0.07 p.u. is
observable between te and t7=0.5s when k™ is equal to “0.05” and the inverter injects high
negative-sequence currents. It is similarly predictable that the highest positive voltage
boost and negative voltage reduction happen when P* is small and Zmi:* is high which

can also seen in Fig 5.6-(a) and Fig 5.7-(a) after to.

---------------
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Fig 5.6. Case B — FBSS strategy: (a) pos/neg-sequences of grid and PCC voltages, (b) injected
currents, (c) instantaneous active/reactive powers
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(a)

(b)

(©)

Fig 5.7. Case B — MFBSS strategy: (a) pos/neg-sequences of grid and PCC voltages, (b) injected
currents, (c) instantaneous active/reactive powers

5.6 Summary and Discussion

Bar 5.1. summarizes all obtained simulation results of the MARPD method applied in
FVS strategies, in test case B, into 4 bar graphs. The first bar graph shows the obtained
improvements of the MARPD method in boosting the positive-sequence PCC voltage,
Vp, in conds. 1, 3, 5, and 7. Similarly, the second bar graph illustrates the negative-
sequence voltage reduction or imbalance reductions in conds. 2, 4, 6, and 8, along with
the small Vp boost in these conditions, as shown in the first bar graph. Bar 5.1-(c) and
Bar 5.1-(d) show, for each of the cond. 0 to cond. 8, the maximum oscillation magnitudes
in the instantaneous active and reactive powers, respectively. Both Bar 5.1-(c) and Bar
5.1-(d) indicate that the power oscillations are high when the inverter injects some
negative currents in conds. 2, 4, 6, and 8, comparing to the conditions where the inverter

injects pure positive currents, i.e. conds. 1, 3, 5, and 7. Careful analysis of the obtained
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| cond0 |t3|condl |cond2 |ts | cond3 | Cond4 | Cond5 | Cond6 | Cond7 | CondS$
Time (s) 0.2-0.3 0.3-0.35 0.35-0.4 0.4-0.45 0.45-0.5 0.5-0.55 0.55-0.6 0.6-0.65 0.65-0.7
Vy.Grid 0.8 p.u. 0.8 p.u. 0.8 p.u. 0.8 p.u. 0.8 p.u. 0.65 p.u. 0.65 p.u. 0.65 p.u. 0.65 p.u.
VaGrid 0.18p.u. | 0.18 p.u. 0.18 p.u. 0.18 p.u. 0.18 p.u. 0.32 p.u. 0.32 p.u. 0.32 p.u. 0.32 p.u.
P’ 1 MW 1 MW 1 MW 0.3 MW 0.3 MW 0.3 MW 0.3 MW 0.3 MW 0.3 MW
Limit” 1.5 p.u. 1.5 p.u. 1.5 p.u. 1.5 p.u. 1.5p.u. 1.5 p.u. 2p.u. 2 p.u.
k> 1 0.5 1 0.5 1 0.5 1 0.5
k" 1 0.05 1 0.05 1 0.05 1 0.05
0.14
m FPNSC
0.12
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Bar 5.1. Summary of simulation results, Case B, of the MARPD method in FVS strategies: (a) positive

sequence PCC voltage boost, (b) negative-sequence PCC voltage reduction, (¢) j,, and (d) g,
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results of FVS strategies in Bar 5.1 gives some advantageous conclusions:

e All three FVS strategies show very similar results under the same conditions
and there are just limited differences between the results of FPNSC, FBSS and
MFBSS. However, FPNSC seems to be more flexible in terms of the range of
k parameter control to balance between two objectives of boosting V), or
reducing ¥, since it gives appropriate results just by tuning the k& parameter to
be “0.5”. While both FBSS and MFBSS strategies indicate almost the same
result with FPNSC by tuning their k" parameter to be “0.05”.

e According to Bar 5.1-(a) and Bar 5.1-(b), the best improvement, in all three
strategies, after applying the MARPD method belongs to cond. 7 and cond. 8§,
where more capacity for reactive power is provided by increasing the Jimir-
from 1.5 p.u. to 2 p.u. at to=0.6s.

e According to Bar 5.1-(a), releasing the capacity for reactive power injection,
in conds. 3 and 4 by decreasing the active power form 1 MW to 0.3 MW at
ts=0.4s, does not have considerable enhancement or effect on the amount of
V, (compare cond 1 with cond 3 and cond 2 with cond 4 in Bar 5.1-(a)).
However, this released capacity for the reactive power enhances the ability of
the strategies to reduce V), more (compare cond 2 with cond 4 in Bar 5.1-(b)).

e According to Bar 5.1-(c) and Bar 5.1-(d), power oscillations during the
negative current injections, in conds. 2, 4, 6, and 8, are much higher than the
oscillations during the pure positive current injections, in conds. 1, 3, 5, and
7. This issue is one of the most problematic features of these three FVS
strategies since DG owners highly need to reduce power fluctuations and their
negative effects, specifically reducing the oscillations on the active power.

e According to Bar 5.1-(c) and Bar 5.1-(d), the amount of oscillations on the
active and reactive powers are almost the same for each condition.

e According to Bar 5.1, the amount of power oscillations, generally, depend on
the amount of improvement in ¥V, and V. In other words, whenever there is a
great improvement in either V), and V,, there is correspondingly huge

fluctuations on active and reactive powers.
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5.7 Conclusion

This chapter presented the analytical evaluations and mathematical assessments of all
FVS-LVRT-RCG strategies in gird connected converter-based DER units. The
expressions of the oscillations on instantaneous active/reactive powers and maximum
phase currents are formulated for each strategy. Based on the obtained formulas for the
maximum phase currents in each strategy, the maximum allowable reactive power
delivery, i.e. MARPD method, formulas were proposed specifically for each of the three
FVS strategies. The MARPD method provides the best support for the PCC voltage and
simultaneously respects the maximum limit for the phase currents (specified by DER
owners) under different faults. Simulation results under different fault conditions, altered
reference commands, and different strategy parameters (i.e. k£ values) were carried out for
each strategy. The simulation results showed the accuracy and effectiveness of the

proposed formulas of the MARPD method for each strategy.



Chapter 6

Conclusions

6.1 Summary and Conclusions

The main motivations behind this work were:

e To study and evaluate low-voltage-ride-through (LVRT) techniques in grid

connected distributed-energy-resource (DER) units.

e To classify these techniques and compare their performances under different

distorted voltage conditions.

Therefore, this thesis started with a literature review in Chapter 2. Firstly, the DERs were
introduced and discussed with their essential components (i.e. distributed energy storage
systems and distributed generation systems). The discussion on DERs was further
zoomed into a well-known category with the label of converter-interfaced DERs (CI-
DERs). Later in Chapter 2, newly developed grid codes and their tight requirements were
categorized and studied from different points of views (such as LVRT requirements in
national grid codes, technical standards for DER interconnection, wind energy conversion
systems specific codes, etc.). Finally in Chapter 2, two examples of the LVRT
technologies were presented in twofold DERs, i.e. directly connected DFIGs and CI-
DERs. As the scope of this thesis, the other three chapters focused on LVRT technologies
in CI-DERs.
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Firstly in Chapter 3, available reference-current-generation (RCG) techniques applied
in the grid connected CI-DER units, complying with LVRT requirements imposed by
power system operators in high DER-penetrated systems, were presented. These LVRT-
RCG strategies were further categorized into two main groups, i.e. uninterrupted power
delivery (UPD) and flexible voltage support (FVS) strategies. Later, they were
investigated and generally compared in terms of their dominant pros and cons (listed in
Tables 3.3 and 3.4).

Chapter 4 presented the analytical evaluations and mathematical assessments of all
UPD-LVRT-RCG strategies. These strategies aim to provide a proper set of reference-
currents under different distorted voltage conditions in order to continue delivering
desired active and reactive powers. This chapter presented three most important
parameters of these strategies for a comprehensive evaluation, i.e. oscillation expressions
on instantaneous active/reactive powers and maximum phase currents equations. Table

4.2 summarized the obtained results of the expressions of p,, andg,, for all six UPD

strategies. Based on the expressions of Table 4.2 and the results of Bars 4.1 and 4.2,
several fruitful conclusions were taken and listed. Followings are the most notable

conclusions in terms of the power oscillation expressions:

e The IARC and ZSCI are obviously best options for having instantaneously

controlled powers with zero oscillation components.

e In the second to fifth places of the power oscillations ranking, the ICPS, BPSC,
AARC and PNSC strategies are located, respectively.

Later in Chapter 4, the expressions for maximum phase currents were obtained and
listed in Table 4.3. Useful comparable results were also presented in Bar 4.3 for maximum
phase currents values of six UPD strategies under different conditions in order to evaluate
and rank them in terms of maximum phase currents needed to be injected with each
strategy. The general ranking of the strategies in terms of maximum phase currents,

according to Table 4.3, and Bar 4.3 is as follow:
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e First, BPSC and AARC strategies have least needed maximum phase currents

among the UPD strategies under the same fault and system conditions.
e The PNSC, ICPS and IARC strategies have the second to fourth ranks.

e Finally, the ZSCI strategy is the worst in terms of the injected currents since it
requires very high currents, due to the zero-sequence currents, to be injected

under voltage disturbances.

Finally, in Chapter 4, based on the obtained formulas for the maximum phase currents
in each strategy, the maximum allowable reactive power delivery (MARPD) formulas
were proposed specifically for each of the six UPD-LVRT-RCG strategies. The MARPD
method aims to provide the best support for the PCC voltage and simultaneously respect
the maximum limit for the phase currents (specified by DER owners) under different
faults.

Chapter 5 presented the analytical evaluations and mathematical assessments of all
FVS-LVRT-RCG strategies where the expressions of the oscillations on instantaneous
active/reactive powers and maximum phase currents are formulated for each FVS
strategy. As for instance, Table 5.2 provided the obtained expressions of the maximum
phase currents for three FVS strategies. Based on the obtained formulas for the maximum
phase currents, the MARPD formulas were proposed specifically for each of the three
FVS strategies. The simulation results not only showed the accuracy and effectiveness of
the proposed formulas of the MARPD method for each strategy; but also, they revealed
several important facts and some fruitful conclusions, which were presented in Section
5.6. Followings are the most notable highlights extracted from analytical studies and

simulation results of Chapter 5:

e All three FVS strategies show very similar results under the same conditions
and there are just limited differences between the results of FPNSC, FBSS and
MFBSS. However, FPNSC seems to be more flexible in terms of the range of
its control parameter, &, to balance between two objectives of boosting positive-

sequence voltage or reducing negative-sequence voltage.
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6.2

The best improvement in all three strategies after applying the MARPD method,
expectedly, belongs to the conditions where more capacity for reactive power is

provided by imposing higher /iimit and lower active power commands.

Power oscillations during the negative current injections are much higher than
the oscillations during the pure positive current injections. This issue is one of

the most problematic features of FVS strategies.

The amount of power oscillations, generally, depend on the amount of
improvement in voltage levels. In other words, whenever there is a great
improvement in either positive or negative sequence voltages, there is

correspondingly huge fluctuations on active and reactive powers.

Contributions

As the main contributions of this work, this thesis:

Highlighted, calculated, evaluated and compared the important analytical
expressions (the mathematical equations of maximum oscillations on
active/reactive powers and maximum phase currents) of each LVRT-RCG
technique under generic grid voltage disturbances and various system

parameters.

Proposed a method which helps each LVRT-RCG technique to provide its best
voltage support (either by boosting the positive-sequence voltage or reducing
the negative-sequence voltage) under the specific maximum phase current
restrictions of that technique where these restrictions values are imposed by
DER owners. Therefore, this method applies maximum allowable reactive

power delivery (MARPD).

Analytically calculated the MARPD equations for each of the nine studied
LVRT-RCQG strategies,
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e and verified the calculated equations by simulation results in various conditions,
1.e. different voltage sag characteristics, various reference commands imposed

by DER owners, and different voltage supporting objectives, etc.

6.3 Future Work

Future work envisioned as a continuance of this thesis comprises:

e Proposing a comprehensive LVRT-RCG strategy which provides a proper set
of reference-currents under different distorted voltage conditions and allows the
controllability of either boosting the positive-sequence voltage or reducing
negative-sequence voltage while, unlike available FVS control strategies,
attenuates the oscillations on active power which is very important especially

for DC-link voltage regulation.

e Applying the DC-link voltage controller loop in each of the presented LVRT-
RCG techniques instead of simplifying the DC-link with a DC voltage source

(which is a very common assumption in the existing literature).
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