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Abstract

In recent decades, power systems worldwide have seen a significant increase in
power electronic converters to facilitate the integration of renewable energy, e.g., solar
and wind energy, and also for the transmission of electrical power between different
areas, e.g., High-Voltage Direct Current (HVDC) links. Unlike Synchronous
Generators (SGs), Converter-based Resources (CBRs) cannot generate high-
magnitude fault currents and their fault characteristics are dependent on implemented
control strategies, which are governed by the associated grid codes. Those features of
CBRs can pose severe challenges to the reliable operation of protection systems
designed based on the fault characteristic of SGs. Two typical application scenarios
with high penetrations of CBRs are investigated in this thesis, which includes the
HVDC system connected to the transmission system and the low-voltage (LV)
microgrid connected to the distribution system.

In this thesis, the performance of distance protection is evaluated systematically
using the Hardware-in-the-Loop (HIL) approach on two commercially available
relays. Based on HIL test results and further supported by the theoretical analysis, it
was found that the performance of the distance relay is compromised significantly after
the connection of CBRs such as HVDC systems. The observed issues include the
distance under/over-reach, incorrect faulted phase selection, problematic impedance
measurement and oscillating impedance locus. A novel sequence component-based
distance measuring element is proposed in this thesis to accurately reflect the fault
distance and thus address the under/over-reach issue of the conventional impedance-
based distance algorithm, whose performance is verified by the simulation conducted
using the Real-Time Digital Simulator (RTDS) under a wide range of system and fault
conditions including varied fault types, fault resistances, fault positions, system fault
levels and protected line length. Based on simulation results, the proposed algorithm
can measure the fault distance accurately and trip faults within the time required by
the GB grid code.

Except for HVDC systems in the transmission system, significant amounts of
inverter-interfaced distributed generators (11DGs) are also connected to the distribution

system, which poses severe challenges to the existing overcurrent protection relays



because of the reduced fault contribution of 11DGs and the bi-directional power flow.
Therefore, some solutions must be designed to protect the future distribution system.
As an emerging type of distribution system, the microgrid, a compact network
comprising generators, loads and storage devices, is selected in this thesis to
investigate the protection challenges of the future distribution system and demonstrate
the development of a new energy-based protection scheme. In normal conditions, a
microgrid is typically connected to the main grid, i.e., grid-connected microgrid, but
when severe disturbances occur, e.g., loss of major generation or faults, it can be safely
disconnected from the main grid and run as an independent islanded system, i.e.,
islanded microgrid. This dual mode capability results in the dynamic variation of fault
levels in different operating modes, where the fault level is reduced substantially in the
islanded mode due to the loss of the fault infeed from the main network and the limited
fault current contribution from 1IDGs. Additionally, different fault responses of 11IDGs
in a microgrid, governed by embedded controllers of inverters, also increase the risk
of protection failure. To address issues of fault level variation of two operating modes,
reduced fault current infeed in the islanded mode, and non-uniform fault characteristics
of CBRs, an energy-based protection scheme is designed in this thesis to protect LV
microgrids, where the energy of high-frequency transients resulting from the
reflections of travelling waves are extracted using the Maximal Overlap Discrete
Wavelet Transform (MODWT) algorithm, and relays in microgrids are coordinated by
a developed algorithm. The performance of the proposed protection algorithm is
evaluated using a 400-V CIGRE benchmark microgrid implemented in
MATLAB/SIMULINK.

In summary, this thesis evaluates the challenges of conventional distance and
overcurrent protection in transmission and distribution systems (i.e., microgrids)
where high amounts of CBRs/IIDGs are expected. Solutions proposed in the literature
are reviewed, along with a comprehensive discussion of their benefits and limitations.
Additionally, a sequence components-based distance protection algorithm and a novel
high-frequency transient-based protection scheme are developed in this thesis to

protect transmission lines connected to CBRs and microgrids dominated by I1DGs.
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Chapter 1

1 Introduction

1.1 Research Background

Electricity plays a critical role in modern society and the healthy development of
the global economy. As the International Energy Agency estimates, the global
electricity demand will continuously grow by 2.1 % per year by 2040 [1]. To satisfy
the increased power demand and reduce carbon emission, significant amounts of
renewable resources such as solar and wind, which are typically interfaced by power-
electronic converters, are interconnected to the existing power system and this
increasing trend will remain in the next few decades. Meanwhile, to transfer the bulk
energy and interconnect the networks in different areas and countries, an increasing
number of converter-based HVDC links are developed worldwide. In this section,
three representative countries/organizations, i.e., the UK, EU and USA, are selected to
illustrate this rising trend of the CBRs, which is also the background of the research

conducted in this thesis.

111 UK

Driven by the ambitious objective of achieving net-zero operation of the whole
system in 2050, a rapid increase in renewable-based generation can be observed in
Great Britain's (GB) power system over the next ten years, especially in Scotland as it
has abundant wind resources [2]. The detailed growth of renewables is presented in
Figure 1-1, where the energy generated by the wind, solar, nuclear and bioenergy with
carbon capture and storage (BECCS) will provide over 90 % of the total electricity
output in 2050 [3]. On the other hand, more HVDC links are going to be constructed
to facilitate bulk energy transmission among different areas and interconnect the GB
power network to the networks operated by other European countries. As shown in
Figure 1-2, the number of HVDC links will increase from 7 in 2019 to 34 after the
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Figure 1-1. Electricity output by technology (excluding non-networked offshore wind generation) [3]
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7 HVDC Links - Totalling: 8 GW Up to 34 HVDC Links - Totalling: 45.45 GW

Figure 1-2. HVDC links planned to be constructed in the GB system [4]

year 2027, which results in the total transmission capacity of the HVDC links
increasing from 8 GW to 45.45 GW [4]. Those increased renewables and HVDC links
will significantly change system fault responses. Thus, it is necessary to investigate
the change’s impacts on the existing protection system and develop reliable solutions
to address raised protection issues.

112 EU

Based on the long-term strategy of the European Union (EU), the EU will achieve

2



the climate-neutral by 2050, where an economy with net-zero greenhouse gas
emissions can be realised [5]. The detailed plan for electricity generation and shares
of different generation techniques of the EU between 2000 and 2050 are presented in
Figure 1-3 [6]. By this figure, the share of solar energy will rise from 4% in 2015 to
18% by 2050, and the share of wind generation, including onshore and offshore, will
increase from 9% to 40% by 2050. Additionally, the EU also plans to develop
supergrids to interconnect the power networks in different countries and transmit the
power from the resource-rich area to the areas with the major electricity demands [7].
Compared to conventional wide-area transmission, the supergrids are developed

mainly based on HVDC technologies [8].
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Figure 1-3. Electricity generation by plant type in the EU [6]

1.1.3 USA

As the largest economy in the world, the USA also designs ambitious plans to
accommodate more renewables-based energy to the power system to replace fossil
fuels, e.g., coal. Based on the data in Figure 1-4 [9], which is provided by the U.S.
Energy Information Administration, the share of U.S. power generation contributed by

renewables will rise from 21% in 2021 to 44% in 2050, and the share of the natural



gas in this transitioning process will remain relatively constant at 35% from 2021 to
2050 due to the sustained low natural gas prices in the US energy market [9]. The map
of the global HVDC project distribution is presented in Figure 1-5 [10]. Based on this
figure, more HVDC links are constructed in China, Europe and the UK compared to
the cases in the U.S. because of the lack of interconnection among regions and political
and bureaucratic constraints such as the right of way and environmental approvals [11].
However, this status will change in the next few decades due to the requirement for

long-distance energy transmission and more renewables in the market [12].
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Figure 1-4. US renewable development plan between 2010 to 2050 [9]
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1.2 Protection Challenges and Research Objectives

As proposed in Section 1.1, the global power system is expected to see a significant
increase in the penetration of non-synchronous CBRs, e.g., HVDC systems, renewable
power generation, and battery storage systems, in the coming decades to achieve the
ambitious decarbonization target. Compared to conventional SGs, which exhibit a
natural and predictable response during faults with high short-term thermal capability,
the dynamic fault behaviour of CBRs is governed by their embedded controllers and
dependent on associated grid code requirements [13]. Additionally, owing to the low
short-term thermal capability of power electronic devices, the short circuit current
contributed by the CBRs is typically no more than 1.5 pu of its rated current [14],
which is significantly lower than conventional SGs. Those characteristics pose severe
challenges to the reliable operation of protection systems.

As one of the main protection schemes used in the transmission system, distance
protection, operating based on the detected faulted loop impedance, plays an essential
role in safeguarding the operation of the power system. As reported in [15], an
additional impedance will be introduced to the measured impedance of the distance
relay owing to the combined effect of the phase angle difference between the local and
remote-end infeed and the fault resistance. In a conventional transmission system
dominated by SGs, that phase angle difference is typically slight (e.g., in the range of
a few degrees). Therefore, the observed under-reach and over-reach issues in SG-
dominated networks are insignificant [13]. However, this assumption does not hold in
a converter-dominated network as the converters’ fault responses are determined by
embedded controllers, where the phase difference may experience a significant
increase and pose the risks of maloperation to distance protection [16]. Relevant
research on the reach issues above is reported in [17] - [20]. The phase selection issues
of distance protection are discussed in [21] - [23], where the performance of the
sequence component-based phase selector is evaluated. The sequence component-
based phase selection algorithm compares angle relations between the negative and
positive sequence currents and the negative and zero sequence currents. It was found
that the connection of CBRs can lead to incorrect angle relations among the sequence
components, thus resulting in incorrect identification of fault types. The different

controllers’ impacts on distance protection performance are evaluated in [24]. This



paper reports that the converter with a constant reactive power controller could
introduce numerical instability problems to the impedance measuring element of the
distance relay in phase-to-phase faults.

Except for distance protection issues in the transmission system, the substantial
amounts of 1IDGs also introduce severe challenges to the protection of distribution
systems. The microgrid, which appears in the distribution network, is used as an
example to demonstrate the protection challenges of the distribution system. In
microgrids and distribution systems, overcurrent relays (OCRs) are implemented as
the primary protection [25]. In microgrids, false trips can be raised by the bidirectional
power flow owing to the interconnection of distributed generators (DGs) [26]. Those
additional DGs also change the fault current distribution on feeders, which leads to the
issues of protection blinding and sympathetic tripping [27]. Unlike conventional
distribution systems, microgrids can operate in grid-connected and islanded modes
depending on the operating conditions of the main grid. The dual-mode capability of
microgrids changes fault levels dynamically between two operating modes,
particularly for microgrids dominated by IIDGs. The variation of fault levels results in
severe challenges to the coordination of overcurrent relays [28] and the fault detection
with a high level of discrimination in islanded microgrids [29].

To address the above protection challenges, the research objectives of this thesis
are defined as follows:

e The first objective is to develop a systematic HIL test methodology to
evaluate the HVDC system’s impacts on distance protection performance
and analyse sources behind the compromised performance.

e The second objective is to develop a reliable distance measuring algorithm
to address the under/over-reach issues of conventional impedance-based
distance measurement.

e The third objective is to design a protection scheme to protect microgrids
dominated by IIDGs in both grid-connected and islanded modes, whose
protection performance is not sensitive to the fault level variation and applied

control strategies of IIDGs.



1.3 Principal Contributions

This thesis has four major contributions.

Development of a flexible controller for CBRs, which can emulate different
operating modes of converters and satisfy requirements of the fast fault current
injection proposed by the GB Grid Code. Compared to existing research in
technical literature, the proposed controller has a simplified structure and is
easily implemented in simulation and on programmable hardware. Therefore,
it provides a powerful and flexible tool for future research to evaluate the
converter’s impacts on protection performance.

Development of a methodology for systematically assessing the impact of
HVDC systems on distance protection performance. The proposed
methodology was implemented in a realistic HIL laboratory environment.
Hardware tests were performed on two commercially available relays. The root
causes of the found protection issues were determined and analysed, i.e., under-
reach/over-reach, faulted phase selection and impedance measurement. This
work was peer-reviewed and published in [30].

A new sequence components-based distance measuring algorithm is developed
to address the under/over-reach issues of the conventional impedance-based
distance measuring elements. The proposed measuring approach is not
sensitive to the variation of system fault level, protected line length, fault
resistance, fault type or fault location.

A new transient wavelet energy-based protection scheme was developed to
protect LV microgrids. As the proposed scheme does not use the fundamental
frequency voltages nor the currents supplied by the generators in the network,
its performance is not sensitive to the changes in the types of generators and
controllers of CBRs. The protective algorithm can detect faults and locate the
faulted feeders within a few milliseconds, which is much faster than any
conventional protection method. Compared to the travelling wave-based
protection (a popular high-frequency components-based protection), the
proposed scheme only uses a 10 kHz sampling frequency and effectively

isolates close-up faults. This work was peer-reviewed and published in [31].



1.4 Structure of the Thesis

The structure of this thesis is presented below.

Chapter 2 demonstrates the modelling of converters in the following studies, where
two typical control structures, including the single and dual sequence current
controllers, are implemented. A flexible controller is developed for the converter using
dual sequence current control structure to realise three different operating modes and
inject reactive currents during faults. The short-circuit responses of developed
converter models are evaluated using RTDS-based case studies.

Chapter 3 assesses distance protection challenges caused by the connection of
HVDC systems through implementing systematic HIL experimental tests, where a
total number of 480 cases, covering different fault conditions, different HVDC control
strategies, varied system strengths and different levels of synchronous compensation,
are included, along with detailed studies with selected representative cases to
understand the sources behind the observed distance protection issues. Additionally,
the solutions in the literature to improve distance protection performance are also
reviewed in this chapter.

Chapter 4 reviews the protection challenges of inverter-dominated microgrids. The
solutions of microgrid protection are reviewed, along with the analysis of the benefits
and limitations of different methods to facilitate understanding.

Chapter 5 proposes a sequence component-based distance measuring algorithm.
The fundamentals of the symmetrical analysis are reviewed at the beginning of this
chapter. The detailed derivation of the developed fault distance measuring element is
presented. The performance of this scheme is evaluated under a wide range of system
and fault scenarios, including different fault types, resistances, locations, system fault
levels and protected line length.

Chapter 6 demonstrates a transient wavelet energy-based scheme to protect LV
microgrids with substantial inverter-interfaced resources. The Maximal Overlap
Discrete Wavelet Transform (MODWT) is implemented in this protection algorithm
to decompose the wavelet coefficients, which is used to calculate the transient wavelet
energy employed in the developed protection algorithm. The energy relation of the
Current Transformers (CTs) at the individual busbar is derived and implemented to
coordinate the relays in microgrids. The performance of this algorithm is evaluated by



a 400 V CIGRE benchmark microgrid developed in MATLAB/SIMULINK.

Chapter 7 summarises the work presented in this thesis and provides direction for

future research.
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Chapter 2

2 Converter-Based Generator

Modelling and Short-Circuit Analysis

2.1 Introduction

As indicated in Chapter 1, the short-circuit response of a CBR is dependent on the
implemented control strategy, which can potentially affect the performance of the
protection devices in the power system. Therefore, the converter short-circuit response
is evaluated in this section first before moving into the protection parts.

The converter control can be implemented in several different reference frames,
including the synchronous reference frame (dq frame), the stationary reference frame
(ap frame) and the neutral reference frame (abc frame). In this thesis, all converters
are designed in the synchronous reference frame (dq frame), which is widely adopted
for converter control. In Section 2.2, the instantaneous power theory is reviewed,
which is the fundamentals of the controller design. In Section 2.3, modelling of the
converter with conventional active and reactive power controller is proposed, where it
only has the positive sequence inner current control loop. Additionally, the short-
circuit response of the designed converter with a conventional controller is evaluated
by applying all types of faults. In Section 2.4, the modelling of the converter with a
dual-sequence current controller is discussed, where a flexible control strategy is
implemented to realise different control strategies, i.e., the balanced current control to
inject positive sequence currents, the constant active power control and the constant
reactive power control to suppress the AC ripples on the generated active power and
reactive power and inject reactive currents during faults. To evaluate the short-circuit
response of a converter with the dual-sequence current controller, case studies are

conducted in Section 2.4. The summary of this chapter is discussed in Section 2.5.
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2.2 Instantaneous Power Theory

In the normal state, the transmission system can be considered as a three-phase
balanced network, where the voltage only has the positive sequence components.
However, when asymmetrical faults occur, the negative sequence components will be
superimposed to the positive-sequence voltage and current [1]. In this condition, the
voltages and currents at the measuring point are described in (2 —1) and (2 — 2)
respectively, where the superscripts “+” and “-” stand for the positive and negative

sequence components of the measured voltages and currents.
v=vt+v~ 2-1)
=it +i” (2-2)

According to the instantaneous power theory [2], the instantaneous active and

reactive power (i.e., P and Q) from the converter are shown as (2 — 3) and (2 — 4).
P=v-i (2-3)
Q == vl ) l (2 - 4)

where v, is the orthogonal version of grid voltage v. Substituting the v and i in
2-1and(2—-2)into(2—-3)and (2 —4),the (2 —-5) and (2 — 6) are derived.

constant power  oscillating power
P= . + = (2-15)
vtit +vTi vtim+vTit

constant power  oscillating power

Q= + (2-6)

viit+ vii~ viiT+ it

According to equations (2 — 5) and (2 — 6), it can be seen that both active power
and reactive power consist of two parts, i.e., the constant and oscillating power. The
oscillating power parts are raised by the interaction between the positive and negative
sequence voltages and currents, which is analysed in Section 2.3.2 in detail.

As the converter control is developed in the dg frame, the (2 —5) and (2 — 6),
which are in the abc frame, are transformed into the dq frame by applying the Park
Transform, which yields (2 — 7) to (2 — 12) [3].
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_ 3
P =§(v:{i:{+v;i; +vgig +v5ig) 2-7

3
P = z(v;i;{ +vgiy +vgig +vliy) (2-18)
3 _.+ _.+ +._ +._
PSZE(Uqld—Udlq—vqld-l-vdlq) (2-9)
~ 3 +.+ +.+ —_—— —_——
QZE(Uqld—Udlq-I-Uqld—vdlq) (2-10)
3 _.+ _.+ +._ +._
QC=E(Uqld—Udlq+Uqld—vdlq) (2-11)
3 _.+ _.+ +._ +._
QSZE(—vdld—vqlq-i-Udld +Uqlq) (2-12)

Where v, v/, iy and i are the positive sequence voltages and currents in the d
and q axes; vy, vy, iy and i; are the negative sequence voltages and currents in the
d and g axes; P and Q are the average real and reactive power, which are the power
references given by the user; P., Q. and P;, Q, are the cosine and sine terms of active
power and reactive power. The (2 — 7) to (2 — 12) can be further expressed in the

form of a matrix as presented in (2 — 13).

Pl [+vd v "‘Vc_t_F g ]
Z ° + .

Pc +tvg 4y, ‘|'Vc_iF +vq I[L;;]I
P, 3[+tvg —v; Vg +v} i
St=2 1 d +q_ dlx|a| (2-13)
Ql 2|+tvy —vi TVg —Vq lldJ
Qc tvy —vg tvg —vg| Llig
Qs l=vg Vg v} v

In (2 — 13), values of ij, if, iz and i on the right-hand side can be controlled
by academic researchers by setting the current references of the outer power controller.
Therefore, these are controllable variables. However, the characteristics of the
converter’s output power are determined by six variables, including the
P,P., P, Q,0Qc, Qs, as shown in (2 — 13), which means two power variables cannot
be controlled. Typically, the control of the average active and reactive power should

be considered first and the other two objectives could be decided based on the user’s
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preference. For the designed controller in Section 2.4, it realises three control strategies
by setting three different control objectives, i.e., constant active power control by
setting the P, and Ps in (2 — 8) and (2 — 9) to zero, constant reactive power control
by setting the Q. and Qg in (2 —11) and (2 — 12) to zero and balanced current
control by setting the i; and i; in (2 — 13) to zero. The detailed derivation of the

current references to realise three control modes is discussed in Section 2.4.

2.3 Modelling and Performance Evaluation of Converter with

Conventional Active and Reactive Power Controller

2.3.1 Converter Modelling with Active and Reactive Power Controller

In this section, the converter model with a conventional controller is developed
based on [4], whose structure is shown in Figure 2-1. As this type of controller is to
regulate the active and reactive power to the grid, it is also called the active and reactive
power control strategy. As presented in this figure, the three-phase voltages, v, and
currents, i,;,., measured at the delta side of the interface transformer are used as the
inputs of this controller. The ‘Synchronous Reference Frame Phase-Locked Loop
(SRF-PLL)’ [5] is used to synchronise the converter with the grid voltage and its
structure is shown in Figure 2-2, where w is the system angular frequency. Typically,
the reference value for v, is set as zero to estimate the system phase angle. In this case,
the active power and reactive power delivered from the converter can be calculated by
(2—14) and (2 — 15).

3
P = Evdid (2 - 14)
3
Q =—§Udlq (2—15)

The calculated power is used as input for the outer power loop to generate the
current references, iy and i, The derived references will be further tracked by the
inner current controller to generate a set of output voltage signals and these voltage
signals are finally converted into pulses to control the operation of the converter.

Additionally, owing to the safety requirement of the converter, the maximum phase
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current should always be lower than the defined tolerable level [6]. In this case, a fault

current limiter based on (2 — 16) is developed, where ig, and ig, are the current

references in dq frame and i,,,,, is the maximum acceptable current of the converter.

lgr = \/(imax)z - (iqr)z
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2.3.2 Short-Circuit Response of Converter with Active and Reactive Power

Controller

The controller in Figure 2-1 has been implemented in RSCAD, a software specially
designed for RTDS, to control the designed converter, whose short-circuit responses
under various types of faults are evaluated in this section.

The test network is shown in Figure 2-3. In this network, the capacity of the studied
converter is 839 MVA. Conventionally, a network with a Short Circuit Ratio (SCR)
lower than 3 is considered as a weak system [7]. The boundary value of SCR of the
strong and weak system, i.e., SCR = 3, is applied in this test to evaluate the
performance of the converter model with a conventional controller. By applying the
equations (2 — 17) and (2 — 18), the corresponding impedance of Z, with SCR = 3
is 30.05284.8" Q. In equations of (2 —17) and (2 — 18), the SCR¢,i4 and FL¢,i4
are the SCR value and fault level of the connected AC network; s, is the capacity of
the investigated converter; v;; is the system line-to-line voltage and |Zg| is the

magnitude of the equivalent impedance of the AC network.

FL.;
SCRGrid — Grid

(2 -17)

con

UZ
24| = =2 (2 —18)

The results in this test are measured at the delta side of the interfacing transformer
and the results are presented as per unit values referring to the bases in (2 — 19) to
(2 — 21). In those equations, Spgse, Vpase, Lpase are the bases of the power, voltage
and current. As the converter should limit its instantaneous outputs to being lower than
its maximum tolerable currents, i.e., i, = 1.2 puin (2 — 16), the bases in (2 — 20)

and (2 — 21) are represented by peak values.

Spase = 839 MVA (2-19)
3602
Vbase =~ = = 293.94 kV (2 —20)
. _ 2 Sbase _
ipgse = = X =1.90 kA (2 -21)
3 VUpase

19



Measuring

Point
360kV /275 kV
pc L] - | — | ~N
SourceT_ | _I |

Aﬁ % Main Grid
Converter with 1 Fault ain Gri
Conventional -

Controller

Figure 2-3. Network to evaluate the performance of converter with a conventional controller

The short-circuit response of the converter is presented in Figure 2-4, where three
bolted faults are applied at the grid side, and all variables are measured at the converter
side of the interfacing transformer. From Figure 2-4, the converter with conventional
active and reactive controller suffers from overcurrent issues, i.e., some phase currents
being greater than 1.2 pu, under asymmetrical faults, such as phase-A-to-ground fault
(AG) and phase-A-to-phase-B fault (AB), while it is capable of limiting the current
properly in balanced faults. The thing that needs to be highlighted is that the mentioned
overcurrent issue above refers to the overcurrents in the steady state of faults rather
than the initial overshoots, as presented in Figure 2-4 (c), and the reasons behind the
overcurrents in the steady state and the initial overshoots are not same. The initial
overshoots in balanced faults are raised by the significant phase adjustment of the PLL
due to the sudden drop of three-phase terminal voltages [8]. While the steady-state
overcurrents are caused by the interaction between the positive and negative sequence
voltages and currents in asymmetrical faults, as explained below.

The designed converter is synchronised by the SRF-PLL in Figure 2-2, which
tracks the angles of the positive sequence voltage of the connected AC system. In the
normal operating state, the transmission network is a balanced system with only
positive sequence voltage and current. The voltage and current behave as constant
variables after the Park Transform owing to the rotating synchronisation between the
dq frame and the grid. However, when asymmetrical faults occur, negative sequence
components are introduced to the system voltages and currents, which rotate at the
same angular velocity but in the opposite direction of the positive sequence
components in the synchronous reference frame. In this case, 2"* harmonic ripples will

appear in the transformed voltage and current. Such undesired oscillation could
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degrade the tracking performance of the PI controller, which further causes the current
limiting issues observed in the results. Although this issue can be relieved by
increasing the bandwidth of Pl control, it can result in instability issues of the converter
[9]. Therefore, it is necessary to decouple the positive and negative-sequence voltage
and current and introduce another inner current control loop to regulate the negative-
sequence current independently. This controller with another negative-sequence
control algorithm is called the ‘dual-sequence current controller’, which is discussed

in Section 2.4.
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Figure 2-4. Short-circuit response of the converter with conventional PQ controller in the event of, (a)
AG fault, (b) AB fault, (c) ABCG fault
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2.4 Modelling and Short—Circuit Response of Converter with Dual-

Sequence Current Control Strategy

2.4.1 Overview of the Dual-Sequence Current Controller

As proposed in Section 2.3.2, the presence of negative sequence components
during asymmetrical faults could introduce overcurrent issues to the converter with a
conventional PQ controller. To address this issue, a new control scheme was proposed
at the end of the 1990s by adding a negative sequence control loop to decouple the
interaction between the positive and negative sequence components [10]. Additionally,
different control objectives can be achieved with this dual-sequence strategy, which
improves the flexibility of the converter control. Among these control objectives, the
balanced current, constant active power and constant reactive power controllers are the
most typically used. The balanced current control strategy aims to mitigate the
negative sequence components of the output currents. In this control strategy, the
references of the negative sequence currents are set to zero. Therefore, it is relatively
easier to be designed. As proposed in [11], in the case of asymmetrical faults, the
unbalanced voltage will cause the AC ripples on the active power, which will further
induce the oscillation on the DC side voltage of the converter system. To address this
issue, the constant active power controller is proposed by mitigating the oscillation on
the active power of the converter. The last control strategy is the constant reactive
power control, which is used to suppress the AC ripples on the reactive power. This
strategy can deliver a high quality of reactive power in the case of asymmetrical fault
and decrease the voltage unbalance at the Point of Common Coupling (PCC) in the
transmission network with the inductive characteristic [12].

The structure of the converter with a dual-sequence current control is shown in
Figure 2-5 [10]. In this figure, the converter is synchronised by the SRF-PLL in Figure
2-2. Assume the phase angle of the positive sequence voltage is 8p;,, the angle of the
negative sequence voltage will be —6,,; due to the opposite rotational direction
between the positive and negative sequence components in the dg frame. The derived
angles are used in the following Park Transform. The positive and negative sequence
components are separated by the notch filter, where the cut-off frequency equals two

times the fundamental frequency. The behaviour of the converter during faults is
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mainly determined by the current references generated from the outer power controller.

The designed flexible outer power loop could realise the following control objectives:

1) Emulate different control strategies in asymmetrical faults, e.g., constant
reactive power control to suppress the ripples on the output reactive power,
balanced current control to generate symmetrical fault currents and constant
active power control to suppress the ripples on the output active power.

2) Inject certain amounts of the positive sequence reactive current during faults
based on the injection curve defined in the GB Grid Code [13].

3) Limitthe phase current to 1.2 pu to avoid the overcurrent issues of converters.
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Figure 2-5. Structure of converter with dual-sequence current controller [10]

The generated current references are further tracked in the inner current controller,
where the positive and negative sequence currents are controlled separately. Therefore,

it is also called the ‘dual-sequence current controller’ [14].

2.4.2 Design of the Converter’s Quter Power Controller

2.4.2.1 Capability of the Fast Fault Current Injection

The GB Grid Code requires the Type B, Type C and Type D Power Park Module
and HVDC equipment to inject the positive-sequence reactive current during faults to
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support the reduced faulted phase voltage. The definition of Type A, B, C, and D
Power Park Module is presented in Table 2-1 [13]. As in the following case studies,
the voltage level of the studied transmission network is 275 kV and the capacity of the
designed converter interfaced HVDC system is 839 MVA, the fast fault current
injection (FFCI) capability should be considered in the process of converter design.
In the following studies, the amount of the injected reactive current is based on the
solid black line presented in Figure 2-6 [13]. The function of the positive sequence
voltage, v*, and the injected positive sequence reactive current, iy, is shown by
(2 —22), where the positive sequence voltage, v, is estimated by (2 — 23). In

(2 —23), the v; and v, are the positive sequence voltage in d and q axes.

Table 2-1: Definition of Type A, B, C and D Power Park Modules [13]

Type
Name

Definition

A Power-Generating Module (including an Electricity Storage Module) with a
Type A | Grid Entry Point or User System Entry Point below 110 kV and a Maximum
Capacity of 0.8 kW or greater but less than 1 MW.

A Power-Generating Module (including an Electricity Storage Module) with a
Type B | Grid Entry Point or User System Entry Point below 110 kV and a Maximum
Capacity of LMW or greater but less than 10 MW.

A Power-Generating Module (including an Electricity Storage Module) with a
Type C | Grid Entry Point or User System Entry Point below 110 kV and a Maximum
Capacity of 10 MW or greater but less than 50 MW.

A Power-generating Module: (including an Electricity Storage Module)

e with a Grid Entry Point or User System Entry Point at, or greater than, 110

Type D kv.

e Or with a Grid Entry Point or User System Entry Point below 110 kV and
with a Maximum Capacity of 50MW or greater.

it (pu) = —3.28v" +2.64,0 < i} <1 (2 -22)

vt = ’v§2+v;2 (2-123)
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Figure 2-6. Reactive Current Injection Requirement defined in the Grid Code [13]

Based on the Grid Code, the maximum level of the injected reactive current should
be no large than 1 pu unless the special requirement is suggested by the developer.
Therefore, the injected reactive current of the developed converter model is restricted
to 1 pu.

Although the current GB grid code does not require injecting the negative sequence
currents during asymmetrical faults, the lack of negative sequence currents can lead to
overvoltage issues of the healthy phases [15] and the maloperation of protection
devices [16]. Therefore, the injection of negative sequence currents during faults has
been approved in the latest IEEE standard (i.e., IEEE Std 2800 [17]). Additionally,
significant amounts of renewables and HVDC systems are going to be connected and
constructed in the GB system, which could accelerate the revision of the GB grid code
to allow the negative sequence current injection in the following years. To facilitate
investigating the impacts of the negative sequence current injection on distance relays,
two additional control strategies, including the constant active power controller and
the constant reactive power controller, are proposed in Section 2.4.2.3 and Section

2.4.2.4 by injecting some levels of negative sequence currents.

2.4.2.2 Balanced Current Control Strategy

With the balanced current control strategy, the values of negative sequence current

references, i, and iy, are chosen as zero so that the output current can only have the

positive sequence components [18][19]. Meanwhile, owing to the requirement of the

FFCI capability, the reference of positive-sequence reactive current, iz, is calculated
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by (2 — 22) and the reference of positive-sequence active current, i, is determined

by (2 — 24), where the i,,,,, IS the maximum magnitude of the fault current.

igr = J (imax)? = (i) (2-24)

After substituting iz, = iz = 0 to (2 — 13), the values of the AC components P,

Ps, Q¢, Qs, with the balanced current controller can be estimated by (2 — 25).

P vy +u; tvd
Pg| 3|tvy —vy —v

it
L - x| 2—125
Q¢ 2 [+l7q —Vyg +17¢;' _v‘;J 0 ( )

—v; Vg + +
Qs d a 4vl v

From (2 — 25) and based on the analysis in Section 2.3.2, when the HVDC takes
the balanced current control (e.g., i3, i # 0 and ig,, iz = 0), the values of the AC
components P., Ps, Qc, Qs, will not be zero in asymmetrical faults due to the
interaction of the positive sequence current and the negative sequence voltage, so there
will be AC ripples in both active and reactive power from the converter system, which
could introduce undesirable impact, e.g. DC side voltage oscillation [11], to the

converter.

2.4.2.3 Constant Active Power Control Strategy

According to Section 2.4.2.2, it is known that there could be AC ripples on the
active power with the balanced current controller in the case of asymmetrical faults.
Such undesired ripples on the active power could potentially cause the oscillation of
the DC side voltage of the converter. In the worst case, it may lead to the false tripping
of the converter. To address this issue, a constant active power controller was first
proposed in [11] to mitigate the ripples of the delivered active power and the DC side
voltage during faults. However, this paper does not consider the FFCI capability. To
inject certain amounts of reactive currents during faults, the references of the positive
sequence currents calculated by (2 — 22) and (2 — 24) still need to be implemented
and the references of the injected negative sequence current are calculated by (2 — 26)
and (2 — 27), which can be derived by setting the P, and Ps in (2 —8) and (2 — 9)

as Zero.
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In constant active power control, the reactive power delivered from the converter
during faults could be depicted by (2 — 28), which is derived by substituting the
current references in (2 —26) and (2—-27) to (2—11) and (2—12). From
equation of (2 — 28), the 2" harmonic ripples are still exhibited on the reactive power
when the converter takes the constant active power controller in the case of
asymmetrical faults.

Qc]_§ 2vg —Zv;] iy B
sl T 2l-2vg  —2vy | * iz (2-28)

2.4.2.4 Constant Reactive Power Control Strategy

To suppress the AC ripples on the reactive power during faults, the constant
reactive power control is proposed by setting the values of Q. and Q¢ in (2 — 11) and
(2 —12) as zero [20]. Similarly, the values of the positive sequence current references
are calculated by (2 — 22) and (2 — 24) to assist the FFCI capability of the converter.
In this case, the corresponding current references are presented in (2 —29) and
(2 — 30), which can be derived by setting the Q. and Q¢ in (2 —11) and (2 — 12) as
zero. The features of the AC ripples on the active power with constant reactive power
controller are illustrated by (2 — 31), which is derived by substituting the current
references in (2 —29) and (2 —30)to (2 —8) and (2 —9).

-+ -+
lar = +2 +2 l(;r + +2 +2 Lqr (2 - 29)
Vg T4 Vg T
N vavg +vgvg ) VgVq —Vavq )\ .,
igr = | ——5L ) if + | —— )il (2 - 30)
+ + + +
v+ vyt
PC] Zvd ZUq (2 _ 31)
PS qu _Zvd
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2.4.2.5 Flexible Control Strategy

In the previous sections, three typical control strategies of the converter have been
discussed. It would be desirable to implement these three strategies using a single
control structure, where the three control objectives can be flexibly realised by
adjusting the settings of the controller. Therefore, a ‘flexible controller’ has been
implemented by introducing a new variable K,,,,4.. The current references of this type
of controller are presented in (2 — 32) to (2 — 35), where the constant active power,
balanced current and constant reactive power strategies can be achieved by setting the
value of K,,,q4. t0 -1, 0 and 1 respectively. Similar control strategies, which can
achieve the aforementioned three control strategies, are reported in [12][21]. However,
for the work in [12], the FFCI capability has not been considered during the design of
the controller, therefore, it cannot deliver the reactive currents to the grid during faults.
Another flexible controller proposed in [21] solves this gap by introducing the reactive
current injection algorithm. However, compared to the controller proposed in this
thesis, the fault current limiting strategy in [21] is too complicated.

In addition to the three control modes as discussed above, the value of K,,,,4. Can
be ranged from -1 to 1, hence, different levels of the negative sequence current can be
injected into the grid by varying the value of K,,,,4. (via a slider in the model) for

emulating different fault characteristics to test the protection performance.

if = [1.22 = (it,)° (2 - 32)

i =-328v"+264,0<i}. <1 (2-33)

+o— +— +o— -+

L ‘Ud Ud - Uq Uq ; ‘Ud Uq + Ud Uq .

lar = Kmode +2 +2 l;r + Kimode 12 +2 lc-;r (2—-34)
vy© + v, vy© + v,
+o— -+ I S
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lgr = Kmode -2 . iz Lgl—r + Kmode 2 +2 l‘-;’" (2-35)
vy~ + v, vy~ + v,

2.4.2.6 Fault Current Limiting Strategy

For a power electronic interfaced converter, one crucial issue that needs to be

considered is to avoid overcurrents during the fault period. In the developed model, a
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fault current limiter has been designed to ensure the maximum phase current of the
converter is within the defined safety level in all types of faults, and meanwhile, it
could realise the aforementioned different control strategies.

The flowchart of the developed fault current limiter is shown in Figure 2-7. There
are two stages in this fault current limiter, i.e., stage I for fault detection and stage 11
for current suppression. In stage I, the positive sequence voltage calculated by
(2 —23) is transformed to per unit value and compared to the defined voltage
threshold. If the value of v* (pu) is above the threshold, the converter will take the
current references in the normal state, iJ,,, and ignor,» Which are calculated by
(2 — 36). The references, ij ,,, and ignor, IN (2 — 36) can be derived by substituting

g =ig =0t0(2—7)and (2 - 10).

[ vy vg 1
. 2 2 2 2
igrnor] 3 | vy —v} | Qr

12 . 12 42 . 42
%+ v v+ v

If the value of v* (pu) is lower than the threshold (0.9 pu used in this scheme), the
converter will consider there is a fault in the grid and it will move to stage II to suppress
the fault current from the converter. The selection of 0.9 pu is based on the CC.6.1.4
regulation in the GB grid code [13], which defines the voltage variation of a 275-kV
transmission system in normal conditions should be no more than ¥10%. In stage II,
the initial current references from (2 — 32) to (2 — 35) are scaled down by dividing
the value of the scaling factor, i.e., SF, as stated from (2 — 38) to (2 — 41). In those
equations, the scaling factor, SF, is calculated by (2 — 37), where the ig,., ity iz, igr
are the initial positive and negative sequence current references from (2 — 32) to
(2 = 35) and i,,,4, is the maximum tolerable current of the designed converter. The
numerator in (2 — 37) calculates the maximum phase current of converters and its
value changes with system and fault conditions, which leads to a changeable SF in
(2 —37). For example, a larger SF is calculated in bolted faults due to a high
magnitude of fault currents, while a smaller SF is adopted in high-resistance faults.
After applying this current limiting strategy, the fault current of the converter can be

maintained to be lower than the defined maximum current level effectively.
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Figure 2-7. Flowchart of the designed fault current limiting strategy
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2.4.3 Short-Circuit Response of Converter with Dual-Sequence Current

Control Strategy

In this section, simulation results are presented to demonstrate the performance of

the converter with the flexible controller in Section 2.4.2.5 and Section 2.4.2.6. The

network in Figure 2-8 is used to test the short-circuit response of the developed

converter model under AG, AB and ABCG faults. To make results more comparable
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Figure 2-8. Network to evaluate the performance of the converter with the proposed dual-sequence

current controller

to the short-circuit response in Section 2.3.2, the equivalent impedance, Z,, uses the
same impendence as the test of converter with conventional PQ controller.

The results in AG and AB faults are shown in Figure 2-9 and Figure 2-10, where
all variables are presented as per unit values referring to the bases in equations of
(2 —42)to (2 —44).Thebasesin (2 —43) and (2 — 44) are represented using peak
values, where s,,se, Upase» lpase are the bases of the power, voltage and current

respectively.

Spase = 839IMVA (2 —42)
3602
Vbase = = = 293.94kV (2 —43)
2 s
fpase = = X 22%€ = 1.90kA (2 — 44)
3 vbase

The maximum current from the converter is restricted to 1.2 pu, which has been
highlighted in figures. In Figure 2-9 and Figure 2-10, the value of K,,,4. moves from
1 to -1 through 0.5, 0 and -0.5. Based on the results, when K,,,4. €quals 1, the
controller will attempt to eliminate the ripples on the reactive power, while the ripples
on the active power will have the largest magnitude. Then, with the decrease in the
values of K,,,4e, the ripples’ magnitude of the reactive power rises and the opposite
trend is displayed on the active power. When K,,,,4. €quals -1, the ripples on the active
power are suppressed but the ripples on the reactive power reach the maximum

magnitude. From the results, it is clear that for all operating modes, the currents can
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Figure 2-9. Short circuit response of dual-sequence controller-based converter under AG fault

Lx%?\ | | RS | | |
e e
- i‘n‘lnmmmmwu(u\u\n)N)NMNHHHIHIIIIIIIIIIIIllllllllllllllllllllllmﬂlllllIHHH“l{lmlglglglglglglM]M]%HlllllllllHHHHIHHHH"HNHMW

Figure 2-10. Short circuit response of dual-sequence controller-based converter under AB fault
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Figure 2-11. Short circuit response of dual-sequence controller-based converter under ABCG fault
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Figure 2-12. Results of positive sequence voltages and currents under ABCG fault
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always be limited to 1.2 pu. Additionally, the injected negative sequence currents can
be controlled by the values of K,,,,4.. When K,,,,4. €quals 0, the output currents only
have the positive sequence components. The simulation results demonstrate that the
performance of the converter aligns with the design specification as discussed in
Sections 2.4.2.5 and 2.4.2.6.

Since there is no negative sequence voltage in a balanced fault scenario, the
negative sequence current references in (2 — 34) and (2 — 35) are always zero. In
this condition, the converter can only operate in the balanced current mode and purely
inject the positive sequence currents into the grid. The simulation results of an ABCG
fault are shown in Figure 2-11, where all three phase currents are restricted to 1.2 pu.
Owing to the absence of the negative sequence voltages and currents, the ripples on
the active and reactive power do disappear as explained by (2 — 8), (2 —9), (2 —11)
and (2 — 12). Additionally, in the balanced fault condition, the active and reactive
power generated by the converter is approaching zero, which is resulted by a
significant three-phase voltage drop in the grid side (i.e., close to zero). But this does
not mean the converter does not supply the reactive currents to the grid in the fault
period, which can be convinced by the results in Figure 2-12. In this figure, the reactive

current of 1.031 pu (close to the accurate value of 1 pu) and active current of 0.632 pu

(close to the accurate value of v1.22 — 1.0312? = 0.614 pu) are contributed during
faults, which aligns with the values calculated by (2 — 32) and (2 — 33). Therefore,
the developed dual-sequence current controller has a satisfying performance in

balanced faults.

2.5 Chapter Summary

This chapter proposes the development of converters with conventional PQ and
dual-sequence current controllers, along with analysing their short-circuit responses.
For the conventional PQ control strategy, where it only has a single inner current loop,
the overcurrent issues appear in the steady state of asymmetrical faults due to the
superimposed negative sequence voltages and currents during faults. Those negative
sequence voltages and currents further result in the 100 Hz oscillation on the voltages
and currents in the dg frame, which compromise the tracking capability of Pl

controllers and lead to the limiting issues of fault currents.
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To improve control flexibility and address the overcurrent issue for the converter
with a single inner current loop, a controller with a dual-segeunce current control
structure and a flexible control strategy is developed in this chapter, which could
emulate different operating modes (i.e., modes of constant active and reactive power
and balanced current), inject reactive currents and limit fault current magnitude during
faults. From the results, the designed flexible controller can satisfy all expected control
objectives and meet the requirements of the GB Grid Code. Therefore, it provides a
valuable converter model for future research to investigate the converter’s impacts on

protection performance.
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Chapter 3

3 Performance Assessment of
Transmission System Distance
Protection, Main Issues and EXxisting

Solutions

3.1 Introduction

In most countries, including the GB transmission network, distance and differential
protection schemes are typically used as the main protection. As reported in [1],
differential protection is more reliable and less impacted by the dynamic behaviour of
converters owing to its inherently discriminative and sensitive advantages. Compared
to differential protection, protection engineers are more concerned with distance
protection because of its compromised performance in the network with CBRs. In this
chapter, distance protection is systematically evaluated to provide evidence of the
protection challenges of the transmission system with the connection of CBRs.

In a transmission system with only SGs, the angle difference of currents from both
ends of the protected line is typically small. Therefore, the observed under/over-reach
issues are insignificant [2]. However, this angle difference experiences a significant
increase after the interconnection of the HVDC system (or other general CBRS) as the
fault responses of converters are determined by their embedded controllers, which
further poses the risks of maloperation to distance relays. Except for the reach issue,
the distance relay also suffers from the faulted phase selection issue raised by the
abnormal increase of phase-to-phase superimposed currents and incorrect angle

relations of sequence components. Some other problems, such as the issues of
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erroneous impedance measurement and oscillating impedance locus, can also occur in
distance protection after the connection of CBRs [3].

In this chapter, a HIL-based methodology is developed for a systematic assessment
of the impact of the HVDC system on distance protection. The detailed reasons behind
the protection issues are analysed and solutions in the literature are reviewed. The
structure of this chapter is presented as follows. The fundamentals of distance
protection are proposed in Section 3.2. The results of HIL tests and analysis are
presented in Section 3.3 and Section 3.4. The review of protection solutions is

presented in Section 3.5. The summary is discussed in Section 3.6.

3.2 Fundamentals of Distance Protection

In this section, the fundamentals of distance protection are introduced. The focus
is placed on elements most relevant to converter integration's impacts, including the
impedance measuring functions, protection characteristics and faulted phase selection

algorithm.

3.2.1 Impedance Measuring Elements

When a fault occurs in the transmission network, the distance relay located at the
busbar will measure the impedance between the relay and fault position based on the
local voltages and currents. The relay will detect a fault if the measured impedance is
within the protective zone. Therefore, the accurate impedance measurement is
essential for the correct operation of distance relays. Typically, distance relay has two
impedance measuring groups, including the phase-to-earth group (including AG, BG
and CG elements) and the phase-to-phase group (including AB, BC and CA elements),
and the expressions of all measuring elements are presented in Table 3-1 [4].

In Table 3-1, the Zy;, Zgg, Zcg, Zag, Zgc and Z, are the measured impedance of
the corresponding impedance measuring elements; v, , v, and v, are the input
voltages of phase a, b and ¢; i, , i, and i, are the input currents of phase a, b and c; i,
is the measured zero-sequence current and K, is the residual compensation factor,
which is calculated by (3 — 1), where Z, and Z, are the zero sequence and positive
sequence impedance of the protected line respectively.

Zo— 7y

Ky = 3—-1
0="5 G-1
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Table 3-1. Expressions of all impedance measuring elements of distance protection [4]

Measuring Groups Impedance Elements Expressions
Zye = —2
AG A6 = T T 3Kyl
h h faul Zyo = ——2
Phase-to-earth fault BG BG = i, + 3Kol
Zeg = —
CG €6 = I ¥ 3Kolg
Vg — 7V
AB/ABG Zpp = —
la = 1p
Vp — V¢
Phase-to-phase fault BC/BCG Zpc = P
b~ tc
Ve = Vg
CA/ICAG ZCA =~ p
le = lg

3.2.2 Protection Characteristics

The MHO and QUAD characteristics are the most widely implemented in distance
protection. Therefore, the fundamentals of those two characteristics are discussed in
Section 3.2.2.1 and Section 3.2.2.2.

3.2.2.1 MHO-Based Protection Characteristics

As proposed in Section 3.2.1, the tripping decision of a distance relay is determined
by a set of tripping conditions. One of the critical tripping conditions for the MHO
characteristic is realised by introducing comparators. For MHO-based distance
protection, there are two typical comparators, including the magnitude comparator and
the phase comparator. Given that the magnitude comparator is superseded by the phase
comparator in modern relays, only the phase comparator is introduced in this section.

The protective zone of the MHO characteristic is shown in Figure 3-1, where V is
the faulted phase loop voltage; I is the fault current and Zj, is reach setting. The relay
will consider a fault to be within the protected zone if the value of the angle 8y, IS
larger than 90°. The expressions of the tripping condition are illustrated by (3 — 2) to
(3 —4). This method is proposed as ‘self-polarisation’ because it uses the directly

measured voltage signal to decide whether @ is great than 90°.
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Ovro=90

Figure 3-1. Protective zone of self-polarised MHO relay

S, =V (3-2)
S, =V —1Zg 3-3)
S o
ang (—1) > 90 (3—-4)
S2

As reported in [5], the MHO characteristic with self-polarisation may suffer from
reliability issues in the case of the close-up faults, where the measured voltage of the
faulted phases can decrease to almost zero. To address this problem, two voltage-
polarised methods called ‘cross-polarisation’ and ‘memory polarisation’ are
introduced. For the cross-polarisation, the voltage on the healthy phases will be
employed to assist the polarisation of the vector S;. In this case, the new developed
vectors of the comparator are presented by (3 — 5) and (3 — 6), where the p is the

polarising factor and V..., ., is the cross-polarised voltage. The representation of V...,
is summarised in Table 3-2 [6], where « is the rotational factor, @ = ¢/12°" and

a? = e/2%0  However, in some cases, the polarised voltage will not be available, e.g.,

in balanced faults. To address this issue, the memory-polarised MHO is developed.
S1 =V + pViross (3-5)

S, =V —1Zg (3-6)
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Table 3-2. Representation of the cross-polarised voltage

Measuring Groups Impedance Loop Cross-Polarised Signal

AG 0.5(av, + a?v,)
Phase-to-earth fault BG 0.5(av, + a?v,)

CG 0.5(av, + a’vy)

AB V3v,2-90°
Phase-to-phase fault BC V3v,2-90°

CA V3v,2-90°

Figure 3-2. Protective zone of memory-polarised MHO relay [6]

The vectors used in the memory-polarised MHO are depicted as (3 — 7) and
(3 — 8), where p is the polarising factor and V},,.,, is the memory-polarised voltage
(typically several cycles before the fault).

S1 =V + pVnem B-7)
The protective zone for forward faults after memory polarisation is shown in
Figure 3-2, where Z stands for the equivalent source impedance behind the relay point.

From Figure 3-2, it is clear the memory-polarised voltage will cause the expansion of

the protective zone and this expansion will increase as the rise of polarising factor, p.
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In the memory-polarised MHO, the distance relay will consider the fault is within the
protection zone if the absolute value of the angle 8, is larger than 90°. Apart from
the use of the pre-fault phase voltage, the positive sequence voltage during faults is
used as well to polarise the voltage in some physical relays. In that case, the vector S;

will equal to the measured positive sequence voltage during faults.

3.2.2.2 Quadrilateral (QUAD) Based Protection Characteristics

Compared to the MHO characteristic, the QUAD relay can provide an increased
resistance coverage, thus better performing in high resistive faults [7]. An example of
the protective zone of the QUAD relay is presented in Figure 3-3 [6], where the
measured impedance will be compared with the characteristic’s boundary to determine

whether the fault is within the protection zone.

JXA  Zone 2 Reach Tilt anal
ilt angle

J___ 72

/ Line Impedance

Zone 1 Reach

/ >
Y/ R
Left resistive Right resistive
reach reach

Figure 3-3. Protective zone of QUAD relay [6]

3.2.3 Faulted Phase Selection Algorithm

3.2.3.1 Overview of the Faulted Phase Selection

The faulted phase selection is implemented to identify the fault types and facilitate
the single-phase tripping capability [8]. The reliable faulted phase selection can
enhance the security of the distance protection since the unnecessary trips can be
blocked if the results from the phase selection elements do not agree with the results

from the other elements, e.g., the impedance measuring element of distance relays [9].
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The phase selection algorithm using fundamental phasors can be categorised into four
groups, including the overcurrent-based phase selection, voltage-based phase selection,
superimposed quantities-based phase selection (also called ‘delta quantities-based
phase selection’) and sequence components-based phase selection [10].

The overcurrent-based phase selection algorithm compares the magnitudes of
three-phase currents, where the phase with the highest current increase is identified as
the faulted phase. This selection algorithm is simple and easy to be implemented, while
it is not sensitive to detect high impedance faults and is not reliable in the network
dominated by the CBRs, where the magnitudes of fault currents are limited and the
fault characteristic is highly dependent on the implemented converter control strategy.
In the voltage-based phase selector, the faulted phase is identified as the phase with
the highest voltage drop. Similar to the overcurrent-based approach, the voltage-based
phase selector is not capable of detecting high-impedance faults and its performance
is affected by the dynamic behaviour of CBRs. Compared to the phase selectors using
the superimposed quantities and sequence components, the phase selection algorithms
using the magnitudes of voltage and current are rarely implemented in modern numeric
relays. Therefore, the following sections will mainly focus on the fundamentals of the

phase selectors using the superimposed quantities and sequence components.

3.2.3.2 Superimposed Quantities-Based Faulted Phase Selection

In superimposed quantities-based faulted phase selector, the fault type is identified
by the magnitude relations between the phase-to-phase superimposed quantities in
(3—-9)to(3—11)[10].

Al =iy — ix,pre—fault 3-9)
Aiy = iy - iy,pre—fault (3—-10)
Aixy = Ai, — Aiy (3-11)

Where x and y represent any pair of phases a, b and c; i, and i, refer to the
measured three-phase currents in real time; iy ,re—rquic AN iy pre—frauie are the pre-

fault three-phase currents, which are measured several cycles before the faults;

Aiy, Aiy, and Aiy,, represent the superimposed phase and phase-to-phase quantities.
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Table 3-3. Principles of the superimposed quantities-based faulted phase selection [6]

Fault Type Relations of Aigy, Aip, and Ai,
AG Aigy > Alppy & Aigg > Al & Aipe < Al
BG Aigy > Alypy & Al > Al & Algg < Alpy,
CG Aipe > Al & Nigg > Ay & Aigy < Al
AB/ABG Aigp > Alypy & Al < Alppy & Aigg < Alpy,
BC/BCG Aipe > Alpy & Algy < Alypy & Algg < Alpy,
CAICAG Aigg > Alpy & Aigp < Alpy & Al < Algpy
ABC/ABCG Aigp > Alypy & Aipe > Alpy & Aigg > Alpy

The principle of the superimposed quantities-based faulted phase selector is
presented in Table 3-3 [6][11], where the Al,, is the current threshold used in the
superimposed quantities-based faulted phase selector. From Table 3-3, in single-
phase-to-ground faults, two superimposed phase-to-phase currents are greater than the
defined threshold and the faulted phase is the common phase of those two
superimposed phase-to-phase currents. In phase-to-phase or phase-to-phase-to-ground
faults, only one superimposed phase-to-phase current is higher than the threshold,
which indicates the faulted phases. In three-phase faults, all three superimposed

currents are greater than the threshold.

3.2.3.3 Sequence Components-Based Faulted Phase Selection

Except for the superimposed quantities-based phase selector, the sequence
components-based phase selector is also widely implemented in distance relays. The
fundamentals of the sequence components-based phase selector are explained in
Figure 3-4 [12] - [14], where the angle relations of the negative to positive sequence
components and the negative to zero sequence components are used to identify the
fault types.

As presented in Figure 3-4, multiple symmetrical zones are included in phase
selection planes, i.e., six symmetrical zones in the negative-to-positive sequence plane

and three symmetrical zones in the negative-to-zero sequence plane. The width of an
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Figure 3-4. Sequence components-based phase selection plane, (a) relations of the negative sequence
current and the positive sequence current, (b) relations of the negative sequence current and the zero

sequence current

individual zone in the same plane keeps the same, which is defined as p2L,. and 529,
as presented in Figure 3-4 (a) and Figure 3-4 (b). The values of B2L,. and B2, are
normally set to half of the angle difference between two consecutive fault type angles,
ie., p2L. =05x60 =30 and 2%, = 0.5 x 120" = 60" [12].

The variables, Ai~, Ai* and Aiy, in Figure 3-4 refer to the superimposed negative,
positive and zero sequence currents, which are calculated by (3 —12) to (3 —17),
where the symbol A represents the superimposed quantities and « is the rotational
factor, i.e., @ = /120" and a2 = €/24°", The operating vectors, 521 and §2°, in two
sequence planes are defined by (3 — 18) and (3 — 19). After combining angle values
calculated from (3 — 18) and (3 — 19) to the planes in Figure 3-4 (a) and Figure 3-4
(b), the relay can identify the faulted phases. The angle relations presented in Figure
3-4 are also valid for the system voltage, which can be used to cope with the weak
infeed conditions in [13] and enhance the protection dependability in [14]. Either plane
in Figure 3-4 can be implemented individually in distance relays to realise the function
of faulted phase selection, but they can also be implemented together to increase

protection security.
Aig =i — ia,pre—fault (3-12)

Aip = ip — ib,pre—fault (3—-13)
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Ai, =i, — ic,pre—fault (3—-14)

1
Ai~ = 3 (Ai, + a?Aiy, + ali,) (3-15)
1
Ait = 3 (Aiy + ali, + a?Ai,) (3—-16)
1
Aiy = 3 (Aig + Al + Ai,) (3-17)
8521 = £ZAi™ — 2zAiT (3-18)
8520 = £Ai™ — £Ai, (3-19)

3.3 Systematic HIL Tests of Distance Relays

In this section, high-level systematic tests for two commercial distance relays are
implemented to evaluate the impact of the HVYDC system (or CBRs in general) on
distance protection, where a total number of 480 cases, under different fault conditions,
HVDC control modes, system strengths and varied levels of synchronous

compensation, is investigated.

3.3.1 Overview of the Studied Network and HIL Setup

The network model in [15], which is specifically designed for evaluating distance
protection performance with high penetration of CBRs, is used in this study, as
presented in Figure 3-5. In the developed network model, the SG1 and SG2 are voltage
sources, representing the equivalent “lumped” synchronous generation sources at the
busbars, where the protected line is connected; Load 1 represents the equivalent loads
connecting at the busbar B; the MMC-HVDC represents the Modular Multi-level
Converter (MMC)-based HVDC system, where a flexible controller discussed in
Section 2.4.2, is developed to emulate different control strategies of the HVDC system,
e.g., constant reactive power control to suppress the ripples on the reactive power,
balanced current control to mitigate the negative sequence output current and constant
active power control to suppress the ripples on the active power; the SC represents
the synchronous condenser installed at the HVDC site with an AVR controller based
on the IEEE type 1 excitation system [16]; the NSG represents the converter-interfaced

non-synchronous generation at the remote end of the protected line, which includes
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Figure 3-5. Studied network and HIL setup used for the systematic tests

wind, PV and other converter-based generators in both distribution and transmission
levels, and it is modelled using a two-level detailed power electronic converter with

the control strategy in Section 2.3.1; the Z.4; and Z.,, represent the equivalent

impedances of SG1 and SG2, which directly determine the fault levels at Bus A and
B, which determines the fault contributions from SG1 and SG2; Z.; is the impedance
between the HVDC converter and the connected Bus A, while Z,,, represents the
equivalent impedance of NSG unit with the grid, which can be manually adjustable by
the users to ensure the operating stability of the NSG unit; Line 1 and Line 2 are to
represent the protected line under investigation and the connected parallel line between
Bus A and B. The parameters of the studied system are displayed in Table 3-4.
Compared to the pure simulation-based studies, a significant advantage of RTDS
is that the signals and measurements in RTDS are in real-time, which can interface
with the external protective relays via 1/0 cards to emulate realistic system and fault
conditions accurately [17]. The relays in tests include two commercial distance relays
widely used in the existing power system. Therefore, the conducted RTDS-based HIL
tests can ensure the tested results are close to the performance of relays installed in the

real power system. In this test, the secondary side three-phase voltage and current at
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Bus A will be measured by the voltage and current transformer (VT and CT) models
in RSCAD, a software specially designed for RTDS, and the voltage and current will
be further scaled down so that they fall into 10 V, which is the output voltage range
of the GTAO card. The output signals from the GTAO card are amplified to the same
voltage and current levels as the outputs of the VT and CT using an analogue amplifier.
The amplified voltages and currents are then injected into the physical relay, which
will make a tripping decision based on the input voltages and currents. If the relay
trips, the tripping signal will be transmitted back to the RTDS through the digital
input/output interface, i.e., the GTFPI card, where the tripping signal will be monitored
and recorded, along with other critical data, e.g., voltage and current waveforms. To
facilitate the tests of a large number of cases, the simulation and data collection process
are automated by a set of scripts. Furthermore, the MTALAB codes have also been
developed to automatically analyse the recorded testing results, which are capable of
importing the data, interpreting the tripping action, calculating the tripping time, and

indicating whether the performance has met specified tripping requirements.

Table 3-4. Parameters of the Studied Network

Elements Description Value
System Voltage Power system voltage 275 kV
Rated power 839 MVA

Protected Line

MMC-HVDC Transformer voltage 275 kV 1 360 kv
Rated DC-side voltage 640 kV
Total line length 12.1 km

Positive and zero sequence

resistance per km

7,=0.0378 Q/km,
75=0.159 /km.

Positive and zero sequence

inductance per km

[,=1.324 mH/km,
[,=3.202 mH/km.

Positive and zero sequence

capacitance per km

C;=8.964 nF/km,
Cy=6.48 nF/km.
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Table 3-5. Settings with MHO characteristics of both relays

Parameter Name

Relay Settings

Protection characteristic

Memory-polarised MHO

Polarising factor

Relay 1: p = 1 (Pre-fault voltage used);

Relay 2: Positive-sequence voltage used

Reach setting

Zone 1: 80%; Zone 2: 120%

Residual compensation factor

K, =0.48_—6.4

Delay setting

Zonel: 0 ms; Zone 2: 400 ms

Table 3-6. Settings with QUAD characteristics of both relays

Parameter Name

Relay Settings

Protection characteristic

QUAD based

Reach setting

Zone 1: 80%:; Zone 2: 120%

Residual compensation factor

K, = 0.48 —6.4

Delay setting

Zonel: 0 ms; Zone 2: 400 ms

Right resistive reach 6.72 Q
Left resistive reach 1.68 Q
Directional angle 60°

Tilt angle -3

3.3.2 Settings of Physical Relays

Settings of two commercial relays, i.e., Relay 1 and Relay 2, are presented in Table
3-5 and Table 3-6. For the MHO characteristic in Table 3-5, the memory-polarised
technique proposed in Section 3.2.2.1 is implemented, where Relay 1 uses the phase
voltage two cycles before faults, while Relay 2 uses the positive-sequence voltage
during faults to realise the voltage polarisation. The reach of Zone 1 and Zone 2 covers
80 % and 120 % of the total length of the protected line and the time delays of Zone 1
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and Zone 2 are set to 0 ms and 400 ms. The residual compensation factor, K, is
calculated by (3 — 1). The settings of zone reach and time delays used in the QUAD
characteristic are the same as the values for the MHO characteristic and the other
parameters, such as right/left resistive reach, directional angle and tilt angle, are set

based on a typical setting practice in the UK.

Table 3-7. Cases of the systematic tests

Parameter Definition Test Settings
Fault levels at Bus A 0 MVA & 3000 MVA/
FLpysa & FLpysp
and Bus B 1836 MVA & 1372 MVA
SC SC capacity 0 MVA/ 300 MVA
HVDC HVDC control modes CP/BI/ CQ
Fault resistance 2Q
Fault Fault types AG/ AB
Fault positions 20 %/ 70 %/ 75 %/ 80 %/ 85 %
Distance Relay Relay characteristics MHO/ QUAD
NSG Power generated by NSG 839 MVA (pf = 0.93)
Load 1 Power consumed by Load 1 300 MVA (pf = 0.9)

3.3.3 Cases of the Systematic HIL Tests

In systematic tests, Relay 1 and Relay 2 are investigated by the cases in Table 3-7,
where the fault currents from the HVDC and NSG are limited to 1.2 pu. In this table,
the impact of various factors, e.g., fault level of the connected AC system, synchronous
compensation, HVDC operating mode, different fault scenarios and protection
characteristics, are all considered. Unlike the current magnitude-based protection such
as the overcurrent protection, which has a better performance in the netwrok with a
high local system fault level, the distance protection performance is dependent on the
relative relation of local and remote-end fault levels as analysed in Section 3.4.2.2. In
tests, two groups of fault levels (i.e., 0 MVA at Bus A and 3000 MVA at Bus B, and

51




1836 MVA at Bus A and 1372 MVA at Bus B) are selected in systematic tests to
represent an extreme condition, where no fault infeed is contributed from SG1, and a
real system operating condition, where the realistic fault level in the Spittal and Thurso
South substations in Scotland are adopted. Balanced faults are not tested in this part as
the HVDC system will always inject balanced currents regardless of the control modes
used, so cases with balanced faults will be considered separately in Section 3.4. The
total number of the studied cases is 480, but more cases and scenarios can be tested
using the developed HIL platform by revising the studied cases in RTDS scripts.

Compared to the research in [2][18], where the performance of distance protection
Is evaluated using software-based simulation and the number of investigated cases is
limited, the tests in this section are conducted via a realistic HIL approach and
comprehensive cases are included in tests to evaluate commercial relays’ performance
in a wide range of system and fault conditions. Additionally, the following actions are
conducted before the formal injection to ensure the credibility and reliability of the
systematic HIL test result in Section 3.3.4, which include:

e The RTDS network model is configured using realistic network data (i.e., fault
level data at the Spittal and Thurso South substations and realistic data of the
line between the Spittal and Thurso South substations).

e The outputs from the amplifier are checked before injection to ensure the
secondary-side voltages and currents from the VT and VT models in RTDS are
the same as the injected voltages and currents of physical relays.

e The tested relays are widely used in the UK commercial market.

e The distance relays are set based on a typical setting practice in the UK and the

settings are validated by relay manufacturers before injection.

The results and analysis in this chapter can provide valuable insights and references
to scholars to understand the challenges of the distance relays in the transmission
network with CBRs and facilitate the development of novel solutions to improve the

relay’s performance.
3.3.4 Results of the Systematic HIL Tests
3.3.4.1 Results Description

In this systematic test, the relay’s tripping actions are categorized into four groups,
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i.e., ‘Healthy Trip’, ‘Delayed Trip’, ‘Trip in False Zone’, and ‘Not Trip’, based on the
operating time calculated by (3 — 20).

top = terip — Lincep — tzone (3—120)

where t,,, is the calculated relay operating time; t..;,, is the tripping time of the
relay; tincep is the fault inception time and t,,,, is the configured intentional zone
delay, i.e., 0 ms for Zone 1 and 400 ms for Zone 2.
The detailed criteria for classifying the relay's performance into these four tripping
groups are presented below.
1) Healthy Trip: relay trips in the correct zone with an operating delay less than
90 ms.
2) Delayed Trip: relay trips in the correct zone but with an operating delay longer
than 90 ms.
3) Trip in False Zone: relay trips in a false zone (e.g., trip in Zone 2 for the Zone
1 fault).
4) Not Trip: relay does not trip for faults in the protective zone.

The selection of the tripping time of 90 ms is based on the grid code, which requires
short-circuit faults in the 275 kV transmission networks should be isolated no more
than 140 ms [19], which includes the relay tripping time, the circuit breaker (CB)
operating time and other potential delays. Assuming a CB operating time is
approximately 50 ms [20], the relay operating time is defined as 90 ms. However, in
practice, some other delays will be introduced in the fault isolation process and the
operating time of CB may be larger than 50 ms, so the required time of 90 ms is
intentionally set at the high end, thus when the operating time is longer than this value,
it will indeed indicate compromised performance that is not acceptable for

transmission system protection.

3.3.4.2 Overview of Distance Protection Performance

A high-level view of the two relays’ performance in tests is provided in Figure 3-6
and Figure 3-7. These figures include test results from all cases with different fault
conditions, HVDC control modes, fault levels, etc. Therefore, it provides a high-level

comparison of the two relays’ performance and an initial indicator for the scale of the
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potential compromised protection performance. It can be seen from the figures that
both relays manage to provide desirable performance for around 50% of the tested
cases. Additionally, the two relays have different performances for the tested cases,
where Relay 2 has a slightly higher number of desirable operation cases. Notably, both
relays suffer from the ‘Not Trip’ and ‘Delayed Trip’, which are particularly alarming
as they indicate both relays could fail to meet protection requirements in some
scenarios. In conventional networks dominated by SGs, distance protection is expected
to be highly dependable and secure. From the above test results, in future scenarios
involving the integration of HVDC systems and more renewable-based generation, the

protection system performance is indeed concerning as it could be compromised

significantly.
Relay 1 (ALL Faults) Relay 1 (AG Faults) Relay 1 (AB Faults)
% ;\6%
= Not Trip = Delayed Trip = Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
() (b) (c)

Figure 3-6. Overall performance of Relay 1 with, (a) AG and AB faults, (b) AG faults, (c) AB faults

Relay 2 (ALL Faults) Relay 2 (AG Faults) Relay 2 (AB Faults)

= Not Trip = Delayed Trip = Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a) (b) (©)

Figure 3-7. Overall performance of Relay 2 with, (a) AG and AB faults, (b) AG faults, (c) AB faults

3.3.4.3 Impact of Local and Remote-end Fault Level

The results indicating the impact of the local and remote-end fault levels are shown
in Figure 3-8 and Figure 3-9. It can be seen that the performance of both relays has

degraded significantly when the FLg;, decreases to 0 MVA and the FLg, rises to
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3000 MVA, compared to the cases with FLg;,=1832 MVA and FLg;,=1372 MVA
(the present system fault level data from actual substations in Scotland). This
problematic scenario is caused by the increased angle difference and current
magnitude ratio between the remote and local-end infeed, which will be analysed later
in Section 3.4.2.2.

Relay 1 (All Fault Cases) Relay 1 (All Fault Cases)
1% 8%

= Not Trip = Delayed Trip = Not Trip = Delayed Trip

= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a (b)

Figure 3-8. Performance of Relay 1 with, (8) FLg;,= 1832 MVA; FLg;,= 1372 MVA,; (b) FLg;;=0
MVA,; FLg;,=3000 MVA

Relay 2 (All Fault Cases) Relay 2 (All Fault Cases)
1% 5%
= Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a) (b)

Figure 3-9. Performance of Relay 2 with, (a) FLgg1= 1832 MVA,; FLg;,= 1372 MVA; (b) FLg;1= 0
MVA; FLg;,=3000 MVA

3.3.4.4 Impact of Converter Control Strategy

In this section, three typically used control strategies during faults, including the
balanced current control, constant active power control and constant reactive power
control, are applied to the developed HVDC model. Figure 3-10 and Figure 3-11
present a summary of the results to evaluate the HVDC control strategies’” impacts on
distance protection. From the results, while both distance relays have compromised

performance in some cases with all HVDC control modes, there is a clear difference
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in the overall performance when different modes are used. It appears that the most
problematic control mode is the constant reactive power control, where the severe
faulted phase selection and impedance measurement issues are observed from
investigated relays, which are explained later in Section 3.4.2.1 and Section 3.4.2.3.
Additionally, as discussed in Section 3.4.2.1, the connection of the HVDC system with
a balanced current controller can result in the phase selection failure of Relay 1 with
the superimposed phase-to-phase current-based selection algorithm, while Relay 2 can
avoid that failed tripping issue but an undesired delay will be introduced to the phase
selection. Therefore, the failed tripping risk of Relay 1 is higher than Relay 2, while
the delayed tripping risk of Relay 1 is lower than Relay 2 when balanced current
controllers are adopted by the HVDC system.

Relay 1 — Balanced | Relay 1 — Constant P Relay 1 — Constant Q
= Not Trip = Delayed Trip = Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip

(a) (b) ()

Figure 3-10. Performance of Relay 1 with, (a) Balanced current control; (b) Constant active power

control; (c) Constant reactive power control

Relay 2 — %%Ianced I Relay 2 — Constant P Relay 2 — Constant Q

" 8% .
= Not Trip = Delayed Trip = Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a) (b) (c)

Figure 3-11. Performance of Relay 2 with, (a) Balanced current control; (b) Constant active power

control; (c) Constant reactive power control
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3.3.4.5 Impact of Distance Protection Characteristic

In this part, both MHO and QUAD characteristics with the settings in Table 3-5
and Table 3-6 are applied to both relays to investigate the impacts of the protection
characteristics. The test results are shown in Figure 3-12 and Figure 3-13. For Relay
1, the MHO and QUAD characteristics have similar performance, while for Relay 2,
the QUAD characteristic appears to perform better overall performance (from the

perceptive of the percentage of the healthy trip and not trip cases).

Relay 1 - QUAD Relay 2 - QUAD
= Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Tripin False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a) (b)

Figure 3-12. Performance of relays with QUAD characteristics, (a) Relay 1, (b) Relay 2

Relay 1 - MHO Relay 2 - MHO
.QS% .
= Not Trip = Delayed Trip = Not Trip = Delayed Trip
= Trip in False Zone = Healthy Trip = Trip in False Zone = Healthy Trip
(a) (b)

Figure 3-13. Performance of relays with MHO characteristics, (a) Relay 1, (b) Relay 2

3.4 Detailed HIL Tests of Distance Relays

3.4.1 Cases of the Detailed HIL Tests

In Section 3.3, high-level insight into the performance of distance protection in
tests conducted under various system conditions is discussed. As the objective of this

section is to investigate the HVDC system’s impact on distance protection, the NSG,
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SC and Load 1 in Figure 3-5 are not included in the following analysis. The reduced
network used in detail tests is presented in Figure 3-14, where m is the fraction of the
line length representing the distance between distance relay and fault location. The
controller of the HVDC system is proposed in Section 2.4.

The cases in Table 3-8 are specially designed to investigate the reasons behind the
identified protection issues, where NA means no HVDC was connected in the studied
system; CP, Bl and CQ refer to the constant active power controller, balanced current
controller and constant reactive power controller and the faults are all applied at the
15% of the line, i.e., m = 15 % in Figure 3-14. For the designed cases in Table 3-8.
Case 1 and Case 2 are reference cases where the network only comprises the voltage
sources SG1 and SG2. Case 3 to case 5 and Case 6 to Case 8 are used to investigate
the impact of HVDC control modes on the distance protection performance in AG and
AB faults. Case 9 is implemented to investigate the distance protection performance

in the balanced fault.

SG1 Bus A Bus B
Zeql

=iE

A

MMC HVDC Distance
- Relay

Figure 3-14. The studied network used for the detailed tests

3.4.2 Results of the Detailed HIL Tests

The HIL test results of the cases in Table 3-8 are presented in Table 3-9 and Table
3-10, where the cases with problematic tripping actions, i.e., Not Trip, Delay Trip and
Trip in False Zone, are highlighted in red. Compared to the results in Table 3-9 and
Table 3-10, more problematic cases are observed in the relays with the QUAD
characteristic. Additionally, the sources behind protection issues are similar for the
relays with QUAD and MHO characteristics in most cases, so the analysis of relays

with the QUAD characteristic will be presented in the following discussion.
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Table 3-8. Cases of the detailed tests

HVDC Fault
Cases FLg¢1 FLg;o
Control Condition
1 839 MVA 3000 MVA NA AG, 15 %,2 Q
2 839 MVA 3000 MVA NA AB, 15 %,2 Q
3 0 MVA 3000 MVA CP AG, 15 %,2 Q
4 0 MVA 3000 MVA Bl AG, 15 %,2 Q
5 0 MVA 3000 MVA CQ AG, 15%,2 Q
6 0 MVA 3000 MVA CP AB, 15 %,2 Q
7 0 MVA 3000 MVA Bl AB, 15%,2 Q
8 0 MVA 3000 MVA CQ AB, 15%,2 Q
9 0 MVA 3000 MVA Bl ABCG, 15 %, 2 Q
Table 3-9. HIL Results of the relays with QUAD characteristic
Relay Trips? Relay Operating Time
Cases
Relay 1 Relay 2 Relay 1 Relay 2
1 Yes Yes 50 ms 59 ms
2 Yes Yes 29 ms 60 ms
3 Yes Yes 68 ms 40 ms
4 No Yes - 100 ms
3) No No - -
6 Yes Yes 87 ms 61 ms
7 No Yes - 43 ms
8 No No - -
9 Yes Yes 468 ms 50 ms
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Table 3-10. HIL Results of the relays with MHO characteristic

Relay Trips? Relay Operating Time
Cases
Relay 1 Relay 2 Relay 1 Relay 2
1 Yes Yes 38 ms 59 ms
2 Yes Yes 26 ms 59 ms
3 Yes Yes 74 ms 40 ms
4 No Yes - 104 ms
5 Yes No 63 ms -
6 Yes Yes 53 ms 63 ms
7 Yes Yes 74 ms 51 ms
8 No No - -
9 Yes Yes 48 ms 55 ms

3.4.2.1 Cases 4 and 5: Issues of Faulted Phase Selection

From the results in Table 3-9, Relay 1 fails to trip in Case 4 and Case 5 when the
HVDC system uses the balanced current and constant reactive power controller. Relay
2 experiences a severe tripping delay of 100 ms in Case 4 and fails to trip in Case 5.
In this test, Relay 1 selects the faulted phases based on the magnitudes of the
superimposed phase-to-phase currents, i.e., Aigp, Aip. and Ai.,, While Relay 2 uses
the angle relations of sequence components, i.e., the angle relations of the negative
and positive sequence currents and voltages and the angle relations of the negative and
zero sequence currents and voltages. The fundamentals of both techniques are
proposed in Section 3.2.3.2 and Section 3.2.3.3.

To figure out the sources behind the problematic cases, the impedance locus, input
currents and the RMS values of the phase-to-phase superimposed currents measured
by Relay 1 for Case 4 and Case 5 are presented in Figure 3-15 and Figure 3-16
respectively. For Relay 1, any superimposed currents greater than 80% of the largest
superimposed current will be considered to contain the faulted phase. For example, in
the event of the investigated AG faults, the relay is capable of detecting the fault type
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when the values of Ai,,;, and Ai., are both greater than the threshold while the values
of Aiy. is lower than the threshold. However, by observing the RMS values of the
superimposed phase-to-phase currents in Figure 3-15, it is clear that all values of the
Aigy, Aiy. and Ai,, are larger than the current threshold, Al;y,-, which results in the
relay incorrectly identifying the fault as a balanced fault. Additionally, it can be
confirmed that similar phase selection issues are also experienced by Relay 1 when the
HVDC uses the constant reactive power controller as shown in Figure 3-16, where the
relay detects the fault as the phase-A-to-phase-C-to-ground (ACG) fault since only the
value of Ai,, is greater than the calculated threshold and other two phase-to-phase
superimposed currents are both lower than the threshold. For the above reasons, the
outputs of the phase selection algorithm of the distance relay will be inconsistent with
the faulted phase detected by the impedance measuring elements, which causes the
blocking of Relay 1 tripping action (although the impedance locus is presented in the

protective zone in Case 4 and Case 5).

5
| Impedance locus
4 -
3 -
2 -
1 -
=)
< Or
1t :
~ 15} _Alab
< L :
2 F ~ —— — — — — a4 — Ai
o 1t be
> | Ai
S % 0.5 . <
4 g . b gthr:1.22A
2 0 2 4 6 0 0.5 1
R (Q) t(s)
(a) (c)

Figure 3-15. Test results of Case 4, (a) impedance locus, (b) relay input currents, (c) phase-to-phase

superimposed currents
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Figure 3-16. Test results of Case 5, (a) Impedance locus, (b) relay input currents, (c) phase-to-phase

superimposed currents

Table 3-11. Angle relations of sequence currents and voltages in Case 4 and Case 5

Angles Case 4 Case 5
i~/it 117.2° -167.5°
i~ /i 176.7° —-98.5°
v /vt 9.2° 12.42°
v /v, 6.4° 26.92°

The sequence components-based phase selection plane shown in Figure 3-4 is used
in Relay 2 to identify the faulted phases, where the values of 521,, and B22,, are set
to 30" and 60° respectively. For instance, in the event of AG faults, the angles of
i~/i*and i~ /i® should be in the zones of —15" to 15" and —30° to 30° respectively.
To increase the dependability and avoid the maloperation in some specific operating
conditions, e.g., weak-infeed conditions, the phase selection logics in Figure 3-4 are

also applied to analyse sequence components of the system voltages if the current-
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based phase selection cannot recognise the type of faults. The simulated angles of the
i~/it,i7/i° v~ /vt and v~ /v, in Case 4 and Case 5 are presented in Table 3-11.
From the results in Table 3-11 of Case 4, the angle of i~ /it and i~ /i, are in the zones
of ‘BG’ and ‘out of the zone’ respectively, therefore, the relay fails to detect AG faults
by the relations of the sequence contents of the measured currents. In such conditions,
the relay will use voltage phasors, which can successfully recognise the AG faults.
However, an undesired delay, i.e., 100 ms (refer to Table 3-9), will be introduced in
this case. The above analysis can also be applied to explain the results of Case 5, where
the angles of i~ /i* and i~ /i, are in the incorrect zones but the v~ /v* and v~ /v, are
in the AG zones. Given the internal functional blocks and signals of the physical relay
are inaccessible, the simulated angles in Table 3-11 are calculated from an analysing
tool developed in the RSCAD software based on the relay manual. Therefore, there
could be some errors between the actual angle values used in the physical relays and
the corresponding simulated angles. Additionally, the angle of v~ /v, of Case 5 in
Table 3-11 reaches to 26.92°, which is close to the upper boundary of the AG Zone,
i.e., 30°. Therefore, it is considered that this is the potential cause that leads to the
failed tripping issue of Relay 2. Similar faulted phase selection issues of distance relays
are also reported in [12][21][22].

3.4.2.2 Case 7: Issues of Over-reach

In Case 7, Relay 1 does not trip during the AB fault when the HVDC employs the
balanced current control strategy, where the fault level of SG1 is set to 0 MVA.
Therefore, the impedance measured by distance relay during faults can be illustrated
by (3 — 21), which is derived by applying Kirchhoff’s Voltage Law (KVL) from the

fault position to the relay location in Figure 3-14.

AzAY
—_———

i
Zp =mZ, + 1+<,SGZ)/RF (3-21)

lHvDC
where Zy is the impedance measured by the distance relay; mZ, is the line

impedance between the relay and fault position; ig;, and iy, are the current infeed

from SG2 and HVDC system and R is the fault resistance. To facilitate the following
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analysis, the amplitude and angle of the part of llsﬁ are marked as A and Ay.
HVDC

As reported in [23], the fault infeed from the HVDC system with a balanced current
controller could be illustrated by (3 — 22), where p refers to phase a, b and x ; i} and
iy are the injected positive sequence current in the dq axes; w is the system angular
frequency; 6, is the angle of the positive sequence voltage after the inception of fault
in the d axe; 8, is the phase angle, i.e., 0°, —120°, and 120" for phases a, b and ¢

respectively.

l'+
ip(6) = |i3? +it?sin (w + arctan <li+> + 0, + 9p> (3 -22)
d

From (3 — 22), the angle of fault current injected by the HVDC system can vary
between 0° to 360° and this angle is related to the ratio of the injected reactive and
active currents. This causes the angle difference of current infeed from both ends of
the protected line, marked as Ay in (3 — 21), also varies between 0° to 360°. When
the value of Ay ranges from 0° to 180°, the measured reactance in the distance relay
will increase and become larger than the actual reactance as presented in Figure 3-17
(b), which will introduce the under-reach issue to the protection. When the angle of
A ranges from 180°to 360°, Z; will be capacitive, so it could lead to over-reach
issues as shown in Figure 3-17 (c). Additionally, the severity of aforementioned under

and over-reach issues are dependent on the amplitude and angle of Ay.

X 4 | JX 4 , z 5/7 X 4 |
I I I
mZ. mZ. ze
Zm Zm mZ.
R R ] R
I/\/ I/\/ I/\/
(a) (b) (c)

Figure 3-17. Measured impedance of distance relay with (a) Ay =0, (b) Ay € (0°,180°), (c) Ay €
(180°,360")
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The impedance locus and angle values of Ay are plotted in Figure 3-18. According
to Figure 3-18 (b), the angle difference of the current infeed contributed from two ends
of the protected line, Ay, is —82.63° in the fault scenario of Case 7, which results the
over-reach issues of distance protection. Additionally, owing to the limited current
contribution of the HVDC system, those observed over-reach issues become more
apparent, which results in the impedance locus appearing at the reverse side of the
protective zone. Therefore, the fault cannot be detected by distance relay and further
leads to the failed trip issues. However, Relay 2 successfully trips for the fault in Case
7. Presently, it is unclear the reason for the tripping behaviour of Relay 2 owing to the
lack of information about the detailed internal implementation of Relay 2, which will
be part of future research with support from the relay manufacturer. More literature on

the under/over-reach issues of distance protection can be found in [18][24].
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Figure 3-18. Test results of Case 7, (a) Impedance locus, (b) angle difference of the current infeed from
both ends of the protected line

3.4.2.3 Case 8: Issues of Impedance Measurement

In Case 8, both relays fail to trip during the AB fault when the HVDC employs the
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constant reactive power control strategy, where the fault level of SG1 is set to 0 MVA.
The impedance locus, relay input voltages and currents are presented in Figure 3-19.
According to the locus in Figure 3-19 (a), the measured impedance does not enter the
protective zone and increases to a large value during faults. This scenario can be
explained by Figure 3-19 (c), where the phase a and phase b currents are almost
identical and their magnitudes are close. As proposed in Table 3-1, the impedance of
AB fault is calculated by (3 — 23), where the denominator value in (3 — 23) will
close to zero, which leads to a significant increase in the impedance measured by the

distance relay. More information on the issue in Case 8 is proposed in [26].

Zug = 1:61 _ 'l_’b (3 —23)
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Figure 3-19. Test results of Case 8, (a) Impedance locus, (b) relay input voltages, (c) relay input currents

3.4.2.4 Case 9: Issues of Oscillating Impedance Locus

In Case 9, the ABCG fault is applied in the power network. Based on the results in
Table 3-9, Relay 1 suffers from the zone discrimination issue, i.e., it trips in Zone 2
for the fault at 15 % of the line. The impedance locus and angle values of Ay are

presented in Figure 3-20.
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Figure 3-20. Test results of case 9, (a) Impedance locus, (b) angle difference of the current infeed from

both ends of the protected line

Given that the three-phase voltage of the main network will drop to almost zero in
the case of ABCG faults, the Phase-Locked Loop (PLL) of the HVDC system cannot
track system voltage effectively [27], which causes the oscillation of injected positive
sequence currents in dq axes. From (3 — 22), the changes of i7/ij will vary the
angles of the three-phase currents contributed from the HVDC system, thus changing
the angle difference of the current infeed from both ends of the protected line as
illustrated by (3 —21), i.e., the angle values of A increases in the Stage I and
decreases in the Stage II after the inception of the faults. As stated in Section 3.4.2.2,
the varying Ay will further introduce the increase (positive Ay) or the decrease
(negative Ay) of the measured impedance of distance relay as shown in Figure 3-20

(@), which results in the zone discrimination issues of the relay.
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3.5 Review of Protection Solutions of Transmission System

As analysed in Section 3.3 and Section 3.4, the performance of distance protection
is compromised significantly after the interconnection of HVDC systems or any other
CBRs owing to the issues of under/over-reach, faulted phase selection, problematic
impedance measurement and oscillating impedance locus. To increase the protection
reliability, many solutions have been proposed in the literature. Based on the
implementation principles, those solutions can be further grouped as enhanced
distance protection, control-assisted protection, travelling wave-based protection, and

intelligent techniques-based protection.

3.5.1 Enhanced Distance Protection Scheme

To address the under/over-reach issues presented in Section 3.4.2.2, the enhanced
distance protection schemes are proposed in [25], [28] - [30]. In [28], the author
proposes an adaptive distance protection strategy, where an adaptive coefficient is
introduced to adjust the operating zone of the developed distance relay adaptively
based on the fault conditions. The calculation of the proposed adaptive coefficient
depends on the angle of fault supplementary impedance, i.e., ¢, in Figure 3-21, which
is estimated using the measured negative sequence current at the relaying point and
the current at the fault point. A similar work is proposed in [29], where an adaptive
coefficient estimated using the angular difference between the measured currents and

the currents at the fault point is adopted to control the protective zone.
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Figure 3-21. Impedance complex plane, (a) AZ is resistive-inductive, (b) AZ is resistive-capacitive [28]
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Figure 3-22. Impedance rotating in the complex plane, (a) AZ is resistive-inductive, (b) AZ is resistive-

capacitive [30]

The authors in [30] suggest rotating the AZ to align to the real axes as presented in
Figure 3-22 to address the reach issues caused by the supplementary impedance AZ.
After rotation, the imaginary parts of the rotated fault line impedance, i.e., Z' in Figure
3-22, and the rotated measured impedance, i.e., Z,, in Figure 3-22, are same, which
provides a useful geometrical relation to estimate the actual fault locations and correct
the operation of distance relays. After the mathematical derivation, the fault line
impedance, i.e., Z in Figure 3-22, can be calculated by (3 — 24), where the value of

@, is estimated by the superimposed sequence network analysis.

1Zullsin(gm — 9|
ISin(q)line - (pA)I

' (COS Pline +jSiTl (pline) (3 - 24)
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Figure 3-23. Impedance complex plane, (a) AZ is resistive-capacitive, (b) AZ is resistive-inductive [25]

Although the distance protection schemes in [28]-[30] can mitigate the under/over-
reach issues in the network purely comprising SGs, those schemes are not suitable for
the protection of the network with CBRs since the assumptions used in those papers
do not exist in the network penetrated by CBRs whose fault responses are determined
by the embedded controller rather than the natural short-circuit responses as the SGs
[31]. For example, the [28] assumes the angle of the negative sequence current at the
relay point equals the negative sequence current at the fault point and the [29] and [30]
assume the angles of power sources and protected line are the same. To address the
technical limitation of the works in [28]-[30], another distance protection algorithm is
proposed in [25], where the impacts of the CBRs are considered. In [25], the author
proposes an adaptive solution to estimate the fault line impedance. Firstly, it uses
geometrical relations in the complex impedance plane in Figure 3-23 to represent the
fault line impedance, Z,,r, as the function of the gradient of error impedance a. Then
this paper analyses the values of « in different types of faults using the developed pure-
fault network models. According to the simulation results, the proposed scheme is
unaffected by fault types, fault locations, fault resistance, converter control strategies
and power swing. However, the proposed distance protection cannot be used to protect
the weak transmission network as it assumes there exists a strong AC grid at the remote
end of the CBRs.
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3.5.2 Control Assisted Protection Scheme

The control-assisted protection schemes are reported in [12][32][33], which
improve the protection performance by generating the desired fault signatures by
tuning the converter control algorithm. The work in [12] presents a solution to address
the issues of the sequence components-based faulted phase selection algorithm
discussed in Section 3.4.2.1. There are three stages in this method. In the first stage,
the fault type is identified using the sequence information of the system voltage. Then,
the converter will calculate the references of the negative sequence currents to ensure
the sequence current relations presented in Figure 3-4. In Stage 3, the generated current
references in Stage 2 are tracked by the dual-sequence current controller in Figure 2-5.
Compared to the current sequence components, the voltage sequence components are
more reliable in most scenarios to identify faulted phases. However, as presented in
Section 3.4.2.1, the voltage sequence components-based phase selector could also fail
to distinguish fault types in some conditions such as the AG fault with the constant
reactive power controller. This failed detection of the voltage-based selector will result
in the incorrect current injection of CBRs and further leads to the failed operation of
the scheme proposed in [12]. As analysed in Section 3.4.2.2, the non-zero values of
the angular difference between the local and remote-end infeed will result in the
under/over-reach issues of distance protection in resistive faults, where the Ry in
(3 — 21) is not zero. Additionally, as presented in (3 — 22), the angles of three-phase
currents generated from CBRs can be governed by tuning the ratio of the injected
reactive and active currents, i.e., i; and iy, during faults. Following this idea, the
author proposes a control algorithm in [32] to keep the angle of converter currents
being same as the current angle of the remote-end infeed by tuning the injection ratio
of if and ij. However, to control the current references accurately, this scheme
requires the communication link to transmit the angle information of the remote-end
infeed in real-time. Therefore, it needs a relatively high investment. Additionally, the
injected reactive and active currents in this scheme could violate the injection curve
defined in the Grid Code because of the particular concern from the protection
perspective. Compared to the solutions in [12][32], where only one specific protection
issue is investigated, the research in [33] addresses both issues of the under/over-reach
and faulted phase selection by emulating the fault behaviour of SGs. However, in this
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work, due to the limited current capability of CBRs, the proposed control strategy

cannot totally address the protection issues of distance relays.

3.5.3 Travelling Wave Protection Scheme

When a fault occurs in the transmission line, an electromagnetic pulse called the
‘travelling wave’ is generated at the fault position and propagates along the
transmission line with a velocity close to the speed of light [34]. The protection
schemes operating by such fault-generated high-frequency travelling waves are called
travelling wave-based protection. In recent years, many scholars have shown great
interest in travelling wave-based protection because of its benefits of being not
sensitive to the changes in generator types and converter control strategies and the fast
operation speed, i.e., operating within a few milliseconds [35]. Based on the protection
principles, the travelling wave protection schemes can be further grouped as the
travelling wave polarity comparison-based protection, travelling wave amplitude
comparison-based protection, travelling wave distance protection and the travelling

wave differential protection [36].

Internal Fault External Fault
Bus M Bus N Bus M Bus N
: s L n v
J- RF I
= N <
(@ (b)
External Fault
BusM | . BusN - Neg-Vmw
Z | + Pos-lmw
| Re = Neg-lw

+

|

(©)

Figure 3-24. Polarities of voltage and current travelling waves, (a) internal fault, (b) external fault on

Bus M side, (c) external fault on Bus N side
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Table 3-12. Operating principles of travelling wave polarity comparison-based protection scheme

Implemented Relay Does Operate Relay Does Not Operate

Travelling Wave (Internal Faults) (External Faults)

Polarities of the current Polarities of the current
Pure Current

travelling wave at Bus M | travelling wave at both Bus

Travelling Wave .
and Bus N are the same | M and Bus N are opposite

Polarities of voltage and Polarities of voltage and
Both Voltage and ] )
current travelling waves at | current travelling waves at
both Bus M and Bus N are either side of Bus M and

opposite Bus N are the same

Current Travelling

Wave

The fundamentals of travelling wave polarity comparison-based protection are
demonstrated in Figure 3-24 [37], where the superimposed voltage sources induced by
faults are highlighted, along with polarities of initial voltage and current travelling
waves measured at Bus M and Bus N in different fault scenarios. In those figures, the
Neg —Vry , Pos — Iy, and Neg — Iy, refer to the voltage travelling wave with
negative polarity, current travelling wave with positive polarity and current travelling
wave with negative polarity, where the positive direction of the measured travelling
waves is towards the inner side of the protected line.

Based on the relations of the voltage and current travelling wave polarities
presented in Figure 3-24, the operating principles of the polarity comparison-based
protection scheme are summarised in Table 3-12. The protection schemes using
polarities of current travelling waves are reported in [38][39], where relays at both
ends of the protected line will operate if the polarities of initial current travelling waves
are the same. Otherwise, the relays will maintain stable. The protection scheme using
polarities of the initial voltage and current travelling waves is proposed in [40][41],
where relays will operate when the polarities of voltage and current travelling waves
measured at Bus M and Bus N are opposite.

The travelling wave protection using amplitude comparison is proposed in [42]
[43], which is realised by comparing the amplitude of the positive and negative
direction travelling waves measured at the relay point. As reported in [42], within a

short duration after a forward fault, e.g., the fault f; in Figure 3-25, the amplitude of
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the positive direction travelling wave propagating from the busbar to the line is less
than the amplitude of the negative travelling wave, while for the backward fault, e.g.,
the fault £, in Figure 3-25, the amplitude of the positive direction travelling wave is
significantly greater than the amplitude of the negative travelling wave. Based on this
principle, the author proposes a protection algorithm by comparing the ratio of two
developed variables, i.e., S; and S, in (3 — 25) and (3 — 26), where t, is the fault
inception time, t is two times of the minimum travelling wave line propagation time
among all lines connected to the same busbar, u* (t) is the detected positive direction
travelling waves and u~(t) is the detected negative direction travelling waves. The
forward fault is detected when the value of S, /S, is less than the defined threshold,
otherwise, the backward fault is identified. A similar work of [42] is presented in [43],
where the fault direction is identified by comparing the ratio of the integration of
travelling waves propagating toward the positive and negative directions to the defined
threshold.

t0+T

S, = f lut(6)|dt (3 — 25)
to
t0+T

S, = f lu=(6)|dt (3 - 26)
to

The travelling wave distance protection algorithm, where only local measurement
is required, is implemented to calculate the fault distance by (3 — 27) . This equation

is derived by analysing the Lattice diagram presented in Figure 3-26, where 7, and 7,

(t — TV

11: 2

(3-27)
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are the arrival time of the initial and reflected travelling waves from the fault point and
v is the velocity of the travelling wave. The works of travelling wave distance
protection are reported in [44]-[46]. Compared to the aforementioned travelling wave
protection schemes, the distance protection-based travelling wave solution cannot
identify the direction of the fault, although it can operate only depending on the local
measurement and does not need communication assistance. Furthermore, in some fault
scenarios such as the scenario presented in Figure 3-26, where the fault occurs beyond
the midpoint of the line, it is difficult to distinguish the reflected travelling wave from
the remote busbar and fault point, which might result in the mal-operation of the
protection scheme.

The idea of the travelling wave differential protection scheme is explained in [48].
As presented in Figure 3-26, when an internal fault occurs in the transmission line, the
polarities of the initial current travelling wave measured at Bus M and Bus N are the
same, while for the external faults, their polarities are opposite. Inspired by this
phenomenon, the algorithm of travelling wave differential protection is established,
where the operating and restrain vectors used in the differential scheme are shown in
(3 —28) and (3 — 31). In equations of (3 — 28) to (3 — 31), the superscripts ‘M’

. .M .
Lop(t) = Lrw(exar) T irw(e) (3 —28)
i%dw(t) = |i’9‘4W(t—TWLPT) - iITVW(t)l (3—-29)
iITVW(t) = |i1TVW(t—TWLPT) - iTMW(t)l (3—-30)
ires = max(i’]MW(t), l?W(t)) (3 — 31)
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and ‘N’ refers to the busbar M and N at both ends of the protected line; the subscripts
‘op’ and ‘res’ refer to the calculated operating and restrain current travelling wave
vectors; AT is the arrival time difference of the initial travelling waves measured at
busbar M and N and TWLPT refers to the travelling wave line propagation time, which

is calculated by the entire length of the protected line over the propagation velocity of

M
TW(t2AT)

the travelling wave. In external faults, owing to the opposite polarities of i
and i?W(t), the magnitude of the operating vector, iy, ), Will close to zero, while for
the restrain vector, i,..¢, its magnitude will increase to a significant value. Therefore,
the travelling wave differential protection will remain stable. A similar analysis can be
applied to the internal fault scenario, where the magnitude of i, ) increases while the
value of i,..; decreases, and thus, the relay will operate. In [49], the author proposes a
protection algorithm by comparing the magnitudes of ¥, and V) in (3 —32) and
(3 —33) to V.5 in (3 — 34). In those equations, the subscripts ‘mea’ and ‘com’ refer
to the measured travelling wave without compensation and the compensated travelling

wave; the ‘B’ and ‘F’ are the backward and forward travelling waves; K}, Z. and i,

‘/OI‘Z/)I = |Brl‘r/llea - Bcoml (3 - 32)
‘/OI;,) = |Frgea - Fcoml (3 - 33)
Vies = Kklzcithrl (3—-34)

are the reliable coefficient ranging from 0.3 to 0.6, the line surge impedance and the
threshold current. In this scheme, the relays are restrained if the value of V.. is greater

than both values of V;; and V),

otherwise, the proposed scheme will operate to isolate
the fault. More examples of travelling wave differential protection schemes are
reported in [50][51], where the current energy ratio defined in (3 — 35) are used to
distinguish the internal and external faults to enhance the sensitivity of the developed
scheme. If the value of ER,, is greater than the value of the defined internal fault

criterion, then the relay will operate. Otherwise, it will keep stable.

zllimrk(t) - inrk(t - T)“%
Nt O3 + i (€ = D3

ER, = (3-35)
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3.5.4 Intelligent Techniques-based Protection Scheme

Benefitting from the significant achievements of computer science and signal
processing techniques, the schemes designed by intelligent tools, such as neural
networks [52] - [56], decision trees [57] - [60], fuzzy logic [61][62], and support vector
machine [63] - [65], have been investigated to protect the transmission network. To
increase the efficiency and accuracy of the protection algorithm, advanced signal
processing tools, e.g., Fourier Transform, Wavelet Transform, S-Transform, Hilbert-
Huang Transform and Empirical Mode Decomposition, etc., are conventionally
adopted to extract the fault signatures. Then, those extracted fault features are further
implemented to train the developed intelligent models [66] to detect and distinguish
types of faults. The intelligent techniques-based protection scheme typically requires
substantial amounts of fault data to train the developed model and has a relatively
higher requirement on the implemented hardware platform. So far, intelligent
techniques-based protection schemes are mainly used for fault detection and faulted

phase selection, which is rarely applied to locate the fault in the transmission network.

3.6 Chapter Summary

In this chapter, the challenges of distance protection in the transmission system
with CBRs, i.e., the HVDC system, are illustrated by conducting systematic and
detailed HIL studies for two commercially available relays. From the results of the
systematic study with a total of 480 cases, it observes that distance protection suffers
from a large number of protection issues, including failed trips, delayed trips, and zone
discrimination issues when the conventional voltage sources are replaced by the
converter-based HVDC system. Furthermore, by implementing the detailed analysis
of the selected cases, the reasons behind those found issues are revealed, including
under/over-reach, faulted phase selection, impedance measurement and oscillating
impedance locus. The solutions in the literature are reviewed in this chapter, which
includes enhanced distance protection, control-assisted protection, travelling wave-
based protection and intelligent techniques-based protection. To facilitate the
understanding of those methods, the key advantages and limitations of those

algorithms are compared and summarised below.

e Enhanced distance protection: it typically uses local information so the
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communication channels are not required, which reduces the costs and
increases the protection reliability. However, those solutions only work for
the transmission systems with assumed operating conditions.
Control-assisted protection: it addresses the protection issues by generating
expected fault signatures by changing the converter control. Therefore, it
does not require the modification of the existing protection logic of distance
relays. However, the control-assisted protection algorithm could violate the
other injection requirements due to the particular concern from the protection
perspective.

Travelling Wave-based protection: the benefits of travelling wave protection
are apparent in the future power network with substantial amounts of CBRs
since its performance is unaffected by the converter control, generator type
and fault level variation. However, the travelling wave approaches need a
significant sampling frequency to capture the initial wavefronts, especially
for the protection of short lines. In some schemes, such as polarity-based and
differential schemes, a fast and reliable communication link between two
ends of the protected line is required, which increases the protection
investment. The travelling wave protection is challenging to distinguish the
initial and reflected wavefronts in the close-up faults because of the frequent
wave reflections between the fault point and neighbouring terminals [40].
Additionally, for faults with a low fault inception angle (FIA), the travelling
wave relay could be failed because of the reduced magnitudes of travelling

waves.

Intelligent techniques-based protection: unlike conventional distance
protection, which relies on a limited number of fault features, intelligent
techniques-based protection extracts significant amounts of fault signatures
by implementing advanced signal processing tools. Therefore, intelligent
techniques-based protection has higher accuracy in detecting and
distinguishing faults. However, substantial amounts of fault data are
typically required in this method to train the developed intelligent model and

it has a high requirement on the implemented hardware platform.

78



3.7 Chapter References

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

S. Valsan and K. Swarup, "Wavelet transform based digital protection for
transmission lines", in International Journal of Electrical Power & Energy
Systems, vol. 31, no. 7-8, pp. 379-388, 2009.

A. Hooshyar, M. A. Azzouz and E. F. EI-Saadany, "Distance Protection of Lines
Emanating From Full-Scale Converter-Interfaced Renewable Energy Power
Plants—~Part I: Problem Statement,” in IEEE Transactions on Power Delivery,
vol. 30, no. 4, pp. 1770-1780, Aug. 2015.

D. Liu, Q. Hong, A. Dysko, D. Tzelepis, G. Yang, C. D. Booth, I. Cowan and B.
Ponnalagan, "Evaluation of HVDC system's impact and quantification of
synchronous compensation for distance protection”, in IET Renewable Power
Generation, vol. 16, no. 9, pp. 1925-1940, 2022.

B. Kasztenny and D. Finney, "Fundamentals of Distance Protection,” 2008 61st
Annual Conference for Protective Relay Engineers, 2008, pp. 1-34.

D. D. Fentie, "Understanding the dynamic mho distance characteristic,” 2016
69th Annual Conference for Protective Relay Engineers (CPRE), 2016, pp. 1-15.
Technical Manual: MiCOM, P40 Agile P443 ver92, GE, June 2021.

M. J. Domzalski, K. P. Nickerson and P. R. Rosen, "Application of mho and
quadrilateral distance characteristics in power systems [relay protection],” 2001
Seventh International Conference on Developments in Power System Protection
(IEE), 2001, pp. 555-558.

O. A. S. Youssef, "New algorithm to phase selection based on wavelet
transforms,” in IEEE Transactions on Power Delivery, vol. 17, no. 4, pp. 908-
914, Oct. 2002.

C. Venkatesh and 1. Voloh, "Impact of renewable generation resources on the
distance protection and solutions,” 2021 Western Protective Relay Conference,
2021, pp. 1-20.

[10] C. Venkatesh and 1. VVoloh, "Cross Country Faults - Protection Challenges and

Improvements,” 2021 74th Conference for Protective Relay Engineers (CPRE),
2021, pp. 1-15.

[11] P. Horton and S. Swain, "Using superimposed principles (Delta) in protection

techniques in an increasingly challenging power network,” 2017 70th Annual

79



Conference for Protective Relay Engineers (CPRE), 2017, pp. 1-12.

[12] M. A. Azzouz and A. Hooshyar, "Dual Current Control of Inverter-Interfaced
Renewable Energy Sources for Precise Phase Selection,” in IEEE Transactions
on Smart Grid, vol. 10, no. 5, pp. 5092-5102, Sept. 2019.

[13] B. Kasztenny, B. Campbell B, and J. Mazereeuw J, “Phase selection for single-
pole tripping: Weak infeed condition and cross-country faults,” Proc. 27th
Annual Western Protective Relay Conf., Spokane, WA, Oct. 24-26, 2000.

[14] D60 Line Distance Protection System, GE, November 2020.

[15] D. Liu, Q. Hong, A. Dysko, et al.: ‘A flexible real time network model for
evaluating HVDC Systems' impact on AC Protection Performance’, The 9th
Renewable Power Generation Conference (RPG Dublin 2021), 2021, pp. 1-6.

[16] IEEE Recommended Practice for Excitation System Models for Power System
Stability Studies," in IEEE Std 421.5-2016 (Revision of IEEE Std 421.5-2005),
vol., no., pp.1-207, 26 Aug. 2016.

[17] J. Li, R. Xiong, H. Mu, B. Cornélusse, P. Vanderbemden, D. Ernst, and W. Yuan,
“Design and real-time test of a hybrid energy storage system in the microgrid with
the benefit of improving the battery lifetime,” Applied Energy, vol. 218, pp. 470-
478, 2018.

[18] M. Alam, H. Leite, J. Liang and A. da Silva Carvalho, "Effects of VSC based
HVDC system on distance protection of transmission lines", in International
Journal of Electrical Power & Energy Systems, vol. 92, pp. 245-260, 2017.

[19] ‘The Grid Code Issue 6 Revision 11°, National Grid, February 2022.

[20] J Duncan Glover, T. J. Overbye, and M. S. Sarma, Power system analysis &
design. Boston, Ma: Cengage Learning, 2017.

[21] A. Haddadi, M. Zhao, I. Kocar, U. Karaagac, K. W. Chan and E. Farantatos,
"Impact of Inverter-Based Resources on Negative Sequence Quantities-Based
Protection Elements,” in IEEE Transactions on Power Delivery, vol. 36, no. 1,
pp. 289-298, Feb. 2021.

[22] K. Xu, Z. Zhang, Q. Lai and X. Yin, "Fault phase selection method applied to tie
line of renewable energy power stations”, in IET Generation, Transmission &
Distribution, vol. 14, no. 13, pp. 2549-2557, 2020.

[23] Y. Fang, K. Jia, Z. Yang, Y. Li and T. Bi, "Impact of Inverter-Interfaced

80



Renewable Energy Generators on Distance Protection and an Improved Scheme,"
in IEEE Transactions on Industrial Electronics, vol. 66, no. 9, pp. 7078-7088,
Sept. 2019.

[24] A. Banaiemogadam, A. Hooshyar and M. A. Azzouz, "A Control-Based Solution
for Distance Protection of Lines Connected to Converter-Interfaced Sources
During Asymmetrical Faults,” in IEEE Transactions on Power Delivery, vol. 35,
no. 3, pp. 1455-1466, June 2020.

[25] S. Paladhi and A. K. Pradhan, "Adaptive Distance Protection for Lines
Connecting Converter-Interfaced Renewable Plants,” in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 9, no. 6, pp. 7088-7098,
Dec. 2021.

[26] J. Jia, G. Yang, A. H. Nielsen and P. Rgnne-Hansen, "Impact of VSC Control
Strategies and Incorporation of Synchronous Condensers on Distance Protection
Under Unbalanced Faults," in IEEE Transactions on Industrial Electronics, vol.
66, no. 2, pp. 1108-1118, Feb. 2019.

[27] O. Goksu, R. Teodorescu, C. L. Bak, F. lov and P. C. Kjer, "Instability of Wind
Turbine Converters During Current Injection to Low Voltage Grid Faults and
PLL Frequency Based Stability Solution,” in IEEE Transactions on Power
Systems, vol. 29, no. 4, pp. 1683-1691, July 2014.

[28] J. Ma, X. Xiang, P. Li, Z. Deng and J. Thorp, "Adaptive distance protection
scheme with quadrilateral characteristic for extremely high-voltage/ultra-high-
voltage transmission line", in IET Generation, Transmission & Distribution, vol.
11, no. 7, pp. 1624-1633, 2017.

[29] J. Ma, W. Ma, Y. Qiu and J. S. Thorp, "An Adaptive Distance Protection Scheme
Based on the Voltage Drop Equation,” in IEEE Transactions on Power Delivery,
vol. 30, no. 4, pp. 1931-1940, Aug. 2015.

[30] Y. Liang, Z. Lu, W. Li, W. Zha and Y. Huo, "A Novel Fault Impedance
Calculation Method for Distance Protection Against Fault Resistance,” in IEEE
Transactions on Power Delivery, vol. 35, no. 1, pp. 396-407, Feb. 2020.

[31] R. Li et al., "Impact of low (zero) carbon power systems on power system
protection: a new evaluation approach based on a flexible modelling and

hardware testing platform”, IET Renewable Power Generation, vol. 14, no. 5, pp.

81



906-913, 2020.

[32] A. Banaiemogadam, A. Hooshyar and M. A. Azzouz, "A Control-Based Solution
for Distance Protection of Lines Connected to Converter-Interfaced Sources
During Asymmetrical Faults,” in IEEE Transactions on Power Delivery, vol. 35,
no. 3, pp. 1455-1466, June 2020.

[33] A. Banaiemogadam, A. Hooshyar and M. A. Azzouz, "A Comprehensive Dual
Current Control Scheme for Inverter-Based Resources to Enable Correct
Operation of Protective Relays,” in IEEE Transactions on Power Delivery, vol.
36, no. 5, pp. 2715-2729, Oct. 2021.

[34] M. Aftab, S. Hussain, I. Ali and T. Ustun, "Dynamic protection of power systems
with high penetration of renewables: A review of the traveling wave based fault
location techniques”, in International Journal of Electrical Power and Energy
Systems, vol. 114, p. 105410, 2020.

[35] A. O. Ibe and B. J. Cory, "A Travelling Wave-Based Fault Locator for Two- and
Three-Terminal Networks," in IEEE Transactions on Power Delivery, vol. 1, no.
2, pp. 283-288, April 1986.

[36] D. Wang, H. Gao, G. Zou and S. Luo, "Ultra-high-speed travelling wave
directional protection based on electronic transformers”, in IET Generation,
Transmission & Distribution, vol. 11, no. 8, pp. 2065-2074, 2017.

[37] Wang, H. Gao, S. Luo and G. Zou, "Ultra-High-Speed Travelling Wave
Protection of Transmission Line Using Polarity Comparison Principle Based on
Empirical Mode Decomposition”, in Mathematical Problems in Engineering, vol.
2015, pp. 1-9, 2015.

[38] F. Namdari and M. Salehi, "High-Speed Protection Scheme Based on Initial
Current Traveling Wave for Transmission Lines Employing Mathematical
Morphology,"” in IEEE Transactions on Power Delivery, vol. 32, no. 1, pp. 246-
253, Feb. 2017.

[39] X. Li, A. Dysko and G. M. Burt, "Traveling Wave-Based Protection Scheme for
Inverter-Dominated Microgrid Using Mathematical Morphology,” in IEEE
Transactions on Smart Grid, vol. 5, no. 5, pp. 2211-2218, Sept. 2014.

[40] X. Dong et al., "Implementation and Application of Practical Traveling-Wave-

Based Directional Protection in UHV Transmission Lines," in IEEE Transactions

82



on Power Delivery, vol. 31, no. 1, pp. 294-302, Feb. 2016.

[41] Wei Chen, O. P. Malik, Xianggen Yin, Deshu Chen and Zhe Zhang, "Study of
wavelet-based ultra high speed directional transmission line protection,” in IEEE
Transactions on Power Delivery, vol. 18, no. 4, pp. 1134-1139, Oct. 2003.

[42] G. Zou and H. Gao, "A Traveling-Wave-Based Amplitude Integral Busbar
Protection Technique," in IEEE Transactions on Power Delivery, vol. 27, no. 2,
pp. 602-609, April 2012.

[43] H. Gao, D. Li, G. Zou and Z. Pan, "A Novel Travelling Waves Based Ultra-High
Speed Ratio Directional Protection,” 2008 IET 9th International Conference on
Developments in Power System Protection (DPSP 2008), 2008, pp. 568-572.

[44] P. A. Crossley and P. G. McLaren, "Distance Protection Based on Travelling
Waves," in IEEE Transactions on Power Apparatus and Systems, vol. PAS-102,
no. 9, pp. 2971-2983, Sept. 1983.

[45] Chen Shi long, Shu Hong Chun, Wang Yong zhi and Zeng Fang, "Distance
protection scheme with travelling wave for UHVDC transmission line based on
wavelet transform,” 2008 Third International Conference on Electric Utility
Deregulation and Restructuring and Power Technologies, 2008, pp. 2162-2165.

[46] S. Sawai and A. Pradhan, "Travelling-wave-based protection of transmission line
using single-end data", in IET Generation, Transmission & Distribution, vol. 13,
no. 20, pp. 4659-4666, 2019.

[47] A. Johns, "New ultra-high-speed directional comparison technique for the
protection of e.h.v. transmission lines”, in IEE Proceedings C Generation,
Transmission and Distribution, vol. 127, no. 4, p. 228, 1980.

[48] SEL-T401L Ultra-High-Speed Line Relay — Instruction Manual, Schweitzer
Engineering Laboratories (SEL), March 2022.

[49] H. Ha, Z. Zhang, Y. Tan, Z. Bo and B. Chen, "Novel Transient Differential
Protection Based on Distributed Parameters For EHV Transmission Lines," 2008
IET 9th International Conference on Developments in Power System Protection
(DPSP 2008), 2008, pp. 186-191.

[50] L. Tang, X. Dong, S. Shi and B. Wang, "Travelling wave differential protection
based on equivalent travelling wave,” 13th International Conference on
Development in Power System Protection 2016 (DPSP), 2016, pp. 1-6.

83



[51] L. Tang, X. Dong, S. Luo, S. Shi and B. Wang, "A New Differential Protection
of Transmission Line Based on Equivalent Travelling Wave,” in IEEE
Transactions on Power Delivery, vol. 32, no. 3, pp. 1359-1369, June 2017.

[52] N. Zhang and M. Kezunovic, "Transmission Line Boundary Protection Using
Wavelet Transform and Neural Network,” in IEEE Transactions on Power
Delivery, vol. 22, no. 2, pp. 859-869, April 2007.

[53] P. Bhowmik, P. Purkait and K. Bhattacharya, "A novel wavelet transform aided
neural network based transmission line fault analysis method"”, in International
Journal of Electrical Power & Energy Systems, vol. 31, no. 5, pp. 213-219, 2009.

[54] C. Bhende, S. Mishra and B. Panigrahi, "Detection and classification of power
quality disturbances using S-transform and modular neural network", in Electric
Power Systems Research, vol. 78, no. 1, pp. 122-128, 2008.

[55] K. M. Silva, B. A. Souza and N. S. D. Brito, "Fault detection and classification in
transmission lines based on wavelet transform and ANN," in IEEE Transactions
on Power Delivery, vol. 21, no. 4, pp. 2058-2063, Oct. 2006.

[56] M. Gil and A. Abdoos, "Intelligent busbar protection scheme based on
combination of support vector machine and S-transform", in IET Generation,
Transmission & Distribution, vol. 11, no. 8, pp. 2056-2064, 2017.

[57] A. Jamehbozorg and S. M. Shahrtash, "A Decision Tree-Based Method for Fault
Classification in Double-Circuit Transmission Lines," in IEEE Transactions on
Power Delivery, vol. 25, no. 4, pp. 2184-2189, Oct. 2010.

[58] A. Jamehbozorg and S. M. Shahrtash, "A Decision-Tree-Based Method for Fault
Classification in Single-Circuit Transmission Lines,” in IEEE Transactions on
Power Delivery, vol. 25, no. 4, pp. 2190-2196, Oct. 2010.

[59] M. Meena, O. P. Mahela, M. Kumar and N. Kumar, "Detection and Classification
of Power Quality Disturbances Using Stockwell Transform and Rule Based
Decision Tree," 2018 International Conference on Smart Electric Drives and
Power System (ICSEDPS), 2018, pp. 227-232.

[60] J. Upendar, C. Gupta and G. Singh, "Statistical decision-tree based fault
classification scheme for protection of power transmission lines"”, in International
Journal of Electrical Power & Energy Systems, vol. 36, no. 1, pp. 1-12, 2012.

[61] R. Mahanty and P. Gupta, "A fuzzy logic based fault classification approach using

84



current samples only”, in Electric Power Systems Research, vol. 77, no. 5-6, pp.
501-507, 2007.

[62] O. A. S. Youssef, "Combined fuzzy-logic wavelet-based fault classification
technique for power system relaying,” in IEEE Transactions on Power Delivery,
vol. 19, no. 2, pp. 582-589, April 2004.

[63] P. K. Dash, S. R. Samantaray and G. Panda, "Fault Classification and Section
Identification of an Advanced Series-Compensated Transmission Line Using
Support Vector Machine,” in IEEE Transactions on Power Delivery, vol. 22, no.
1, pp. 67-73, Jan. 2007.

[64] X. G. Magagula, Y. Hamam, J. A. Jordaan and A. A. Yusuff, "Fault detection and
classification method using DWT and SVM in a power distribution network,"
2017 IEEE PES PowerAfrica, 2017, pp. 1-6.

[65] M. Gil and A. Abdoos, "Intelligent busbar protection scheme based on
combination of support vector machine and S-transform", in IET Generation,
Transmission & Distribution, vol. 11, no. 8, pp. 2056-2064, 2017.

[66] R. Godse and S. Bhat, "Mathematical Morphology-Based Feature-Extraction
Technique for Detection and Classification of Faults on Power Transmission
Line," in IEEE Access, vol. 8, pp. 38459-38471, 2020.

85



Chapter 4

4 Review of Protection Challenges and
Solutions In  Inverter-Dominated
Microgrids

4.1 Introduction

While the previous chapter focused on protection-related issues in high-voltage
(HV) transmission systems, this chapter takes a closer look at distribution networks,
particularly microgrids.

A microgrid is a small-scale network including generators, energy storage devices
and loads, which plays an essential role in developing the smart grid. For the successful
implementation of microgrids, one of the main concerns is reliable power system
protection. In a conventional distribution network, the flow of fault currents is
unidirectional, which is from the upstream substation to the downstream fault point.
However, significant amounts of distributed energy resources (DERS) exist in
microgrids, which evolve the microgrids into active systems with bidirectional power
flow and change the fault current distribution of the network. This results in the issues
of under-reach, over-reach and sympathetic tripping of overcurrent relays.
Additionally, the fault level of a microgrid can change dynamically in different
operating modes. In the grid-connected mode, the fault level of the microgrid is
typically high, owing to the infeed from the main grid. However, in islanded mode,
the fault level can reduce significantly since the fault infeed is only contributed by the
local distributed generators (DGs) with small capacity. The reduction and variation of
fault level will be particularly significant if the microgrid is dominated by 11DGs. For

this reason, the faults in islanded microgrids are challenging to detect with a high level
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of discrimination and a long delay (or even failed trips) can be introduced to the
traditional overcurrent relays in microgrids, which are designed with a single setting
group and operate based on high-magnitude fault currents.

This chapter reviews the challenges of microgrid protection and protection
solutions in the literature. The chapter is organised as follows. The overview of the
microgrid is presented in Section 4.2. The protection challenges of microgrids are
reviewed in Section 4.3. The existing solutions in the technical literature for microgrid
protection are reviewed in Section 4.4, and the chapter summary is included in Section
4.5.

4.2 Overview of Microgrid

In the future, more and more small-scale sources, such as photovoltaic (PV)
modules, wind turbines, fuel cells, etc., are expected to be integrated into the
distribution system to fulfil the increased power demands [1]. Those microsources are
represented as the ‘DERS’ or the ‘DGS’ in the literature. The connected DERs in the
distribution network can reduce carbon emissions and energy losses during power
transmission and avoid the high investment of extending the conventional power
system. On the other hand, their connection also improves the energy efficiency, power
quality and efficiency of peak-valley management [2]. However, substantial amounts
of DERs introduce significant challenges to the effective control of the power system
since they behave as uncontrollable sources, which leads to the network operators
paying considerable efforts to manage those DERs [3].

To address the management problem of DERs, the literature of [4] suggests
viewing the generation and loads as a subsystem connected to the utility grid by a
single point, i.e., the Point of Common Coupling (PCC). This type of subsystem is the
‘microgrid’. The microgrids are typically constructed in low voltage (LV) networks,
i.e., V <1 kV, and medium voltage (MV) networks, i.e., usually 1 kV <V < 69 kV,
operating as a single electrical supplier or consumer in distribution networks [2].
Compared to the conventional power system, the microgrid can operate in grid-
connected and islanded modes by controlling the switch at PCC [5]. In grid-connected
mode, the microgrid can deliver or absorb power from the connected system depending

on the operating conditions of the main grid. In islanded mode, it is able to support all

87



local loads and maintain the voltage and frequency of an islanded system, thus
reducing the risks of the power outage and improving the system's reliability [6].
Therefore, the microgrid can be used as a reliable backup source for critical
infrastructures such as hospitals, airports and military bases and supply power to
remote areas [7]. The features of microgrids are summarised below.

e Dual-mode operation: the microgrid can operate in grid-connected and
islanded modes according to the operator’s demands and main network
conditions.

e Short-length feeders: the microgrids are typically in LV and MV networks.
Therefore, the length of feeders in microgrids is relatively short. For example,
the maximum length of feeders in the MV microgrid in [8] and the LV
microgrid in [9] are 4.7 km and 105 m respectively.

e Continuously changed operating conditions: the power flow of microgrids
constantly changes because of the uncertain nature of renewables and
changeable loading conditions.

e Various fault responses: in microgrids, the 1IDGs are commonplace, whose
fault behaviour depends on their embedded controllers [10]. Therefore, the
fault responses of microgrids dominated by 1IDGs could have different fault
characteristics, which depend on the associated grid code and control
strategies adopted by I1DGs.

e Available communication infrastructure: in modern microgrids, two-way

communication infrastructures are available [11].

4.3 Protection Challenges in Microgrids

4.3.1 Under/Over-Reach Issues

In a conventional radial distribution system, the flow of fault currents is
unidirectional from the upstream large-capacity synchronous machine to the
downstream fault point [12], which results in the upstream fault level always being
higher than the fault level of the downstream busbar. Additionally, since the SG is the
main infeed source of faults in the conventional distribution network, the margin of
fault level between the neighbouring busbar is significant for the proper coordination

of overcurrent relays.
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Figure 4-1. Network to analyse the under/over-reach issues of overcurrent protection

For example, in Figure 4-1, where the switch connected to Bus 2 is initially open,
the overcurrent relay 1, i.e., OCR1, should play a role as the primary protection for the
faults between Bus 1 and Bus 2, and it should provide reliable backup protection for
the faults between Bus 2 and Bus 3 at the same time. This principle should also be
adopted by the overcurrent relay 2, i.e., OCR2, where it is implemented as the primary
protection for faults between Bus 2 and Bus 3 and the backup protection for faults
between Bus 3 and Bus 4. In this condition, the expected protection reaches of OCR1
and OCR2 are demonstrated by the blue dash and green dash lines in Figure 4-1. The
fault, F;, in Figure 4-1 is used to illustrate the issues of under-reach and over-reach.
The following analysis is based on the study in [13].

Based on the superimposition theorem, the faulted network can be regarded as the sum
of the pre-fault and superimposed networks [14]. Considering the current increases
raised by faults are typically much higher than pre-loading currents, the impacts of
loading currents are neglected in the following analysis. The superimposed network of
the fault F; in Figure 4-1 is shown in Figure 4-2, where Z,,; is the upstream grid
equivalent impedance of Bus 1; Z,,,, Z;,3, Z134 are the line impedance between
neighbouring busbars; Z,,,4 is the load equivalent impedance and Zp is the DG
equivalent impedance. In the network of Figure 4-2, the only active source is
superimposed voltage source applied at the fault position, whose magnitude equals the
pre-fault voltage at the fault point, while the voltage polarity of the superimposed
voltage source is opposite to the pre-fault voltage [15]. The superimposed currents
measured by OCR1 and OCR2 are highlighted as Aiycr; and Aiycr. The magnitudes
of Aiycr1 and Aiycg, Without the connection of DG is calculated by (4 — 1) and the
Aipcry With DG is presented in (4 —2). By comparing values of Ail22¢ and

AiYERDG in (4 — 1) and (4 — 2), it was found that the connection of DG will increase
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the fault current measured by OCR2, which results in the over-reach issues of OCR2.
After implementing the current division principle, the superimposed currents
measured by OCR1 with DG can be estimated by (4 — 3). By comparing the Ai}y:th DG
in (4 — 3) to the result in (4 — 1), the connection of DG decreases the fault current
measured by OCR1, and thus, it causes the under-reach issue of the OCR1, also known

as ‘protection blinding’.

Bus 1
Zsys | Z112 Bus 2 Z123 Bus 3 7134 BL‘S 4
OCR1 Swt OCR?2
i ) ZLoad
Alocr ZpG Aiocre  |AV]|=|Vpre| N oa

Figure 4-2. Superimposed network for the fault at Bus 3
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(Zsys + ZLIZ) X Zpg n
Zsys + Zi12 + Zpg L23
o Av
AlgégllDG - Zsys + Z112 (4-=3)
(Zsys + ZL12) + Zj3 X (1 + sz>

4.3.2 Sympathetic Tripping

The issues of sympathetic tripping (or called ‘false tripping’) are reported in [13],
[16][17], which are illustrated by Figure 4-3. For the fault F; in Figure 4-3, the relay
OCR1 is potentially to trip when the fault infeed from the DG, i.e., i]?"' in Figure 4-3,
is greater than the current threshold of OCR1, which causes the power outage of the
healthy line such as the Line 1 in Figure 4-3. This undesired tripping is the
‘sympathetic tripping’ in the literature, which can be solved by equipping the
directional unit to the overcurrent relays.
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Figure 4-3. Network to analyse the sympathetic tripping issues of overcurrent protection [13]
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Figure 4-4. Network to illustrate the issues raised by fault level variation of the grid-connected and

islanded microgrid

4.3.3 Varied Fault Levels between Dual-Mode Microgrids

As proposed in Section 4.2, the microgrid can operate in either grid-connected or
islanded mode based on system operator demands and main system conditions, which
results in a significant variation of the system fault level between the two operating
modes. The protection issues raised by the varied fault level are reported in [18] —[20],

which are explained by a simple network in Figure 4-4. In Figure 4-4, the if™*?, {61,

and if“* refer to the fault infeed contributed from the main grid, DG1 and DG2
respectively. The switch at PCC will close in grid-connected mode and it will open in
islanded mode. As the main source of varied fault levels is the fault infeed from the
utility grid, it assumes that the OCR2 could always detect and successfully trip the
fault, F;, in both grid-connected and islanded microgrids. For this reason, the
following analysis is only for OCR1.

For OCR1, it adopts the standard Inverse Definite Minimum Time (IDMT) curve

as presented in Figure 4-5, where if; and i, are the fault current measured by OCR1
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Figure 4-5. Protection curve of standard IDMT
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in grid-connected and islanded microgrids; t; and t, are the tripping time of OCR1
with the fault currents of i¢; and if,. The equation of employed IDMT characteristics
is proposed in (4 — 4), which is designed based on the standard of IEC 60255 [21]. In
this equation, the TMS is the Time Multiplier Setting and I, is the Plug Setting
Multiplier, which is calculated by the ratio of the measured fault current and the pickup
current of the relay. As illustrated in Figure 4-5, as the reduction of fault currents in
islanded microgrids, the issues of delayed tripping appear on OCRL, i.e., t; moving to
t,. In the worst condition, the OCR1 even fails to detect faults if the magnitude of
:DG1

i~ is less than the pickup current setting of the relay, which is highly potential to

appear in microgrids dominated by 11DGs.

4.4 Protection Solutions for Microgrid

In this section, microgrid protection solutions are reviewed comprehensively,
which include adaptive protection, differential protection, active method-based
protection, intelligent techniques-based protection, travelling wave protection and
other types of protection.
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4.4.1 Adaptive Protection

To cope with protection issues raised by the varied fault levels between the grid-
connected and islanded modes, adaptive protection algorithms are proposed in [13],
[22] - [27], where relays’ settings are amended adaptively to cater for the prevailing
system conditions. According to the operating principles, there are three typical
approaches to realise adaptive protection.

In the first approach, the load flow and short-circuit analysis are implemented
initially by considering all possible network configurations and operating status of
DGs, i.e., on/off, in the microgrid. Then, the analysed results are stored in an event
table and used to calculate relay settings and the calculated settings are saved in an
action table. Finally, those pre-calculated settings are selected and updated to the relays
in the microgrid based on the real-time microgrid conditions. Examples of adapting
this strategy are presented in [22][23]. However, considering the intermittent natures
of renewables and the changeable features of microgrids, it is difficult to cover all
possible fault scenarios in microgrids. For this reason, some scholars propose the
second adaptive protection approach by estimating the relay settings in real time, such
as [13], [24][25]. In [13], settings of the TMS and PS of DOCRs are formulated as a
non-linear optimisation problem, where the objective function is to minimise the total
operating time of the primary and backup relays and some constraints, such as the
setting range of pickup current, TMS and time margin between the primary and backup
protection, are considered in the setting process. The solvers of Ipopt and Baron are
employed in this paper to get the solutions of the established non-linear equation. The
work in [24] adopts a similar approach as [13], but it simplifies the setting process to
a linear problem by pre-determining the pickup current settings of relays. Another
three-layer real-time adaptive protection is proposed in [25], whose architecture is
shown in Figure 4-6. In this algorithm, the execution layer is responsible for
monitoring and collecting the prevailing system conditions. The collected information,
including voltages, currents and conditions of CBs, is transmitted to the upper
coordination layer, where the new relay settings are calculated to coordinate the relays
in microgrids. Additionally, a management layer is designed at the top of this
protection algorithm to coordinate the protection and active network management

systems. Unlike approaches above, where centralized protection strategies are adopted,

93



Management
[ Layer Energy Management System }
( ﬁ )
a; Protection System Performance Evaluation«—>|Calculation of
E New Settings
'E ][ A
e Primary and Secondary System Monitoring v
% ‘[ Change of
g ! Settings and
=  |Primary and Secondary System Monitoringf«—>| \/erification
- J

Execution Layer
Secondary System

i | I i | 2\
[ : @ '@ | | Primary System
—X N —@Ji )

Figure 4-6. Multi-layer adaptive protection algorithm [25]
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the distributed architecture using multi-agent techniques is proposed in [26][27],
which can avoid the potential protection failure caused by the collapse of the protection
centre. As illustrated in [26], the agent is a computer system that is capable of operating
solely to achieve its objectives, which can be grouped into different societies based on
their functions. The data between agents and agent societies can be shared via the
communication channels between them. Therefore, this method does not require a
control centre to monitor the whole power system and process the collected data
centrally as did in the first and second adaptive protection approaches, thus avoiding
protection failure caused by the breakdown of the control centre.

4.4.2 Differential Protection

Differential protection is another commonly used method for microgrid protection.
The basic operating fundamentals and parameter setting procedure of differential
protection are explained in [28]. As proposed in this paper, current differential
protection is less sensitive to fault level variation, bi-directional power flow, DG status

and changes in system configurations. Differential protection was implemented as the
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primary protection scheme in [29] to protect the microgrid. In this protection system,
all relays are digital and equipped with communication capability, which can sample
current waveforms at 16 samples per cycle or more. Those relays are installed at both
ends of the protected feeders to sample the currents synchronously. If the current
difference captured by terminal relays are greater than the defined threshold, relays
will trip to isolate faults. According to the results, the proposed differential system can
protect the microgrid effectively, while it requires a relatively higher investment in
practice as it needs accurate synchronous measurement and high-bandwidth
communication channels. The differential schemes relying on the spectral energy of
currents are discussed in [30] - [35], where the advanced signal processing, e.g., S
Transform in [30] - [32], Hilbert-Huang Transform [33], Ensemble Empirical Mode
Decomposition [34], a combination of Variational Mode Decomposition and Hilbert
Transform [35], are implemented to process the measured currents and calculate the
spectral energy contents. If the differential energy, defined as the energy difference of
the currents measured at two ends of the protected feeder, is greater than the threshold,
the relays at two terminals will be tripped to isolate the faults. Compared to the
conventional time-domain current-based differential system, the spectral energy
approach has a higher tolerance of synchronising errors and is more sensitive to high-
impedance faults (HIFs).

4.4.3 Active Protection Methods

The active method is realised by controlling 11DGs to inject off-normal frequency
components during faults to facilitate fault detection and relay coordination. Several
active protection methods are proposed in the literature [36] — [40]. In [36], the off-
normal frequency currents, e.g., 70 Hz, are injected by one of the 1IDGs during faults
and relays in the network are coordinated using a differential protection strategy. For
internal faults, a significant magnitude difference will exist on the injected off-normal
frequency components detected by relays at two ends of the protected feeder, while
the magnitude difference will be slight for the external faults. In [37], the injected
harmonic components are used to coordinate relays in the microgrid using IDMT
characteristics. The network diagram in Figure 4-7 is to demonstrate the principle of

this algorithm, where all DGs are capable of injecting different harmonic components
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Figure 4-7. Microgrid diagram in [37]
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Figure 4-8. Microgrid diagram in [38]

and the communication links are developed between DGs in the microgrid. This
protection algorithm has four steps. In step 1, the DG with a minimum terminal voltage
was selected to inject specific harmonic currents. In step 2, the relays on the forward
side of the injecting DG will trip after certain delays calculated by the IDMT
characteristic. In step 3, the CBs will open based on the received tripping signal from
step 2. The above three steps are repeated in step 4 to open the breaker on another side
of the protected feeder. In [38], the defined time characteristic is implemented to
coordinate the relays in the microgrid. The principle of this protection algorithm is
explained using the network in Figure 4-8, where the IIDG;, 1IDG> and IIDG3 can
inject the 2", 3" and 4™ harmonic currents during faults. The settings of all relays are
presented in Table 4-1. For example, for the fault F2 in Figure 4-8, the Ro1 will detect
the 2" and 3" harmonic currents injected by 1IDG3, IIDG,, and the Rz, will detect the
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Table 4-1. Relay settings of the proposed scheme in [38]

Relay Group Relays Operating Times (s) | Identified Harmonics
R 0.3 2nd
Forward Rela
4 R21 0.2 ond o 3rd
Group
Ra1 0.1 2" or 3 or 4"
Backward Ri2 0.1 3rd gy 4th
Relay Group Ry 0.2 th

4" harmonic currents injected by 1IDGs. Based on the relay settings, the Rz1 and Rz
will trip breakers CB 2.1 and CB 2.2 after 0.2 s delays. The Ra1 and R12 cannot detect
faults and the Ry1 will trip after 0.3s delays, which is longer than the delays of Ra:.
Unlike the schemes above, where the injected off-normal frequency currents are
employed to localise the faulted feeder and coordinate the relays in the microgrid. The
algorithm in [39] injects the fifth harmonic currents for fault detection using the criteria
proposed in (4 — 5). In this equation, is and i, are the magnitudes of the 5"-order
harmonic currents and the fundamental frequency currents and « is the detection
threshold. Considering the impacts of the non-linear load, another restraining factor in
(4 — 6) is proposed to avoid the false operation of relays.
s

Ch=72=a (4-5)
L

iz +i; +ig+iyq +i3+is

<p (4-06)

C, I

The main advantage of active protection methods is that they operate based on
intentionally designed fault signatures rather than high-magnitude fault currents.
Therefore, it is not affected by the reduced system fault level in islanded microgrids
[40]. However, this approach modifies the control strategies of 11DGs to cater for the
protection requirements, which could distort the inverter’s performance from other

perspectives and be challenging to realise for inverters from different vendors.
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4.4.4 Intelligent Techniques-Based Protection

The intelligent techniques-based approaches are implemented in [41] — [46] to
protect microgrids, which detect, classify and isolate faults by training the developed
intelligent models. For example, the currents after wavelet analysis and the sequence
voltages and currents are used in [41] to train the developed decision tree to detect and
classify the faults in microgrids using the structure presented in Figure 4-9. Similar
approaches as [41] are implemented in [42] to [45] to protect microgrids by training
different intelligent tools, which include the models of the deep neural network in [42],
the data mining in [43], the artificial neural network in [44] and the convolutional
neural network in [45]. Except for fault detection and classification, the paper [46]
uses intelligent techniques to train the protective relays in microgrids, where the
differential features of two-end measurements, such as the differential rate of change
of frequency and the differential rate of change of voltage, are extracted as inputs of
the data mining model to isolate the faulted feeder. However, the performance of
intelligent techniques-based protection algorithms significantly depends on the
accuracy of the input fault signatures, and it requires substantial amounts of fault data
in the training process.

Wavelet Decision Tree | Fault
™| Transform [ (Fault
Detection) > No Fault
i=)
)
o >
5
=
— > LG
| Sequence Wavelet - DeCI(“:’:IZSItT e
Analyzer Transform | Classification) — LLG
—>LLLG

Figure 4-9. Schematic of the protection scheme in [41]

4.45 Travelling Wave Protection

As discussed in Section 3.5.3, the travelling wave approach has been widely
implemented to protect the high-voltage transmission line owing to its benefits of fast
operating speed and independence of generation type and converter control. However,
given the features of microgrids, e.g., short feeder length and complicated network
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structure, travelling wave protection is rarely to be implemented in distribution
systems, especially for LV microgrids. As proposed in [12], the feeders in MV and LV
microgrids appear the resistive-dominated feature, which significantly damps the
magnitudes of the reflected wavefronts. Therefore, the travelling wave algorithm
relying on the reflected wavefront, such as the travelling wave distance protection, is
not suggested for microgrid protection.

Microgrid protection using the travelling wave polarity is reported in [47] — [50],
where only the information of initial wavefronts is employed. The authors in [47] and
[48] propose a protection scheme purely using the polarities of initial current travelling
waves. In this algorithm, the mathematical morphology method is applied to extract
the polarities of initial travelling waves, where the internal fault is identified when the
polarities of initial wavefronts measured by the relays at two terminals of the protected
line are the same. The work in [49] distinguishes the faulted feeder and healthy feeder
using the relations of the initial current travelling waves at the same busbar as

illustrated in (4 — 7), where n is the number of branches connected to the busbar and
n
Z TWk =0 4-17)
k=1

TW/* is the instant current travelling wave through the number k branch. Considering
the polarity of faulted feeder is opposite to the healthy feeders connected to the same
busbar, the magnitude of the initial current travelling wave of the faulted feeder should
equal the sum of current travelling waves in sound feeders at the same busbar. By
comparing the travelling wave magnitude, the faulted feeder can be selected. Both
initial wavefronts of voltage and current are implemented in [50] to identify the faulted
feeder, where the faulted feeder is recognised when the polarities of initial voltage and
current travelling waves are opposite. Otherwise, the feeder is healthy.

All solutions above have strict requirements on the sampling frequency of relays
to capture the initial wavefront of travelling waves, which makes the implementation
of those schemes extremely challenging, especially in the LV microgrids with short
feeders. To address this problem and fully use the advantages of high-frequency
components-based protection, e.g., less impacted by the fault level variation,

generation type and converter control, a transient wavelet energy-based scheme is
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proposed in Chapter 6 to protect the microgrids dominated by 11DGs.

4.4.6 Other Types of Protection

Given the limited magnitude of fault current in the islanded microgrid, the authors
in [51] developed a voltage-based algorithm to detect and classify faults. In this
scheme, the measured voltages at DG terminals are transformed into dq frame by the
Park Transform and the error in g axes calculated in (4 — 8) is employed for fault
detection and fault classification. In (4 — 8), the v, is the reference voltage and v,
is the measured voltage in g axes. In normal conditions, the value of v, equals to the

reference voltage, which leads to the value of the v,,...,,-—4 approaching zero in normal

Verror—-q = Vgref — Vg (4—-8)

conditions. In three-phase faults, the values of v, will reduce and behave as DC
constants, which increase the magnitudes of v,,,.or—q. In asymmetrical faults, the AC
ripples with two times the fundamental frequency are superimposed to V, due to the
fault-induced negative sequence voltage. Additionally, it was found that in single-
phase-to-ground faults, the values of v,,,,-_q Oscillate from zero to its maximum
value, while in phase-to-phase faults, the ve,.,,-—q Oscillate from a value greater than
zero to its maximum value. Based on the fault signatures above, the faults in
microgrids can be detected and classified. However, the threshold selection of the
proposed scheme is hard and it does not consider the unbalanced nature of LV
microgrids. Compared to healthy phases, the faulted-phase voltage contains a high
value of Total Harmonic Distortions (THDs), whose magnitude increases with the
decrease of the fault distance. According to this principle, a THDs-based method is
proposed in [52] to protect the inverter-dominated microgrids. This method requires
reliable communication, whose performance depends on the adopted current limiting
strategies of 1IDGs [53].

In [53][54], fault detection and classification algorithms are developed by
analysing the time-domain current waveforms. The transient monitoring function
proposed in [55] is implemented to analyse the local current waveforms. In normal
conditions, the outputs of the developed transient monitoring function will close to

zero. When faults occur in microgrids, a significant increase can be observed from the
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function outputs. If the outputs are higher than the defined threshold, the faults can be
detected. The author in [54] detects faults using the ‘summation of squared three-phase
current (SSC)’ in (4 —9). After processing the SSC by the Teager-Kaiser energy
operator (TKEQ), the fault detection criterion (FDC) used in this work is developed in
(4 — 10), where SSC(n), SSC(n — 1) and SSC(n — 2) are the current sample, the
sample with one-step delay and the sample with two-step delay respectively. When a
fault occurs in the microgrid, the magnitude of FDC in (4 — 10) will increase to
indicate the fault occurrence. This time domain-based protection typically has a fast
operating speed as it can directly use the waveform information. However, the
performance of this method is impacted by the current limiting strategies of 1IDGs and
the threshold selection is difficult.

SSC = i%(t) + i2(t) + i2(t) (4-9)
FDC = |S5C?*(n — 1) — S5C(n — 2)SSC(n)| (4 —10)

4.5 Chapter Summary

In this chapter, the challenges and solutions of microgrid protection are reviewed.
Compared to the conventional distribution system, the power flow in microgrids is
bidirectional and the fault level of microgrids changes dynamically in grid-connected
and islanded modes. Those features cause under/over-reach issues, sympathetic trips,
long-delay trips and failed trips of conventional overcurrent relays. To address those
issues, some solutions, such as adaptive protection, differential protection, active
method-based protection, intelligent techniques-based protection, travelling wave-
based protection and other protection methods, are proposed in the literature. The key
advantages and limitations of those solutions are summarised below to facilitate the

understanding and selection of those methods.

e Adaptive protection: in adaptive protection, the settings of protection devices
change adaptively according to the prevailing system condition to address
the varied fault levels of microgrids. However, real-time monitoring and
reliable communication are required in adaptive protection. Therefore, it

needs high investments.
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o Differential protection: differential protection operates based on the current
difference measured at both ends of the protected line, which is less sensitive
to fault level variation and bidirectional power flow. However, synchronised
measurement and high-bandwidth communication channels are needed in
differential protection schemes, which increases the protection cost.

e Active method-based protection: the active methods protect microgrids by
injecting the off-normal frequency components during faults. The main
advantage of this method is that the 1IDGs could create fault signatures
intentionally according to the protection requirements. However, the
specially designed control algorithm of I1IDGs could violate the other control
objectives, such as the capability of the fast fault current injection.

e Intelligent techniques-based protection: in intelligent techniques-based
protection, the faults are detected and classified by training the developed
intelligent models, e.g., data mining, neural network, etc. This approach
needs substantial training data and has high requirements on the
implemented hardware platform.

e Travelling wave protection: Compared to other protection schemes,
travelling wave protection is rarely implemented to protect microgrids due
to the high sampling frequency of relays. However, it provides a promising
solution as its performance is unaffected by the fault level variation,
generation type and inverter control. To fully use the benefits of travelling
wave-based protection, which has a fast operating speed and is unaffected by
the generator types and control strategies of converter/inverter-based
resources, and avoid the limitation of the high sampling frequency, a
transient wavelet energy-based protection scheme is proposed in Chapter 6
to protect the microgrids dominated by 11DGs.
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Chapter 5

5 Novel Sequence Components - based
Distance Protection for Transmission
Line Connected to Converter - Based

Resources

5.1 Introduction

As demonstrated in Chapter 3, the distance relay at the converter side can become
unreliable owing to the issues of inaccurate impedance measurement, failed faulted
phase selection and unstable impedance measurement, which significantly
compromises the distance protection performance. So far, most of the existing research
neglects the performance of the distance relay at the remote end of the protected line
since they constantly assume the remote-end AC network is a strong power system
(i.e., SCR>3). However, this assumption is unlikely to hold in the future due to the
increased penetration of CBRs and long-distance power transmission. Therefore,
protection issues of distance relay at the grid side will be the main focus of this chapter.

Following the GB grid code, only the positive sequence components are required
to be injected during faults from the CBRs, which is useful to conduct the sequence
analysis since the negative sequence network at the converter side behaves as an open
circuit. In this chapter, a novel sequence component-based distance protection logic is
proposed, where an accurate fault distance measuring element is developed for the
relay at the grid side. Compared to the conventional impedance-based distance
measurement algorithm, the proposed method can protect the asymmetrical faults with

varied types, fault resistances, fault locations, fault levels and lengths of the protected
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line. The proposed scheme can be embedded into the hardware platform of modern
distance relays without needing to change the existing hardware arrangement.
Therefore, it provides an economical solution.

This chapter is structured as follows. The fundamentals of symmetrical
components analysis are presented in Section 5.2. The development of the proposed
sequence components-based distance protection is proposed in Section 5.3. The case
studies used to evaluate the performance of the proposed scheme are presented in

Section 5.4, and the chapter summary is proposed in Section 5.5.

5.2 Fundamentals of Symmetrical Components-Based Analysis

5.2.1 Sequence Components

The idea of symmetrical analysis was proposed by Fortescue in 1918, where the
author suggested that any set of unbalanced phasors can be represented as the
superimposition of a set of balanced phasors [1]. This idea was further extended by
electrical engineers to investigate the unbalanced operation of the power system and
asymmetrical faults [2], which is named ‘symmetrical analysis’.

In the method of symmetrical analysis, a three-phase system can be represented as
the linear combination of three balanced components, namely positive, negative and
zero sequence components [3]. The diagrams of those sequence components are
presented in Figure 5-1 [4], where the positive and negative sequence components
rotate in the direction of ABC and ACB and the zero sequence components are in
phase. The equations to connect the components in the phasor domain and sequence

domain are presented in (5 — 1) and (5 — 2), where i,, i}, and i, are the three-phase

—> 0
—> i
—> i

(c)
Figure 5-1. Diagrams of, (a) positive, (b) negative, and (c) zero sequence components [4]
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currents; iy, it and i~ are the zero, positive and negative sequence currents; a and a?
are the rotating vectors by 120° and 240° anticlockwise. The relations in (5 — 1) and

(5 — 2) are also available for the system voltages as presented in (5 — 3) and (5 — 4).

lq 1 1 17
iphl=11 a? allit (5-1)
i 1 a a?lli-
io] 1[1 1 1][ia
it = 3|1« a?||ip 5-2)
i~ 1 a® alli
VUq 1 1 17[Vo
Vpl=1 a® alflvt (5-13)
Ve 1 a a?llv”
Vo] 11 1 1][%
vl = 3 1 a a?||vp (5—-4)
v- 1 a? allve

In those equations, the phase-a phasor was selected as the base [4], while the
different converting matrixes can be derived using the bases of phase b or phase c [3].
The selection of bases depends on the analysed type of faults. For example, the base
of phase a is used to investigate the AG, BC and BCG faults. The base of phase b is
used to study the BG, CA and CAG faults and the base of phase c is applied for the
CG, AB and ABG faults. The proposed method in Section 5.3 can also be extended to

phase b and phase c bases.

5.2.2 Sequence Networks During Faults

As reported in Section 5.2.1, the three-phase vectors in the phase domain can be
represented by the positive, negative and zero sequence components, which provides
a powerful tool to simplify the analysis of unbalanced faults. Each sequence
component has its sequence network, namely positive, negative and zero sequence
networks, which exist independently when the system is in balanced condition [4].
Those independent sequence networks are connected during faults based on their
inherent relations [5]. Such relations can be derived using the boundary conditions in
the phase domain as illustrated in [6].

The boundary conditions of AG faults (single-phase-to-ground faults) in the phase
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domain are presented in (5 —5) and (5 — 6), where R is the fault resistance. After
substituting (5 — 5) to (5 — 2), the matrix of (5 — 7) is obtained. Based on (5 — 7),
the relations of the positive, negative and zero sequence currents in AG faults can be
illustrated by (5 — 8). The relation between the sequence voltages and currents is
presented in (5 — 9), which is derived by substituting the expressions of v,, i.e., v, =
vo+vt+v7, and iy, ie., iy =3i, =3i" =3i~, to the boundary condition in
(5 — 6). According to (5 — 8) and (5 —9), it was found that the positive, negative
and zero sequence networks are connected in series in AG faults as presented in Figure
5-2 (a), where ‘N1°, ‘N2’ and ‘N0’ represent the positive, negative and zero sequence

networks respectively.

Vg = igRF (5-16)
] 1[1 1 17[i
it =§1 a a?||o0 5-7)
i~ 1 a? allo
1
p=it=i" =i, (5 —8)
3
UO + U+ +v = l+(3RF) = l_(3RF) = lO(BRF) (5 - 9)

The boundary conditions of BC faults (phase-to-phase faults) in the phase domain are
presented in (5 — 10) to (5 — 12). After substituting the conditions in (5 — 10) and
(5—-11) to (5 —2), the matrix of (5 — 13) can be derived. From (5 — 13), the
relations of sequence currents in BC fault are presented in (5 — 14) and (5 — 15). The
relation between the sequence voltages and currents is presented in (5 — 16), which
is derived by substituting the expressions of vy, i.e., vy + a?v* + av™, v, i.e., vy +
avt + a?v and iy, i.e., ip + a?i* + ai”, to the boundary condition in (5 — 12).
Given the fact that the zero sequence network is disconnected in BC faults, i.e., iy =
0, the magnitude of zero sequence voltage, i.e., v,, is zero. Based on (5 — 15)
and(5 — 16), it was found that the BC faults only comprise the positive and negative
sequence networks and those two networks are connected in parallel as presented in
Figure 5-2 (b).
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Figure 5-2. Sequence network connections of, (a) AG faults (single-phase-to-ground faults), (b) BC
faults (phase-to-phase faults), (c) BCG faults (phase-to-phase-to-ground faults), (d) ABC/ABCG faults
(balanced faults) [3]

ip=0 (5 — 10)
i, = —i, G5-11)
vy, — VU, = i, RE (5—-12)
] 11 1 17[0
H =§[1 b ” ] ] -1
i 1 a? all=i
ip=0 (5 —14)
it =—i (5-15)
vt —v~ =i*Rg (5—-16)



The boundary conditions of BCG faults (phase-to-phase-to-ground faults) in the
phase domain are presented in (5 — 17) and (5 — 18). After substituting the boundary
condition in (5 — 17) to (5 — 1), the relation between sequence currents is presented
in (5 —19). As the phase b voltage equals the phase ¢ voltage in BCG fault as
presented in (5 — 18), the equation of (5 — 20) can be obtained. That condition in
(5—-18),i.e., vy, = (ip + i.)Rp, can be applied together with the results in (5 — 19)
and (5 — 20) to get the voltage relations between the zero and positive sequence
networks as displayed in (5 — 21). According to (5 — 19) to (5 — 21), it was found
that the positive, negative and zero sequence networks all exist and are connected in

parallel in BCG faults as presented in Figure 5-2 (c).

ip=0 (5-17)

vy = v, = (i + i.)Rp (5-18)
iT+i " +ig=0 (5-19)
vt =v" (5 —20)

vy — v = 3igRE (5-21)

Since the fault currents and voltages keep balanced in ABC and ABCG faults (i.e.,
with the same magnitude and 120" phase shift between the neighbouring phases), only
the positive sequence components will exist in the balanced fault conditions as
presented in Figure 5-2 (d).

5.3 Proposed Sequence Components-Based Distance Measuring

Element

5.3.1 Issues of Distance Relays at Grid Side

A typical transmission line connected to the CBR is presented in Figure 5-3, where
the converter is interfaced with the transmission system by a star/delta-connected
transformer. In this study, the control strategy of the converter is designed according
to the requirements presented in the GB grid code, i.e., only supply the positive

sequence current and inject the reactive current based on the equation of (2 — 22).
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Figure 5-3. Transmission network with a line connected to converter-based resource

Based on the best knowledge of the author, the current research focuses on
evaluating and improving the performance of distance relay at the converter side [7] -
[15], where the connected AC system on the remote end of CBRs is typically assumed
to be a strong power system with SCR > 3. By implementing the KVL from the fault
point to the locations of Distance Relay 1 (DR1) and Distance Relay 2 (DR2) in Figure
5-3, the impedance measured by two distance relays can be described by (5 — 22) and
(5 — 23), where Zpz; and Zpg, are the impedances measured by the DR1 and DR2
respectively; m is the fraction of the line length representing the distance between

Busbar A and fault location; Z, is the total line impedance; i;, ;4 and i.gg are the fault

i
ZDR1=mZL+<1+_CBR)RF (5_22)
lGrid
Lros
Zpra = (1—m)Z, + (1 + iGnd> Rp (5-123)
CBR

infeeds from the grid and converter sides, and Ry is the fault resistance. From
(5 — 23), when the magnitude of i;,.;4 is significantly higher than the current infeed

from CBRs, i.e., i¢cggr, the error of reactance measurement raised by the combined

effect of ~<E% and R; is negligible, which results in the distance relay at the grid side

lgrid

being significantly unaffected by the under/over-reach issues. However, with the
increased penetration of non-synchronous generation, the fault level of the connected
AC system can be significantly reduced, which leads to potentially severe under/over-

reach issues for the relay at the grid side.
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Figure 5-4. Impedance locus of DR1for AG faults at, (a) 15 % of the line, (b) 85 % of the line

To illustrate the above analysis, where the DR1 has a high potential to fail, several
simulation case studies are conducted in this section using the RTDS to evaluate the
relay performance in the presence of a weak system (SCR=2.5), where the single-
phase-to-ground faults (most frequent in nature) are applied in the network in Figure
5-3; the parameters of the protected line are presented in Table 3-4 and the protection
settings of DR1 and DR2 are presented in Table 3-6. The faults are applied at 15% and
85% of the line. Since the resistive reach setting for the distance relay is 14 Q (primary
value), the fault resistances of 0 Q, 5 Q and 10 Q are selected to ensure the protection
issues are mainly raised by the connection of CBR rather than the high fault resistance.

The simulation results are presented in Figure 5-4, where the ‘Zpgr; —0Q°,

‘Zpri — 5 Q° and ‘Zpg; — 10 Q’ are the measured impedance locus of DR1 in the
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faults with 0 Q, 5 Q and 10 Q resistance and the 15%Z; and 85%Z, are the accurate
impedance of DR1 for the faults at 15% and 85% of the protected line, which equals
0.07+j0.75 Q and 0.39+j4.25 Q respectively. The impedance locus in Figure 5-4
refers to the primary-side values of distance relays. According to the simulation results,
for faults at 15% of the protected line, the DR1 can detect the fault distance accurately
when bolted fault occurs, where the measured impedance equals the accurate
impedance based on the calculation. However, when the fault resistance increases to 5
Q, the locus of DR1 will suffer from the over-reach issue and it will be out of Zone 1
when the fault resistance increases to 10 Q. For the results of faults at 85% of the line,
the DR1 cannot detect faults with 5 Q and 10 Q resistance since the measured
impedance locus is out of its protective zone, which leads to the protection failure of
DR1.

In distance protection, the relay tripping time depends on which zone is activated
during the fault. For the fault in Zone 1 (typically set to 80 % of the total length of the
protected line), the relay will trip instantaneously once the fault is detected, while an
intentional delay, e.g., 400 ms, is implemented to the fault detected in Zone 2 to
coordinate with the other relays in the transmission system. To avoid the delay of Zone
2 protection, the inter-tripping algorithm is conventionally implemented in a real
application to accelerate the isolation of internal faults [16]. One of the commonly
inter-tripping schemes is called the ‘permissive tripping scheme’ [6], where the relay
detecting the fault in Zone 1 will send an inter-tripping signal to the remote-end relay
and both relays will trip when the relay receiving the inter-trip signal also detects the
fault in its Zone 2 range. According to the simulation results, the ‘permissive tripping
scheme’ has a long tripping delay for a 10 Q resistive fault at 15% of the line and it
will fail to trip for a fault at 85% with 5 Q and 10 Q resistance. To address the
aforementioned reach issues of the distance relay at the grid side and the potential
failure of the inter-tripping algorithm, a new sequence components-based distance
measuring element is presented in Section 5.3.2 for the distance relay at the grid side

and its performance is evaluated in Section 5.4.

5.3.2 Sequence Component-Based Impedance Measuring Element

According to the conclusions in Section 5.2.2, the sequence networks for the

transmission system in Figure 5-3 in different types of asymmetrical faults are
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presented in Figure 5-5 to Figure 5-7 [5][10], where Z gz, Zcgr, Z25r are the positive,
negative and zero sequence internal impedances of converter; Z;.., Z;., Z9. are the
positive, negative and zero sequence impedances of the transformer; Z;, Z;, Z? are
the positive, negative and zero sequence impedances of the protected line; Z/, Z;, Z2
are the positive, negative and zero sequence impedances of the connected AC grid;
vir1, Vhr1» Vogry Are the positive, negative and zero sequence voltages of the three
phase voltages measured by DR1; vr,, Vpra, Vg, are the positive, negative and zero
sequence voltages of the three phase voltages measured by DR2; v}, vy, v? are the
positive, negative and zero sequence voltages at the fault points; v/ is the positive
sequence grid voltage equalling the nominal phase voltage; i/zr, iczr are the positive
and negative sequence currents generated by CBRs; i?. is the zero sequence current
flowing through the star side of the isolating transformer between CBRs and connected
transmission line; i, i, i> are the positive, negative and zero sequence currents at the
fault point; i}, iz, i2 are the positive, negative and zero sequence currents at the grid

side; m is the percentage value of the fault position and R is the fault resistance.
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Figure 5-5. Sequence network diagram in AG fault of the transmission network in Figure 5-3
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Figure 5-7. Sequence network diagram in BCG fault of the transmission network in Figure 5-3

Given the fact that the designed GFL does not inject the negative sequence current
during faults [17] and the zero sequence current cannot flow through the delta side of
the isolation transformer, the negative and zero sequence networks (delta side) will
behave as the open circuits during faults as presented in the figures. Those sequence
networks in Figure 5-5 to Figure 5-7 are used to further develop the new distance

measuring elements proposed in Section 5.3.2.1 t0 5.3.2.3.
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5.3.2.1 Impedance Measurement in AG Fault

The sequence network of AG fault is presented in Figure 5-5, where the positive,
negative and zero sequence networks are connected in serial at the fault point. From
(5 — 8), the sequence fault currents in AG fault, i.e., if, iz and i2, should satisfy the

current relations in (5 — 24).
it =iz =i (5—24)

As the negative sequence current from CBR’s side is zero, the total negative
sequence fault current, iz, should be the same as the negative sequence current
contributed by the AC grid as presented in (5 — 25). Although the zero sequence
current cannot flow through the delta side of the isolating transformer (behaving as an
open circuit), the star side of the transformer provides a smooth path of the zero
sequence current from the fault point. Therefore, the total zero sequence current at the
fault position should equal the sum of the currents from both sides of the CBR and AC
grid as presented in (5 — 26). By combining the current relations in (5 — 24) to
(5 — 26), the zero sequence current from the CBR side can be calculated by (5 — 27).

ir =i (5 — 25)
ip=1id +i2 (5—26)
i = ig — ig (5-27)

By applying the KVVL from the fault point to both positions of DR1 and earthing
point of the star side of the isolation transformer in the zero sequence network, the
(5 —28) and (5 — 29) can be obtained. By combining the equations of (5 — 27),
(5 —28) and (5 — 29), the fault location of DR1 can be calculated by (5 — 30).

Vp = Vpgy — lgmZy (5 —28)
vp = —ig(Z5 + (1 —m)Zp) (5-29)

. vhr1 + (i —iD(Z0 + Z8)
igZp

(5 — 30)

In (5 — 30), the i2, v3z1, iz can be measured locally by DR1 and the Z2. and Z}
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are the parameters of the isolation transformer and protected line, which are the known
variables. Based on test results in Section 5.4, the proposed equation can locate the
faults accurately with an error smaller than 2.11% for the fault resistance up to 100 €,
therefore, the derived equation also has a good performance in high resistive faults.
An absolute operation is applied to ensure the distance measured in the non-fault
condition is positive. The final impedance measuring equation in AG faults is
presented in (5 — 31).

ngl + (i — ig)(ZB + Zt?r)

— 0
igZ)

|m| =

(5-31)

5.3.2.2 Impedance Measurement in BC Fault

The sequence network of the BC fault is presented in Figure 5-6, where the positive
and negative sequence networks are connected in parallel at the fault point. By
applying the KVL in the analysed circuit highlighted in Figure 5-8, the (5 — 32) can
be obtained. As illustrated in (5 — 15), the magnitudes of the positive sequence and
negative sequence fault currents in BC faults are the same but with the opposite
polarity. Additionally, since the negative sequence currents are all contributed from
the grid side, the negative sequence fault current is the same as the negative sequence
current from the grid side. Therefore, the relationship in (5 — 33) is derived. The
equation of (5 — 34) can be obtained by substituting the (5 — 33) to (5 — 32), where
the v can be calculated by applying the KVL from the fault points to the position of

DR1 in the positive sequence network as presented in (5 — 35).
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Figure 5-8. Analysed circuit to derive the equation of (5 — 32)
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VE = vppy + iFRp —igmZ] (5-32)

if =—ip =—ig (5-33)
VF = Vpp1 — igRF — igmZ (5-34)

By combining the equations of (5 — 32) and (5 — 35), the fault location detected
by the DR1 can be calculated by (5 — 36), where it contains two unknown variables,
i.e., m and Rg. As the relative distance to fault m is a real number, the angle of the
numerator and denominator can be assumed to be the same.

_ VUpr1 — Vpr1 — i RF

= 5-36
m igZ; —ifZf ( )

To simplify the following derivation, the expressions (vpr; — Vir1 — ig Rr) and
(igZ; —ifZz;) in (5 — 36) are represented as K; 26, and K, 26,, and the expressions
(vpr1 — ViR and (i Rp) are represented by K;<6; and K,26,, therefore, the
(5 — 36) can be rewritten as (5 — 37).

_ Upr1 — Vpr1 — igRp _ Ky26, K3£03 —K,20,
oz —irZF K, 20, K, 206,

(5-137)

From (5 — 37), the 8, can be expressed by K3, 65, K,, 8, as shown in (5 — 38).

(5-138)

9 _ tan_l <K3 Sln(93) - K4, Sln(94)>
1=

K cos(03) — K, cos(8,)

Additionally, the value of 6; should keep the same to 8, so that the m in (5 — 37)
can be a real number. In that condition, the (5 — 38) can be expressed as (5 — 39),
where the only unknown variable K, (which depends on fault resistance, Ry ).
According to (5 — 39), the variable of K, can be calculated by (5 — 40). Therefore,

the fault resistance, Ry, can be calculated by (5 — 41).

6, = tan-1 <K3 sin(03) — K, sin(04)> 5 — 39)

K3 cos(63) — K, cos(8,)
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_Ks cos(63) tan(6,) — K5 sin(63)
* 7 (cos(6,) tan(8,) — sin(6,))

(5 —-40)

_ K, Kzcos(63) tan(8,) — K5 sin(63)
B lig | B lig|(cos(8,) tan(8,) — sin(6,))

R, (5 — 41)

After substituting the expression of Ry in (5 — 41) to (5 — 36), the fault distance
can be calculated by (5 — 42).

e <K3 cos(03) tan(6,) — K sin(03))
Ppr1 ™ Vor1 ™ L6 \Ti T (cos(6,) tan(6,) — sin(8,))

- _ it
igZp —igZ]

m= (5—-42)

5.3.2.3 Impedance Measurement in BCG Fault

The sequence network of BCG fault is presented in Figure 5-7, where the positive,
negative and zero sequence networks are connected in parallel. By applying the KVL
from the fault points to the DR1 position in both positive and negative sequence
networks, the equations of (5 — 43) and (5 — 44) can be derived. From (5 — 20), the
positive and negative sequence fault voltages in BCG are the same as presented in
(5 — 45). After combining the equations of (5 — 43) to (5 — 45), the distance to fault
for a BCG fault can be calculated by (5 — 46), where the positive sequence line

impedance is assumed to be same to the negative sequence line impedance.

VF = Vpgy — igmZ] (5—143)

Vp = Upgpy — igmZy (5—44)
+ _ p—

UF —_ ‘UF (5 - 45)

ngl — Upr1
G -9zt

(5 — 46)

5.3.3 Settings of DR1

As reported in [11], the impedance of the isolation transformer, Z.., is
approximately several tens of ohm, i.e., |Z..| in our case is 11.34 Q, which is much
higher than the total impedance of the protected line, i.e., |Z;|=5.05 Q. Therefore, for

the fault occurring behind the transformer, the measured impedance of the new
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developed algorithm will be at least the sum of |Z;,.| and |Z,| and thus significantly
higher than the total line impedance. Considering the measurement errors, the zone
reach setting of 1.2 (i.e., 20% safety margin) is used to set the Zone 1 reach of DR1,
which covers the total length of the protected line. With those settings, all faults on the
protected line will be tripped by the Zone 1 protection of DR1. The reach setting of
the proposed scheme for DR1 only uses a real number rather than an impedance
characteristic. Therefore, the relay setting process is greatly simplified.

Additionally, to improve the protection security in non-fault transient disturbances,
a counting logic can be implemented on the DR1 relay, which is activated when the
value of ‘m’ is lower than the setting (i.e., 1.2 in this case). It counts the number of
points entering the protected zone continuously after being activated. If the counter
reaches the pre-defined threshold, the DR1 will trip. The implemented counter
threshold is selected to 4, which considers both security of the protection algorithm
and the delay raised by the counting process. The counter will reset automatically if
the calculated distance becomes greater than the relay setting before reaching 4, and
thus, the tripping action of DR1 will be restrained. Given that modern digital relays
such as [18][19] can use the data from PMU to realise the protection function, the
voltage and current phasors measured by the PMU module provided as part of the
RTDS library are used as inputs to the protection algorithm. Those modules have a

reporting rate of 200 frames per second [20]. Therefore, the counter threshold of 4
introduces a stabilising delay of 4 - % = 20 ms, which is considered acceptable but

can be further optimised to meet the best speed/security trade-off under specific

network conditions.

5.4 Case Studies to Evaluate Protection Performance

5.4.1 Parameters of Investigated System and Relay Settings

The diagram of the investigated network is presented in Figure 5-3, and the system
parameters are displayed in Table 3-4. The CBR injects positive sequence reactive
currents during faults following the injection curve in (2 — 22). In this test, the zone
reach is set to 120% (considering a 20% measurement error of VT and CT) and the
tripping delay of Zone 1 is set to 0 ms and all faults are applied at 0.2 s.
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5.4.2 Impact of Fault Resistance

In this section, the fault scenarios in Table 5-1 are simulated to evaluate the impacts
of the fault resistance, where the AG, BC and BCG faults are applied with the
resistance of 0 Q, 10 Q, 20 Q and 100 Q to emulate the low and high resistive faults.

The fault location used in this section is set to 15%, i.e., m in Figure 5-3 equals
0.15, and the SCR of the connected system is set to 2.5 (corresponding to 2440 MVA
fault level) to emulate a weak system, where the conventional distance relay could fail
to detect faults based on the simulation results in Section 5.3.1. More discussion about
the impacts of fault location and fault level is presented in Section 5.4.3 and Section
5.4.4.

Table 5-1. Cases used to evaluate the impacts of fault resistance

Line Fault Fault
Case Length FLeria Fault Location — | Resistance
| VAT @
Al 12.1 2440 AG 15 % 0
A2 121 2440 AG 15 % 10
A3 12.1 2440 AG 15% 20
Ad 12.1 2440 AG 15% 100
A5 121 2440 BC 15 % 0
A6 12.1 2440 BC 15% 10
A7 12.1 2440 BC 15% 20
A8 121 2440 BC 15 % 100
A9 12.1 2440 BCG 15% 0
A10 12.1 2440 BCG 15% 10
All 121 2440 BCG 15 % 20
Al2 121 2440 BCG 15 % 100
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The results of Cases A4, A8 and A12 in Table 5-3 are presented in Figure 5-9,
where the diagrams of the measured fault distance are plotted, along with the relay
tripping signals. From the results, in the normal operating condition, the measured fault
distance of DR1 will be significantly higher than the reach setting of DR1, i.e., 120%
in Figure 5-9 (a), while once the faults occur in the protected transmission line, the
measured distance will reduce to be lower than 1.2 quickly. Additionally, the
oscillations were found at the initial stage of the faults owing to the oscillations from
the phasor measurement and sequence component calculation. This oscillation
vanishes after 20 ms to 40 ms of faults. Finally, the measured distance closes to the
actual fault distance (15%), i.e., the measured distances of DR1 in Cases A4, A8 and
Al12 are 13.32 %, 13.45 % and 14.95 % respectively. According to Figure 5-9 (b), the
DR1 can trip the faults in Cases A4, A8 and A12 within 27.6 ms, 59.2 ms and 54.4
ms. The detailed results of all investigated cases in Table 5-1 are presented in Table
5-2, where the measured fault distance (%) refers to the stable fault distance value after
the initial oscillation, the distance measurement error (%) is the absolute difference
between the measured fault distance (%) and the actual fault distance (%), and the
tripping time is the time difference between the tripping signal and fault inception time.

From the results in Table 5-2, the proposed algorithm can always measure the fault
distance accurately with the maximum error being 1.68 % (but only at high resistive

fault with 100 Q resistance), and the relay can clear the fault correctly in both low and
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Figure 5-9. Simulation results of Case A4, A8 and A12, (a) measured fault distance (%) of DR1, (b)
tripping signals of DR1
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Table 5-2. Results of impacts of fault resistance

Case Measured Fault Distance Measurement | Tripping Time
Distance (%) Error (%) (ms)
Al 14.49 % 0.51 % 26.5 ms
A2 14.41 % 0.59 % 25.4 ms
A3 14.27 % 0.73% 23.3ms
Ad 13.32 % 1.68 % 27.6 ms
A5 14.93 % 0.07 % 53.8 ms
A6 14.27 % 0.73% 52.9 ms
A7 15.53 % 0.51 % 54.1 ms
A8 13.45 % 1.55 % 59.2 ms
A9 14.92 % 0.08 % 53.8 ms
Al10 14.93 % 0.07 % 55.4 ms
All 14.92 % 0.08 % 56.6 ms
Al2 14.95 % 0.05 % 54.4 ms

high resistive faults. The proposed method can accurately locate fault distance with a
fault resistance up to 100 Q. The average tripping time in the event of an AG, BC and
BCG fault is 25.7 ms, 55.0 ms and 55.05 ms respectively. Given the operation of CBs
is typically no more than 50 ms [21], the proposed scheme can isolate faults around
100 ms, which satisfies the fault clearance requirements for transmission system
protection in the GB Grid Code (i.e., 140 ms).

5.4.3 Impacts of Fault Location

The cases used to evaluate the impact of fault location are defined in Table 5-3,
where the faults are applied at 15%, 85% and two terminals of the protected line. Based
on the results in Section 5.4.2, the conventional distance relay will have the protection
issues such as delayed trips and failed trips if the fault resistance increases to 10 Q.

Therefore, 10 Q resistance is selected for the cases in Table 5-3 to make the results

127



more comparable. The fault level of the connected AC system is 2440 MV A to emulate
a weak AC system.

The simulation results of the cases in Table 5-3 are presented in Table 5-4. From
the testing results, it was found that the proposed scheme can calculate fault distance
accurately for faults at different locations. The maximum distance measurement error
in AG, BC and BCG faults is 2.11%, 0.76 % and 0.2 %, which are neglectable
compared to the conventional impedance-based distance protection algorithm. The
DR1 can trip the faults with an average tripping time of 25.33 ms, 53.30 ms and 53.65
ms for AG, BC and BCG faults, which ensures the time requirement in the GB grid

code.
Table 5-3. Cases used to evaluate the impacts of fault location

Line Fault _

Case Length FLgria Fault L ocation Fault Resistance
(kM) (MVA) Type m (%) Q)
Bl 121 2440 AG 0% 10
B2 121 2440 AG 15% 10
B3 121 2440 AG 85 % 10
B4 121 2440 AG 100 % 10
B5 121 2440 BC 0% 10
B6 121 2440 BC 15% 10
B7 121 2440 BC 85 % 10
B8 121 2440 BC 100 % 10
B9 121 2440 BCG 0% 10
B10 121 2440 BCG 15% 10
B1l 121 2440 BCG 85 % 10
B12 121 2440 BCG 100 % 10
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Table 5-4. Results of impacts of fault locations

Case Measured Fault Distance Measurement | Tripping Time
Distance (%) Error (%) (ms)
Bl 0.36 % 0.36 % 25.6 ms
B2 14.41 % 0.59 % 25.4 ms
B3 83.23 % 1.77 % 23.7ms
B4 97.89 % 211 % 26.6 ms
B5 0.14 % 0.14 % 56.2 ms
B6 14.27 % 0.73% 52.9 ms
B7 84.24 % 0.76 % 53.0 ms
B8 99.60 % 0.40 % 51.1ms
B9 0.12 % 0.12% 53.9ms
B10 14.93 % 0.07 % 55.4 ms
B1l1 84.95 % 0.05 % 53.7ms
B12 99.80 % 0.20 % 51.6 ms

5.4.4 Impacts of Fault Level

The cases used to evaluate the impacts of fault level are presented in Table 5-5,
where the different fault levels are applied to the connected AC system to emulate the
different system scenarios, such as 2440 MVA representing a weak system with SCR
of 2.5, 5831 MVA representing a strong system with SCR of 5 and 19128 MVA

representing a very strong system with SCR of 10.

The testing results are presented in Table 5-6. From the results, the DR1 has a
better performance in the system with a higher fault level (i.e., it has a minor measuring
error and faster tripping speed as presented in the cases of C3, C6 and C9). However,
this does not mean the performance of the proposed scheme is sensitive to the change

in the system fault level. As convinced by the results in Table 5-6, this scheme has a

satisfying performance in the weak system with an SCR of 2.5, where the maximum
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Table 5-5. Cases used to evaluate the impacts of fault level

Case LI;rlur;h FLgria Fault Fault Location | Fault Resistance
(M) (MVA) | Type m (%) Q)
C1 12.1 2440 AG 15 % 10
C2 12.1 5831 AG 15 % 10
C3 12.1 19128 AG 15 % 10
C4 12.1 2440 BC 15 % 10
C5 12.1 5831 BC 15% 10
C6 12.1 19128 BC 15% 10
C7 12.1 2440 BCG 15 % 10
C8 12.1 5831 BCG 15 % 10
C9 12.1 19128 BCG 15 % 10
Table 5-6. Results of impacts of fault level
Case Measured Fault Distance Measurement | Tripping Time

Distance (%0) Error (%) (ms)

C1 14.41 % 0.59 % 25.4 ms

C2 15.43 % 0.43% 24.1 ms

C3 15.15 % 0.15% 22.5ms

C4 14.27 % 0.73% 52.9 ms

C5 14.89 % 0.11% 50.6 ms

C6 14.92 % 0.08 % 49.7 ms

C7 14.93 % 0.07 % 55.4 ms

C8 14.93 % 0.07 % 51.0 ms

C9 14.94 % 0.06 % 48.1 ms
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measurment error is 0.73 % as presented in Case C4. This maximum error of 0.73 %
IS neglectable compared to the measuring error of the conventional algorithm in
Section 5.3.1, where the distance relay failed to detect the faults. The average tripping
time of DR1 in AG, BC and BCG faults are 24.0 ms, 50.07 ms and 51.50 ms.

Therefore, it can satisfy the tripping time requirement, i.e., 140 ms, in the Grid Code.

5.4.5 Impacts of Line Length

The cases used to evaluate the impact of line length are presented in Table 5-7,
where the transmission lines of 12.1 km (realistic line length between the Spittal and
Thuro South substations in Scotland), 40 km and 70 km are implemented.

The faults are applied at 15% of the line and the 10 Q fault resistance is applied.
The maximum length in the investigated cases is set to 85 km, which is the maximum
line length to guarantee the SCR equalling 2.5. In a weak system, the PLL of the grid-
following converter is potentially to lose its synchronization with the main system due
to the vulnerable terminal voltage [22]. Therefore, the minimum SCR is set to 2.5 in

this section to avoid the instability issue. The calculation of 85 km is presented below.

Table 5-7. Cases used to evaluate the impacts of line length

Line Length | FLgi4 Fault Fault Location | Fault Resistance
Case (kM) (MVA) | Type — m (%) Q)
D1 121 2440 AG 15 % 10
D2 40 3912 AG 15% 10
D3 85 149887 AG 15% 10
D4 121 2440 BC 15 % 10
D5 40 3912 BC 15 % 10
D6 85 149887 BC 15% 10
D7 121 2440 BCG 15 % 10
D8 40 3912 BCG 15 % 10
D9 85 149887 BCG 15 % 10
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Table 5-8. Results of impacts of line length

Case Measured Fault Distance Measurement | Tripping Time
Distance (%) Error (%) (ms)
D1 14.41 % 0.59 % 25.4 ms
D2 14.84 % 0.16 % 23.8 ms
D3 14.90 % 0.1% 22.5ms
D4 14.27 % 0.73% 52.9 ms
D5 14.57 % 0.43% 52.0 ms
D6 14.61 % 0.39% 47.9 ms
D7 14.93 % 0.07 % 55.4 ms
D8 14.93 % 0.07 % 51.4 ms
D9 14.94 % 0.06 % 46.6 ms

The SCR was identified in IEEE Std 1204 -1997 [23], which is defined as the ratio
of the fault level of the AC power system to the nominal power infeed at the connection
point to CBRs. Based on this concept, the total impedance, including both the internal
impedance of the AC source and the impedance of the transmission line, can be
calculated using (5 —47), where Z; is the total impedance; v, is the line-to-line
voltage of the power system; SCR is the short circuit ratio of the investigated power
system and s.g is the capacity of the interfaced CBR.

Vi,

Zp = ———
T SCR X scpr

(5—-47)
After substituting v;; of 275 kV, SCR of 2.5 and sz 0of 839 MVA to (5 — 47),
the Z; with SCR of 2.5 is 36.05 Q, which corresponds to a line with 86.21 km. Finally,
85 km was selected as the maximum length in this study.
The results of investigated cases are shown in Table 5-8. From the results, the
proposed scheme has a more accurate fault distance measurement and shorter tripping
time with a longer length of the protected line under the same fault event. For example,

for the results of D1 and D3, the error of distance measurement of DR1 reduces from
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0.59 % to 0.1 % and the tripping time also decreases from 25.4 ms to 22.5 ms. In the
tests, the maximum distance measuring error is 0.73 % (as presented in the results of
Case D4). Therefore, it can be concluded that the proposed algorithm has an excellent
performance in estimating the fault distance. The average tripping times of AG, BC
and BCG fault cases are 23.90 ms, 50.93 ms and 51.13 ms, which can ensure the faults

are isolated at less than 140 ms.

5.5 Chapter Summary

The connection of CBRs in the transmission system will lead to severe under/over-
reach issues of distance protection owing to the combined effects of the infeed from
both ends of the protected line and the fault resistance. This reach issue not only
appears to the relay at the converter side but also compromises the relay performance
at the grid side (especially in the weak system condition), which results in the delayed
and failed operation of the distance relay.

The symmetrical analysis was conducted in this chapter to develop a new distance
measuring element for the relay at the grid side to reflect the fault location accurately.
The performance of the proposed algorithm is evaluated in a wide range of system
operation conditions, including different fault parameters and the system with different
fault levels and protected line lengths. Based on the simulation results, it was found
that the developed method can calculate fault distance accurately in all scenarios
above. For example, the maximum error in all investigated cases is 2.11%, which is
much smaller compared to conventional distance protection. Additionally, the
proposed method can be successfully isolated faults on the protected line with no more
than 140 ms (assuming the CB operating time is 50 ms), which follows the tripping
time requirement defined by the GB Grid Code. The proposed scheme can be
embedded in the existing hardware platform of modern distance relays. Therefore, it

also provides an economical solution for distance relays.
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Chapter 6

6 Transient Wavelet Energy-Based
Protection Scheme for Inverter-

Dominated Microgrid

6.1 Introduction

The microgrids can operate in both grid-connected and islanded modes, which
results in a significant magnitude difference in the fault currents in microgrids.
Additionally, because of the limited fault currents generated by the inverters, it would
be difficult to detect and locate the faulted feeder in islanded microgrids. The solutions
mostly suggested in the literature have been reviewed in Chapter 4, where their
fundamentals, merits and limitations are discussed. Among those solutions, the
methods using fault-generated high-frequency transients are more attractive since their
performance is not sensitive to the variation of fault levels and converter controllers.
Thus, it caters for the protection requirements in the future converter/inverter-
dominated power system. However, it is challenging to implement travelling wave
protection in microgrids with short-length feeders due to the high requirements on
relay sampling frequency [1] and the frequent reflection of travelling waves [2].
Therefore, a transient energy-based protection scheme is proposed in this chapter to
realise fast fault isolation and address the limitations of high sampling frequency.

This chapter is structured as follows. The overview of the wavelet transform is
proposed in Section 6.2. The development of the transient wavelet energy-based
protection scheme is proposed in Section 6.3. Case studies used to evaluate the
performance of the developed scheme are discussed in Section 6.4. Finally, the chapter

summary is presented in Section 6.5.
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6.2 Overview of Wavelet Transform

In the modern engineering area, the tools of mathematical transformation are
widely adopted to process the raw time-domain signal to reveal the hidden
information. One of the common approaches is to transfer the signal into the frequency
domain by the Fourier Transform (FT) in (6 — 1) [3]. However, as reported in [4][5],

the FT can only present the frequency information of the input signal, which cannot

(0]

FT(f) = f x(t) -e 2™t qt 6-1)
localize the appearing time of those frequency components. Therefore, the FT shows
apparent advantages of analysing the stationary signal [6], where the frequency
components of the input signal do not change with the time variation.

Given the fact that most signals in nature are non-stationary, where the frequency
components of the input signal constantly change with the variation of time, a variant
of FT called ‘Short-Time Fourier Transform (STFT)’ is proposed in (6 — 2), where
x(t) is the time-domain signal; s(t) is the introduced window function and t’ refers

to the window location.

t2
STFT(t,f) = j [x(t)-s(t—t)] e /2™tqt (6—2)

t1
Compared to (6 —1), an additional sliding window is introduced to the
conventional FT moving from the beginning to the end of the signal, where the adopted
window length is short so that the split signal in the window can be assumed to be
stationary [7]. However, this fixed window length cannot satisfy the demand for
analysing the signals with different frequency components. For example, for the high-
frequency signal, the narrow window length is preferred to realise a good time
resolution, while for the low-frequency signal, a wide sampling window should be
adopted to get a better frequency resolution. To further address the resolution problem

of the STFT, the concept of the Wavelet Transform (WT) is proposed.

The Continuous Wavelet Transform (CWT) is presented in (6 — 3) [8][9], where

the ¥, ,, (t) is the function of the wavelet basis, which is derived by the mother wavelet
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CWT(a,b) = f x(6) - W, (0) dt (6—3)

—00

Vo) == () (6-9)

\/m a

function ¥ (t). In this equation, the variables of a and b are the scale and translation
1
Vial

where the sine and cosine functions are used as the basis, the wavelet basis function

factors and is for energy normalization across different scales. Unlike the FFT,

¥, »(t) is not specified, which can be selected based on scholars' preferences [10]. In
the real application, the value of a in (6 — 4) starts from ‘1’ and the wavelet basis with
a equalling 1 will move along the signal from beginning to end to get all coefficients
at the scale of 1. The above procedure will be repeated by increasing a continuously
and it will stop when all desired values of a are covered in the computation process
[10].

However, the continuous increase of a and b in (6 — 3) results in a heavy
computation burden. Therefore, the Discrete Wavelet Transform (DWT) is proposed
to reduce the computation loads of CWT by discretizing the variables of a and b in
(6 — 3) [11]. The function of DWT is presented in (6 — 5) and the discrete wavelet

basis is shown in (6 — 6) [12], where m,n are integers; x(k) is the input signal;

m

Y (’H;ﬂ) is the discrete wavelet basis. Practically, the values of a, and b, are set
0

to 2 and 1 [13]. According to the research in [14], the DWT can be implemented by
the pyramid algorithm presented in Figure 6-1, where x (k) is the input signal; the H,

and G, are the coefficients of the high pass and low pass filers; D; and A; are the detail

DWT(mn) = Y x(k) ¥y n(k) (6 —5)
2
Yn(k) = — - ¥ (%) (6—6)
ag’ Qo
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Figure 6-1. Example of three-level DWT decomposition tree [15]

Table 6-1. Frequency bands of decomposed DWT coefficients

Level 1 Level 2 Level 3

D, (fsig/z foio ) (fsig/4 , fsig/z ) (fsig/8 ’ fsig/4 )
A, (O, fsig/z ) (O, fsig/4 ) <O’fsig/8 )

and approximation coefficients at various levels, where [ is the level of decomposition;
the symbol of ‘|2’ refers to the down-sampling operation by 2. The frequency bands
of coefficients at different decomposition levels are illustrated in Table 6-1, where the
frequency of the input signal ranges between 0 Hz to f;;, Hz. The high-pass and low-
pass filters in Figure 6-1 can be designed using the Finite Impulse Response (FIR)
filters, and the decomposition process can be equivalent to convoluting the sampled
inputs with the coefficients of the designed FIR filters [12]. The design of a wavelet
filter can be achieved by the ‘wfilters’ command in MATLAB [16]. In the DWT
algorithm, the length of the input signal must be multiple of 2! (1 is the level of
decomposition), and it losses the time invariance properties raised by the down-
sampling steps [17][18]. To address the issues of the DWT, a variant of DWT, called
MODWT [19], is developed by removing the down-sampling steps in the DWT and
the filter coefficients used in the MODWT are scaled down by v2 . Additionally, the
MODWT has a faster computation speed than the DWT due to no need for down-
sampling steps, which provides a valuable feature for real-time applications [20].
Therefore, the MODWT algorithm is used to develop the proposed transient-based
protection algorithm.
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Figure 6-2. Diagram of, (a) pre-fault network, (b) superimposed network, (c) faulted network [21]

6.3 Development of the Transient-based Protection System

6.3.1 Fundamentals of Fault-Induced High-Frequency Transients

Before discussing the design of the protection scheme, the fundamentals of the
implemented high-frequency transients are discussed in this section. According to
Thevenin’s and superposition theorem, the faulted network can be represented as the
sum of the pre-fault network and the superimposed network as presented in Figure 6-2
[21], where the U; and U, stand for the pre-fault voltage sources in the network; v,
is the pre-fault voltage at the fault point; Zg; and Zs, are the internal impedances of
the voltage sources U; and U,; Z, is the line impedance; Av is the superimposed
voltage at the fault point and Ai is the current flowing in the superimposed network.
In bolted faults, the magnitude of Av equals to the magnitude of the pre-fault voltage
at the fault position, while the voltage polarity of Av is opposite to the pre-fault voltage
[22]. As reported in [23], the term ‘superimposed current’ is a broad item which can
be further categorised into different types according to the filtering operation to obtain
specific features. In the proposed protection algorithm, the high-frequency
components of the superimposed currents are extracted using the high-pass filter in the

MODWT algorithm. Compared to the protection using superimposed components in
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Figure 6-3. Fault current waveform and frequency spectrum of fault-induced high-frequency transients

the fundamental frequency, the performance of the proposed transient energy-based
protection is not sensitive to the changes in inverter control strategies and system fault
levels since it operates based on high-frequency signatures generated by faults rather
than the generators. Therefore, it has a better performance in protecting microgrids
dominated by IIDGs.

After fault inception, the travelling wave generated by the superimposed voltage
source will be superimposed to the currents and voltages. In the initial stage of faults,
the network behaves as a distributed parameter system [24], where the dynamic
behaviour of travelling waves can be explained using a set of differential equations,
i.e., the telegraph equation [25]. Those generated travelling waves are reflected by the
singularity points in the networks such as busbars, transformers, etc. After multiple
reflections of travelling waves, the network evolves into a transient-state lumped RLC
network, where the analysed high-frequency transients appear [24]. In the travelling
wave protection scheme, the exact arrival time of the wavefront is required to localise
the faults as discussed in Section 3.5.3. Given the fast propagation speed of travelling
waves and the short feeder length in microgrids, an extremely high sampling frequency
(i.e., in the MHz range) is necessary to capture the accurate time information of
arriving wavefronts [26]. In microgrids, the main objective is to identify the faulted
feeder rather than localise the fault distance as did in the transmission system.
Therefore, in the designed protection system, only the transient wavelet energy
information, whose definition and calculation are proposed in Section 6.3.2, is

implemented and the employed high-frequency transients of the superimposed
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currents are available within a few milliseconds after fault inception [23][24].
Therefore, it significantly decreases sampling requirements compared to conventional
travelling wave-based approaches.

One waveform of the transient fault current is presented in Figure 6-3, along with
its frequency spectrum. The fundamental frequency of the Fast Fourier Transform
(FFT) analysis is set to 1 kHz. Given the fast attenuation of high-frequency transients,
the signal of 1 ms duration following the fault inception is analysed as presented in the
zoomed-in figure. In Figure 6-3, the magnitude spectrum is represented as a percentage
of the magnitude of the fundamental frequency, i.e., 1 kHz in this case. Based on the
FFT results in Figure 6-3, the frequency spectrum of fault-induced high-frequency
transients ranges widely and it is evident that frequencies below 10 kHz are considered
sufficient to analyse the fault-induced transients. Such sampling frequency is feasible

to be implemented on a conventional numerical relay [27].

6.3.2 Definition of Transient Wavelet Energy
The ‘Daubechies 4’ (db4) mother wavelet is implemented in the MODWT

algorithm to design the high-pass and low-pass filters due to its satisfying performance
in analysing the short and fast transient disturbances [28]. The wavelet coefficients
(similar to the detail coefficients in the DWT) at the first decomposition level are used
in the proposed scheme. The energy of the individual wavelet coefficient is calculated

by (6 — 7) [29], where the W is the j** wavelet coefficient at level 1, which is the

most recent coefficient. However, the energy of an individual wavelet coefficient in
E = sz (6-17)

(6 — 7) can be sensitive to the system noise and non-fault disturbances such as load
switching, motor start, etc. To mitigate the potential protection instability issue, a
moving-average window is applied to smooth the short-term fluctuations of the energy.

Therefore, the transient wavelet energy, TWE;, after applying a moving average

window, is defined as (6 — 8), where M is the length of the moving-average window.

(6-8)
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Figure 6-5. Superimposed circuit for the fault at a feeder connected to the busbar

This moving average process is illustrated in Figure 6-4. Higher sensitivity can be
achieved for a shorter window length, but it can also raise the risks of maloperation
caused by noise. Based on the simulation, it was found that the main energy is
concentrated in the initial five samples after the fault inception, i.e., the E; to Ej, 4 in
Figure 6-4. Therefore, the length of the moving average window is set to 5, which

provides a good trade-off between noise smoothing and speed of operation.

6.3.3 Relationship of Transient Wavelet Energy

To coordinate relays in the microgrid, the energy relations of the CTs at the same
busbar need to be derived first. The superimposed circuit of a typical busbar in
microgrids is presented in Figure 6-5, where L, to Ly stand for the feeders connected

at the busbar, Z, to Z are the equivalent impedance of the feeders and CT; and CTy
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are the CTs installed at the terminals. In the case of the fault at L,, the superimposed
voltage source, Av, is applied at the fault position and the superimposed currents, Aicr,
to Aicr,,, are introduced into the feeders. The assumed convention here is that the
superimposed currents flowing away from the busbar have a positive value. It should
be noted that the following derivation applies to the superimposed network only, and
the conclusion is not necessarily true for the pre-fault or faulted network.

According to the research in [30], with the positive direction defined in Figure 6-5,
the polarity of the superimposed current on the faulted feeder is opposite to the currents
on the healthy feeder connected at the same busbar. According to the KCL, the input
currents should equal the output currents at the same node. Therefore, the relations of
the superimposed currents in Figure 6-5 can be described by (6 —9), where p refer

to the phase a, b and c and k is the index of CTs connected to the same busbar.

N
AL, () = — Z AiZ, (6) 6—9)
k=2

In this study, the MODWT algorithm is implemented by the FIR filter [31], where
the wavelet coefficients are extracted by convoluting the sampled current with the
coefficients of the designed high-pass filter [12][32]. Since the filter used in that
scheme has fixed coefficients, the output wavelet coefficients will have the same

relations as the input currents as indicated by (6 — 10).

N
Wh, = - Z wo, (6 — 10)

From (6 — 10), the coefficient magnitude of the CT closest to the fault equals the
sum of the CTs on the other branches. According to the individual energy defined by
(6 — 7), the energy of the CT on the fault side should be greater than the energy of
any of the other CTs at the same busbar, which is depicted as (6 — 11).

> EP

P
E J.CTy’

P, k=2,.,N (6-11)

After applying the moving average operation in (6 — 8), the energy relation in
(6 — 12) can be derived.
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As presented in (6 — 12), for the same phase currents, the energy of the CT on the
fault side will be the largest, while to simplify the design and real-time implementation
of the protection algorithm, the maximum phase TWE is selected. After simplification,

the energy at the same busbar is described as (6 — 13), where the TWE}?E"T‘;’C and

TWE]?,’E”T“]{" are the maximum-phase TWE of CTyand CTk respectively. For example,

in the event of an AG fault, the energy of phase a will be the largest. Therefore, the
Pmax 1N (6 — 13) refers to the energy of phase a. As the proposed scheme needs to
select the branch with the maximum energy among all feeders connected to the busbar,

the CTs are assumed to be installed on every feeder in microgrids.

TWE} & > TWE 5,k = 2,..,N (6 —13)

To convince the analysis above, an AG fault with 1 Q resistance and 30° fault
inception angle (FIA) is applied on Ls in the developed CIGRE benchmark microgrid
model [33] developed in MATLAB/SIMULINK (as presented in Figure 6-6). More
information on this microgrid model can be found in Section 6.4.1. The simulation
results of superimposed currents measured by CT1s to CT17 are presented in Figure 6-7,
along with their wavelet coefficients and energy values.

According to the results in Figure 6-7 (a), the polarity of AiZ;,< is opposite to the
polarities of Aifr,, and Aig;,, and the magnitude of Aig; ;s is the sum of Aig,, and

Aid;,, asrevealed by (6 — 9), where the sum of Aigr;<, Aigr, and Aid;,, are zero as
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presented in the bottom diagram of Figure 6-7 (a). After processing those currents by
the MODWT algorithm, it was found that the conclusion in (6 — 10) can be reflected
by the results in Figure 6-7 (b), where the polarity of W.r,5 is opposite to the
polarities of W16 and Wr,, and the magnitude of W%.r,5 equals to the sum of

fer16 aNd Wirq7. The energy relations, including both individual and transient

wavelet energies, are plotted in Figure 6-7 (c), where the energy of CTis, including
both the individual energy and the transient wavelet energy, is greater than the values
of CTisand CT17 as demonstrated in (6 — 11) and (6 — 12).
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Figure 6-7. Simulation results of, (a) superimposed currents of CTis, CT1s, CT17 and the sum of
superimposed currents, (b) wavelet coefficients and the sum of wavelet coefficients, (c) individual and

transient wavelet energies

6.3.4 Coordination of Relays in Microgrids

In Section 6.3.1, the energy relation of the CT connected at the individual busbar
is derived, where the CT closest to the fault will have the largest energy values. This
energy feature will be used in this section to design the new protection algorithm to
coordinate the microgrid relays. There are two assumptions for the design of the
protection algorithm. Firstly, for every busbar in the microgrid, one digital relay is
installed to collect and analyse the three-phase currents from all CTs of the feeder
connected to that busbar. Secondly, communication channels are available between

the relays on the opposite ends of the protected lines. It should be stressed that although
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communication is needed for the developed protection system, unlike differential
protection, which requires the communication of sampled current values, the proposed
scheme only requires low-cost communication with small bandwidth since it only
transmits binary values, i.e., ‘1’ or ‘0’, which is feasible and economical to implement
in microgrid [34]. The designed protection has two stages. In stage I, the binary status,
i.e.,, ‘1’ and ‘0’ of all CTs in the microgrid will be identified following the developed
identification rule. In stage I, the relays in the microgrid will be coordinated by the
newly developed algorithm, which uses the binary status of CTs defined in stage I.

6.3.4.1 Stage I: Binary Status Identification of a Single Busbar

The flowchart to identify the CT binary status of an individual busbar is presented
in Figure 6-8. In the following description, the ‘main feeder’ refers to the feeder
connected between two busbars (with relays at both ends) such as the Liand Ls in
Figure 6-6 and the ‘branch feeder’ refer to the feeder connected to a load or a generator
only (with no relay on the opposite end) such as the Lesand Li2 in Figure 6-6.

Based on the flowchart in Figure 6-8, the three-phase currents measured by all CTs
at that busbar are collected by the relay first. Based on the input currents, the wavelet
coefficients of the phase currents are calculated by the MODWT algorithm and the

three-phase TWEs of different CTs, TWEJ?’,’CTn, will be calculated by (6 — 7) and

- - - - - - p
(6 — 8). As discussed in the previous section, the maximum phase energies, TWE; o™,
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of all CTs at that busbar are implemented to simplify the design of the real-time
implementation of the protection algorithm. In the next step, those CTs in the network

will be further grouped based on the connected busbar and the obtained TWE}”ng‘;" will

be compared to select the maximum energy, i.e., TWE 5, at the individual busbar,

which is then compared against the defined energy threshold, TWE,,, to prevent the
unwanted operation during the normal operating state with the likely presence of signal
noise. Additionally, considering the potential impact of the non-fault disturbances, i.e.,
load switching or power variation of the generators, the second threshold, Iy, e, is
applied for the CTs located at the branch feeders. If the CT with the maximum energy
is installed on the ‘main feeder’, the relay will output a binary value of ‘1’ to the CT’s
side as long as the energy value is above the threshold, but when the CT with the
maximum energy is on the ‘branch feeder’, then both energy and current conditions
need to be met as displayed in Figure 6-8, where i;,, is the instantaneous current
measured by the CT with maximum energy. The process in Figure 6-8 is carried out
by all relays in the microgrid and the selection of energy and current thresholds are

discussed in Section 6.3.5.
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6.3.4.2 Stage Il: Coordination of Relays in the Microgrid

From stage |, the binary status of all CTs in the microgrid is identified, which is
further used to coordinate the relays in the microgrid. In the developed algorithm, the
relays are coordinated based on the fault positions, including 1) the faults on the main
feeder connected to the Point of Common Coupling (PCC), 2) the faults on the main
feeder not connected to the PCC, and 3) the faults on the branch feeder. The reason for
separating the case of the main feeder connected to PCC is that the energy and binary
status of CT at PCC, i.e., CTy in Figure 6-6, depends on the modes of the microgrid.

Table 6-2. Binary outputs for faults ‘F1’, ‘F»” and ‘F3’

Relay/Bus CT Grid-Connected Mode Islanded Mode

Number Number F1 F2 Fs F1 F2 Fs
1 1 1 1 1 0 0 0

2 1 0 0 1 0 0

2 3 0 0 0 0 0 0

4 0 1 1 0 1 1

5 1 0 0 1 0 0

6 0 0 0 0 0 0

3 7 0 0 0 0 0 0

8 0 1 1 0 1 1

9 1 1 0 1 1 0

4 10 0 0 0 0 0 0

11 0 0 1 0 0 1

12 1 1 0 1 1 0

5 13 0 0 1 0 0 1

14 0 0 0 0 0 0

15 1 1 1 1 1 1

6 16 0 0 0 0 0 0

17 0 0 0 0 0 0

The scheme tripping logic of stage Il is shown in Figure 6-9, where the variable n

stands for the index of the CTs in the microgrid and N is the total number of CTs. In
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that figure, the CTs on both terminals of the main feeder have the neighbouring index
number. Three faults named ‘F1’, ‘F2’ and ‘F3’ are applied to the feeders ‘L1’, ‘L3’ and
‘L1o” in Figure 6-6 to represent the aforementioned three fault scenarios. According to
the identification algorithm in Figure 6-8, the binary outputs from the relays ‘R1’ to
‘Re’ are displayed in Table 6-2, where the relay’s number keeps the same as the index
of the connected busbar. The thing that needs to be highlighted is that the binary results
in Table 6-2 are theoretical values rather than the values from the software simulation.

From the tripping logic in Figure 6-9, for the faults at the feeder L, i.e., F1 scenario,
the binary value of CT2is always ‘1’ in both grid-connected and islanded modes, while
the binary value of CT1is ‘0’ in islanded microgrid since the breaker at PCC is open.
Based on the coordination strategy in Figure 6-9, for the main feeder connected to PCC,
the relays, R and R, will send a tripping signal to CB; and CB; as long as the binary
value of CTz is ‘1°. Therefore, fault F1 can be isolated in both-mode microgrids.
Additionally, although the binary values of CTs, CTg, CT12and CTys are ‘1°, while the
CTs4, CTs, CT11 and CTys sides are always ‘0’ in both modes, the CB4, CBs, CBs, CBo,
CB11, CB12, CB14, CB1s will not operate. The other CBs, including CB3, CBs, CBy,
CBu1o, CB13, CB1s, CB17, at branch feeders will also maintain stable since the status
values of CTs, CTe, CT7, CT1o, CT13, CT1s, CTy7 sides are always ‘0’ in the grid-
connected and islanded microgrids.

For fault F», the fault on the main feeder not connected with PCC, the relays, R3
and Ra, will trip the CBg and CBg as the binary status of CTg and CTgare ‘1’ and since
the binary status of CT,, CTs, CTs, CTs, CT7, CT1g, CT11, CT13, CT14, CT16, CT17 are
all <0’, the other CBs in the network will not operate.

For the fault at the branch feeder, Fs, the CB13 will open to isolate the fault on
feeder ‘Lio’ since the CTu13’s side is marked as ‘1’ by the relay ‘Rs’ in both modes,
while the other CBs in the microgrid will not be tripped as the tripping condition in
Figure 6-9 is not satisfied.

In this protection scheme, the under-voltage protection suggested in [35] is used to
provide backup in case of the failure of the transient-based protection scheme. The
threshold for the under-voltage element is set to 0.9 pu to ensure sensitivity to fault
conditions. A time delay of 0.3 s is also implemented, which provides sufficient

backup protection grading margin for the transient-based protection and is acceptable
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for a 400 V network. This proposed scheme can be extended to protect all feeders in

microgrids with high sensitivity, whose performance is evaluated in Section 6.4.

6.3.5 Thresholds Setting

In Section 6.3.4, two thresholds, i.e., TWE,, and Iy, ., are implemented to
avoid the undesired operation caused by non-fault disturbances. The selection of those
two values is discussed in this section.

As discussed in [36], high-frequency-based protection is relatively sensitive to
noise disturbances and the wavelet transform cannot totally remove the high-frequency
noise. Therefore, in the designed protection algorithm, an energy threshold, TWE,.,
is introduced, where the white noise with a 40 dB Signal-to-Noise Ratio (SNR) was
superimposed on the measured current from the CTs to represent the worst-case noise

PSignal

SNR; 5 = 10log10 Pnoise (6 —14)

pollution scenario. The SNRyp is defined by (6 — 14), where Pg;gnq; and Py;se are
the power of the noise [37]. The white noise is injected using the ‘White Noise” block
provided by SIMULINK, where the injected noise level can be controlled by tuning
the ‘Noise Power’ parameter [38]. After injecting noise with an SNR of 40 dB, the
simulation revealed that the maximum energy value of all relays in the network is
around 1.3. As in a real power system, the noise level is not a constant value, which
varies and might be slightly higher than the assumed maximum tolerable noise level.
Therefore, a safety margin of 50 % is adopted in this proposed scheme to avoid a failed
trip in the above condition, which provides a good trade-off between protection
security and sensitivity. Considering a security margin of 50 %, the energy threshold
is set to 2. As the energy threshold is calculated based on the maximum tolerable noise
level, the proposed scheme is expected to maintain stability under all noise levels with
SNR values down to 40 dB. It should be clarified that the maximum energy related to
noise depends on the real network situation. Therefore, the energy threshold can be
higher or lower in specific applications.

Additionally, the stability requirements under non-fault disturbances, including
load switching and power variation of the generators, should be considered. The

second tripping threshold, I;x, ,., is introduced to avoid false tripping caused by
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external disturbances. The setting of Iy, 5 is based on (6 — 15).

\/ESFeeder

Ithr_pe = \/§—v X 1.5 (6 — 15)
LL

where the I, e is the peak value of the setting current; speqqer IS the total

capacity of the loads and generators connected to the local branch feeder; v;; is the
rated line-to-line voltage of the microgrid, i.e., 400 V for the microgrid in Figure 6-6,
and 1.5 represents the additional 50% safety margin. One point which needs to be
highlighted here is that the additional current threshold is only applied to the branch
feeders, as shown in the algorithm in Figure 6-8. This additional condition can prevent
the sensitivity of the main feeder protection from being compromised. Additionally,
as the energy and current thresholds in this scheme are calculated based on the noise
level and loading currents of the investigated microgrid, the change in generation type
should have a negligible impact on the selection of protection thresholds.

6.4 Performance Evaluation of the Proposed Protection Scheme

6.4.1 Structure of the Studied Microgrid

A model of 400 V, 50 Hz microgrid has been developed in MATLAB/SIMULINK
to evaluate the performance of the proposed scheme, which is designed based on the
CIGRE benchmark microgrid model [33]. A single-line diagram of the test network is
shown in Figure 6-6. The microgrid connects to a 20-kV distribution network by a
step-up transformer and it can operate in both grid-connected and islanded modes by
controlling the breaker’s status at PCC. The length of lines, L1 to Li2, has been marked
in the diagram and the detailed parameters of these feeders can be found in [33]. The
CTs are installed at the ends of each feeder. Therefore, the current information on all
feeders, including the main and branch feeders, can be monitored. For every busbar,
one relay is installed to control the operation of CBs. As shown in Figure 6-6, there
are four I11IDGs in the microgrid. To eliminate the zero-sequence current on the inverter
side, the IIDG is connected to the microgrid by a star-delta connected transformer. In
grid-connected mode, all 1IDGs operate in active and reactive power (PQ) control
mode and only deliver the active power to the grid. When the connection with the

utility grid is lost, the microgrid will be connected based on the ‘master-slave’ strategy,
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Figure 6-10. Control structure of grid-forming converter [40]

where the control strategy of 11DG 1 will switch to the voltage and frequency (VF)
control mode and operate as a grid-forming converter to provide the reference voltage
and frequency to the islanded microgrid and the remaining three I1DGs still operate as
the grid following converters in the PQ mode. It should be noted that there are a
number of ways to maintain the stability of the microgrid energised by multiple IIDGs.
For example, a droop-based control strategy can be introduced, where the frequency
and voltage are regulated cooperatively by all converters in the grid [39]. However,
given the proposed protection scheme relies on the fault-induced high-frequency
transients rather than the properties of the generators in the network, the protection
response will be unaffected by the voltage and frequency regulation approach in the
islanded microgrid. Therefore, the master-slave control approach adopted in the
simulation model was considered adequate for the purposes of evaluating the
performance of the proposed protection scheme. The structure of the grid-following
converter is presented in Figure 2-1 and the grid-forming converter is developed based
on [40], whose controller is presented in Figure 6-10. Considering the limited current
generating capability of power electronic converters, the fault currents from all 1IDGs
have been limited to 1.2 pu as suggested in [41]. The parameters of the four 1IDGs and
loads are presented in Table 6-3.
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Table 6-3. Parameters of generators and loads

Equipment Item Controller | Rated Power Power
Type Name Type (kVA) Factor
IIDG 1 PQ/VF 20/50 1/slacking bus
IIDG 2 PQ 20 1
Generators
DG 3 PQ 30 1
IIDG 4 PQ 40 1
Load 1 20 0.9
Load 2 20 0.8
Loads
Load 3 20 0.9
Load 4 30 0.9

6.4.2 Case Studies to Evaluate Protection Performance

In this section, the performance of the proposed scheme is validated by considering

impacts of fault location and type, fault inception angle and fault resistance, non-fault

disturbances, measuring noise and 1IDG transformer arrangements.

Table 6-4. Scenarios for evaluating the impacts of the fault location and types

Cases Faulted | Fault Fault Inception Angle Microgrid
Feeder | Type | Resistance of Phase a Mode
1 L1 AG 1Q 30° Grid-Connected
2 La AB 1Q 30° Grid-Connected
3 L1o ABC 1Q 30° Grid-Connected
4 L1 AG 1Q 30° Islanded
5 La AB 1Q 30° Islanded
6 L1o ABC 1Q 30° Islanded
6.4.2.1 Impact of Fault Location and Fault Type

The fault scenarios in Table 6-4 are simulated to evaluate the impact of the fault

position and type on the protection performance. Three types of faults, including
phase-A-to-ground (AG), phase-A-to-phase-B (AB) and three-phase (ABC) faults, are
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applied at the midpoint of the feeders L1, L3 and Lo, firstly in grid-connected and then
in the islanded mode. In this initial investigation, both fault resistance and inception
angle were fixed, as indicated in the table.

As revealed by Figure 6-4, after the occurrence of the fault, the value of transient
wavelet energy, TWE;, will increase to its peak value and then gradually decrease as
the averaging window moves along. The peak energy determines the maximum

-y - - pmax -
sensitivity and therefore, the peak value of the maximum phase energy, TWE; (7%, 1s

used in the sensitivity assessment, which is represented as TWEJ-’f Ceﬁn". The results are
displayed in Table 6-5 and Table 6-6. It can be seen that regardless of the type or
position of the fault, the CT closest to the faults, e.g., CT. in Cases 1 and 4, CTg and
CToin Cases 2 and 5, CTyz in Cases 3 and 6, have the highest energy values, and the

energies of the CTs at the same busbar confirm the relationship in (6 — 13).

Table 6-5. Simulation results of the faults with different locations and types (grid-connected mode)

Case 1 (L1) Case 2 (L2) Case 3 (Ls)
CTs/CBs _ cB _ cB : cB
Number TWEg5k Binary Trips/ | TWEgS2* Binary Trips/ | TWEgs* Binary Trips/

Value Correct? Value Correct? Value Correct?
1 26.5 1 Yes/Yes 119.6 1 No/Yes 54.6 1 No/Yes
2 378.1 1 Yes/Yes 119.6 0 No/Yes 54.6 0 No/Yes
3 2.9 0 No/Yes 133 0 No/Yes 6.8 0 No/Yes
4 316.4 0 No/Yes 203.1 1 No/Yes 95.3 1 No/Yes
5 316.4 1 No/Yes 203.1 0 No/Yes 95.3 0 No/Yes
6 10.9 0 No/Yes 63.1 0 No/Yes 28.8 0 No/Yes
7 40.8 0 No/Yes 71.0 0 No/Yes 325 0 No/Yes
8 66.0 0 No/Yes 862.9 1 Yes/Yes 396.8 1 No/Yes
9 66.0 1 No/Yes 777.5 1 Yes/Yes 396.8 0 No/Yes
10 155 0 No/Yes 138.4 0 No/Yes 86.0 0 No/Yes
11 17.6 0 No/Yes 261.8 0 No/Yes 841.7 1 No/Yes
12 17.6 1 No/Yes 261.8 1 No/Yes 841.7 0 No/Yes
13 1.0 0 No/Yes 14.4 0 No/Yes | 1831.0 1 Yes/Yes
14 10.3 0 No/Yes 154.8 0 No/Yes 196.5 0 No/Yes
15 10.3 1 No/Yes 154.8 1 No/Yes 196.5 1 No/Yes
16 3.2 0 No/Yes 495 0 No/Yes 73.0 0 No/Yes
17 2.1 0 No/Yes 314 0 No/Yes 322 0 No/Yes
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Table 6-6. Simulation results of the faults with different locations and types (islanded mode)

Case 1 (L1) Case 2 (L2) Case 3 (L3)
CTs/CBs _ CB ] CB . CB
Number | TWERg* Binary Trips/ | TWEgs Binary Trips/ | TWEpse Binary Trips/

Value Correct? Value Correct? Value Correct?
1 0.0 0 Yes/Yes 0.0 0 No/Yes 0.0 1 No/Yes
2 522.6 1 Yes/Yes 0.0 0 No/Yes 0.0 0 No/Yes
3 44 0 No/Yes 18.1 0 No/Yes 10.7 0 No/Yes
4 433.9 0 No/Yes 18.1 1 No/Yes 10.7 1 No/Yes
5 433.9 1 No/Yes 18.1 0 No/Yes 10.7 0 No/Yes
6 144 0 No/Yes 70.1 0 No/Yes 35.7 0 No/Yes
7 52.9 0 No/Yes 85.0 0 No/Yes 441 0 No/Yes
8 96.8 0 No/Yes 464.2 1 Yes/Yes 246.1 1 No/Yes
9 96.8 1 No/Yes 821.8 1 Yes/Yes 246.1 0 No/Yes
10 219 0 No/Yes 145.6 0 No/Yes 97.7 0 No/Yes
11 26.7 0 No/Yes 277.7 0 No/Yes 653.5 1 No/Yes
12 26.7 1 No/Yes 277.7 1 No/Yes 653.5 0 No/Yes
13 1.7 0 No/Yes 16.0 0 No/Yes | 1560.0 1 Yes/Yes
14 151 0 No/Yes 161.8 0 No/Yes 195.8 0 No/Yes
15 15.1 1 No/Yes 161.8 1 No/Yes 195.8 1 No/Yes
16 4.3 0 No/Yes 49.6 0 No/Yes 68.2 0 No/Yes
17 3.6 0 No/Yes 34.8 0 No/Yes 34.9 0 No/Yes

It is worth noting that the magnitude of transient energy generated at the fault
position is determined by the instantaneous value of the applied superimposed voltage
and the equivalent impedance seen from the fault point. For example, in Case 2 (where
the AB fault is triggered in the network), the applied voltage magnitude is equal to the
system line voltage, while in Case 1, i.e., AG fault, the applied voltage corresponds to
phase a. Additionally, the FIA of line-to-line voltage v, in Case 2, i.e., 60°, is higher
than the inception angle of AG fault, i.e., 30°, in Case 1. Consequently, the fault
transient energy for Case 2 is expected to be higher than that observed in Case 1, which
can be verified by comparing the energy of CT1 and CT> in Case 1, to the energy of
CTgand CTy in Case 2, as presented in Table 6-5 and Table 6-6. For three-phase faults,
the inception angle of phase a, phase b and phase ¢ are 30", —90° and 150’
respectively. As presented in Section 6.3.4.1, the maximum phase energy is

implemented in the developed protection algorithm, i.e., the phase b energy is the
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highest in Case 3. Therefore, the energy observed in Case 3 will be higher than the
energy in Case 1 due to the increased fault inception angle, e.g., comparing the energy
of CTrand CT2 in Case 1 (AG fault) to the energy of CT13 in Case 3 (ABC fault).

For the fault at different positions, e.g., feeder connected at PCC (Cases 1, 4), main
feeders (Cases 2, 5) and branch feeders (Cases 3, 6), the faulted feeder can be selected
accurately and the CBs can operate correctly based on the strategy outlined in Figure
6-9. Furthermore, in the proposed protection scheme, the tripping action of CBy is
governed by the tripping signal from the relay at Bus 2, which ensures that the fault at
L1 in the islanded microgrid can always be isolated. The results confirm that the
proposed protection scheme operates correctly in both grid-connected and islanded
modes, and its performance is not impacted by the fault location or type.

6.4.2.2 Impact of Fault Inception Angle and Fault Resistance

As reported in [42], the energy of the fault-induced transient depends on the FIA
and fault resistance. Given the single-phase-to-ground fault is most frequent, it is used
in this section to evaluate the impact of FIA and fault resistance on the TWE. In this
test, the AG faults are applied at the midpoint of Ls. The FIA ranges from 0" to 90°
and the investigated fault resistances include 0.1 Q, 1 Q, 5 Q and 10 Q.

The simulation results (a total of 808 cases) are presented in Figure 6-11 and Figure
6-12. Theoretically, in the continuous time domain, the energy of the fault-induced
transients should increase with the rise of the FIA for the faults with constant fault
resistance, as indicated in [42]. However, in the designed numerical protection, where
the current waveform sampling frequency is reduced to 10 kHz, the relay cannot detect
all fault inception points with the same sensitivity. For the fault between sampling
points, the calculated energy is reduced due to the loss of the high-frequency
information at such a low sampling rate. To reveal the negative impact of the low
sampling frequency on the measured energy, the faults were applied with an angle
increment of 0.9°, i.e., 50 us, in simulation. This means 2 points are contained between
the neighbouring current samples. For these ‘blinded’ points, the transient wavelet
energy will experience a magnitude decay, which results in the periodical fluctuation
of the transient wavelet energy as presented in Figure 6-11 and Figure 6-12. The first
point with an energy higher than the energy threshold has been highlighted in the
zoomed fragment of each figure (in the top-left corner). This point indicates the
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minimum FIAs detectable by the relay at the assumed sensitivity setting of TWE,;,, =
2. For the FIAs above this point (including the points at the lower boundary), the
energy is always higher than TWE,,,. In this case, the protection performance under
varying fault resistance is summarized in Table 6-7. It can be seen that for the faults

with higher resistance, the protection scheme needs higher FIAs.
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Table 6-7. Minimum detectable FIAs of the scheme

Fault Resistance
Microgrid Mode

01Q 1Q 5Q 10Q
Grid-Connected 1.8° 3.6 10.8° 21.6°
Islanded 1.8° 5.4 12.6° 25.2°

As the nominal voltage of the test system is 400 V, 10 Q can be regarded as high
fault resistance. As reported in [43], the high frequency-based scheme with minimum
fault inception angle around 30° is still considered to be effective and reliable under
high-impedance fault conditions. It should be noted that the value of 10 Q is not the
maximum detectable fault resistance of the scheme. Through additional simulation
studies, it was determined that with 90" FIA, the scheme can detect faults with
resistances up to 27 Q and 25 Q in the grid-connected and islanded mode respectively.
Additionally, it is clear that the values of the minimum detectable FIAs are close in
both modes of operation, i.e., the angle difference in the worst-case scenario is less
than 3.6°, which further proves that the performance of the proposed scheme is

significantly unaffected by the energy sources and the operating modes of microgrids.

6.4.2.3 Impact of Non-Fault Disturbance

In this section, the impacts of typical non-fault transients, including load switching,
motor start, and power variation of the 1IDGs, are studied. The worst-case scenario in
this test is presented by the CT closest to the transient, which has the highest energy.
Therefore, the energy and currents of the CT closest to disturbances are displayed only.

The simulation results of the load 3 connection in both operating modes are
displayed in Figure 6-13. Although the energy caused by the load connection is higher
than the assumed threshold, TW E,, the current is lower than the defined Iy, ,., and
therefore, the protection will maintain stable. To evaluate the motor start impact, a
three-phase 10 kVA motor was switched on in parallel with load 4. The results are
shown in Figure 6-14. A large starting current is produced by the motor, which is
higher than the value of Iy, ., however, the unwanted tripping is avoided because
the wavelet energy caused by the motor start is lower than the assumed threshold

TWE,,. Additionally, considering the uncertain nature of the renewable energy-based
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generation such as solar and wind, the power generated from the 1IDG changes with

the variation of the environmental condition. Therefore, the fast variation of the power

generation is also considered in this test, where the generation of the IIDG 2 decreases

from full loading to half loading in a very short period. The results are presented in

Figure 6-15. Both values of energy and current are below the corresponding thresholds.

Therefore, the protection scheme remains stable.
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Figure 6-16. Simulation results of 40 dB noise injection, (a) Grid-connected mode, (b) islanded mode

6.4.2.4 Impact of Measuring Noise

In this section, the white noise with 40 dB SNR is superimposed on the current to
evaluate the impact of the measurement noise. The energy threshold is maintained as
2, which is 1.5 times the maximum energy in the normal operating condition. The AG
fault is applied in the middle of Lz in both grid-connected and islanded modes of
operation. From the energy diagram in Figure 6-11 and Figure 6-12, with the decrease
of FIAs and the increase of fault resistance, the magnitude of the energy caused by the
fault transients will be reduced. The worst-case scenario from Table 6-7, where the
fault resistance is 10 Q, and the FIA equals the minimum detectable angle, is selected
for this test. The simulation results are shown in Figure 6-16, where the tripping signal
refers to the signal used to control the operation of CBgs and CBo, which is obtained
after applying the ‘AND’ logic to the tripping signals from relays Rz and Rs. As can
be seen in Figure 6-16, the energy of noise is always lower than the energy threshold
in the normal state, and the proposed scheme can recognise the faulted feeder and

isolate the fault correctly in both microgrid operating modes.
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6.4.2.5 Impact of IIDG Transformer Arrangement

The simulation results presented in previous sections were obtained assuming that
the 1IDG interface transformer windings are star/delta connected with the transformer
neutral being solidly earthed. This arrangement is often found in technical literature
[34], [44][45] and was also adopted in this thesis. However, some other transformer
connection practices, e.g., delta/delta connection or star/delta connection with earthing
impedance, can also be adopted in different countries. For example, the UK normally
only earths the medium and low-voltage networks via the substation connecting to the
main grid [46]. Therefore, in this section, the impact of earthing arrangement of the
IIDG transformer is investigated. The studied connections include delta/delta and
star/delta with earthing impedance (earthing resistor of 5 Q was used in this study).
The fault scenarios outlined in Table 6-4 are used to evaluate the potential impacts of
transformer earthing arrangements on protection performance. The simulation results
are presented in Table 6-8, where the energy values of CTs closest to the fault, i.e.,
energies of CT1 and CT2 in Cases 1 and 4, energies of CTy and CT> in Cases 1 and 4,
energies of CTg and CTy in Cases 2 and 5, and energies of CT13z in Cases 3 and 6, are
displayed. From those results, we can see that the peak energy values under different
transformer arrangements are not affected in any significant way. Only for Cases 1 and
4, there is a noticeable reduction, but the absolute value is still significantly higher than
the assumed threshold of 2. Therefore, it can be concluded that the proposed scheme
can protect a microgrid where IIDGs adopt different transformer earthing

arrangements.
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Table 6-8. Simulation results considering transformers with different earthing arrangements

Grid-Connected Islanded
Case 1 (Ly) Case 2 (Ls) Case 3 (L1o) Case 4 (Ly) Case 5 (Ls) Case 6 (Lio)
TWEEE™ TWEEE™ TWEEE™ TWEEE™ TWEEE™ TWEEE™
A/A A/A AlA AlA A/A A/A
CTs/CBs
Number | & o o Py o Al
CB Trips/ CB Trips/ CB Trips/ CB Trips/ CB Trips/ CB Trips/
A (5 Correct? A 6 Correct? A <5 Correct? A (5 Correct? A 6 Correct? A (5 Correct?
Q) Q) Q) Q) Q) Q)
/A /A KA /A /A KA
0Q) 0Q) 0Q) 0Q) 0Q) 0Q)
259 Yes/Yes 0 Yes/Yes
1 26.5 Yes/Yes 0 Yes/Yes
26.5 Yes/Yes 0 Yes/Yes
195.1 Yes/Yes 243.4 Yes/Yes
2 243.9 Yes/Yes 299.8 Yes/Yes
378.1 Yes/Yes 522.6 Yes/Yes
863.1 Yes/Yes 455.2 Yes/Yes
8 862.9 Yes/Yes 4489 | Yes/Yes
862.9 Yes/Yes 464.2 Yes/Yes
7724 Yes/Yes 803.4 Yes/Yes
9 777.6 Yes/Yes 793.9 Yes/Yes
7715 Yes/Yes 821.8 Yes/Yes
1802 Yes/Yes 1566 Yes/Yes
13 1830 Yes/Yes 1561 Yes/Yes
1831 Yes/Yes 1560 Yes/Yes

6.5 Chapter Summary

In this chapter, a transient wavelet energy-based scheme has been developed to
protect the microgrids dominated by 1IDGs. The MODWT algorithm is implemented
in this algorithm to extract the wavelet coefficients of the high-frequency transients
resulting from the short-circuit faults. The energy of those transient coefficients is

calculated and used to locate the faulted feeder by the derived energy relations and
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proposed coordination algorithm. The performance of the proposed scheme is
evaluated using comprehensive simulation tests.

Compared to the conventional fundamental phasor-based protection algorithm, its
performance is not sensitive to the changes in IIDG’s control strategies, fault levels,
fault types and positions, system noise and earthing arrangement of interface
transformers. Moreover, regarding protection security, it is shown that the protection
scheme remains stable under typical non-fault disturbances. The test results also show
that the proposed scheme can operate effectively against faults in both grid-connected
and islanded modes without adjusting any settings. Unlike differential protection, the
proposed scheme only transmits the binary values between relays rather than three-
phase currents. Therefore, it only requires a low-cost communication scheme, which
is feasible to implement in microgrids. However, similar to other high-frequency
components-based protection, the protection sensitivity of the proposed scheme is
reduced in faults with small FI1As, where a small-magnitude high-frequency signal will
be generated, and it could be failed to detect a fault when the FIA is smaller than the
minimum FIA demonstrated in Table 6-7.

Additionally, since the proposed algorithm uses the energy information of the
transients resulting from the travelling wave reflection rather than the polarity or
magnitude information of initial wavefronts, it uses a much lower sampling rate, i.e.,
from more than 200 kHz in [1] down to around 10 kHz, while being able to maintain
the sensitivity against faults within a wide range of FIAs. Therefore, the proposed
scheme offers a practical and economical choice for microgrid protection. Potentially,
it could be used as a solution in future distribution systems with high amounts of CBRs,

including a possibility of intentional islanding.
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Chapter 7

7 Conclusions and Future Works

7.1 Conclusions

Compared to the well-known fault characteristics of SGs, the short-circuit
behaviour of CBRs highly depends on their embedded controller and the CBRs cannot
generate high-magnitude fault currents owing to the limitation of the thermal
capability. To fully understand the challenges of CBRs on power system protection, a
representative and flexible converter model is proposed first in this thesis. This
presented model can operate in different control modes, including the constant active
power, constant reactive power and balanced current mode, inject the reactive currents
following the injection curve suggested in the GB Grid Code and limit the fault
currents to 1.2 pu. By implementing this model, the performance of two commercially
available distance relays is evaluated using a realistic HIL approach under a wide range
of system operating scenarios, including different converter operating modes, varied
fault levels, different synchronous compensation levels, different fault parameters and
different protection characteristics (i.e., MHO and QUAD). From the results, it was
found that the connection of the HVDC system could lead to the severe protection
issues such as failed tripping, delayed tripping and tripping in the incorrect zone. The
reasons behind such compromised distance protection performance, including
inaccurate impedance measurement, incorrect faulted phase selection and problematic
impedance measurement, are further investigated. Solutions to address the
abovementioned issues in the literature are reviewed, which comprise enhanced
distance protection, control-assisted protection, travelling wave protection and
intelligent techniques-based protection. Unlike conventional distribution systems, the
microgrids have bidirectional power flow and can operate in grid-connected and

islanded modes. This operating characteristic of microgrids poses serious protection
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challenges to the conventional overcurrent relays, which are designed for networks
with high-magnitude fault currents and uni-directional current flow. The methods used
to address the protection challenges of microgrids are reviewed and their benefits and
limitations are compared, which include adaptive protection, differential protection,
active protection, intelligent techniques-based protection, and travelling wave
protection.

Except for the protection issues of the distance relay at the converter side, the
distance relay at the grid side also has the potential for delayed and/or failed operation
because of the reduced system fault level in the future. Therefore, a new sequence
component-based distance measuring algorithm is proposed for grid-side relays to
increase the accuracy of impedance measurement CBRs. Based on the simulation
results, the new developed distance measuring approach can detect the fault distance
accurately in different fault and system operating conditions, whose performance is
not sensitive to the changes in the system fault level, fault resistance, fault location and
protected line length, and its operating speed can satisfy the requirements defined in
the GB grid code. Additionally, this scheme can be embedded into the existing
hardware platform of digital relays. Therefore, it provides an effective and economical
way to address the under/over-reach issues of the distance relay at the grid side.

Besides the development of sequence components-based protection for
transmission systems, this thesis also presents a transient wavelet energy-based
protection algorithm to protect the microgrids dominated by inverter-based resources,
where the faulted feeder is located using the energy relations of the CTs in microgrids.
Compared to the conventional travelling wave-based approach, where both time and
polarity information of travelling waves are required, the proposed scheme has
significantly low requirements on the relay’s sampling frequency and uses the
economic low-bandwidth communication channels. According to the simulation
results, it was found that the proposed transients wavelet energy-based protection
scheme can detect and isolate faults in microgrids effectively in a wide range of system
operation and fault conditions, including varied fault levels, different microgrid
operating modes, different fault inception angles, different fault resistance and
different fault types. Additionally, the security performance of the developed transient-

based protection scheme is verified by applying the non-fault disturbances such as
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measuring noise, motor start, load switching and power variation of 1IDGs. From the
results, it is convinced that the proposed scheme can keep stable in those non-fault
disturbances and has a high sensitivity to isolate the faults in microgrids. Since the
proposed method can be implemented with low sampling frequency and low-
bandwidth communication channels, it also provides an economical solution for future

microgrid and distribution system protection.

7.2 Future Work

There are several research questions and technical challenges which still remain
and should be considered as guidelines to shape future research activities in this area,

such as:

e Testing the performance of the proposed protection methods in Chapters 5 and
6 using a realistic HIL approach.

e Evaluating the performance of the proposed sequence components-based
distance measuring algorithm in the event of non-fault disturbances, such as
lightning strikes, load switching and power swings.

e Extend the high-frequency transients-based algorithm in Chapter 6 to protect
the transmission system with the connection of CBRs.

e Exploring the possibility of expanding the application of the high-frequency
transients-based algorithm in Chapter 6 under broader power system scenarios
and transient events, such as detecting open circuit faults (a broken conductor)
and integrating the algorithm with a self-learning tool for setting the protection
threshold adaptively.
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Appendix A: Distance Relay Settings
Used in Chapter 3

A.1 Line Impedance Calculation

Based on the line parameters in Table 3-4, the positive and zero sequence
impedance of the protected line presented on the primary side can be calculated by
(A—3)and (4 —6):

R} =12.1x0.0378 = 0.457 (Q) (A—1)

jX; =121 x (2xm x50 x 1.324 x 1073) = j5.033 (Q) (4-2)
Z} = R} +jX; = 0.457 + j5.033 = 5.05284.81° (Q) (A-3)
R =12.1x0.159 = 1.924 (Q) (A—4)

jX2 =j12.1 x (2 xm x 50 x 3.202 x 1073) = j12.172 (Q) (A—5)
ZP =R) +jX? =1.924 4+ j12.172 = 12.32£81.02° (Q) (A—6)

The turn ratios of implemented CT and VT are 1200:1 and 275000:110

respectively. Therefore, the gain of (@) / (%10000) = 0.48 should be implemented

to transfer the primary side impedance (or settings) to the secondary side as presented
in(A—-7).

ZF' = ZF x 0.48 = 2.42,84.81°(Q) (A—7)

In the tests, the reaches of Zone 1 and Zone 2 are 80% and 120% of the protected
line. Therefore, the impedance reaches of the distance relay are calculated by (A — 8)

and (4 — 9) and the residual compensation factor is calculated in (A — 10).
Zyoner = Z7 % 0.8 = 1.94,84.8° (Q) (A—8)

Zronez = Z7 X 1.2 = 2.91,84.8° (Q) (A-9)
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1 (Z0 .
Ko==xX|==—1)=0482-6 (A —10)
37 \7]

A.3 Relay Settings in Table 3-6

In addition to the settings in A.2 used for the MHO characteristic, the setting of
resistive reach is also implemented in the QUAD characteristic of the distance relay.
Based on the GB Grid Code, the maximum loading current of the 275 kV transmission
network is 5.2 kA and the 30% safety margin is considered. Therefore, the forwarded
resistive reach of Zone 3 (primary side) can be calculated by (4 — 11).

275 . sin30
Rzones—for = X | cos30 —

@x(%) tan RCA

) =175(Q) (4-11)

The secondary side of Zone 3 resistive reach is calculated in (A — 12). Therefore,
the forwarded and reversed resistive reaches of Zone 1 and Zone 2 can be calculated
by (A —13) and (4 — 14).

RIZone3—for =17.5%x0.48 = 8.4 (Q) (A-12)
Réonel—for = R%onez—for =0.8x84=06.72(Q) (A-13)
R onei—rev = Rzonez—rer = 0.25 X 6.72 = 1.68 () (A-14)
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Appendix B: RTDS Script and
MATLAB Code for Distance Relay
Tests in Chapter 3

B.1 RTDS Script for Distance Relay Tests

The key commands used in the RTDS script for automating the HIL tests are

presented below.

+» Set variables values

This command below is used to set the variable values, which are controlled by the
sliders in RSCAD. For example, in the above code, the active power reference of PQ
converter is set to the value stored in the matrix ‘PQ[p]’. The user can use the following
command to control other sliders by replacing the name and values.

SetSlider "Subsystem #1 : CTLs : Inputs : PrPQ" = PQ[p];

% “Switch’ Control
The codes below are used to control the switch operation in RTDS. With the

follwing commands, the switch of the AG fault will be on and the switches of the AB

and ABCG faults are off.

SetSwitch "Subsystem #1 : CTLs : Inputs : AG" = 1;
SetSwitch "Subsystem #1 : CTLs : Inputs : AB" = 0;
SetSwitch "Subsystem #1 : CTLs : Inputs : ABCG" = 0;

< ‘Button’ Control

ReleaseButton "Subsystem #1 : CTLs : Inputs : FLT™;.
The above code is used to activate the faults in RTDS by controlling the button

named ‘FLT’.

+¢ ldentify the Name and Path of the Saved Data

The ‘sprintf” command below is used to set the name and path of the saved data,

where ‘%d’ refers to the ‘decimal integer’ type, which is used to declare the variable
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type of ‘loop counter’; ‘%s’ refers to the ‘string’ type, which is used to declare the

variable type of the following string

sprintf(namel,"\Plots\Case%d_%s_%s_%s_%s_%s_%s_%s_%s_%s.cfg"”,loop_counter,RelayA s
tr[0],FLSG1PPPG_str[g],FLSG2PPPG_str[g],SC_str[h],PQ_str[p],CS_str[i],AG_str[0],res_str[j],
FP_str[K]);

Save the Comtrade Data

The codes below are used to save the RTDS results as the Comtrade data.

ComtradePlotSave"R1_Trip",namel,YEAR,1999,MIN,0,MAX,65535,RATIO_PRIMARY,1.0,R
ATIO_SECONDARY,1.0,SCALE,P,DIGITAL,0,FREQ,50.0, WRITE_POS,true;
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B.2 MATLAB Code for Distance Relay Tests

The key commands used in the MATLAB program to automate the analysis of the

HIL test results are presented below:

X/
L X4

Comtrade Data to MATLAB Matrix (i.e., mat Data)

The codes used to transfer the Comtrade data from the RTDS to the matrix data in

MATLAB can be found in “https://uk.mathworks.com/matlabcentral/fileexchange/15

619-comtrade-reader?s_tid=mwa_osa_a’.

X/
°

Extract the Tripping Time of the Saved Tripping Signal
The codes below are used to extract the tripping time of the investigated relay.

Trip_point=find(diff(R1_Trip)<0); % Search tripping points.

EM=isempty(Trip_point); % Check whether the relay is tripping.

if EM==1,

Trip_time=0; % No tripping.

else

Trip_point=Trip_point;

Trip_time=Trip_point(1)*dt_RTDS; % Save the tripping time of the tripping point.

end

% Calculate and save relay tripping time

t_trip= (Trip_time-t_fault_incep)*1000; % t_trip is the tripping time of the relay (ms) & t fault

inception is the fault inception time (0.2s in this test)

Distinguish Tripping Conditions

The codes below are used to group the tripping types, such as failed trip, delayed

trip, trip in the false zone and healthy trip.

for ...

loop_counter=loop_counter+1;
if t_trip_overall(loop_counter)<0; % Failed Tripping

Trip_Group="Failed Trip”;
elseif t_trip_overall(loop_counter)>0 && FP_saved(loop_counter)<80 &&
t_trip_Zonel(loop_counter)> 90;

Trip_Group="Delayed Trip (Z1)"; % Zone 1 Delay
elseif t_trip_overall(loop_counter)>0 && FP_saved(loop_counter)>= 80 &&
t trip_Zone2(loop_counter)> 490 && t_trip_Zonel(loop_counter)< 0;
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Trip_Group="Delayed Trip (Z2)" ; % Zone 2 Delay
elseif t_trip_overall(loop_counter)>0 && FP_saved(loop_counter)<80 &&
t_trip_Zonel(loop_counter)< 0 && t_trip_Zone2(loop_counter)> 0;

Trip_Group="False Tripping Zone" ; % Trip in False Zone (Trip in Zone 2 for Zone 1 Fault)
elseif t_trip_overall(loop_counter)>0 && FP_saved(loop_counter)>= 80 && t_trip_Zonel(loop
counter)> 0;

Trip_Group="False Tripping Zone"; % Trip in False Zone (Trip in Zone 1 for Zone 2 Fault)
else

Trip_Group="Healthy Trip";
end

end

Results Table Plot

The codes below are used to plot the table of results.

% Create Table and Define the Table’s Properties
fig = uifigure('Position’,[85,42,1480,720]);

uit = uitable(fig);

uit.Position = [51.4,41.8,1348,675.2];

% Present the Results in the Created Table
uit.Data = dat;

uit. RowName = row_name;

uit.ColumnName = column_name;
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