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Abstract: As a technique to control the voltage drop at network peak periods and voltage rise at
middays when a high number of rooftop photovoltaic systems exist in a low-voltage feeder (LVF),
two or more neighboring LVFs can be coupled. To add voltage controllability to the coupling point, a
distribution static compensator (DSTATCOM) can be installed. An important issue for such a system
is its operation under short-circuit conditions in one of the LVFs and relevant protection aspects. This
paper investigates the performance of such a system under fault conditions and presents a protection
scheme that can achieve the desired operation of the system, under short-circuit faults in either of
the LVFs. The performance of the system of coupled LVFs is investigated by numerical analysis in
MATLAB while the dynamic feasibility of the proposed technique is validated by simulation studies
in PSCAD/EMTDC.

Keywords: coupled low-voltage feeders; DSTATCOM,; short-circuit faults; protection functions

1. Introduction

Although the medium voltage (MV) lines supplying industrial customers usually
have a loop configuration, the MV lines supplying residential low-voltage feeders (LVFs)
traditionally have a radial or open-ring structure, especially in urban and semi-urban
areas [1]. Thus, until recently they were generally classified as passive systems with largely
predictable unidirectional power flow. To improve the maximum loadability index of
the MV lines as well as to increase the system reliability indices in addition to providing
self-healing capability for the MV lines and to reduce the amount of energy not supplied to
the residential customers during faults in an MV line, it is suggested that these MV lines
also to be in the form of a loop or mesh configuration [2,3]. In a looped MV line, sections of
the line at the fault downstream can be reverse supplied if proper isolating switches are in
place and active. Ref. [4] has conducted a feasibility study for upgrading the MV lines from
radial and open-ring topologies into a loop arrangement. The proposed loop arrangement
in [4] is based on the direct and permanent connection of the MV lines in either form of

two MV lines fed from the same transformer make a loop arrangement;
two MV lines fed from different transformers of a substation make a loop arrangement; and
two MV lines fed from different transformers of two substations make a loop arrangement.

Ref. [2] has suggested installing sectionalizing switches and auto-reclosers in the MV
lines and coordinating their operations. On the other hand, it is suggested in [5-7] that a
loop arrangement can be achieved indirectly through a back-to-back connection of two
MYV lines via power electronics-based voltage source converters (VSCs). Ref. [7] has also
presented the pole-mounted structure of a pilot 6.6 kV, 1 MVA back-to-back connection.
Alternatively, it is suggested in [8-11] that a VSC-based unified power quality controller,
interline dynamic voltage regulator, and interline power quality conditioner can be used
for connecting two MV lines, which not only facilitates the power exchange between
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the two lines but also enables power flow control and/or power quality improvement
in the lines. In the above-mentioned arrangements, different parameters including the
size/length/loading of the lines and capacities and impedances of the transformers as well
as the short-circuit capacities at the substations should be clearly considered during the
planning stage.

Although the concept of looped MV lines is well investigated in detail in the literature
and the benefits of such a scheme are known, the LVFs supplying residential customers
have a radial structure, especially in urban and semi-urban areas (see Figure 1a). Volt-
age drop along these radial feeders and specifically at their end nodes has been always
one of the main voltage quality problems in network peak periods. Utilities usually ad-
dress this challenge by utilizing conductors with larger cross-sections (which have smaller
impedances) or by selecting a high fixed tap for the distribution transformers. Thus, the
voltage drop at the end of the LVFs can be kept above the minimum acceptable limit of
0.9, 0.92, 0.95, or 0.96 per-unit (pu), based on the standards in different countries [12-15].
Very recently, voltage rise at the end nodes of an LVF in middays has emerged as another
voltage quality problem in the LVFs that have a high penetration of rooftop photovoltaic
(PV) systems [16]. Nowadays, utilities around the world consider a maximum penetration
level for PVs, such as the 25% or 30% limit in Australia [17,18], to keep the voltage rise
below 1.05 or 1.10 pu, based on the different standards [12-15].

« »
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Figure 1. Schematic diagram of LVFs: (a) traditional radial LVFs, (b) coupled LVFs through a
normally-open switch, (c) coupled LVFs through a back-to-back converter, (d) coupled LVFs through
a DSTATCOM.



Energies 2023, 16, 6009

30f29

Different techniques are proposed in the literature to overcome these voltage quality
issues. A new control algorithm for the inverters of PV systems is proposed in [19,20]
that facilitates a reactive power exchange between the inverters and the grid in order to
prevent voltage rise in LVFs. As an example, ref. [21] suggests that a 16% increase in the
capacity of the inverters of PV systems is sufficient to accommodate the required amount of
reactive power exchange. Alternatively, it is proposed in [22,23] to control and curtail the
output active power of PV systems. In addition, it is suggested in [24,25] to install battery
storage systems with each PV system to control their output active power. Reference [26]
has put forward the idea of controlling the inverters of PV systems such that they exchange
reactive power in both network peak and off-peak periods to prevent the non-standard
voltage drop and voltage rise in both periods. References [27,28] have recommended to
automatically step-up and down the voltage at the beginning of an LVF to prevent non-
standard voltage drop and voltage rise at its end nodes by using distribution transformers
with on-load tap changers (OLTC). As another option, refs. [29,30] have illustrated that the
voltage rise and voltage unbalance can be effectively controlled all along an LVF if a power
electronics-based distribution static compensator (DSTATCOM) [31] or a dynamic voltage
regulator is installed at 2/3rd and 1/3rd of the feeder beginning. Ref. [32] has proposed to
utilize a distribution transformer with OLTC as well as a DSTATCOM to limit the voltage
quality issues all along an LVF. The main limitation of the proposals in [27-30,32] is that
a DSTATCOM, a dynamic voltage regulator, or a transformer with OLTC is required for
every LVF of the distribution network.

A new technique is proposed in [33] to improve the voltage profile of the LVFs during
both network peak and off-peak periods. In [33], the authors have recalled the two well-
known techniques of coupling MV lines via a non-automatic normally-open switch (see
Figure 1b) and via a back-to-back power electronics-based connection of two lines (see
Figure 1c). Based on the advantages and limitations of these two approaches, the authors
have proposed in [33] to couple the neighboring LVFs directly from their end nodes while
installing a DSTATCOM at the coupling point (see Figure 1d). In such a case, the voltage
controllability at the coupling point of the LVFs will be provided. The first task of the
DSTATCOM is to guarantee a desired balanced voltage at the coupling point of the LVFs,
which is achieved by controlling the VSC of the DSTATCOM to exchange reactive power
with the coupling point. The other task of the DSTATCOM is to facilitate active power
circulation among the phases of each LVFE. Ref. [33] has proposed the proper dynamic
control for the DSTATCOM in this application and has evaluated the voltage quality in the
system before and after applying this technique. The main advantages of this technique are:

e  possibility of coupling more than two LVFs (which is not possible using the previous
two approaches unless by adding more switches or converters),

e automatic power exchange capability among the coupled LVFs (which is not possible
in the non-automatic normally-open switch approach)

e less imposed costs and losses to the system (compared to the back-to-back connection
approach), and

e  possibility of circulating the surplus generated power by the PV systems in one phase
to the other phases(s) of any of the LVFs through the DSTATCOM.

By modifying the inherent radial nature of an MV line or an LVF into a loop con-
figuration, the protection aspects of such a system need to be investigated and suitable
protection schemes need to be developed and applied. The MV lines are usually equipped
with overcurrent protection functions, which are coordinated for radial networks (with an
assumption of unidirectional power flow) [1]. The first important fact about loop MV lines
is the increased short-circuit current [4]; thus, it is required for the overcurrent protection
functions in the distribution network, consisting of looped MV lines and distributed gener-
ation units to adopt new settings based on network conditions. In this regard, an algorithm
is developed in [34,35]. In a similar trend, ref. [36] has developed an algorithm that can
detect faults in a looped MV line using the trained neural network.
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The second important fact about looped MV lines is that under short-circuit conditions,
the current direction is from the MV lines towards the fault point, and thus, the fault current
direction in an MV line can be the same or opposite of the direction of the post-fault current.
From this perspective, refs. [37,38] have proposed to use directional protection function for
looped MYV lines while [39,40] have suggested utilizing communication-assisted protection
functions such as permissive overreaching trip transfer (POTT) for accurate detection of
the faulted MV line. References [41-45] have suggested using optimization techniques for
the coordination of the directional protection functions in these applications.

Radial or open-ring MV lines (in Australia, Asia, and Europe) usually have a delta
connection which results in no or a very small zero-sequence component of the current [46].
Thus, a zero-sequence component of current corresponds to a short-circuit fault in the MV
lines. However, another important fact about looped MYV lines is the presence of circulating
currents in the system due to the unbalanced serial impedance of the lines or coupling with
parallel lines [46], which, in return, generates zero-sequence components of current (up to
a few amperes) in normal conditions. Ref. [38] has presented a modified protection scheme
for an experimental looped MV line using a zero-sequence protection function.

Even though the protection schemes of looped MV lines are still under development,
as the distribution system philosophy is being changed from passive networks into active
networks (e.g., by the appearance of distributed generation units, microgrid formation
in one part of the network, islanding features, etc.), the protection considerations of the
system of coupled LVFs have not been addressed before in the literature and needs to be
developed. This is the knowledge gap that is focused on in this research. In addition, in this
research, a DSTATCOM is assumed to be present at the coupling point of the LVFs. It has
been discussed in [47-49] that a DSTATCOM may change the equivalent impedance of the
system during short-circuit faults and its impact needs to be considered and compensated
by proper coordination of the settings of the protection systems. This issue increases
the complexities of the performance of the considered system of coupled LVFs under
short-circuit studies and its protection aspects.

The performance of the system of coupled LVFs during short-circuit faults in one of
the LVFs is discussed in this paper and the desired operation for the system is proposed.
Moreover, the protection aspects of the system of coupled LVFs are discussed in detail
and an effective protection approach is proposed which facilitates the proper dynamic
operation of the system when a short-circuit fault occurs in either of the coupled LVFs.
MATLAB-based numerical analysis is used to introduce the system performance under
short-circuit conditions while the dynamic feasibility of the proposed protection approach
is evaluated with the help of PSCAD/EMTDC-based simulation studies.

The main contributions of this paper are:

to investigate the desired operation of the system of coupled LVFs under fault conditions,
to develop the proper protection approach for the system of coupled LVFs, and
to evaluate the dynamic effectiveness of the proposed protection scheme.

The rest of the paper is organized as follows: The system under consideration is
introduced in Section 2. Section 3 discusses the protection considerations of the considered
system while the proposed and developed protection approach is introduced in detail
in Section 4. Section 5 presents the results of some numerical analyses of the system of
coupled LVFs under short-circuit faults and the results of the dynamic evaluation of the
proposed protection scheme for this system. The general conclusions and findings of the
research are summarized and highlighted in Section 6.
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2. System under Consideration

Let us consider the MV line in Figure 1a that supplies two LVFs, namely LVF-1 and
LVEF-2, through two distribution transformers. The MV line is assumed to be a three-phase,
three-wire system while each LVF is a three-phase, four-wire, mutual-earthed neutral
(MEN)-type network [50]. Each distribution transformer is assumed to be a three-phase
Dyn type. This is a common practice in Australia and the majority of Asian, European,
and African countries but is not common in North America [1]. In Australia, the LVFs are
usually supplied by a 25-315 kVA three-phase distribution transformer and are usually
about 400 m long [50,51].

Figure 1d illustrates the considered system of coupled LVFs in this research. It is to be
noted that although the coupled LVFs in Figure 1d are supplied by the same MYV line, all
provided discussions in this paper are general and thus valid and applicable even if they
are supplied from different MV lines.

The DSTATCOM, installed at the coupling point of neighboring LVFs, is composed
of a capacitor-based neutral-clamped dc link, a three-phase, three-leg VSC composed of
insulated gate bipolar transistors (IGBTs) and anti-parallel diodes, and proper LC-type
output passive filters [33]. The structure and control principle of the DSTATCOM is given
in Appendix A.

Each radial LVF is protected against the short-circuit faults in the LVF by a switch-fuse
(SF) at the secondary side of the distribution transformer, namely SF-1 and SF-2 [51]. Each
SF has backup protection, which is a cut-out fuse at the primary side of the distribution
transformer. The cut-out fuse also protects the distribution transformers in case of traveling
surges (from switching or lightning) in the MV line.

Before discussing the protection schemes for the network in Figure 1d, let us consider
the network in Figure 1b, which is the same as the system in Figure 1d if the DSTATCOM
is ignored. The short-circuit fault conditions and the protection scheme will be discussed
for this system first. Then, it will be modified for the system in Figure 1d to consider the
presence of a DSTATCOM at the coupling point of the LVFs.

In the system in Figure 1b, depending on the PVs generation and load demand,
a bidirectional current can flow in either of the LVFs in normal conditions; however,
during short-circuit faults, a current will flow from the upstream side of all LVFs (i.e., the
corresponding MYV lines) to the fault point. In the rest of this section, first, the fault current
contribution of each LVF for a short-circuit fault in one of the LVFs is investigated. Then,
based on the findings of this investigation, the proper protection scheme is investigated for
this system.

3. Desired Operation of the System of Coupled LVFs under Fault Conditions

As discussed above, a bidirectional power flow can be observed in either of the LVFs
and through the switch in the system in Figure 1b and in normal conditions, as shown in
Figure 2a. This figure also illustrates the protection zones of the system. Following the
occurrence of a short-circuit fault in either of the LVFs, current flows from the upstream
side of both LVFs towards the fault point, as shown in Figure 2b(i). It is desired to isolate
the coupled LVFs immediately after fault occurrence with the help of the switch, which is
located at the coupling point of the LVFs, as shown in Figure 2b(ii). It is to be noted that
the switch can be a mechanical or a power electronics-based type (see Appendix B).
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Figure 2. System of 2-coupled LVFs: (a) considered system structure and protection zones, (b) desired
sequences of system operation under short-circuit fault conditions in LVF-1, (c) mal-operation of the
system under short-circuit fault in LVF-1 due to switch failure, (d) protection scheme for the switch
of the coupling point.

Appendix C discusses the analytical approach to calculate the short-circuit current
under various fault types. If the switch isolates the LVFs, the fault current will be only
supplied from the faulted LVF side (i.e., LVF-1) until SF-1 isolates the fault, as shown in
Figure 2b(iii). However, if the switch fails to isolate the LVFs in time, both SF-1 and SF-2

undesirable consequence of switch failure. A proper protection scheme for the switch, as
well as the required settings, are discussed below:
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Following a short-circuit fault in either of the LVFs, a portion of the short-circuit fault
flows through the switch. Thus, the opening operation of this switch can be based on an
overcurrent protection function, otherwise popularly known as the ‘phase 50’ function (see
Figure 2d). In this case, the current pickup level (Ip) for the overcurrent function needs to
be higher (i.e., 1.1-1.25 times larger) than the largest nominal current of both distribution
transformers [52], i.e.,
max (S 1,s2)

V3Viyr

where Viyr is the nominal line-line voltage of the LVFs (e.g., 380, 400, or 415 Vrms based
on the different nominal voltages of different countries), St and S% are assumed to be the
ratings of the distribution transformers in LVF-1 and LVF-2, respectively, and max(.) repre-
sents the maximum function. Thus, the switch will not cause nuisance tripping when one
of the distribution transformers supplies both feeders (under emergency or maintenance
periods). On the other hand, the time multiplier setting (TMS) of the overcurrent protection
function should be designed such that for a fault in either of the LVFs, the switch trips
before SF-1 and SF-2. Otherwise, undesirable tripping will occur if SF-2 trips LVF-2 faster
than the switch.

If the fault contribution of the healthy LVF (i.e., LVF-2) is smaller than Ip (which
can happen due to the fault type/location/impedance or the impedance of the LVFs or
distribution transformers), the overcurrent protection will fail to open the switch. To
avoid such issues, another protection function can be used in parallel with the overcurrent
protection function.

Since during a short-circuit fault in either of the LVFs, the voltage rms in the faulted
phase(s) drops all along both LVFs, an undervoltage protection function, otherwise pop-
ularly known as the ‘phase 27’ function, can be utilized as a backup protection function
to the overcurrent protection function. Let us define Vp (e.g., 0.6 pu) as the pickup level
for the undervoltage protection function. The undervoltage protection function will be
coordinated to open the switch if the voltage rms on both sides of the switch drops below
Vp. Thereby, the switch will open as soon as either of the overcurrent or undervoltage
functions flags a fault. Note that the protection approach has to be applied for each phase
of the system and the switch needs to open after a fault flag is issued from either of the
phases. This is illustrated in the ladder diagram in Figure 2d.

Based on the above discussion, the desired sequence of the operation of the protective
devices should be defined as discussed below:

Ip = (1.1-1.25) x 1)

Fault occurs at t = ty;
Action-1: The switch at the coupling point of the LVFs trips at t = t; (based on the
command of the overcurrent and/or undervoltage functions);

e  Action-2: The SF at the secondary side of the distribution transformer of the faulted
LVEF (i.e., SE-1) trips at t = t5;

e Action-3: The SF at the secondary side of the distribution transformer of the non-
faulted LVF (i.e., SF-2) trips at t = t,» as backup protection when action-1 fails;

e  Action-4: The cut-out fuse at the primary side of the distribution transformer of the
faulted LVF trips at t = t3 as a backup protection when action-2 fails;

e Action-5: The cut-out fuse at the primary side of the distribution transformer of the
non-faulted LVF trips at t = ty as a backup protection when action-3 fails;

e  Action-6: The first protective device in the MV line trips at t = t; when either action 4
or 5 fails;

inwhich ty <t; <tp <t3 <tyandty <t <ty <ty <ts. Note that t, may be equal, larger,
or smaller than t,/. Similarly, {3 may be equal, larger, or smaller than t; however, t3 > t;
and t3 > t,. The difference between t, and t, as well as the difference between t3 and t5
depends on the portion of the fault current passing through the SFs and cut-out fuses of
the LVFs. Such coordination will be achieved by applying proper TMS for the overcurrent
function and coordinating it with the time-current characteristics of SF-1 and SF-2 as well as
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by applying a proper delay-time for the undervoltage protection function. This is illustrated
schematically in Figure 3.

Fault occurs at t = to

Action-1: The switch at the coupling point of the LVFs trips at t = 1
(based on the command of the overcurrent and/or undervoltage functions)

v

Action-2: The SF at the secondary side of the distribution transformer of
the faulted LVF (i.e., SF-1) trips at t =tz

v

Action-3: The SF at the secondary side of the distribution transformer of
the non-faulted LVF (i.e., SF-2) trips at t = >
if action-1 fails

v

Action-4: The cut-out fuse at the primary side of the distribution
transformer of the faulted LVF trips at t = t3
if action-2 fails

v

Action-5: The cut-out fuse at the primary side of the distribution
transformer of the non-faulted LVF trips at t = t
if action-3 fails

v

Action-6: The first protective device in the MV line trips at t =t
if actions 4 or 5 fails

Figure 3. Desired sequence of the operation of the protective devices after a fault in coupled LVFs.

After fault clearance, the SF will close and will energize LVF-1, as shown in Figure 2b(iv).
Let us assume it happens at t = t5 (where t5 may be much larger than f4 in case of non-
transient faults). The switch is still at the open status. The voltage rms in all phases on both
sides of the switch will be restored to the acceptable limits at ¢ = t5; (Where t5 > f5). At this
condition, the protection scheme can initiate a command for the switch to close, as shown
in Figure 2b(v). This will occur at t = t5, where t4 = t5 + AT (i.e., after a fixed delay time of
a few seconds or minutes). An overvoltage function, otherwise, popularly known as the
‘phase 59’ function, with a voltage pickup of Vp' (e.g., 0.9 pu) can be used for this purpose.
This is also illustrated in the ladder diagram in Figure 2d. In this figure, the switch will
open when its tripping coil is energized and will close as soon as it is de-energized.

4. Operation of the System of Coupled LVFs in the Presence of a DSTATCOM

The discussions of Section 3 are focused on the system of coupled LVFs without a
DSTATCOM (Figure 1b). The protection system will be more complex when a DSTATCOM
is installed at the coupling point of the LVFs (Figure 1d) [47-49]. The main reason is that
due to the presence of a DSTATCOM and its connection with multiple LVFs, a multi-switch
scheme is required in which a switch is installed between the end node of each LVF and the
DSTATCOM. Appendix D presents the analytical approach to calculate the short-circuit
current under various fault types in the presence of a DSTATCOM.

Figure 4a illustrates a system of N-coupled LVFs where N > 2. This system has N + 1
protection zones (i.e., one protection zone for each LVF and one protection zone for the
coupling point), as illustrated in the figure. Similar to the discussions of Section 3, it is
desired that following a short-circuit fault, only the faulted LVF gets isolated while the
DSTATCOM is desired to remain connected to the non-faulted LVFs (see Figure 4b for
desired performance of the system under a short-circuit fault in LVF-1).
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Figure 4. System of N-coupled LVFs: (a) considered system structure and protection zones,
(b) desired sequences of system operation under short-circuit fault conditions in LVF-1, (c) protection
scheme for Switch-1 of the coupling point.

Immediately after fault occurrence, current flows from the MV line(s) towards the
fault point in all LVFs. In addition, current will flow from the dc link of the DSTATCOM
toward the fault point. An important issue to be considered in such a case is that since the
DSTATCOM is supplied by a dc capacitor, its stored energy is limited and it will discharge
immediately after fault-occurrence (e.g., in less than 2 cycles); thereafter no current will
be supplied by the DSTATCOM and the system will resemble the system in Figure 2a,
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with the only dissimilarity of higher number of coupled LVFs. It is to be noted that if
the DSTATCOM has low-voltage ride-through capability or if it is supplied by an energy
storage system such as a battery instead of a dc capacitor, it will continue to feed the
fault for a longer period. However, the DSTATCOM proposed in [33] is composed of
a dc capacitor to reduce the costs while providing the same system performance under
normal conditions.

If the previously described overcurrent and undervoltage protection functions (in
Figure 2d) are utilized for the switches, they will all sense the fault current and will sense
the same voltage drop; thus, they will all trip (almost simultaneously or with a small
difference in time) after a fault in either of the LVFs. Thereby, the DSTATCOM will also get
isolated undesirably. To prevent this, a directional protection function is suggested.

Let us consider the assumed current directions for each switch as shown in Figure 4a,
which is from the coupling point of the LVFs towards the distribution transformers. Once
either of the overcurrent or undervoltage functions detects a short-circuit fault, it will also
check the direction of the fault current. The switch which detects a forward fault will
open but the switches that detect a reverse fault will remain closed. In Figure 4b(i), after
a short-circuit fault in LVF-1, a forward fault is detected for SW-1 while a reverse fault is
observed for the other switches (i.e., SW-2, 3, ..., N). Thus, it is expected that only SW-1
will open while the other switches and the DSTATCOM will remain closed, as shown in
Figure 4b(ii). Similar to the discussions of Section 3, this will be followed by the opening of
SE-1 to trip LVF-1, as shown in Figure 4b(iii). In addition, after fault clearance, first SF-1
will close and will energize LVF-1, after which the overvoltage protection functions will
detect acceptable voltage rms on both sides of SW-1 and it will close with a delay of ATj.
The ladder diagram of this scheme is shown in Figure 4c for Switch-1. A similar ladder
diagram will be utilized for all switches.

Detecting the forward or reverse fault can be achieved through different techniques [52].
It can be detected by comparing the angle difference between the current and the voltage
as well as the direction of active power or reactive power. Alternatively, the sequence
components can be used for the detection [53].

Positive-sequence voltage and current are the only sequence quantities that are present
for a TLG fault. These quantities can be used to produce a single three-phase directional
element to detect the fault direction in case of a TLG fault (see Appendix E). For this, the
positive-sequence directional element torque, otherwise popularly known as the “T32P’
function, can be defined as [54]

P°

T132P _lypo cos(LVPO — (LIP° 4 L ZP° 2
( ( ) 2)

where VP and [P, respectively, show the positive-sequence component of the voltage and
current at the switch, and ZP° is the positive-sequence impedance of the line while |x| and
Zx, respectively, represent the absolute and angle of x. In (2), the positive torque represents
a forward TLG fault while the negative torque represents a reverse TLG fault. In the ladder
diagram in Figure 4c, for a forward TLG fault, the T32PF contact will close while for a
reverse TLG fault, the T32PR will close. As can be seen from this figure, the T32P function
is supervised by phase 50 and phase 27 protection functions.

For asymmetrical LG, LL, and DLG faults, (2) may lead to erroneous results in the
fault direction discrimination. Thus, another approach will be used for the detection of the
direction of such faults that is based on the negative-sequence impedance. For this, first,
the negative-sequence component of voltage at the coupling point, denoted by V-, and
the negative-sequence component of current passing through switch-m, denoted by I,

Sw—m/’
should be calculated. The negative-sequence impedance for switch-m, denoted by Z_,, ..,
can then be calculated as [55]

Lo = Ver Vm € {1,2,...N} (3)
sw—m [ A

-

SW—m
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The following important points should be considered in this regard [53]:

For both forward and reverse asymmetrical faults, V-, is always negative;
For a forward asymmetrical fault for switch-m, I_,_,, lags the driving voltage by the
characteristic angle of the line and is considered positive;

e  For areverse asymmetrical fault for switch-m, I, _,, is in the reverse direction (180°
phase shift) of the forward fault; and

e  For a forward asymmetrical fault, Z
metrical fault, Z_,

SW—m
is always positive.

is always negative and for a reverse asym-
SW—m

In the ladder diagram in Figure 4c, for a forward asymmetrical fault, the T32QF
contact will close while for a reverse asymmetrical fault, the T32QR will close. Similar
to the T32P function, the T32Q function is also supervised by phase 50 and phase 27
protection functions. Alternatively, another suitable directional protection scheme such as
those presented in [37,56-59] can be utilized.

The above discussions have focused on short-circuit faults in one of the coupled LVFs.
On the other hand, a short-circuit fault may also occur on the coupling point of the LVFs
(i.e., the connection point of the DSTATCOM). This fault will be detected as a reverse fault
by all switches (i.e., either the T32PR or T32QR contact will close for all switches). This can
be detected by a switch assuming a proper POTT is received from the T32PR and T32QR
functions of all switches (as seen in Figure 4c). Under such conditions, it is desired that
all LVFs isolate from each other in addition to the isolation of the DSTATCOM from the
coupling point.

As discussed at the beginning of this section, the energy stored in the dc link of the
DSTATCOM will discharge in a few cycles after a fault in either of the LVFs. This is valid
for all fault types. Quicker fault detection by the protection scheme and operation of
SW-1 will prevent a full discharge of the dc link. The DSTATCOM dynamic controller will
facilitate the dc link voltage restoration after the opening of SW-1 (regardless of the level of
discharge). Thus, a different protection scheme is developed for the switch located between
the DSTATCOM and the coupling point of the LVFs. This switch is expected to isolate the
DSTATCOM from the coupling point of the LVFs only based on a significant and sustained
voltage deviation on the coupling point that can be detected by undervoltage/overvoltage
protection functions with voltage pickups of 1.2 and 0.6 pu and after a time delay of AT,
where (T, < Ty). Itis to be noted that this switch is not expected to respond to short-circuit
faults in either of the LVFs unless a significant and sustained voltage deviation is observed
due to a fault (which is possible in the case of high-impedance faults).

5. Case Studies and Simulation Results

As an example, assuming that the MV line in Figure 1b has a line-line voltage of 11 kV
rms and a short-circuit fault capacity of 95 MVAsc, a number of contingency conditions
are evaluated.

To evaluate the dynamic feasibility of the discussed protection approach for the system
of coupled LVFs, several study cases are considered, a few of which are discussed below.
The proposals are validated in PSCAD/EMTDC.

Let us consider an 11 kV MYV line supplying two 11 kV /415 V Dyn-type distribution
transformers, as illustrated schematically in Figure 1a. Only two radial three-phase, four-
wire, MEN-type residential LVFs, namely LVF-1 and LVE-2, are considered in detail [60,61].
Each LVF is supplied by a distribution transformer with a rating of 200 kVA. The length
of each LVF is taken as 400 m. The poles of each LVF are assumed to be located 40 m
from each other. The feeders and their cross-sections are designed based on the nominal
supplied power and the maximum acceptable voltage drop. The network data are for a
typical LV urban residential network in Brisbane, Australia and are given in Appendix F.
The residential loads are assumed to be in the range of 1-5 kW and are modeled as constant
impedance type. The rooftop PV cells and inverters are modeled as discussed in [36]. The
PV inverters are assumed to have a nominal rating of 1-5 kW and all are assumed to operate
in unity.
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First, let us consider the network in Figure 2a in which two LVFs are coupled through
a single switch. The network is assumed to be initially at a steady-state condition. Two
transient three-phase-to-ground faults, with a fault impedance of 1 m(), are later applied
in the system. Fault-1 is applied in LVF-1 at t = 0.3 s and clears after 0.3 s while Fault-2
is applied in LVF-2 at t = 2.5 s and clears after 0.2 s. In both cases, the faults are detected
within 0.01 s after fault-occurrence by the proposed approach; thus, the switch is opened in
0.01 s after both faults. The switch closes with a 0.5 s delay after the voltages on both sides
of the switch return to the normal acceptable limit (i.e., after fault clearance). The results of
this simulation are shown in Figure 5. This figure illustrates each fault and its duration,
the open/close status of the switch at the period of study (i.e., 0 < t < 4), the three-phase
voltages at either side of the switch, and the current flowing through the switch before
fault-occurrence (i.e., t < 0.3 and 1.6 < t < 2.5), between fault-occurrence and opening of the
switch (i.e.,, 0.3 <t <0.31 and 2.5 <t < 2.51), after the switch is opened (i.e., 0.31 <t < 1.6
and 2.51 <t < 3.7) and at the switch closing time (i.e., t = 1.6 and f = 3.7). The results verify
the appropriate operation of the switch (i.e., opening after detecting a short-circuit fault in
either of the LVFs and closing after detecting the voltage restoration after fault clearance).
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Figure 5. Operation of the coupling point switch in Figure 2a following a short-circuit fault at each
LVF, along with the voltage and current waveforms during the fault, at switch opening time, and at
switch closing time.

Now, let us consider the network in Figure 4a in which two LVFs are coupled through
two switches. The network is assumed to be initially at steady-state condition. The same
faults as discussed above are applied in this system. Similar to the previous case, the faults
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are detected within 0.01 s after fault-occurrence by the proposed approach. After Fault-1
(which occurs at t = 0.3 s on LVF-1), the negative-sequence impedance becomes negative
and both switches detect a forward fault. Thus, only Switch-1 operates and disconnects the
faulted LVF from the point of common coupling (PCC) of the DSTATCOM while Switch-2
remains closed. After Fault-2 (which occurs at t = 2.5 s on LVF-2), the negative-sequence
impedance becomes positive and both switches detect a reverse fault. Thereby, only Switch-
2 opens and the faulted LVF becomes isolated from the PCC of the DSTATCOM while
Switch-1 remains closed. After fault clearance, the operated switch closes after the voltage
restoration by a 0.5 s delay. The results of this simulation are shown in Figure 6. This figure
illustrates each fault and its duration, the open/close status of each switch at the period of
study, the three-phase voltages at the LVF-1 side of Switch-1, at the LVF-2 side of Switch-2
and at the PCC of the DSTATCOM before fault-occurrence, between fault-occurrence and
opening of the appropriate switch, after the switch is opened, and at the switch closing
time. The results verify the appropriate operation of the switches (i.e., the correct opening
of the switch after detecting a short-circuit fault in the LVFs and its closing after detecting

the voltage restoration after fault clearance).
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each LVF, along with the voltage waveforms during the fault, at switch opening time, and at switch
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It is to be noted that to focus more on the discussed protection approach and consider-
ing the fact that DSTATCOM operation and control is beyond the scope of this research, the
DSTATCOM operation is not shown here.

6. Conclusions

The concept of coupling the neighboring LVFs is proposed in the literature as a
technique for addressing the voltage drop and voltage rise problems of LVFs. This paper has
focused on and proposed the protection for such a coupled LVF system when a short-circuit
fault occurs in either of the LVFs. Through studies on an 11 kV network that supplies two
neighboring LVFs via two separate distribution transformers and real network modeling, it
is shown that overcurrent or undervoltage protection approaches are inadequate. Instead,
the studies have demonstrated that a negative-sequence impedance-based directional
overcurrent protection scheme can effectively and promptly discriminate the fault and
properly protect the network by opening the corresponding switches. Through dynamic
studies, the feasibility of the proposals for discriminating the fault is demonstrated for
the considered system of coupled LVFs during short-circuit faults at various sections of
the system. The studies have demonstrated that regardless of the fault location in the
system of coupled LVFs, the developed proposal detected the faults within 0.01 s after fault
occurrence, and thus, the corresponding switches open. Also, the studies illustrate that the
corresponding switches close by the developed proposal within 0.5 s after the voltages on
both sides of the switch return to the normal acceptable limit post fault clearance.

Funding: This research received no external funding.
Data Availability Statement: Data is unavailable due to privacy restrictions.

Conflicts of Interest: The author declares no conflict of interest.

Appendix A. Structure and Control of the DSTATCOM

The considered DSTATCOM is a transformer-less, neutral-clamped, three-phase, three-
leg VSC with IGBTs along with anti-parallel diodes and snubber circuits (see Figure A1) [33].
The dc link is composed of two identical series-connected dc capacitors. A neutral-claimed
dc link is considered to provide a circulation path for the zero-sequence component of the
current. Each VSC is connected to the LVF through an Ly-C filter to suppress the ripples
of the current and to bypass the switching harmonics of the voltage. The resistance Ry
represents the switching power losses of the VSC [61].

@ o
Vecarrier
7 S

a
Vpce
b

Vpce
Ve
] )
Cac /|: Sy ASy A Sy B L | | _l_
DC link VS
in L
Ve ) i v
c Angle P Ref. ;
ref g | Reference
Vdc —»|Regulation > el Ve LQR-based
(A1) Generation Stat
% ref (A2) o
| | —_———| Feedback
Controller

Figure A1l. DSTATCOM is installed at the coupling point of the LVFs with its per-phase closed-loop
controller.

The first responsibility of the DSTATCOM in this application is to guarantee a desired
balanced voltage at the coupling point while its other responsibility is to facilitate active
power circulation among the phases of one LVF. To realize these tasks, the V4. of the
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DSTATCOM is regulated to a constant desired level of Végf with minimum ripples. V4.
will fluctuate if the dc link exchanges active power with the coupling point; hence, the VSC
modifies its switching to prevent the exchange of active power between the coupling point
and VSC [61]. The active power exchange can be controlled by regulating the angle of the
voltage at the coupling point of VSC. Thereby, the angle of the voltage across capacitor Cy
of VSC (9) is modified based on the variations of the dc link voltage using a proportional-
integrator (PI) controller, as [62]

5 =kp[ (VAN - V3| + kl/ [(veeh? - V2, ]at (A1)

where kp and k; are the parameters of the PI controller. §, which is calculated from (A1), is
applied as the desired angle for the voltage across the capacitor Cy connected to phase a
while its 120° phase shifts will be applied as the desired angle for the voltage across the
capacitor Cy connected to phase b and c. On the other hand, the VSC needs to be controlled
such that a desired voltage magnitude (| V 1™f) appears at the PCC.

Based on the above discussions, a voltage-controlled technique is deployed for the

control of VSC. The desired time-domain voltage references across the capacitors C of the
VSC in the DSTATCOM system are

ot (1) = V2|V [sin(wt +5)
o¥f(t) = V2|V [fsin(wt + 6 — 1200) (A2)
ot (1) = V2|V [sin(wt + 6 + 1200)

where ¢ is calculated from (A1), | V1™ is assumed to be 1 pu and w = 27f where f is the
nominal frequency. Equation (A2) guarantees that a balanced three-phase voltage will
appears at the coupling point of the DSTATCOM. Since the derived voltage references are
time-variant, a per-phase (abc) control technique is developed and used in this research. A
linear quadratic regulator (LQR)-based state feedback control [63] is used in this research,
which is discussed in detail in [33]. The block diagram of the closed-loop control system
is shown for one phase of the VSC and filter system in Figure A1l. The above technique is
a per-phase control technique; hence, in a similar fashion, the IGBTs” turn on/off will be
determined for the other two legs (i.e., the other two phases) of the DSTATCOM system.

Alternatively, the DSTATCOM with the same structure but with a different control
objective can be utilized in which the DSTATCOM operates in current control mode when
the voltage rms at the coupling point of the LVFs is within desirable limits but operates in
the proposed voltage control mode when the voltage rms exceeds the desirable limits, as
suggested in [64].

Appendix B. Structure of the Coupling Point Switch

The switch installed at the coupling point of the LVFs can be a mechanical or a power
electronics-based type. LV switch disconnectors or load break switches are commercially
available in the market (with a nominal operational current capacity in the range of a few
amperes to a few kilo amperes and with a rated breaking capacity of a few tens of kilo
ampere) [65]. A switch with the same mechanical current tripping structure but operated
with the proposed protection scheme can be used. Alternatively, power electronics-based
switches, with any of the topologies shown in Figure A2 can be utilized [66]. It is to be
noted that Figure A2 illustrates the structures for one phase only. In this figure, structure
iis composed of anti-parallel thyristors while structure ii is composed of anti-parallel
IGBTs. In both structures, each of the anti-parallel power electronic devices (i.e., the IGBT
or thyristor) conducts only half a cycle in each cycle. Structure ii has the advantage of
being fully controlled (controlled turn-on and turn-off) while structure i is a half-controlled
type (i.e., a controlled turn-on while a commutation-based turn-off). Both structures need a
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switching control scheme for the power electronic devices. Structure iii is composed of a
diode bridge with an IGBT inside. In this structure, a pair of diodes conduct in each half
cycle while the IGBT continuously conducts the current. The IGBT should open only when
the proposed protection scheme detects a fault in the system. Thus, this structure has a
much simpler switching control than structures i and ii. Therefore, it can be concluded
that structure iii is superior to the other two structures, mainly from the simpler switching
scheme perspective. Generally, two issues of cost and power loss can be the main factors
when selecting either the mechanical or structure iii type power electronics-based switch,
which both depend on the nominal current of the switch.

>i— —i— —>— Diode
1 | — _i: — ¥ IGBT
—i— Pt —p- Thyristor

Figure A2. Three power electronics-based topologies are usable as the switch between the end of
each coupled LVF and the DSTATCOM.

3

1

Appendix C. Short-Circuit Studies for the System of Coupled LVFs without
a DSTATCOM

Let us consider the system in Figure 1b. Let us assume that a short-circuit fault occurs
in one of the LVFs (e.g., LVF-1). Immediately after fault-occurrence, currents will flow
in both LVFs from the MV line towards the fault point (see Figure 2b(i)). Single line-to-
ground (SLG), line-to-line (LL), double line-to-ground (DLG), and triple line-to-ground
(TLG) faults are considered. Immediately before the fault, phase-a voltages at the primary
side of each distribution transformer are assumed to be V} and V2. Additionally, Z1 and
Z2 are, respectively, the per-phase leakage impedances of the distribution transformers in
LVF-1 and LVF-2. Moreover, it is assumed that the fault has an impedance of Zg,;; and
occurs at k % of the feeder length from its beginning (where 0 < k < 100). Thus, the system
in Figure 2b(i) can be represented as Figure A3a.

It is to be noted that except for the TLG fault, Fortescue’s positive, negative, and zero-
sequence components will be used for the asymmetrical SLG, LL, and DLG short-circuit
studies [67]. Thus, the sequence components of the impedances are also required. Dyn-type
distribution transformers, considered in this research, have equal positive-, negative-, and
zero-sequence impedances (which are also equal to the per-phase leakage impedance of
the transformer).

The considered three-phase, four-wire LVFs in this research are assumed to have a
horizontal ABCN configuration [50], as shown in Figure A3b(i). The equivalent impedance
of this LVF between two buses can be illustrated schematically in Figure A3b(ii) where
each of these impedances is calculated using modified Carson’s equations [68] in a 50 Hz
system from

Zuu = Ty + 0.04934 + j0.062832[7.10988 — Ln(GMR,,)]

Zuy = 0.04934 + j0.062832(7.10988 — Ln (D, )] (A3)
where u € {a,b,c,n}, v € {a,b,c,n}, zyy, is the self-impedance of conductor u (in O/km),
Zyyp is the mutual impedance between conductors u and v (in (2/km), r,, is the ac resistance
of conductor u (in QQ/km), GMR, is the geometric mean radius of conductor u (in cm), Dy
is the distance between conductors u# and v (in cm), Ln(.) represents the natural logarithm
function, and j> = —1. Hence, (A3) considers the non-transposed characteristics of the
conductors, image conductors below ground, and network configuration. From (A3), the
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total impedance of the three-phase, four-wire LVF between two buses in phase quantities,
denoted by {Z{l\’%} , can be described as

Zaa  Zgb Zac  Zan
zZ zZ zZ zZ

[Z?f{f{:l] _ ba bb be bn (A4)
Zea  Z¢b Zec  Zen
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Figure A3. (a) Equivalent impedance network in Figure 2a during a short-circuit fault in LVF-1,
(b) Considered LVF structure and its equivalent impedance between adjacent buses, (c) Equivalent
sequence impedance networks during asymmetrical short-circuit faults in LVF-1.
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Using Kron reduction, this impedance can be rewritten in its equivalent 3 x 3 dimen-
sion as [68,69]

Zag—n  Zab—n  Zac—n
[Z?KEF] = |Zba—n  Zbb—n  Zbc—n
Zeca—n  Zeb—n Zec—n (A5)
ZaaZnn — ZanZna  ZgbZnn — ZanZpb  ZacZnn — ZanZnc
ZpaZnn — ZbnZna  ZbbZnn — ZbnZnb  ZbcZnn — ZbnZnc
ZecaZnn — ZenZna  ZcbZnn T ZenZnb ZecZnn — ZenZne

From (A5), the LVF impedance in sequence components, denoted by {Zi@ﬂ , can be
calculated from

- . Zze—ze Zze—po Zze—ne
[25) = (A1 [Z85]1A] = | Zpo—se Zpopo  Zpone (A6)

Zne—ze Zne—po Zne—ne

where
1 1 1
Al=1|1 2 a a:—(1+i\f3)/2
1 a 42

Equation (A6) can be simplified to [67,69]

o Zze—ze 0 0
[ZL%F} =1 0 Zpopo 0 (A7)
0 0 Zne—ne

where
Zze—ze = Zs 1+ 2ZMm
Zpo—po = Zne—ne = 2§ — ZM
Z8 = Zaa—n = Zpp—n — Zcc—n
ZM = Zgb—n = Zac—n = Zba—n — Zbc—n — Zca—n = Zch—n

if all phase conductors have the same cross-sections (i.e., the same self-impedance) and the
same distance from each other (i.e., the same mutual-impedance). However, neglecting
the difference of up to 3-4% among za—n, Zpy_p, and ze—, and among (Zp—y = Zpg—n),
(Zac—n = Zea—n), and (zpc_y = Zgp_p) In the rest of this study, (A7) is utilized as the sequence
impedance of the LVFs, which significantly simplifies the computation burden without
impacting the results. It is to be noted that in the rest of this section, zpo-po, Zne-ne, and Zze-ze
are, respectively, represented by (zpyr)P°, (zrve)", and (zpyr)” while the impedances of
LVF-1 and LVE-2 are denoted by Z],/ and Zy..

Appendix C.1. Triple Line to Ground (TLG) Short-Circuit Faults

Considering the fact that the residential loads and rooftop PVs in the system in
Figure A3a have single-phase connections and do not observe equal consumption/generation
for all phases of a specific node at every instant of time, the system in Figure A3a is
considered an unbalanced system for load flow studies. However, since the fault current
is much larger than the load current and assuming that the per-phase impedance of each
phase of an LVF is the same, the system in Figure A3a can be considered a balanced system
for TLG faults. Immediately after fault-occurrence, currents will flow in each phase of
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LVF-1 and LVF-2 from the corresponding MV line towards the fault point. Let us denote
ph—alVE-1 d Iph_aLVF—Z
an

the current in phase a of LVF-1 and LVF-2 by I, . Fault . These currents are
ph—a Vi Vi
Fault Z%JrkZIlNF (A8)
ph_aLVF72 _ V"lz‘_VFault
Fault Lyt (1K) Zye

where Vg, is the voltage in phase a of the faulted LVF at the fault point and is equal to

ph—a ph—a
VFault - ZFalﬂtIFault (A9)
.. ph—a _ ph—alVFl ph—alVF—2 . ph—a,_,,ph—b,_ ;ph—c
while It . = Ir. Fault . It is noteworthy that | I, . |=| I e 1= ks | fOr @

TLG fault on the balanced system in Figure A3a. It is to be reminded that for the same fault

in LVF-1, prior to coupling the LVFs, the fault current would have been only Ill_‘;/lﬁ;l, which

is now increased to Ifv. ! + IEVY 2. Solving (A8) and (A9) and after some simplifications,
one gets
e TS (V- asV2) Jay
e (CagVi+aVR) fa (A10)
B = [(a2 — a3V + (a1 — a3) V2] /o
where

K = Z%w + kZI{VF

= Z4+ Ziyp + (1= b) Ziyp
a3 = ZFault

Ny — K1 — OC%

It is to be highlighted that (A10) describes the fault current assuming that the fault
impedance dynamics are ignored. Furthermore, it is assumed that the voltages at the
primary side of the distribution transformers are three-phase balanced voltages and are
not affected by the fault. It is noteworthy that Igfl;l might be larger than or equal to
I%;’flt_z depending on the fault location and the impedances of the LVFs and the distribution

transformers.

Appendix C.2. Single Line to Ground (SLG) Short-Circuit Faults

Now, let us assume an SLG fault in phase a of LVF-1 in the system in Figure A3a.
The positive-, negative-, and zero-sequence networks can be represented as shown in
Figure A3c(i). Using the equivalent sequence network connections for an SLG, shown in
this figure, the fault current in sequence components is given by

po
IP° ze Veq

_me _ _ All
Fault Fault Fault ch(i) -+ ZQ§ + ZEZ,S + 3ZFault ( )

where
785 = 735 = B[

7z = Bs| | B4
VvPo _ B2VithiVs
€ T TBITA

1= Zp +k(Ziye)™
Ba = Z3+ (Zp)® + (1 — k) (Zlyg)"
Bs = Zp +k(Zlyp)™

Ba =25+ (Z2yp)  + (1= k) (Z]yp)”

0

e
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while x || y = x x y/(x + y). From (A11), the fault current observed in the faulted phase
(i.e., phase a) can be calculated as

3VE
ph—a _ eq (A12)
Fault 78 + 788 + Z8 + 3Zqu

The equivalent fault current flowing in LVE-1 and LVF-2 towards the fault point in

LVF-1 LVF-2
and I} where u € {po, ne, ze},

sequence components, respectively denoted by I . Fault

can then be explained as

Boue = (Bl —Tv)/(B1 + B2)

B = Baliey/ (Br+Ba)

I = Palfsu/ (B -+ Ba) )
B = (Bilfou+Tv)/ (b1 + B2)

e = B/ (B1+ B)

I = Bl (Bs+ Ba)

where I'y = V11 — V2. Using (A13), the fault current contribution in phase a from each LVF
can be calculated from

ph—alVF-1 IzeLVF* IpOLVF—l IneLVF*

Fault = lfautt 1 {Fault Fault (Al4)
h—aVF-2 LVF-2 LVF-2 LVF—2

ph—a — Jze 1P° ne

Fault Fault Fault Fault

Appendix C.3. Line to Line (LL) Short-Circuit Faults

For an LL fault between phases b and c of LVF-1 in the system in Figure A3a, using the
equivalent sequence network connections in Figure A3c(ii), the fault current in sequence
components can be expressed as

po
| L Veq

Fault Zepg +ZS§+ZFault

e _ PO (A15)
Fault — Fault

ze  _
IFault =0

From (A15), the fault current observed in phases b and c can be calculated as

2 po
phb — P (® —a) Vg (A16)
0
Fault Fault qu + ZQS + ZFault

. ph—b,_ ;ph—c . ph—b ph—c _ .
It is to be noted that ‘IFault |=|Igqut | While ZIg = — ZIg - = £180°. The contri-

bution of each LVF on the fault current can then be explained from (A13) in sequence
components and then used to define them in phases b and c of each LVF from

ph_bLVF*f eV f 5 polVF—f elVE—f

Fault - IFault ta IFault + aIFault Ve {12 Al7
LVE—f _ LVF—f - f { ’ } ( )

ph—c _ IzeLVF f + aIPO 4 a21neLVF f

Fault ~ “Fault Fault Fault
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Appendix C.4. Double Line to Ground (DLG) Short-Circuit Faults

For a DLG fault among phases b, ¢, and ground in LVF-1 of the system in Figure A3a,
using the equivalent sequence network connections in Figure A3c(iii), the fault current in
sequence components can be expressed as

vE

)L - eq
Fault = 780+ 285 || (28§ +3Zpaut)

po Po ;po
[ne — _ Veq 7Z€q IFault (A18)
Fault Zag
ze _ _ PO e
IFault - IFault IFault

which are then used to define the fault current in phases b and c from

ph—b _ ;ze 2 1PO ne

IFault - IFault ta IFault + aIFault (A19)
ph—c _ 1ze po 2 rne

IFault - IFault + aIFault +a IFault

The contribution of each LVF on the fault current can then be explained from (A13) in
sequence components and then used in (A17) to define them in phases b and ¢ of each LVE.

Appendix D. Short-Circuit Studies for the System of Coupled LVFs in the Presence of
a DSTATCOM

Let us consider the network in Figure 3a. It is assumed that before the fault, the

voltages at the primary side of each distribution transformer in Figure 3a are V11, V2, ..., V.
Immediately after fault-occurrence, I%;’Elt_l flows from the MV line towards the fault point
in LVF-1 while N—1 currents, denoted by I{;;/lﬁt_z, ey IIL“XIE;N , will flow in the LVFs from
the MV line(s) towards the coupling point of the LVFs. These currents are

(ILVFfl)# _ ViV

Fault - ZlT"'kZTl_VF
R Vfe{2,...,N} (A20)

where notation * represents this condition. In addition, a current will flow from the dc link
of the DSTATCOM toward the fault point. Let us denote this current by Ipgc which can be
expressed as
#  Vpsc— V¢

i (a21)
where Zpgc represents the equivalent impedance of the DSTATCOM. Thus, the equivalent
current flowing from the coupling point of the LVFs towards the fault point, denoted by
Ieq, can be expressed as

N # #
# DSC \# wr—f\ ¥ Vep ~ Viau
qu = (IFault) + Z (IFault f) = (1 _ k)Zlaut (A22)
f=2 LVF
Thus, the fault current will be equal to If, . = I + ng.

As discussed in Section 4, the current supplied from the dc link of the DSTATCOM
towards the fault point will result in a fast discharge of stored energy of the dc link which
will lead to the reduction of the voltage of the dc link to zero and thus the failure of voltage
regulation. In the rest of this section, the post-fault performance of the system (i.e., after
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the decay of the transients of the DSTATCOM) is discussed. Let us consider the system in
Figure A4a with a TLG fault. The post-fault system can be expressed by

(ILVE- 1)$ _ -V

Fault - ZlT+kZLVF
LVF—
()" = 7 ;P vfe{2...,N}
(A23)
N LVF_f VgP_VF$ault

$ _ _
qu - f§2 (IFault ) (R Zyg
$ _ F-1 $
VFault = ZFault [(IFault ) + qu}

where notation ® represents the post-fault condition. Solving (A23) and simplifying it, one
can derive each current as

- [LVE-1 9 v 48
ILVF*Z VZ
. -1 .
[LVE—f = Byun- vy (A24)
LVE-N :
LI = Fault - VN -
where
5 . ZL+kZ) g O1xN-1
= .
’ On-1x1 (1= k)Zjyp + diag (ZJ; + Z{VF)

while Oy x is a matrix of zero elements with x rows and y columns, and diag ZJ; + Z{VF)
Vf € {2, ..., N} produces a square matrix with the size of N — 1 with diagonal elements
of ZJ; + Z{VF in which f is varied from 2 (in the first diagonal element) to N (in the
last diagonal element). It is to be highlighted that similar to (A10), in (A24) the fault
impedance dynamics are ignored and it is assumed that the voltages at the primary side of
the distribution transformers are not affected by the fault.

From (A23), it can be said that I};VFlt ! might be larger, smaller, or equal to leq, depend-
ing on the fault location, the impedances of the LVFs and the distribution transformers,
and the number of coupled LVFs.

Now, let us assume an SLG fault in phase a of LVF-1 in the system in Figure A4a with
the sequence networks in Figure A4b. The fault current in sequence components can be
calculated similarly to (A1l) assuming that

(28)° = (za9)® = B33
(220)* = B3| |5
(V§°)$:M)

B+
BY = ZF + k(Zlyp)®
B3 = = R)(Zhe)™ + [(Z + (2™ ) 111 (2 + (2
BS = Z} + k(Zye) ™
BS = (1= k) (Zhe) ™ + [ (73 + (Ze)™) 1. 1 (2 + (2N ™)

For an LL fault between phases b and c as well as a DLG fault among phases b, ¢, and
ground in LVE-1 of the system in Figure A4a, the fault current can be calculated similarly
to the discussions in Equations (A22) and (A23). It is to be noted that when defining the
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contribution of each LVF on the fault current, a system of N-linear equations will be solved.

2 1
(@ Vi v
B LVE2  LVF-I 1
Zy l Falt LFaut l Zy
1
kZ v
Vi Tegune
EN
Zaun
1
| -0z
DSC
T[I ault
Zpsc
N N
Zivr Ziyr
N LVE-N ,LVF-3 N
Zy Fault Fault T Zy
N N
Ve Ve
. (i) SLG Fault (i LL Fault
p po 1.po 2P0 NPO 1. po
w3 WY wp e v Zra v
po LVE2 poLVEN JLVE 5 po polVE2 vo poLVEN LVF-1
(Zi) lllf:’“h (Z,v)" . (ZI) rp:u“ (zp llmun (Z¥) llan (Zl)pD llan
T
S 2 y° NP :
(ZiVF) (ZIIYVF) (- k)(Z P s eq k(ZLVr (ZLVF) (ZLVF) (1- k)(ZLVF) Il?;uh k(ZLVF
v 2‘:‘ e
po
l . Lo l l Lo
ne LVF-2 LVEN LVF-1 2\ nelVE2 ne LVE-N nelVFL
@D i @ [ @y [ s @ [ @5 b @y [V s
A T o w ne @) s et P
@iy P (- k)(ZLVF ;f"“ k(ZLVF LVF LVF (- k)(ZLvr rmu P
7 ne
Iy, muT l Legun
oz Lo LVE2 " LVF-N Lo LV
(z) lIFA...n (Z:) llrdun []3ZFM“ (ZI) l[l_d“h (iii) DLG Fault
, oz T N oz cd 20 po 1,00
(ZLVF) (Zyyp) (1= k)(ZLVl' l'au]l k(ZLVr (™) (V;V) ()
2 po polVE2 poLvmv polVEI
(zp lIFuu]l (Z) Lo (Zl)po lIFuull
R , o "
@uve @ || awel S| AW
L —>
po
lll‘m](
5 e e LVE2 e LVE-N LeLVEL
(zp llFuull (Z:) llan r““lﬂ (ZIT)nc lIFAmn
B o u
v @ || o k)(ZWF Sf...[ Kz
ne
rmuT llFuu]x
5z Lo LVE2 e Lo LVE-N ‘ LVF-1
(zp llFqul (Z:) lIFuu]l (Z1 )7e l [l'au]l
) e 7 Nz o4
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—>

Figure A4. (a) Equivalent impedance network in Figure 3a during a short-circuit fault in LVF-1,
(b) Equivalent sequence impedance networks during asymmetrical short-circuit faults in LVF-1.

Appendix E. Directional Protection Function and Its Settings

Let us consider the network in Figure 3a. For simplicity, let us assume this system is
composed of N = 2 coupled LVFs, namely LVF-1 and LVF-2. Let us denote §; = £ (V%)ph_a,
by =2 (V%)ph*a. It can be said that 6, > & when power flows from LVF-2 to LVF-1 (see
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phasor diagrams in Figure Ab5a(i,ii)) while §; > J, when it flows from LVF-1 to LVF-2 (see
phasor diagrams in Figure Aba(iii,iv)). Two TLG faults, one in LVF-1, denoted by Fault-1,
and one in LVF-2, denoted by Fault-2, will be investigated. In both cases, the post-fault
current (i.e., the current after the decay of the transients) passing through SW-1 in phase a,
denoted by Isw.1, will be investigated. The short-circuit studies of Appendix C.1 address
the system performance during Fault-1 when Zg,; # 0. A similar analysis can be applied
to Fault-2. However, for simplicity, let us assume that Zg,; = 0. In addition, let us denote

ZLVF-1 _ ‘ZLVF—l

Fault Fault ’491 as the total per-phase impedance between V2 and the fault point for

Fault-1. Similarly, let us denote Z ult Fault

between V7 and the fault point for Fault-2. Under such assumptions, the post-fault current
of SW-1 in phase a can be expressed for Fault-1 and Fault-2 as

ZWVES2 — ‘ZLVF_Z ’ Z£0, as the total per-phase impedance

Fault-1 _ _V# _ | V2
Iswfl - ZIIEVFl—l - Z%VFI—I Z(‘52 - 91)
ault ault
. . (A25)
Fault—2 __ _
Isvxlflfl = *ZLsz = ZLsz Z(m+ 01— 6)
Fault Fault

Thus, it can be seen that during a forward fault in an LVF (i.e., Fault-1), the fault current
seen by SW-1 lags the corresponding voltage (i.e., V) by 6 (see Figure A5a(i,iii)). However,
during a reverse fault (i.e., Fault-2), the current leads the corresponding voltage (i.e., V}) by
180°—6, (see Figure A5a(ii,iv)) [37]. It is to be noted that these are valid regardless of the
power flow direction through the switch in the pre-fault conditions. The above discussions
are expandable to a system of N-coupled LVFs as only one of the switches will detect a
forward fault and all other switches will detect a reverse fault.

Directional protection functions are used to detect the direction of a fault [52]. They
are used to control the overcurrent protection functions or to supervise distance protection
functions. Directional relays use the concept of torque to detect a fault, which is achieved by
using the phase shift between the voltage (of the faulted phase, healthy-phase, or pre-fault
conditions [70]) and the faulted phase current. The torque can be derived for each phase
but is usually derived in terms of sequence components. Different torques are used by
manufacturers for directional protection functions [71-73]. A positive-sequence directional
relay can be used for the detection of balanced TLG faults. However, the positive-sequence
torque may fail to determine the direction of asymmetrical faults [54]. Moreover, a zero-
sequence torque may fail for LL faults (where no zero-sequence current is observed) or for
delta-connected systems in a grounded system [37]. However, it is concluded in [37,54] that
the negative-sequence torque will always point to the fault location correctly unless it fails
due to sensor noise and high impedance faults when the network load is very unbalanced.
More discussions on the problems of directional protection functions based on sequence
torques are discussed in [37,54].
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Figure A5. (a) Phasor diagrams for forward and reverse faults in the system of coupled
LVFs in Figure 3a, (b) Forward and reverse fault zones of the negative-sequence impedance
protection function.

A digital negative-sequence directional relay, popularly known as the “T32Q’ function,
implemented in the 1980s [74], operates based on

132Q _ |VR€| 17| cos (£ — VP — (LIM® + £ZP°)) (A26)

where V" and ", respectively, show the negative-sequence component of the voltage and
current at the switch. In (2), the positive torque represents a forward TLG fault while the
negative torque represents a reverse TLG fault. In (A26), the positive torque represents a
forward fault while the negative torque represents a reverse fault. A new approach with a
better sensitivity, developed in 1993, is used for the directional relays [74], which calculates
the magnitude of the negative-sequence impedance, denoted by |Z"¢|, that lies collinearly
to the protected positive-sequence line impedance as [75]

e(conj(VMe(I"¢ x 1£ZP°)))
(Ime)?

zne| = R (A27)

where Re(.) and conj(.), respectively, represent the real and conjugate functions.

There are 5 settings required for the negative-sequence impedance directional func-
tion [53,74], which are a forward and reverse negative-sequence impedance threshold
(Zrorward and ZReverse), a forward and reverse negative-sequence current threshold (Qporward
and QReverse), and a positive-sequence current restraint factor (k). In general, Zpyrward
must be less than the Zgeverse to avoid any overlap. When |I2¢_ | becomes larger than
QForward and QReverse thresholds, the fault is detected by the protection function. In
such a case, a forward fault, denoted by ‘32QF’ in the ladder diagram in Figure 3c,
is flagged if Z3%_, < Zporward While a reverse fault, denoted by ‘320QR’, is flagged if
238 > ZReverse [72,76]. Qrorward and Qreverse thresholds are used to disable nuisance
tripping in case of unbalanced systems or loads. Classically, Qporward = 0.5 A and
QReverse = 0.25 A are selected [53]. The k factor (0.07 < k < 0.1) allows the pro-
tection approach to open the switch if the negative-sequence current exceeds k times
of the positive-sequence current to prevent nuisance tripping for systems with small
load/line-initiated unbalances.

It is to be noted that Zg,ward and ZReverse Should be defined based on the results of the

fault studies of the considered system. Since 1996, a new version of the negative-sequence
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impedance directional protection function has been introduced [74], which calculates
automatically Zgywarg €qual to half of the positive-sequence impedance of the line while
ZReverse 18 set as Zporward + 0.1 [72]. The automatic definition of Zggrward and Zgreverse
based on the positive-sequence impedance of the line are a dramatic improvement for
reducing the required calculations when defining the settings. However, it is stated in [74]
that the automatic method may fail to detect the fault (e.g., if V"¢ is very small) and has
proposed some recommendations for such cases. Figure A5b illustrates the forward and
reverse zone of a negative-sequence impedance protection function where both Zgqvyard
and Zgeverse are assumed to be positive.

Appendix F. Technical Data of Network under Studies

The technical data of the network under consideration are provided in Table Al.

Table Al. Technical parameters of the network under consideration.

Voltage and frequency: 11 kV /415 V, 50 Hz
Rating: 200 kVA

Connection: A/Y-grounded

Impedance: Z = 5%

Distribution Transformer

Conductor number and size: 3 x 70 + 35 mm?

Conductor Type: AAC bare overhead conductor

Length: 400 m

Impedance: Z = 0.452 + j x 0.270 [(2/km]

Number of poles: 10 poles (nodes) with a distance of 40 m from
each other.

LVF

Conductor number and size: 3 x 50 mm?

Conductor Type: ACSR bare overhead conductor
Length: 2 km
Impedance: Z = 0.910 + j x 0.285 [(2/km]

MV line

Number and type in each LVF: 30 single-phase houses
Demand: 1-5 kW

Power Factor: 0.95 lagging

Impedance: 51.9840 + j x 17.0863 [Q) for 1 kW].

Load

Number and type in each LVF: 15 single-phase
PVs Power Factor: 1
Inverter coupling impedance: 5 mH
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