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Abstract—This paper evaluates the effect of randomly distributed, residential single-phase rooftop photovoltaic systems in

the low voltage residential networks, during short-circuit faults on the overhead lines. The important parameters such as

the fault current, the current sensed at the distribution transformer secondary, and the voltage profile along the feeder dur-

ing the fault are examined. A sensitivity analysis is carried out in which the rating and location of the photovoltaic systems

in the feeder, as well as the fault location and type, are the considered variables. Moreover, to demonstrate the effect of

multiple photovoltaic systems with different ratings and penetration levels when distributed unequally among three phases

of the network, a stochastic analysis is carried out. The paper summarizes the outcomes of these two analyses to provide a

better understanding of the impact of single-phase rooftop photovoltaic systems on the residential feeders during short-

circuit faults.
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Nomenclature
BOF Beginning of feeder
EAV Expected average voltage
EOF End of feeder
FCD Fault current difference
LG-F Line-to-ground fault
LL-F Line-to-line fault
LLG-F Two-line to ground fault
LVF Low voltage feeder
MCA Monte Carlo analysis

MOF

Middle of feeder

MVF

PDF

PDP

PPL

PV

SCF

STD

TCD

VD

Medium voltage feeder

Probability density function
Photovoltaic disconnection probability
Photovoltaic penetration level
Photovoltaic unit

Short-circuit fault

Standard deviation

Transformer current difference

Voltage difference
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1. Introduction

Residential rooftop single-phase photovoltaic units, referred to as ‘PVs’ in this paper, are the most common type of dis-
tributed energy resources in the low voltage feeders (LVFs) of many countries including Australia. In Australia, PVs have
been installed by a large percentage of the householders due to the state and federal subsidies [1-2]. The effect of high PV
penetration levels (PPLs) in LVFs has been studied from power quality and voltage quality points of view in [3-7]. It has been
concluded in these studies that a large PPL may lead to the bi-directional power flow in the LVF, and a change in the fault
current and its direction in the network. Currently, a PPL of over 25-30% is not allowed by the Australian utilities in their
distribution systems [8]. One of the reasons behind this limit is the unknown effects of high PPL in LVFs during short-circuit
faults (SCFs).

The impact of three-phase PV plants, installed in medium voltage feeders (MVFs), are studied from protection aspects in
[9] in which the PV plant location in the network and its generation capacity and availability are focused. In [10-12], it is
discussed that the presence of three-phase renewable energy resources in MVFs may lead to miscoordination among the
protection devices, unwanted tripping, protection blinding, and asynchronous reclosing. It is stated in [9, 13-15] that
substantial penetration of three-phase renewable resources needs utilization of bidirectional relays, communication-based
transfer trips, pilot signal relaying, and impedance-based protection schemes.

Although the impact of large-scale three-phase PV plants has been studied extensively on the SCFs in the network, such a
study is not carried out for LVFs with single-phase PVs that may have different ratings and may be distributed unequally
among three phases of the network. Reference [16] has considered the SCFs on the systems in the presence of single-phase
PVs; however, it is focused on the SCFs in distribution boxes and does not examine the SCFs on the overhead lines, which are
more vulnerable. Reference [17] has investigated the impact of single-phase PVs on the coordination of the overcurrent
relays in the MVF. It has been concluded in this research that the location of rooftop PVs may affect the operation time of the
overcurrent relays adversely. To the best of the authors’ knowledge, no technical report has comprehensively evaluated the
impact of rooftop PVs on the voltage profile of the LVFs and the current sensed at the secondary side of the distribution
transformers during SCFs on LVFs. This is the research gap that is addressed in this research. The voltage magnitude at the
feeder connection point to a PV is a key parameter for the disconnection of PVs after an SCF in the LVF. Similarly, the current
sensed at the secondary side of the distribution transformer is a key factor in the operation of the switch-fuse for the
protection of the system in case of SCFs in the LVF. Therefore, these two parameters are focused in this research.

The preliminary results of the impact of single-phase PVs on the voltage profile and current sensed at the secondary side

of the distribution transformers have been demonstrated by the authors in [18], during line-to-ground faults (LG-Fs) on the



overhead lines of the LVFs. The work presented here is aligned with the research in [18] but is extended to cover the line-
to-line faults (LL-Fs) and two-line to ground faults (LLG-Fs), which are the most frequent SCFs in LVFs [19]. The research
presents a sensitivity analysis to evaluate the contribution of PVs on the SCF current, current sensed at the secondary of the
distribution transformer, as well as the voltage profile along the LVF, during SCFs. The rating and location of the PVs, in
addition to the SCF location and type, are considered as the variables of the analysis. The research is then expanded to con-
sider the impact of multiple PVs with different ratings, PPLs and random (unequal) distribution among the three phases of
the network. This is carried out with the help of a Monte Carlo analysis (MCA)-based stochastic analysis. The sensitivity and
stochastic analyses are performed in MATLAB, and their results are validated by PSCAD/EMTDC simulations. The paper
summarizes the outcomes of these two analyses to provide a better understanding of the impact of single-phase rooftop PVs
on residential LVFs during SCFs. This is the main contribution of this paper. In summary, this research aims to answer the
following questions:
e How strong is the impact of a rooftop PV on the current that is observed at the secondary side of the distribution trans-
formers, during SCFs in the LVF?
e How strong is the impact of a rooftop PV on the voltages of the nodes along the LVF, during SCFs?
e Whatis the impact of different penetrations and ratings of rooftop PVs on the two above parameters?

The rest of the paper is organized as follows: Section 2 presents the network under consideration and the impact of a PV
on the system voltages and currents during an SCF. The modeling of the considered system for SCF studies is introduced in
details in Section 3. This Section also discusses the developed sensitivity and stochastic analyses. Section 4 illustrates the
sensitivity analysis results for the voltage profile along the LVF as well as the current sensed at the secondary side of the
distribution transformer during different types of SCFs. The MCA-based stochastic analysis results of the system, in the pres-
ence of multiple PVs, with different ratings, installation points along the LVF, PPL, and numbers in each phase of the system,
are provided in Section 5. The results of the analyses are discussed in Section 6 while Section 7 summarizes and highlights
the general conclusions and findings of the research.

2. Network under Consideration

Let us consider the 10-node, radial, residential supply system of Fig. 1a which represents a typical practical Australian
LVF supplying household loads. In Australia, residential LVFs are mostly three-phase, four-wire, multiple earthed neutral
(MEN) systems, and are supplied by three-phase Dyn distribution transformers [20]. The distribution transformers are
supplied by three-phase, three-wire MVFs. All houses are assumed as single-phase loads. The LVFs are protected by switch-

fuses at the secondary side of the distribution transformer to protect the system in case of SCFs in the LVF. The distribution



transformers are usually in the range of 25 to 630 kVA, and the LVFs are generally 400 meters long, distributed through 10-
12 poles, with a distance of 30-40 meters from each other. It is to be noted that although similar systems are common in
Europe, Asia, and Africa, its structure and topology is different from the LVFs of the North American countries.

The residential rooftop PVs in Australia are single-phase units (composed of PV cells, inverters, and disconnectors). They
have a nominal rating of 1-5 kW (depending on the financial status of the householders). The number of rooftop PVs con-
nected to each phase of the system is random as the utilities do not have a regulation for balancing the number of rooftop
PVs among the phases when approving the connection of a rooftop PV to the system. All PVs available in Australian market
are equipped with an islanding protection function (e.g. under/over-voltage protection function) based on Australian Stand-
ard on grid connection of energy systems via inverters [21] and are required to disconnect after an SCF in the LVF. The output
current of the PV systems are equipped with a current limiting technology and protection fuses which limit their output
current to 1.5 times of their nominal current [22].

Now, let us assume that a single-phase PV system is connected to one of the phases of the LVF (Fig. 2a). It is intended to
investigate the effect of this PV on the protection aspects of the LVF, including the SCF level (Iraui), current supplied from the
distribution transformer towards the SCF (Ipr), and the voltages of different nodes along the LVF (V). An SCF can occur in the
LVF either at PV upstream (Fig. 2b) or downstream (Fig. 2c). In both cases, the fault current is composed of two components:
the output current of the PV system and the current supplied by the distribution transformer. Thus, the SCF level increases
in the systems of Fig. 2b and 2c with respect to the network of Fig. 2a. A larger increase is observed when the PV system has
a higher rating.

For an SCF at PV upstream (Fig. 2b), as the PV is located closer to the end nodes of the LVF, the node in which the PV is
installed experiences a greater voltage. This is due to the fact that the output current of the PV passes through a larger portion
of the LVF; and thus, a greater voltage appears for every node between the SCF and the PV location. The voltage reduces from
the node in which the PV is located towards the SCF point. For a bolted SCF (in which the SCF impedance is zero), the PV
presence does not have any impact on the voltages of the nodes between the distribution transformer and the SCF location.
In addition, it does not affect the current supplied by the distribution transformer. It is to be reminded that for a realistic SCF
(with a small impedance but not zero), the current supplied by the PV system will cause an increase in the voltage of the
node in which the SCF has occurred. This slightly increased voltage will reduce the current supplied by the distribution
transformer marginally. A stronger impact is detected when the PV has a larger rating.

For an SCF at PV downstream (Fig. 2c), the voltage at the node in which the PV is located is increased compared to the

system of Fig. 2a; and thus, the current supplied by the distribution transformer reduces. As the PV is located closer to the



beginning nodes of the LVF, the impact becomes stronger. Thus, the SCF level reduces slightly; however, it is still larger than
the SCF level of Fig. 2a. A larger impact is observed for a PV with a higher rating.
3. System Modeling and Analysis

Fig. 1b depicts the equivalent electric circuit representation of Fig. 1a. The network of Fig. 1b resembles a traditional
three-phase power system if the PV systems are ignored. However, the network of Fig. 1b is assumed to have single-phase
PV systems in which the number of the PVs per each phase and each node of the system may be unequal. Furthermore, each
PV may have a different rating and output power compared to the other PVs of the network. Hence, the network of Fig. 1b is
considered as an unbalanced network and has to be analyzed using Fortescue’s sequence component method [23], even if
the impedances of each phase of the system are identical. In the rest of this section, the network of Fig. 1b is analyzed by
sequence components. It is to be highlighted that the main dissimilarity between the considered unbalanced system with the
traditional load/feeder-initiated unbalanced systems is the appearance of the negative and zero sequence components of
voltage, in addition to its positive sequence, as discussed below:

Assuming an equivalent distance between two adjacent poles (nodes) in the LVF, the LVF impedance matrix can be

represented for phase-4, B and C by
Lv
[Z5 Jasc =21 3 (1)

where zris equal to the per-phase impedance between two adjacent nodes and I3y is the identity matrix of order 3. Similarly,

the MVF impedance and distribution transformer impedance are represented as
MV
[Z7" Taec =27 1 (2)

[Z"™ ] gc = Zigans-} ®) (3)

trans
where z'ris equal to the per-phase impedance of the MVF between two adjacent nodes and Zuans is the equivalent per-phase
impedance of the distribution transformer.

From (1), the LVF impedance in sequence components can be expressed as
[Z IFV lowz = [A]fl[ZIFV lrec [Al (4)

1 1
a2

1
where [A]=|1 a | and a = 1£120°. In a similar way, the sequence components for the impedance of the MVF and
1

a a’

the transformer can be calculated.

Although in dynamic studies, a detailed modeling of all network equipment including PVs is essential, in static analyses,



such as the SCF studies of this research, the network equipment can be modeled with simpler representations of their steady-
state performance. From this perspective, the PV systems can be considered as current sources but with proper assumptions
such as the maximum output current, or disconnection with respect to voltage variation at their point of coupling during
SCFs [16]. Similarly, although the SCF impedance has dynamic characteristics during the SCF [24], these dynamics are ig-
nored in this research. Thus, in the rest of this research, [PV represents the steady-state output current of a PV while Zrgu
shows the steady-state value of the SCF impedance. Thereby, the matrix of the output current of PVs connected to phase-4,

Band C at node-i (1 <i< N) can be expressed as
[IiPV]ABC :[IXV Igv I(lzjv]iT (5)

where T is the transpose operator. From (5), the output current of the PVs in each node, in sequence components, is

[Iin ]012 = [A]il[lipv ]ABC (6)
From (4) and (6), for an asymmetrical SCF at node-k of the network of Fig. 1b, the equivalent sequence networks are modeled
as Fig. 3a. The network is later simplified using the Thevenin-Norton equivalent circuit from the SCF point of view. This
simplification is carried out separately for the PVs located at SCF downstream and upstream.

For the PVs at SCF downstream, their output currents are aggregated based on Norton equivalent circuit, as illustrated in

Fig. 3b, and expressed as

1 2 0
1 _ PV 2 N PV 0 _ N PV
Ino_zi:kli ’ Ino_zi:kli ’ Ino_zi:kli [7)

where the subscript no denotes Norton equivalent.

Thevenin equivalent of the system at SCF upstream, including the PVs, can be depicted as Fig. 3b and expressed as

1 1 k=L pvi (< mv? trans' | : = LV! 1 oMt trans® Lv?

Vie' =Vsouree, T2 i (Zf +Z7% +1.Z; ) Z, =2 +727" +kZ,
12 Ok pv? (5 My? trans? | : = LV? 2 _ -1

Vth - Zizlli Zf +Z + I'Zf ) Zth - Zth (8)
10 KL pvO [ trans® | ;- LV 0 _ —trans® Lv®

Vo' =Y 172" iz ) Z, =Z2"" +kZ|

where subscript th denotes Thevenin equivalent.
The Thevenin equivalent of the SCF upstream of (8) and the Norton equivalent of the SCF downstream of (7) can be further

simplified as Fig. 3c where
1 151 2 12 1252 0 10 100
Vo =Vin thole o Vi =V 1ol o Vi =V +looZy, (9)
which can be represented as

[Vth]012 = [\/t’h]OlZ +[In0]012 [Zth]Olz (10)



Equation (10) demonstrates that, in addition to the expected negative and zero sequence impedance and positive sequence
of voltage, a negative and zero sequence of voltage also appear due to the presence of single-phase PVs that are distributed
unequally among the three phases of the network [18].
3.1. SCFsin the Network

The considered SCFs in this paper are LG-F, LL-F and LLG-F (Fig. 4), since they are reported as the most frequent types of
SCFs in LVFs [19]. It is to be noted that three-phase-to-ground and open-conductor faults are beyond the scope of this re-
search.

For an LG-F (Fig. 4i-iii), the SCF level is calculated from the current sequence components. For the faulted phase, the SCF

level is calculated as
[IFaUIt]ABc =3l [/1A //{’Baz jca]T (11)

1 2 0
Vin +Vin Vi,
1 2 0
Ly +Zy" +Zy +3Zpay

where | = while 4; = 1 if the LG-F is in phase j (j = 4, B or C); otherwise it is zero.

After SCF level calculation, the voltage at the SCF location is calculated using Kirchhoff’s voltage law (KVL) in sequence

components as

[VFauIt]OlZ = [Vth ]012 - [|]012 [Zth ]012 (12)

and is then transferred to ABC frame by

[VFauIt]ABC = [A]mz [VFauIt]012 (13)

Finally, the voltage of each node along the LVF of Fig. 2a is calculated.

Likewise, for an LL-F (Fig. 4b), the SCF level is calculated from
Fault
[ LTnac =[Alo [ fai Jor (14)

1 2
Vth _Vth
zZ1+z. 247
th th Fault

where 1= while [2=-]1and I° = 0 if the SCF is between phase-B and C (Fig. 4iv), [2=-11£ + 60 and

10 =0 if the SCF is between phase-A and B (Fig. 4v),and [ 2= -1/ - 60 and I ° = 0 if the SCF is between phase-A and C (Fig.
4vi).
From the current sequence components, the SCF level and voltage profile along the LVF are then calculated.

Similarly, for an LLG-F, if the SCF is between phase-B and C (Fig. 4vii), the current sequence components are

11 = (1+a) Vi + Vthzl_ Zy°1? o2 = By — PP
1+a) Zy, Bo = Pafs

1°= —al'—a?%l? (15)



where
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while for an LLG-F between phase-A and C (Fig. 4viii), the current sequence components are

|1 = Vit (+a)Vy” —Zy U+ )12 2= 1" 73Va

I 0
e Y2 = Vals
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— 0 1 Ay 2
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4 1
Z
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From the current sequence components, the SCF level and voltage profile along the LVF are then calculated.
3.2. Sensitivity Analysis

The impact of one single-phase rooftop PV on the SCF level of the LVF, as well as the voltage profile along the LVF, is
investigated by the sensitivity analysis. PV output power and location in addition to the SCF location are considered as the
variables of the sensitivity analysis. In this study, a discrete sensitivity analysis is carried out as the PV output power is
assumed to be varied from 0.7 to 3.5 kW in steps of 0.7 kW. The SCF and PV locations are also varied from node-1 to node-N
=10. The outputs of this analysis are the SCF level, the current sensed at the transformer secondary, and the voltage at each
node along the LVF. It is to be noted that only bolted fault conditions are focused within the sensitivity study analysis. The
results of this analysis are presented and discussed in Section 4.

A few of the sensitivity analysis results, carried out in MATLAB, were compared with the results of the system modelled
in PSCAD/EMTDC. This comparison revealed a maximum of 0.02% error, which validates the accuracy of the system
modelling in MATLAB.

3.3. Stochastic Analysis

A deterministic analysis is not comprehensive due to the randomness in PV rating and installation point as well as the
SCF location and impedance [25]. Therefore, a MCA is carried out in this paper to investigate and predict the SCF level and
the voltage profile along the LVF [26]. The considered uncertainties in the MCA are:

e the PPL in the network,



e the installation point of PVs in each phase and along the LVF,
e the ratings of PVs,

e the SCF location, and

e the SCF impedance,

while the outputs of the MCA analysis are:

e the current sensed at the transformer secondary, and

e the voltage at each node along the LVF.

Fig. 5 illustrates the flowchart of the developed stochastic analysis. As seen from this figure, the SCF-type and PPLs or PV
ratings are selected at the beginning and separate MCAs are carried out for each selected combination. PV installation point
is assumed to have a uniformly distributed probability over the LVF length (i.e., 400 m in this study which is the typical LVF
length in Perth, Australia). They have discrete values of 40 meters (assuming that a 400 m long LVF is distributed over 10
poles with a distance of 40 m from each other). PV ratings are assumed to have discrete values with a normal PDF with an
average of 2.5 kW and a variance of 0.8 kW, based on the ratings of the PVs installed in Perth, Australia [17]. The SCF location
is assumed to have a PDF similar to that of the PV installation point. Uniform distribution over 0-0.3 Q is considered for the
impedance of the LG-Fs while the impedance of the LL-Fs and LLG-Fs are assumed to have a historical data-supported PDF
of Fig. 6a-b [19].

To reduce and eliminate the non-desired combinations of the inputs for the stochastic analysis, a Time parameter, de-
picted in Fig. 7, is considered which represents the time of the study over the 24-hr period and is normalized in the range of
0 to 1. In this study, the sunlight availability is assumed between 6 am and 19 pm while the PVs generate their maximum
output at 12 pm with the coefficient factor of 1, considering the sun radiation in Perth, Australia [27]. Time is utilized to
select correlated random values for the instantaneous output current available from PVs while the other inputs of the MCA
are considered independent of Time [28-29]. Alternatively, the methods proposed in [30-31] can be utilized to determine
the PV output power based on solar irradiance. In this study, all inputs of the MCA are produced using different random
generation codes of MATLAB, considering the above-mentioned PDFs.

The termination criterion of the MCA is chosen based on achieving an acceptable convergence for the average and vari-
ance of the desired outputs (SCF level, and node voltages along the LVF). For this, the MCA simulation is deemed converged
when a confidence degree of 95% is achieved. However, a minimum of 10,000 trials is utilized to avoid premature conver-
gence. Once the MCA is converged, the PDF is defined for all desired outputs. The PDF is described in terms of the distribution

function, the expected average voltage (EAV) and standard deviation (STD) of each output from all iterations.



It is to be noted that if large networks such as the IEEE 342-node North American LVF and 906-node European LVF
standard test cases in [32] are considered, the computation of the equivalent sequence components of the voltage and
impedance in (7)-(16) may become complicated; however, the duration of MCA will not be prolonged significantly as its
execution time depends on the number of its inputs and its considered termination criteria.

3.4. Maximum Allowed PPL

Based on the findings from the stochastic analysis, the study aims to investigate the maximum allowed PPL in a residential
LVF from the SCF perspective (note that other considerations such as the maximum voltage rise and maximum harmonic
distortion in the LVF should also be considered when selecting a general limit). To this end, different criteria may be defined.
This study has determined the maximum allowed PPL as the function of two criteria, namely switch-fuse operation proba-
bility (SOP), and PV disconnection probability (PDP). The SOP illustrates the probability of operation of the switch-fuse (at
the secondary of the distribution transformer) in the case of an SCF, while the PDP depicts the probability of disconnection
of PVs of the LVF after an SCF because of voltage deviation at the connection point of the PV, according to IEEE Standard 929-
2000 [33]. From the MCA-derived PDF for node voltages (considering its EAV and STD), the probability of observing a voltage
higher than 1.1 or below 0.88 per-unit (pu), i.e., the thresholds for the disconnection of a PV according to [33], is calculated
and referred to as the PDP. Similarly, using the derived PDF for the current sensed at the transformer secondary (considering
its EAV and STD), the probability of observing a current higher than 1.25 pu (i.e., the threshold for the operation of the
switch-fuse) is calculated, and referred to as the SOP. These two indices are expressed for different PPLs at various SCF types.
From the SCF perspective, the maximum allowed PPL is then determined as the corresponding PPL for the minimum prob-
ability of the successful operation of the switch-fuse or the disconnection of PVs, after an SCF in the LVF.

4. Sensitivity Analysis Results

The sensitivity analysis evaluates the effect of one single-phase PV on the SCF level, the current sensed at the transformer
secondary and the voltage profile along the LVF, during an LG-F on phase-A as well as an LL-F and LLG-F on phase-A and B,
all assuming Zrquir = 0. The sensitivity analysis is carried out in MATLAB while a few of the cases studies are remodelled in
PSCAD/EMTDC, and the results are compared to validate the accuracy of MATLAB modelling.

4.1. Voltage Profile

A parameter that plays a major role in disconnection of PVs following SCFs in the LVF is the voltage at the PV connection
point. In this section, the deviation of the voltage along LVF in the presence of a PV is investigated during SCFs.

Let us consider the network of Fig. 1b without any PVs which is referred to as the ‘No-PV’ case in the rest of the paper.

Now let us consider a single-phase PV with a rating of 2 kW (i.e., approximately 8.3 A at 240 V with a unity power factor).



The output current of the PV is limited to 150% of its nominal rating (12.5 A) during the SCF. The network in the presence
of this PV is referred to as the ‘PV-available’ case in the rest of the paper. Let us assume an LG-F on phase-A at the beginning
of the feeder (BOF), i.e., node-1, while the PV is located at different nodes along the LVF (node-1 to 10). The voltage of the
nodes along the LVF in the PV-available case is more than the No-PV case. Let us define the voltage difference (VD) as the
voltage of the PV-available case minus the voltage of the No-PV case during the SCF. The VD is shown in Fig. 8a, and illustrates
that the end nodes of the LVF experience a greater VD compared to the beginning nodes. The reason for this increase is that
as the PV is located closer to the end of the feeder (EOF) i.e., node-10, its output current passes through a larger portion of
the LVF and a greater voltage appears for every node between the SCF and the PV location. Also, it can be seen that VD
increases from feeder beginning towards PV location; however, it is not affected for the nodes at PV downstream. Also, the
greatest VD is seen when the PV is located at feeder far end nodes.

Now, let us assume the SCF is at the EOF. In this case, the VD is much smaller compared to the case in which the SCF is at
node-1 (Fig. 8b). The VD increases from the feeder beginning towards the PV location and then decreases towards the SCF
location. This is because only the current supplied from the distribution transformer flows between the distribution trans-
former and the PV location while the currents of both of the PV and the distribution transformer flow between the PV and
SCF locations. Thus, a larger voltage appears on the downstream nodes of PV location. The greatest VD is detected when the
PV is in the middle of the feeder (MOF), i.e., node-5.

Let us now assume the SCF is at the MOF. When the PV is at SCF upstream, the VD has a similar trend to the one shown in
Fig. 8a while a similar pattern to the one in Fig. 6b is witnessed when the PV is at SCF downstream (Fig. 8c). This observation
can also be justified based on the abovementioned facts.

To investigate the effect of PV rating, let us assume an LG-F at node-8 where a PV, located at node-4, is assumed to have a
rating of 0.7 to 3.5 kW. In this case, with the increase of the PV output power, a greater VD is observed (Fig. 8d). This is
because a PV with a higher rating has a larger output current, and consequently a greater voltage appears.

Another analysis is carried out for LL-Fs. Let us consider an SCF at the BOF. In this case, the VD trend is similar to the
results of LG-F but almost half of that (Fig. 9a). Assuming the SCF location at the EOF, the VD variation is greater at PV up-
stream side and lower at PV downstream side (Fig. 9b). Also, the VD is greater as the PV is closer to the EOF.

Now let us assume an LL-F at the MOF. In this case, two trends are seen for the VD. In the cases that the PV is at SCF
downstream, the VD increases towards the EOF. For the cases in which the PV is at SCF upstream, the VD is high for the nodes
at PV upstream and low for the nodes at PV downstream (Fig. 9c).

Let us now assume a PV with a rating of 0.7-3.5 kW. The PV is installed at node-4, and the SCF occurs at node-8. In this



case, the VD on the nodes at the SCF downstream is not affected by the PV rating. However, it is increased on the nodes at
the SCF upstream for large PV ratings (Fig. 9d).

Sensitivity analysis results show that the VD trend for an LLG-F is similar to LG-Fs and is not repeated.
4.2. Transformer Current and SCF Level

Another important factor for the protection of LVFs in the case of SCFs is the current sensed by the switch-fuses at the
secondary side of the distribution transformers. Any deviation in the current sensed at the secondary side of the distribution
transformers will cause a deviation in the tripping time of the switch-fuse. This deviation is investigated in this section in the
presence of a PV in the system.

Let us again consider a 2 kW PV with 150% current limiting during the SCF. The SCF and PV location are varied from
node-1 to 10. Let us define the fault current difference (FCD) as the SCF level in PV-available case minus the SCF level at No-
PV case. Similarly, let us define the transformer current difference (TCD) as the current sensed at the transformer secondary
in PV-available case minus the No-PV case.

For the SCFs at PV downstream, as the SCF moves towards the EOF, the FCD decreases (Fig. 10a). This can be explained
by the variation of the voltages of the nodes as a result of SCF location which consequently affects the current supplied by
the distribution transformer. For the SCFs at PV upstream, as the SCF moves from the BOF towards the PV location, the FCD
increases (Fig. 10a). The highest FCD is detected when the SCF is at the PV connection node.

When the PV is at SCF upstream, the current sensed at the transformer secondary in the PV-available case is lower than
the No-PV case (Fig 10b). Hence the TCD is negative. This is because the voltage at the PV connection point compared to the
No-PV case which leads to a smaller current drawn from the source. When the PV is at SCF downstream, there is no difference
between transformer secondary current in No-PV and PV-available cases; hence, the TCD is zero (Fig. 10b). This is due to the
fact that the PV does not affect the voltages at SCF upstream. As the PV is closer to feeder beginning nodes, the transformer
secondary current is much less than that of the No-PV case.

Now, let us assume an LG-F at node-8 where a PV, located at node-4, has a rating of 0.7 to 3.5 kW. As the PV rating
increases, the FCD becomes greater (Fig. 9c) while a TCD reduces more (Fig. 10d).

For an LL-F at feeder beginning nodes regardless of the PV location, the SCF level in the PV-available case is larger than
the No-PV case; hence, the FCD is positive (Fig. 11a). The FCD is negative when the SCF is at feeder end nodes. For the SCF at
the feeder end nodes, as the PV is relocated from the BOF towards the SCF location, the FCD increases. However, it is constant
if the PV is at SCF downstream. When the SCF is at the feeder beginning nodes, the FCD decreases as the PV is relocated from

the BOF towards the SCF location. However, it is zero if the PV is at SCF downstream.



For an LL-F, the transformer secondary current in the PV-available case is less than the No-PV case; thus, the TCD is
negative (Fig. 11b). This is due to the fact that the voltage at the node in which the PV has located increases because of the
PV; thus, the current supplied by the distribution transformer reduces. For the LL-Fs, as the PV is relocated from the BOF
towards the SCF location, the TCD decreases. However, it is constant if the PV is at SCF downstream (Fig. 11b).

Now, let us assume an LL-F at node-8 where a PV, located at node-4, has a rating of 0.7 to 3.5 kW. In such a case, for lower
PV ratings (e.g. lower than 2.8 kW), the FCD is negative while it is positive for large PV ratings (e.g. 3.5 kW). As the PV rating
increases, the FCD decreases (Fig. 11c). For lower PV ratings (e.g. lower than 1.4 kW), the TCD is positive (Fig. 11d) while it
is negative for large PV ratings (e.g. larger than 2.1 kW).

Now, let us assume an LL-F at node-4 while the PV is at node-8. In such a case, the FCD is always positive and increases
forlarge PV output powers (Fig. 11e). Although the TCD rises with respect to an increase in the PV output power, it is negative
(Fig. 11f). This can be explained by the fact that when the PV is located at SCF downstream, the voltage of the node in which
the SCF is applied is higher than the No-PV case. A greater difference is observed for larger PV ratings, and consequently, the
current supplied by the distribution transformer reduces. In addition, the voltage of PV connection point increases and the
current supplied by the transformer reduces.

For an LLG-F, the FCD increases as the PV is closer to the SCF location; however, it is almost constant if the PV is at the
downstream of SCF (Fig. 12a). During an LLG-F, if the PV is at SCF downstream, the TCD is zero. However, if the PV is at SCF
upstream, the TCD reduces as the PV is relocated from the BOF towards the SCF location. Assuming the PV is located at one
node, the TCD increases as the SCF location varies from the PV towards the EOF (Fig. 12b).

Now, let us assume an LLG-F at node-8 where a PV, located at node-4, has a rating of 0.7 to 3.5 kW. In such a case, the FCD
is negative and increases for large PV ratings (Fig. 12c). However, it is almost constant for PV ratings of higher than 2.1 kW.
On the other hand, the TCD is negative and experiences an increase in large PV ratings (Fig. 12d).

Let us now assume an LLG-F at node-4 when the PV is at node-8. In such a case, the FCD is negative and almost same if
the PV rating is lower than 2.8 kW while it is positive for PV ratings of higher than 3.5 kW (Fig. 12e). The TCD in this condition
is zero for all PV ratings (Fig. 12f).

5. Stochastic Analysis Results

The stochastic analysis evaluates the effect of multiple PVs at different locations and phases, various PPLs and instanta-
neous output power of PVs during all types of SCFs. In this study, transformer secondary current and voltages at each node
are the desired outputs, for which their EAV and STD values are presented instead of their PDF figures.

5.1. Voltage Profile



First, the MCA is carried out for an LG-F, LL-F and LLG-F, assuming a PPL of 50%. Depending on the Time parameter,
different instantaneous output powers are selected for the PVs in the MCA iterations. The results of this analysis at the BOF,
MOF, and EOF of the faulted phase are shown in Table 1. As seen from this table, the EAV of each node has a slight increase
for large PV ratings. Note that there is no significant variation in the STD due to the change in PV ratings. For LL-Fs and LLG-
Fs, the data of one of the faulted phases has been captured. The results for LL-F show a decrease in the EAVs of each node
for large PV ratings. The STD of the node voltages also goes down as the PV rating increases. Also, this table reveals that the
expected average and STD of the voltages at the BOF increase for large PV ratings; however, they decrease at the MOF and
EOF.

Another MCA is carried out assuming that all PVs have an output power of 2 kW with a 150% current limiting while dif-
ferent PPLs are considered. The results of this analysis are also given in Table 1 which shows that in the case of LG-Fs, the
EAV of each node increases for large PPLs, but it is not considerable. Also, for large PPLs, the STD for node voltages slightly
increases. It can be seen for LL-F that with an increase in PV rating and PPL, the EAV of the nodes and their STD also increase.
In the case of LLG-Fs, the EAV at BOF increases for large PPLs; however, it decreases at the MOF and EOF. The STD of voltages
in all nodes increases for large PPLs.

Table 2 lists the EAV of each node of the LVF for different PPLs under various SCF types. Through this chart, it can be seen
that the phase voltages on the faulted phase are below the threshold of 0.88 pu for both LG-Fs and LLG-Fs, regardless of the
PPL. However, the EAV of the nodes at the BOF is above the threshold. Using the corresponding PDFs, the PDP is also calcu-
lated for each node of the LVF, and listed in Table 2. From this analysis, it can be seen that the PVs in the faulted phase will
disconnect according to [33] in the case of LG-Fs and LLG-Fs with a probability of over 89%. However, this probability is
between 52-63% in the case of LL-F. In this type of SCF, the impact of the PPL is more tangible, and it increases to large PPLs.
5.2. Transformer Current

The above MCAs are repeated to investigate the expected PDF of the current sensed at the transformer secondary during
the SCF. The results of these analyses are given in Table 3 which shows that PV ratings and PPLs do not modify the expected
average current at transformer secondary during an LG-F. In addition, the increase in the STD with respect to the increase
of PV rating and PPL is not significant. For an LL-F, it can be seen that the average and STD of transformer current increases
for large PV ratings or PPLs while they decrease for an LLG-F.

Table 3 also illustrates the calculated SOP to each SCF-type. It can be seen that the SOP is same for all PPLs in every SCF-
type, varying from 99 and 97% in the case of LLG-Fs and LG-Fs respectively to 89% in the case of LL-Fs. Based on this table,

it can be concluded that the switch-fuse at the transformer secondary will detect the SCF in the LVF successfully with a



probability of over 89%.
6. Discussion

The sensitivity analysis shows that the voltages of nodes, the transformer secondary current, and the SCF level depend on
the SCF and PV location along the LVF. It is seen that the presence of a PV at SCF upstream has different impacts on these
three parameters, compared to the case in which the PV is at SCF downstream. It is also observed that these effects are not
similar for LG-Fs, LL-Fs, and LLG-Fs.

The results of the sensitivity analysis demonstrate that the SCF level is always higher when a PV is present in the LVF for
an LG-F but it may be lower or greater in LL-Fs and LLG-Fs, depending on the SCF and PV location. Interestingly, it can be
understood that the PV rating has an entirely different impact on the transformer secondary current and SCF level even in
the same SCF-type and location as well as the same PV location.

During LG-Fs and LLG-Fs, the current observed at the secondary of the distribution transformer is reduced when a PV is
present in the network, and a larger difference is seen when the SCF is closer to the EOF. However, for LL-Fs, a greater change
is seen when the SCF is at the MOF. As the current sensed at the transformer secondary is reduced, the operation time of the
switch-fuse is expected to be delayed slightly.

The ratio of STD to the EAV or expected average current represents the data diversity in each of the conducted MCA
studies. Table 1 shows that this ratio is below 18% for LL-Fs and LLG-Fs while it is in the range of 23-52% for LG-Fs. It can
also be seen that this ratio is in the range of 7-24% when the SCF is at the BOF while it is in the range of 12-40% and 15-52%
for the SCFs at the MOF and EOF, respectively. Thus, it can be concluded that the SCF impedance and location (with the
assumed PDFs) are the dominant inputs than the PV rating and PPL. Also, it can be concluded that as the SCF is located closer
to the far end nodes of the LVF, the data diversity increases as other inputs also become more influential. Likewise, from
Table 3, this ratio is determined to be in the range of 32-62% which again emphasizes that SCF location and impedance are
the dominant inputs.

Table 4 summarizes the results of the MCA for three types of SCFs and shows the impact of PV rating and PPL increase on
the EAV of the nodes along the LVF, and the average of the transformer secondary current. The stochastic analysis results
demonstrate that the EAV of the PDF of the transformer secondary current increases during LL-F and decreases in LLG-F,
for large PV ratings or PPLs. However, it does not demonstrate a particular trend for LG-Fs.

An increase in PPL leads to an increase of the EAV of the nodes in LG-Fs while it causes a decrease in these parameters
during LL-Fs. Similarly, the increase in PV rating results in an increase of this parameter in case of the LG-Fs but a decrease

for LL-Fs. On the other hand, in the case of LLG-Fs, for large PV ratings or PPLs, the EAV of nodes increase at BOF and decrease



at the MOF or EOF.

It is to be noted that the stochastic analysis considers different parameters of SCF location and impedance, PV installation
point and rating, and PPL as the input and its outcome illustrates the combined impact of all inputs. As seen from Table 1-3,
the outcomes of the MCA are not too different when varying the PPL from 0 to 100%. This implies that other inputs (mainly
the SCF impedance and location) have a stronger impact on the outcome as they are directly related, while the outcomes are
not directly influenced by the PPL. On the other hand, the output currents of the PVs are limited to 150% of their nominal
current during SCFs, and the variation of the PPL does not change it significantly when compared with the SCF level of the
network. Thereby, it is seen that the PPL is not a strong measure when evaluating the performance of an LVF under SCFs.

Table 3 shows that the SOP is above 89% for LG-Fs, LL-Fs, and LLG-Fs irrespective of the PPL. On the other hand, Table 2
indicates that the PDP is above the same level for LG-Fs and LLG-Fs while it is between 52-63% for LL-Fs. Thereby, consid-
ering only the SOP criterion, even at a PPL of 100%, the switch-fuse at the transformer secondary will detect the SCF in the
LVF successfully with a probability of over 89%. However, considering the PDP criterion for all considered SCF types, a PPL
of below 80% will result in the disconnection of the PVs on the faulted phase with a probability of approximately 52-57%
while this number rises to 60-63% for a PPL of above 80%.

7. Conclusion

This research has evaluated the contribution of residential single-phase rooftop PVs on the SCFs in the supplying LVFs.
The typical Australian LVFs have been focused in this study. The effect of PVs on the voltage profile along the LVF and the
current sensed at the secondary of the distribution transformer is studied during LG-Fs, LL-Fs, and LLG-Fs. A sensitivity
analysisis carried out in MATLAB where its accuracy is verified in comparison with PSCAD/EMTDC results. Later, to consider
the uncertainties in PV rating, location, and PPL as well as the SCF location and impedance, a stochastic analysis is carried
out.

Three parameters of SCF level, transformer current, and voltages of the nodes along the LVF are investigated during SCFs
on typical Australian LVFs. The FCD, TCD, and VD variables respectively show the dissimilarity between these three param-
eters in the network with and without a PV. Through the sensitivity analyses, it is concluded that the SCF level increases by
10% when a PV is present in the LVF while the transformer secondary current may decrease by 7%. The results of the
stochastic analysis show that the expected average current at transformer secondary and EAV of the nodes along the LVF
are not influenced strongly by the PV ratings and PPLs, and it is seen that the SCF location and impedance are the dominant
factors to be considered.

Based on the outcomes of the MCA, two criteria were defined. They were used to evaluate the impact of the PV rating and



PPL on the probability of the successful detection of SCF by protective devices. The considered protective devices are the
switch-fuse at the transformer secondary, and the disconnectors at the PV output. The defined criteria show that, with a
probability of over 89%, the switch-fuse will detect the SCFs on typical Australian LVFs. It also shows that with a minimum
probability of 52-57%, the disconnectors will isolate the PVs when the PPL is below 80%. However, PPL of higher than 80%
increases the PV disconnection probability to 60-63%.

As highlighted earlier, this study had focused on typical Australian LVFs in which an LVF is a three-phase, four-wire, MEN
system, supplied by three-phase distribution transformers. Even though a distribution transformer may have multiple feed-
ers atits output, each feeder is three-phase throughout its length and does not have laterals. However, these may not be valid
for the LVFs in all countries. As a future research topic, other networks such as the IEEE 342-node North American LVF and
the 906-node European LVF standard test cases can be chosen as the network under study, and the analysis can be repeated
to compare its outcomes with the findings for this research. Also, the outcomes of the study can be expanded in another
research to derive a general criterion to determine the maximum PPL in LVFs when also considering the voltage rise and
total harmonic distortion impacts of the PVs.

Appendix

The technical data of the network under consideration in Fig. 1b are listed in Table A1.
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Table 1. MCA results for the node voltages [pu] of the faulted phase in different PV ratings and PPLs under various SCF types.

PV BOF MOF EOF PPL BOF MOF EOF
Fault [kW] | EAV STD EAV STD EAV STD [%] | EAV STD EAV STD EAV STD
0.7 | 0.7482 0.1742 | 0.5578 0.2236 | 0.4865 0.2513 | 20 | 0.7481 0.1733 | 0.5583 0.2229 | 0.4882 0.2516
14 | 0.7492 0.1739 | 0.5605 0.2239 | 0.4904 0.2525 | 40 | 0.7492 0.1745 | 0.5615 0.2242 | 0.4893 0.2518
LG-F | 21 | 0.7514 0.1736 | 0.5632 0.2247 | 0.4932 0.2537 | 60 [ 0.7502 0.1760 | 0.5635 0.2253 | 0.4902 0.2536
2.8 | 0.7547 0.1746 | 0.5675 0.2255 | 0.4962 0.2543 | 80 | 0.7551 0.1756 | 0.5697 0.2258 | 0.4977 0.2549
35 | 0.7568 0.1751 | 0.5704 0.2247 | 0.4991 0.2539 | 100 | 0.7580 0.1763 | 0.5715 0.2265 | 0.5018 0.2552
0.7 | 0.9552 0.0693 | 0.8639 0.1193 | 0.8354 0.1400 | 20 | 0.9551 0.0702 | 0.8641 0.1202 | 0.8360 0.1405
14 | 0.9475 0.0687 | 0.8537 0.1191 | 0.8238 0.1401 | 40 | 0.9482 0.0697 | 0.8551 0.1192 | 0.8255 0.1399
LL-F | 21 | 09395 0.0677 | 0.8425 0.1187 | 0.8115 0.1394 | 60 | 0.9425 0.0668 | 0.8462 0.1183 | 0.8157 0.1392
2.8 | 0.9316 0.0669 | 0.8319 0.1175 | 0.7999 0.1383 | 80 | 0.9331 0.0658 | 0.8340 0.1172 | 0.8020 0.1386
35 | 0.9262 0.0651 | 0.8250 0.1165 | 0.7923 0.1373 | 100 | 0.9246 0.0650 | 0.8230 0.1167 | 0.7900 0.1378
0.7 | 0.5354 0.0917 | 0.4625 0.0583 | 0.4469 0.0700 | 20 | 0.5357 0.0913 | 0.4626 0.0536 | 0.4467 0.0687
1.4 | 0.5393 0.0930 | 0.4604 0.0568 | 0.4413 0.0683 | 40 [ 0.5395 0.0926 | 0.4599 0.0539 | 0.4405 0.0689
LLG-F | 2.1 | 0.5418 0.0942 | 0.4577 0.0565 | 0.4355 0.0679 | 60 | 0.5423 0.0938 | 0.4568 0.0546 | 0.4347 0.0694
2.8 | 0.5461 0.0965 | 0.4552 0.0561 | 0.4294 0.0667 | 80 [ 0.5468 0.0963 | 0.4554 0.0550 | 0.4294 0.0695
3.5 | 0.5487 0.0973 | 0.4534 0.0556 | 0.4251 0.0662 | 100 [ 0.5489 0.0971 | 0.4533 0.0552 | 0.4244 0.0699

Table 2. EAV of all nodes of the LVF and the corresponding PDP in various PPLs and different SCFs.

PPL EAV [%] at node- PDP [%] at node- PDP
Fault |1 2 3 4 5 6 7 8 9 101 2 3 4 5 6 7 8 9 10 |[%]
20 | 74.8 68.3 63.1 58.8 55.8 55.4 52.6 50.6 49.2 74.8|77.7 849 88.9 914 92.6 92.1 93.1 93.7 94.0 94.1|90.3
40 | 749 684 63.3 59.0 56.1 55.5 52.8 50.8 49.4 749|77.4 845 88.7 91.2 92.3 92.0 929 93.5 939 94.0|90.1
LG-F| 60 [75.0 68.8 63.7 59.5 56.3 56.0 53.4 51.4 50.0 75.0|77.0 84.1 88.2 90.7 92.1 915 925 93.1 93.5 93.8|89.7
80 | 75.5 68.9 63.8 59.6 56.9 56.0 53.6 51.6 50.2 755|76.2 83.8 87.9 904 916 91.2 92.2 929 93.2 93.4(89.3
100 ( 75.8 69.4 644 62.0 57.1 56.8 54.1 52.1 50.7 75.8|75.6 83.3 87.5 90.1 914 90.9 92.0 92.6 93.0 93.2|89.0
20 | 955 924 89.8 88.2 86.4 85.1 84.3 83.8 83.5 83.6|14.3 48.0 493 49.9 553 59 61.0 62.1 62.7 62.4|52.4
40 1948 91.6 89.0 87.3 855 84.2 83.3 82.8 825 825|165 48.3 49.6 52.6 58.3 61.8 63.8 64.8 654 65.3|54.7
LL-F| 60 |94.2 97.0 88.0 859 84.6 83.0 82.2 81.6 813 81.5|17.7 48.8 50.0 57.7 61.3 654 67.0 68.1 68.6 68.0|57.3
80 |93.3 89.9 87.2 85.0 834 820 81.1 80.5 80.2 80.2|21.1 49.1 504 61.1 65.2 684 70.2 712 71.6 71.5|60.0
100 (92.4 89.1 86.3 84.1 82.3 81.1 80.2 79.6 79.2 79.025.0 49.5 50.8 64.4 68.7 71.0 72.7 735 741 745|625
20 | 535 59 489 473 46.2 454 450 447 446 446|999 100 100 100 100 100 100 100 100 100 |99.9
40 | 539 51.1 489 47.2 459 450 445 442 441 440(99.9 100 100 100 100 100 100 100 100 100 |99.9
LLG-F| 60 [54.2 51.3 48.9 47.1 456 44.8 441 438 436 43.4(99.9 100 100 100 100 100 100 100 100 100 |99.9
80 |54.6 51.5 49.0 47.0 455 444 437 432 43.0 429|999 100 100 100 100 100 100 100 100 100 |99.9
100 [ 54.8 51.7 49.0 46.9 453 44.0 432 427 425 42.4(99.9 100 100 100 100 100 100 100 100 100 |99.9




Table 3. MCA results for current at the transformer secondary [pu]

of different SCF types and the expected operation probability of the Table 4. Summary of stochastic analyses for different faults in the

switch fuse [%]. network.
PV Transformer CurrentPPLTransformer CurrentSOP Fault [MCA OutputVariable  |Expected average STD
Fault [KW] average @ STD |[%] average STD [%] Transformer PV Ratingf ~n P
0.7 69221 29889 |20 6.9381 2.9884 LGF Current PPL 1 ~ 1
14 6.9364 29944 |40 6.9336 2.9904 Voltage PV Rating# 1T ~
LG-F|21 6.9421 29819 |60 6.9490 2.9949 0.97 PPL 1) 1) 1)
2.8 6.9227 3.0054 |80 6.9040 3.0230 Transformer PV Ratingf 1 1
35 6.9328 3.0312 |100 6.9050 3.0412 L Current PPL 1 1 1
0.7 4.8637 2.9879 |20 4.8413 2.9862 — PV Ratingf| ¥ ¥
1.4 4.8810 29948 |40 4.8655 3.0103 PPL N ¥ <
LL-F |21 48927 3.0241 |60 4.9017 3.0168 0.89 Transformer PV Rating# 1 8 1
2.8 49465 3.0275 |80 4.9224 3.0206 Current PPL N 1 | i |
35 49534 3.0289 [100 4.9327 3.0293 "N PV Ratingf| reaz +
0.7 87255 2.8067 |20 8.7538 2.8227 Voltage PPL 1 233 1
14 87156 2.8037 |40 8.7405 2.8111
LLG-F| 2.1 8.7041 2.7928 |60 8.6751 2.7859 0.99
2.8 86715 27885 |80 8.6642 2.7756
35 86608 27770 |100 8.6464 2.7676

Table Al. Technical data of the network under consideration.

Distribution Transformer: 100 kVA, 50 Hz, Dyn-type, Z =
5%

MVF: 11 kV, 2 km, ACSR 50 mm? bare conductor, three-
phase 3-wire system R =2.16 Q/km, X = 2.85 Q/km [34]
LVF: three-phase 4-wire system, 415 V L-Lrms, 400 m
long, AAC 75 mm? bare conductor with R = 0.452 Q/km,
X =0.27 Q/km [34], n = 10

PV inverters: PF =1, 77 =100%, Imax= 1.5 rated
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Fig. 1. Typical low voltage electrical network supplying residential customers: (a) Schematic diagram, (b) Equivalent Circuit.
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