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In this paper, a novel approach is introduced for Fault Detection and Fault Location in power
systems that incorporate Large-Scale Photovoltaic Power Plants (LSPPPs). Given that short-
circuit (SC) characteristics in photovoltaic systems differ significantly from those observed in
traditional Synchronous Generators (SGs). The increasing integration of LSPPPs into the power
grid is anticipated to have an impact on the performance of conventional protection relay
systems; initially designed for SG-dominated setups. Therefore, the proposed method revolves
around analyzing the influence of LSPPPs on the alteration of observed transmission line
impedance to identify and locate faults accurately. Furthermore, the methodology takes into
consideration factors such as fault location, fault resistance, fault type, changing the LSPPP
generation, and noise conditions. when calculating the phase angle of the fault loop current. The
effectiveness of this approach was assessed through testing and evaluation on 2-bus and IEEE 39-
bus test systems connected to an LSPPP, simulated using PSCAD/EMTDC and
MATLAB/SIMULINK.
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NOMENCLATURE

RES Renewable energy systems Ey Internal voltage of LSPPP

PV Photovoltaic systems Zu impedance of LSPPP

LSPPP Large-scale photovoltaic power plant R Resistance of Z,,

SG Synchronous generators X oo Reactance of Z,,

Z, Impedance of the MN line a Phase angles of v,

Ry Fault resistance ] Phase angle of I,

I Fault loop current e Faulted path current phase

Z Apparent impedance calculated by relay AZ Correction impedance

Vi Operating voltage at bus M Koo Zero-sequence compensation

I Operating current at bus M 4 Deviation angle

X Per unit fault distance d,q) Axis component

o, Line impedance angle ,2,0) Positive Sequence, negative sequence, zero components
Zue Impedance between bus M and fault point f Superscript indicates the measurements during fault
Ey Equivalent internal voltage of grid PCC Point of common coupling

Zy Equivalent impedance of grid Ron Arcing resistance
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INTRODUCTION

The considerable decrease in the cost of PV systems in
recent years has spurred a rapid and extensive deployment
of these systems worldwide. Specifically, LSPPPs now
make up approximately 66% of all solar power plants in
operation. This proliferation carries significant
implications for the electrical power infrastructure (1, 2).
Power plants of this nature must comply with specific
grid codes (GCs) to enhance network integration and
system stability. The increasing integration of LSPPP into
the power system has raised concerns among researchers
due to its potential impact on network stability. When
utilizing renewable power plants, it is crucial to consider
the requirements outlined in modern GCs (3-5). The
introduction of new GCs broadens the scope of network
services. Ryu et al. (6) addressed the discussions center
around Fast Frequency Response, Power Oscillation
Damping, and Hasanien (7) pointed out the control of
power fluctuations. Furthermore, Haddadi et al. (8) aimed
to enhance Fault Ride-Through (FRT) capabilities.
Electronic power converters, which are used to connect
solar power plants to the power grids (9). The primary
distinction between PV and SG lies in the presence of
power converters (10). This distinction necessitates
researchers to modify the conventional SC current
calculation method (11-13). SG-generated fault currents
exhibit high amplitude and uncontrolled characteristics.
Various factors, such as the source electrical parameters
and SC impedance, influence these currents. Conversely,
PV-generated fault currents possess low amplitude and
are influenced by the control scheme of switching power
electronic devices. In traditional systems, relays are
typically adjusted based on the high-amplitude SC
currents and inductive effects resulting from SGs.
Certainly, as the integration of PV systems grows and
fault current characteristics evolve, the likelihood of the
protection system malfunctioning also increases. The
effectiveness of protection systems has been a subject of
discussion in various sources. For instance, literature (14-
18) delve into the topic of distance protection; while, Kou
etal. (19-21) putted forward protection methods centered
n negative sequence components. In addition, Haddadi et
al. and Singh et al.(22, 23) introduced a communication-
assisted approach for fault identification. Finally, Rosini
et al. (24) built upon principles related to frequency
change rate and power swing protection. In power
systems where power converters are integrated, there is a
necessity to devise a novel control system with a different
architecture in contrast to traditional systems. This
becomes pivotal due to the potential implications of
converter additions on system stability (25, 26). The
LSPPP can be managed through either a centralized or
decentralized structure, as discussed by Al Awadhi and El
Moursi (26-28). Typically, LSPPP systems employ a
Power Plant Central Controller (PPC) for control and
coordination. In scenarios where LSPPP is integrated
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with the transmission network, a centralized frequency
control approach is implemented, as highlighted by Ryu
et al. (6, 26). However, when LSPPP is connected to
microgrids or distribution networks, a decentralized
strategy, as elaborated by Al Awadhi and EI Moursi (26).
Nevertheless, voltage control at the LSPPP connection
point to the grid follows a centralized structure in
compliance with GC requirements (29). The deployment
of LSPPP within the network imposes limitations on the
magnitude of fault currents and induces alterations in
their phase angles. These changes in fault characteristics
directly impinge upon the operational performance of
distance relays, and this effect becomes more pronounced
with higher fault resistance values (30). To mitigate the
impact of fault resistance, a novel solution, referred to as
the adaptive distance relay method, presented by
Gallo et al. (31).

The variability of solar radiation introduces yet
another crucial element that heightens the potential for
instability within the PCC of the system. Furthermore, the
diminishing inertia in the system, resulting from the
absence of rotating machinery found in traditional power
plants, can contribute to network instability. In response
to these challenges, it becomes imperative to scrutinize
GCs to ensure the reliable integration of PV systems in
LSPPPs. This need arises from the necessity for new GCs
tailored to the specific requirements of these LSPPPs,
enhancing both their configuration and control stability
(32). Additional complications, such as voltage drops and
grid losses in systems with high LSPPP penetration, are
thoroughly examined by Paladhi and Pradhan (33). The
presence of renewable power sources like LSPPP within
the network induces alterations in the impedance path as
perceived by distance relays, diverging from the
impedance path associated with traditional generation
sources, a phenomenon comprehensively elaborated by
Rajapakse et al. (34).

This study presents an innovative approach to enhance
the robustness of distance protection systems along with
a fault location algorithm for transmission lines in the
presence of LSPPP. The primary aim is to minimize the
interference caused by converter interfaces on impedance
measurements, thus ensuring the reliable operation of the
protection system. The proposed method leverages the
phase angle of the fault loop to estimate apparent
impedance variations attributable to LSPPP. A
comprehensive evaluation of this approach has been
conducted through simulations on a 2-bus and IEEE 39-
bus test systems connected to LSPPP using the
PSCAD/EMTDOC software. Then the required signals are
taken from PSCAD/EMTDC platform and MATLAB
software is used to signal processing and extract the
required angles.Various scenarios have been explored,
including different fault types, fault locations, fault
resistances, and LSPPP generation levels, to assess their
impact on the performance of the distance protection
system and the effectiveness of the proposed mitigation
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technique. In this article, the Euclidean distance index is
used to benchmark the proposed method and this index is
compared for the proposed method with the traditional
method in systems with SG and systems with LSPPP.
This algorithm, in addition to its excellent fault detection
capability, also possesses the ability to the fault location.
The performance of the proposed method has been
investigated with a sample frequency of 2 kHz, which is
reduced compared to other articles, which reduces the
volume of calculations and increases the speed of fault
detection and fault location.

Effect of LSPPP on fault current

As highlighted in the preceding section, it's noteworthy

that the SC fault current in a network connected to LSPPP

diverges from that in traditional networks. One of the
paramount factors contributing to this discrepancy is the
control scheme implemented in electronic power devices.

These control strategies are contingent upon the requisites

of the GC, and they must be designed to prevent the

occurrence of thermal stress in electronic power
switches. To observe these variances, Figure 1 is
subjected to simulation, and its outcomes are
subsequently juxtaposed with those of a conventional
system. It is worth noting that a solar power plant can be
effectively modeled as an equivalent voltage source (Ewm)
in conjunction with an equivalent impedance in series

(Zm) (35). Detailed specifications of the simulated system

are expounded upon in the section “Simulation results”.

In a broader context, the characteristics of SC currents in
the presence of LSPPP can be summarized as follows:

o Amplitude of fault current: The magnitude of fault
current in networks connected to LSPPP is contingent
upon the inverter terminal voltage value (36) The
converter incorporates a current limiter mechanism,
and the fault current range is regulated by the control
scheme. This value closely approximates the nominal
load current, ensuring the protection of electronic
power devices. Figure 2 provides a comparative
analysis of fault currents between SG and LSPPP for
a specific unbalanced fault.

Transformatqr y

@

DC-DC | |
Converter

DC-AC
Converter

Figure 1. Transmission network in the presence of LSPPP
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o Positive, negative, and zero current sequences: In
networks connected to LSPPP, the negative sequence
component value is typically reduced or entirely
eliminated, depending on the inverter control strategy
and the requisites of the network code in use.
Additionally, these systems often entirely eliminate
the zero-sequence component (10). Figure 3 illustrates
the comparative analysis of zero, negative, and positive
fault sequence magnitudes between SG and LSPPP.

e Phase angle: In networks connected to LSPPP, the

phase angle of fault currents diverges from that in
traditional systems, primarily due to differences in
inverter control design and inverter voltage values.
Moreover, the fault current in LSPPP-connected
networks can manifest as resistive, inductive, or
capacitive, which contrasts with SG systems, where it is
predominantly inductive.

Effect of LSPPP on distance relay
Figure 1 depicts a transmission line interconnecting with the
LSPPP. The solar power plant comprises multiple solar
photovoltaic units, which are linked to the collector bus
through DC-DC and DC-AC inverters. In the network
illustrated in Figure 1.

The Z,,,, observed from bus M is presented in Equation
1 encompasses distinct variables for various types of faults,
which are further explored in section “Simulation results”.

z =V'—M=XZlL +(|I—f]RF =7, +AZ

app
I ™ ™

(1]

This value is calculated by summing the impedance
values of the line from bus M to the faulted point, along
with a variable impedance AZ that depends on network-
specific variables. As depicted in Equation (1), the
magnitude of AZ is contingent upon the ratio of Iz/I,,
and the fault resistance. Conversely, one of the distinctive
attributes of converters employed in LSPPP is their
capability to limit fault current. The limitation of fault
current by the LSPPP interfacing converters causes the

3 [LSPPP 156 1
F F

(kA)

0.5}

1.05 1.1
Time (s)
Figure 2. The LSPPP and SG fault currents for a given

unbalanced fault
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Figure 3. Zero, Negative and Positive fault sequence
quantities for (a) LSPPP and (b) SG

ratio I./I., to be significantly higher compared to a
conventional power network with synchronous generator-
based sources. This alteration leads to a substantial
disparity between Z,, and Z,,,,,,
The control scheme employed in LSPPP is of paramount
importance in determining both the reduction of fault
current and the phase angle value. The phase difference
between (Iz) and (Is.,) is contingent upon the phase
angle of the fault current, and as this phase angle
undergoes variations, the disparity between them
significantly increases. Consequently, these variations
result in the introduction of an additional reactance to AZ.
This added reactance shifts the apparent impedance along
the imaginary axis within the R-X plane.

Proposed method

Figure 4(a) illustrates the challenge associated with grid
protection in the presence of LSPPP, as elaborated upon
in the preceding section. When a fault event transpires,
the European Union GC mandates the LSPPP to generate
reactive current. This reactive current is injected into the
grid-connected bus to uphold the voltage level, this
causes, (Ir) leads (Ir.) . Figure 4(b) presents the

in the presence of LSPPP.
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Figure 4. Impedance seen by distance relay, (a) leading and
(b) lagging

measured apparent these
circumstances (30).

The correct operation of the protection system relies
on the settings determined by the value of Z,. as
indicated in Equation 1. However, based on this
relationship, the impedance value measured by the
distance relay is derived from the sum of Z, and AZ.
Given that the value of Z,,, is known, Z, can be
calculated by computing AZ. The angle ¢ and Z, as
depicted in Figure 4, can be determined using geometric
properties as shown in Equations 2 and 3 (30).

on tanl[|ZMF|sin O =X oy J

impedance value under

[2
|Z e [cOsE, —R,,
X ., —R,, tang
=% @ cosé, + jsing 3
MF siné?lL—coselLtan(p( b+ sind,) 3]
ZMF
X == [4]
ZlL

Using Equation 4, it is possible to identify the fault
location. As depicted in Figure 4, the angle ¢ represents
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the gradient of AZ, and its value can be calculated using
Equation 5.

| |
o=y =R, |- = | g

To determine Z, using Equation 3, it's necessary to
calculate ¢ first, and interface Equation 5 can facilitate
this calculation. The angle ¢ is a function of I, as
demonstrated in Equation 5. Consequently, it can be
concluded that ¢ is dependent on the current at the remote
end. Below is the computation of ¢ for all types of faults.
Additionally, Figure 5 illustrates the discussed sequence
networks for all types of faults.

Calculating the phase angle ¢

In accordance with Equation 1, which represents the
calculated apparent impedance value, expanding the
variables along with their complex forms allows us to
rewrite it as shown in Equation 6.

f
™

f
o

According to Equation 6, Equation 7 is deduced.

| )
eJ(a B) |Z Llejgu + | fF| eJ(r—ﬂ)RF 6]
™

[7]

f

arg[b/ |e J(O‘Y)]_arg(lzll_le jGn *V*ﬂ))
[

The computation of a, B and y is the next step. It is

essential to note that these values vary depending on the

specific fault type, necessitating distinct calculations for

each fault category to ensure accuracy.

For AG fault

Referring to Figure 5(a) and applying KVL Equation 8 is
derived.

VPIM _XZlL(I/T\M +K0|OfM )_3RFIOF =0 [8]
Z, -2

K. =%o 1L 9

oL Z. [9]

Based on Equation 9, the apparent impedance value can
be determined as follows:

\Y 3l
(o kot) 2 oKt

Through a comparison of Equations 1 and 10:

Re [10]

M |t N
f
Zn % X Zn (1-x) z;H—{ Z
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{ xZh FHaxzZiH Z3
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Figure 5. Sequence networks of the system in Figure 1 for
() AG, (b) BC and (c) BCG faults
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[BRVE f
Vi =Vamslw

)l =314

Referring to Equation 8, the necessary phase angles are
acquired as follows:

:(II\M +K0|(f)M [11]

a:arg(VAfM ),
p=arg((1h +Koldu ),
y =arg(al)

[12]

Given that the presence of LSPPP eliminates the value of
zero-sequence current, y can be calculated utilizing the
local zero-sequence current as per Equation 8.

}/:arg(3|0F):arg(léM ) [13]

For BC fault
Referring to Figure 5b and applying KVL, Equation 14 is
derived.

(VJ\A _VZfM )_leL(IlfM _I;M )+2Rph|2F

Based on Equation 14, the apparent impedance value can
be determined as follows:

(Vl;\/l _VZfM ) .

=0 [14]

2|2F

—= -—2%_ R 15
(IlfM_IgM) N (IlfM_IZfM) " 1ol
By comparing Equation 1 with Equation 15:
Vi =0 VA = (=1 =21 ns)

Based on Equation 9, the necessary phase angles are
determined as follows:

a:arg(vl:VI _VZfM )v
B=arg(l, —13,),
7:arg(_2|2|:)

[17]

Because LSPPP diminishes the negative sequence current
and emulates an apparent sequence reactance, the current
remains uniform (35). Consequently, y in Equation 17
can be computed as shown in Equation 18.

y:arg(—ZIzF)=arg(I£M)—7r [18]
Given that in this paper, bus M is exclusively connected
to LSPPP, the current I, does not flow through this bus.
Consequently, the current passing through bus N is equal
to I,,. In this scenario, V, is also equal to V,,,.

VZfF
=——2— [19]
(1-x)Z,

2F
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Therefore, the value of y can be obtained:

Vf
y=arg(-2l,. )= arg(zz—“"}

2L

[20]

For BCG fault
Referring to Figure 5(c) and applying KVL, Equation 21 is
derived.

(VZfM _VofM ):XZZL(IEM _K(IJLI[:M )

[21]
—loe ((1-m)R,, +3R; )

‘ Z | .
where, K, :Z—"L and m =—2~ Based on Equation 21,
1L oL

the apparent impedance value can be determined as
follows:

(VZfM _VofM ) _
(Igm _K(;LI(ZM) [22]
XZ, —

IOF
(IEM _KOLI(;M )
In this equation, R,, is associated with phases. The
magnitude of this resistance is considerably smaller in
comparison to the fault resistance. Through a comparison
of Equations 1 and 22:
an\/l :(VZfM _VofM )!

=(|2f|v| _K(l)LICIM )'

((1-m)R,, +3R.)

I, [23]

According to Equation 8, the required phase angles are
obtained:

a:arg(\/sz _VofM )l
ﬁ:arg(lgm _K(;LI(;M )!
7:arg(_|0F):arg(|(§M )_7[

[24]

The variable values derived for Equation 1 are elaborated
upon in Table 1. Flowchart of the proposed method shows
the Figure 6.

Table 1. Calculate the relation of the distance relay for different
faults

Fault type AG BC BCG
Viu V au Viu Vou Vaw ~Vou
o L + Kol gy L = ow Lov —Kolou
e 15 =21, o
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Table 2. Sample system data

Bus M BusN Component Specifications

g LSPPP Number of PV arrays & cells in series per
module: 130, 35, irradiance: 1000 W /m?,

Kp=0.15& T;=0.08s,

Data acquisition and
fault identification
0

I - T | DC Link capacitor: 7800 uF
I e I Li=300 uH , Cr =200 4F , Re=0.025Q.
I Line M-N Z} =77 =0.03293+ j0.327 Q/km,
I Parameters: 0 .
. Z 0 =0.2587+ j1.1740 Q/km,
| [ St 2o C, =280.1MQ/ km,
—_— | C, = 461.2546 MQ/km
i Ié 1 . L =100 km
5 ;
I: Extracting I I
I I'-% the x I . 80
— — — . - LSPPP 250G
F —— — — — — — E- I 2ok —Zone 1 _[‘Epp —lapp
I Is Zypp inside Is Z v inside | *
I rotected zone?2 rotected zone? l I o0k
I | 50 F
L ultpeteston _ —— — S a0
Figure 6. Flowchart of the proposed algorithm e
30
SIMULATION RESULTS 20r
Figure 1 illustrates the simulated system, which consists ol
of a 230 kV, 60 Hz power source on one side and a 100 of
MW PV plant with a double-stage connection to bus M s + . " . .
through a dYg1 transformer, is employed to optimize the 300 <200 -1 0 Qlﬂ 2 30 40
PV plant's power output using Maximum Power Point R (£1)
Tracking (MPPT) (37) in the boost converter. Specific Figure 7. Performance of distance relay for LSPPP and SG
details regarding the PV plant and the M-N line can be
found in Table 2 (38). Voltage and current signals are
collected at relay Ru's location (bus M) with a sampling 50 . _ _ . . .
frequency of 2 kHz. To evaluate the method's . T
performance, various scenarios were simulated. The 70 b Zonel “app
source impedance connected to bus N is 9.186+J0.138 Q.
Figure 7 illustrates the impedance measured by the 60 F
distance relay in the presence of LSPPP compared to the <ol
traditional system. As depicted in the figure, the presence _
of LSPPP alters the measured impedance, increasing the G40
likelihood of a malfunction in the protection system. )
Figure 8 illustrates the impedance measured by the 30T
distance relay using the proposed algorithm under the 20l
same conditions as Figure 7. It is evident that the
performance is acceptable and closely aligns with the 10}
desired value. .

Effects of faults at different locations 300 200 <10 0 10 20 30 40
Figure 9 displays the impedance measured by the distance R ()

relay using the proposed algorithm for various fault Figure 8. the measured impedance by distance relay with
locations. In this figure, fault location is relative to the proposed algorithm
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relay's position, and a fault resistance of 10 Q is assumed.
Table 3 presents simulation results for different faults
categorized by their respective locations. The presented
algorithm's effectiveness is demonstrated in this table
through the application of the Euclidean distance
(Dgyc) principle. Table 3 reveals that, under various

homogeneity conditions, the Euclidean distance remains
consistently below 2.

Table 3. The results of applying the proposed algorithm for fault
at different locations and comparing its results with the results
before applying the algorithm and the results of the SG network

Fault X G LsPPP prop XProp
type (Km) Deuc Deie Délc (km)
AG 10 12.8 18.03 0.92 104
30 134 20.42 1.12 29.7
50 16.38 21.93 1.55 50.6
70 20.5 46.1 1.81 70.9
BC 10 20.3 75 0.31 10.3
30 21.3 11.2 0.98 30.5
50 235 20.6 131 50.6
70 29.4 35.2 1.69 68.9
BCG 10 15.7 12.3 0.87 105
30 22.3 18.4 1.2 30.4
50 26.9 25.4 143 49.3
70 31.2 36.7 1.78 70.9
80 T ¥
Zone 1
70
60
S0
G 40
w4
30
20 ¢
10|
n 5

30 20 -10 0 10 20 30 40
R (£2)
Figure 9. measured impedance by distance relay with the
proposed algorithm for different fault locations

Effects of different fault resistances

As indicated in Equation 1, the rise in fault resistance
directly leads to an increase in the apparent impedance
observed by the distance relay. Furthermore, as
previously noted, the presence of LSPPP reduces the fault
current magnitude, and concurrently, the control
operation of the power plant alters the current angles at
both ends. Consequently, the impact of fault resistance is
considerably more pronounced compared to traditional
systems. Consequently, an increase in this value results in
a substantial deviation from the actual impedance value.

80 T T T T T T
Zone 1

—0Q
—50

70

60

S0

-30  -20  -10 0 10 20 30 40

R (£2)
(a)
ZProp
80 . s
Zone 1
T0F —0
—50
| —100
60 150
S0
—_
&40 //
b
30
20
10
0 3
-30 20 -10 0 10 20 30 40
R (£2)
(b)

Figure 10. Demonstrating the influence of Rr
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The extent of this variation is contingent upon the current
angle between the two ends of the transmission line. The
outcomes, demonstrating the impact of Ry, can be observed
in Figure 10. Additionally, simulation results for various
fault types with varying fault resistances are provided in
Table 4. This table offers a comparison of results between
three scenarios: the traditional system, the system with
LSPPP, and the system with LSPPP implemented with the
proposed algorithm. It's important to note that x is set to 50
Km in this analysis.

Effects of variable LSPPP generation

Taking into consideration that fluctuations in the power
generation of renewable power plants can impact pre-fault
voltage and current, resulting in modifications to the
equivalent impedance of the plant, there is an increased risk
of distance relay maloperation. Figure 11(a) illustrates the
impedance value observed by the distance relay in the
presence of LSPPP at various power generation levels for
this power plant. Figure 11(b) presents the measured
impedance value based on the proposed algorithm. This case
is specifically examined for AG fault with

R; =5Q ,x =50 Km . This figure demonstrates that the

proposed method for calculating the impedance observed by
the distance relay remains unaffected by LSPPP generation.

The influence of noise

The method described in this study effectively minimizes
the influence of noise in the recorded signals. To assess
the impact of noise on the recorded signals, white noise
with a spectral power density of 10% was intentionally
added. The algorithm's performance was then evaluated
through a series of simulation experiments, covering
various fault types, fault location, and fault resistances.

Table 4. The results of proposed algorithm for variable fault
resistance and comparing its results with the results before
applying the algorithm and the results of the SG network

Fasttype  Rr(@ Dif  DeiX”  DEZ QM
AG 0 11.3 18.4 0.9 50.3
10 16.38 21.93 1.55 50.6
100 30.9 36.5 1.86 49.1
150 46.8 45.2 2.02 51.3
BC 0 185 14.2 0.87 50.2
10 235 20.6 131 50.6
100 49.4 40.2 1.62 50.8
150 61.5 51.7 1.94 51.1
BCG 0 22.7 19.7 1.03 50.4
10 26.9 25.4 143 49.3
100 53.8 38.2 1.82 51
150 69.4 49.8 21 51.4
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20t ¥ With only SG
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% 30% LSPPP 3
60 3 50% LSPPP T
70% LSPPP
sob % 100% Lsppp ) l
_
g40
1
30t
20}
10
0 L
-20 0 20 40
R (£2)
(@
80
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39 e 3
70 F * Zyyr ~
10% LSPPP
* 30% LSppp ————352 | ?.Z‘é
60T s 50% LSPPP
70% LSPPP 38
s0l % 100% Lsprp 41 4.4 418
—_
G 40
i
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10}
D L

=30 20 -10 0 10

R (§2)

(b)
Figure 11. demonstrating the influence of change in renewable
plant generation (a) Conventional method, (b) Proposed method

The simulation results are presented in Table 5. A
comparison between two cases, one with noise in the
measured signals and one without, reveals that the
presence of noise in the signals did not significantly
impact the accuracy of fault detection.

Performance in the IEEE 39-Bus test system

The IEEE 39-bus standard test system has been employed
as a reference for constructing a simulated power
transmission system. In order to generate fault samples, a
robust transient simulation environment is required, and
for this purpose, PSCAD/EMTDC has been chosen as the
simulation software. As depicted in Figure 12, the
electrical single-line diagram of the 39-bus system is
illustrated. The IEEE 39-bus standard test system
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comprises 10 generators, 12 three-phase transformers, 34
transmission lines, and several loads. This larger system
has been employed for the evaluation and validation of
the proposed algorithm's performance (39). The generator
connected at bus 33 is replaced by a 100 MW LSPPP. To
assess the algorithm's performance under various fault
scenarios on line 19-16, simulations were conducted with
different fault types, fault locations, and fault resistances.
The results of these simulations are presented in Table 6.
This table shows the results of different types of faults in
two different fault locations and three values of fault
resistance for the IEEE 39-bus standard test system. In
addition to comparing the results of Euclidean distance
index of the proposed method with the results of the
system with SG and the system connected to LSPPP with
traditional protection, this table also shows the effect of
noise. As can be seen, the effect of fault resistance, fault
location, fault type and noise on the performance of the
proposed method is very insignificant and the proposed
method has been successful in calculating the actual
impedance value seen by the distance relay. Other
information that can be seen from this table is the results
related to the estimation of the fault location. As it can be
seen, the proposed method has a successful performance
in detecting the fault location for the mentioned scenarios,

and the effect of noise has had a negligible effect on this
detection.

Advantages of the and
comparative assessment

Over the past few years, several articles have investigated
the performance of the distance relay under similar
conditions to those outlined in this article. In this section,
the method proposed in this article is compared with that
of previous articles. The outcomes of this comparison are
presented in Table 7. These articles have investigated low
fault resistance and the performance of their methods
against high resistance faults is not clear. The presented
methods by Chao et al. (35) have used quadrilateral
characteristic. Also, in the quadrilateral characteristic, to
prevent the increase of the characteristic area, the
maximum setting value of fault resistance cannot be
considered more than a specific value. The proposed
method by Liang et al. (40) is only for asymmetrical faults.
In these papers, a sampling frequency value is not
mentioned or a high value is considered, which will
increase the number of calculations. Another important
factor that must be investigated in power systems is the
impact of noise, which is not discussed in these articles.

proposed algorithm

Table 5. The influence of noisy conditions on the performance of the proposed protection scheme

Without noise in measured signals

With noise in measured signals

Fault type X (km) Rf (Q)
DL XPre (km) DL XPro? (km)
AG 0.3 10 112 29.7 1.23 30.4
100 1.75 30.4 1.78 30.8
150 1.89 30.8 1.96 29.1
0.7 10 181 70.9 1.84 69.2
100 1.92 71.03 1.99 715
150 2.01 71.2 211 68.2
BC 0.3 10 0.98 30.5 131 30.9
100 151 29.1 1.63 314
150 1.79 31.2 1.86 32.1
0.7 10 1.69 68.9 1.98 70.2
100 1.73 70.9 2.04 713
150 2.03 71.2 2.16 68.7
BCG 0.3 10 1.2 30.4 1.34 30.6
100 1.49 30.9 1.58 315
150 1.76 29.1 1.87 324
0.7 10 1.78 70.9 1.93 70.7
100 1.89 713 2.07 72.3
150 2.02 68.7 212 73.1
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Table 6. Evaluation of the proposed scheme in the IEEE 39-Bus system

Without noise in measured

With noise in measured

Fault type X (p.u) Rr (Q) Dece D& signals signals
Deie XPrP (p.u) Deie XPrP (p.u)
AG 0.3 10 11.3 17.2 0.84 0.309 0.86 0.318
100 245 29.8 16 0.311 16 0.331
150 337 51.2 1.97 0.287 2 0.392
0.7 10 148 19.1 0.95 0.704 0.98 0.697
100 26.8 36.1 1.74 0.691 1.82 0.734
150 443 59.4 1.88 0.714 1.93 0.781
BC 0.3 10 8.9 14.2 0.94 0.305 0.98 0.324
100 194 27.1 1.44 0.296 1.56 0.361
150 37.8 55.3 1.84 0.291 1.98 0.284
0.7 10 15.6 19.7 11 0.709 1.3 0.714
100 28.2 354 1.67 0.713 1.72 0.733
150 46.2 61.2 2.04 0.723 2.1 0.692
BCG 0.3 10 10.3 16.5 0.92 0.302 11 0.305
100 29.8 332 154 0.309 1.69 0.315
150 38.7 443 1.84 0.314 2.02 0.331
0.7 10 149 184 1.02 0.697 1.3 0.702
100 38.2 413 1.57 0.691 1.8 0.714
150 47.3 63.7 1.79 0.722 2.1 0.743
Table 7. Papers Comparation
Parameters References Proposed
@) (o) (27) (35  method
Applicable for all Yes No VYes No Yes
types of faults?
Variable generation No No  Yes Yes Yes
‘ ;ggﬁp(;a;(;ent ONPr Yes No No No Yes
Lw) Ls B?_E—F": Bis Bu High resistance No No No Yes Yes
. o] B Ly 1im , 8 fault detection
Bus * i - - N
| Y l . %Bn - ol fsrae';]fe'ﬁ?y (kHz) YRRV Y 2
©) & & = ) ICaICL_JIate the fault No No No No Yes
ocation
Performance in No No No No Yes

Figure 12. LSPPP integrated IEEE 39-bus standard test system

==
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noise condition

*N-M= Not Mentioned
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CONCLUSION

The existence of LSPPP within the network results in the
modulation of fault characteristics. Additionally, the
operation of converter control introduces another factor
that alters these fault characteristics. As a consequence of
these changes, the conventional distance relay algorithm
may malfunction, particularly in scenarios involving
faults with high fault resistance. Investigating the
vulnerability and identifying the factors affecting the
performance of the distance relay in zone 1 is mandatory
in such conditions. In this article, this vulnerability and
effective factors are investigated and a new method is
proposed to improve the performance and estimate the
fault location. The suggested approach relies on the
estimation of the faulted path current angle. In this
methodology, local voltage and current data are employed
to ascertain the phase angle value of the fault loop current.
Following the determination of the phase angle value, the
impedance of the transmission line up to the fault location
is computed. The distance relay then utilizes this
impedance value to make a decision. This algorithm has
been thoroughly examined for various fault types,
encompassing different resistance values, diverse fault
locations, varying LSPPP generation levels, and noise
condition.

The proposed scheme offers several key advantages and

innovations, including the following:

e The proposed method demonstrated satisfactory
performance at a sampling frequency of 2 kHz,
resulting in reduced computational complexity and
faster fault detection compared to other studies that
either overlooked this aspect or examined it with a
higher sampling frequency.

e In this paper, the effectiveness of the proposed
algorithm is demonstrated using the application of the
Euclidean distance, and the value of this distance is
compared for three scenarios: SG based systems,
traditional methods in the presence of LSPPP, and the
proposed method. The utilization of the Euclidean
distance aids in better understanding the impact of
LSPPP on the measured impedance and it also shows
the excellent performance of the proposed algorithm.

e This algorithm, in addition to its excellent fault
detection capability, also possesses the ability to the
fault location.

e This algorithm possesses the capability of identifying
with a higher level of fault resistance compared to
other studies. Furthermore, it is capable of identifying
various types of faults.

The results obtained from these investigations are

compared with those of the conventional method to

demonstrate the benefits and advantages of the proposed
approach. For future studies, we can suggest things such
as further reduction of sampling frequency, identification
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of faults with higher resistance and identification of
single-phase faults with non-linear characteristics.
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