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Abstract

Renewable sources with numerous converter-control operations introduce dynamic fault signatures in the network. Such non-
homogeneous situations result in maloperation of available phase selection methods at times, which may further lead to incorrect
protection decisions and affect system resilience. In this paper, an adaptive phase selection method is proposed for lines connect-
ing converter-based sources. Phase selection zones are formed based on the relations between faulted path sequence currents,
which are unique to each fault type and remain independent of system conditions. The method uses local voltage and current data
to compute an adaptive phase shift for selection zones and calculate an index based on signal availability for deriving decisions.
Performance of the proposed method is evaluated on a renewable integrated 9-bus system using PSCAD/EMTDC simulation and
found to be accurate and independent of converter-control operations, source types, and system conditions.

1 Introduction

Power grids are moving towards the ambitious decarbonisa-
tion target with large-scale integration of converter-interfaced
renewable energy sources (CIRES) [1]. Numerous control
options, embedded in the converters meeting different require-
ments for reliable power system operation, compel such
sources to respond differently compared to conventional syn-
chronous generators during fault [2]. The growing rate of
relay maloperation following renewable integration impels to
revisit every aspect associated with protection decisions [3–
6]. Faulted phase selection is such a task, which is essential
in deriving protection decisions like auto-reclosing, distance
relaying, single-pole-tripping, etc. [7].

Relative angles between pure-fault sequence currents and
voltages are generally applied in most of the available relays
for phase selection [8, 9]. The principle associated with the
technique is formulated considering system impedances to be
homogeneous, which is not true in the presence of converter-
based sources. Several training-based approaches are available
in [10, 11] for fault classification. The feasibility of such
schemes, requiring a large number of training data sets, is under
scrutiny for application in real power systems, especially in the
presence of renewable sources due to generation variability and
dynamic fault pattern. A dual current controller-based phase
selection technique is proposed in [12], which mimics the fault
signature of a synchronous generator. Such an approach is dif-
ficult to generalize for large number of renewable sources with
different converter arrangements. Correlation of transient volt-
age waveform can be applied for identifying faulted phases
in lines connecting renewable sources [13]. Relay processors
should be capable of high sampling frequency to apply such
a technique. A local data-based fault classification technique
is proposed in [7] for renewable connected lines considering

the grid to be strong, which may not be true always, especially
following a large-scale structural or operational change in the
system [14]. Remote end synchronized data may ensure correct
phase selection in adverse system conditions [15]. The delay
associated with data communication restricts the application of
such techniques in deriving instantaneous protection decisions.

In this work, an adaptive and generalised phase selection
method is proposed for lines connecting converter-interfaced
renewable sources. The salient contributions of this work can
be summarized as follows:

1. Phase selection zones are formed based on the relations
between faulted path sequence currents (positive and neg-
ative), which are unique to each fault type and remain
independent of system conditions.

2. An adaptive phase shift for selection zones is obtained
using online computation of pure-fault renewable plant
impedance and estimation of grid equivalent impedance
during prefault to adjust with the system non-homogeneity.

3. In accordance with the signal availability at the relay point,
the ratio of superimposed sequence voltages or currents
(positive and negative) is applied to compute an index for
deriving phase selection decisions.

4. Correct performance of the proposed method is eval-
uated for a renewable integrated 9-bus system using
PSCAD/EMTDC simulation data. Test results with compar-
ative assessment demonstrate the strength of the proposed
method and establish it to be independent of converter-
control operations, source types, and system conditions.

2 Proposed Phase Selection Method
The proposed phase selection approach is derived in this sec-
tion in two stages. First, the sequence networks for different
fault types are analysed to define phase selection zones. In the
second stage, an index is calculated for deriving decisions.
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2.1 Formulation of phase selection zones

A grid-following converter-based renewable source (RS) is
generally represented with dependent current source (IRS) in
parallel with a variable impedance (ZRS) [7], which, for each
instance, can be converter to an equivalent voltage source
model, as shown in Fig 1(a). This can be represented with
a fixed voltage source and variable series impedance (as in
Fig 1(b)), where any change in the source voltage is com-
pensated as a voltage drop in an additional virtual impedance,
included in ZRS . A two bus equivalent system integrating a
renewable source to grid is shown in Fig 2. A fault is created
at a distance of x pu from bus M with a fault resistance RF.
The grid is represented with a voltage source (EGr) and an
equivalent impedance (ZGr).

IRS

ZRS

ERS

ZRS
PCC PCC

ERS ZRS
PCC

(a) (b)
Fig. 1 Equivalent representation of converter-based sources:
(a) with variable source and impedance, (b) with fixed voltage
source and variable impedance.
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Fig. 2 Two bus equivalent system integrating a renewable
source to grid.

Sequence networks for different asymmetrical fault types are
provided in Fig 3. ZS includes both ZRS and ZTr. ’0’, ’1’
and ’2’ in subscript represent the zero, positive and negative
sequence components respectively. Rph is the arcing resis-
tance between two phases. Negative sequence of a renewable
plant is represented either with an open circuit or with a sep-
arate source, based on the control operation embedded in the
converter. Zero sequence network is formed considering the
transformer connection to be dYg. The sequence components
are calculated with phase-A as reference for AG, BC and BCG
faults. Phase-B is considered as reference for BG, CA and CAG
faults, whereas phase-C is considered for CG, AB and ABG
faults. Sequence components with different reference phases
(represented with the superscripts) are related by (1), where
α = ej

2π
3 .

Ia1F = Ib1F /α
2 = Ic1F /α and Ia2F = Ib2F /α = Ic2F /α

2 (1)

Sequence networks for different fault types are analysed
below to derive relations for phase selection.

2.1.1 For line-to-ground (LG) faults:: As in Fig 3(a), the posi-
tive and negative sequence currents in faulted path for LG faults
are equal. Superscript ’r’ represents the reference phase for
sequence component calculation.

Ir1F = Ir2F (2)
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Fig. 3 Sequence network for (a) LG, (b) LL and (c) LLG faults.

Using (1), the relations between I1F and I2F for different LG
faults are derived in (3).

For AG fault : ∠
(
Ia2F /I

a
1F

)
= 0

For BG fault : ∠
(
Ia2F /I

a
1F

)
= 2π/3

For CG fault : ∠
(
Ia2F /I

a
1F

)
= −2π/3

(3)

2.1.2 For line-to-line (LL) faults:: I1F and I2F are in phase
opposition for LL faults (refer Fig 3(b)).

Ir1F = −Ir2F (4)

Using (1), the relations between I1F and I2F for different LL
faults are derived in (5).

For BC fault : ∠
(
Ia2F /I

a
1F

)
= π

For CA fault : ∠
(
Ia2F /I

a
1F

)
= −π/3

For AB fault : ∠
(
Ia2F /I

a
1F

)
= π/3

(5)

2.1.3 For line-to-line-to-ground (LLG) faults:: As in Fig 3(c),
the sequence currents in the faulted path for LLG faults are
related by (6).

Ir1F = −
(
Ir2F + Ir0F

)
(6)

Negative and zero sequence impedance angles are almost equal
in a transmission network, which results in Ir2F and Ir0F to be in
same phase. Thus, Ir1F and Ir2F are considered almost in phase
opposition, similar to LL faults and the relations derived in (5)
remain valid even with ground involvement. Relations obtained
in (3) and (5) are consistent for any system conditions and form
the phase selection zones, as shown in Fig 4. Considering mea-
surement inaccuracy in real power systems, a margin of ±15◦

is provided for each zone.

ABC

I1F

I2F
a
a

Fig. 4. System independent phase selection zones
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2.2 Formulation of the phase selection technique

A pure-fault positive sequence network is introduced in Fig 5
[3]. Pure-fault components (∆V1M and ∆I1M ) are obtained in
(3). ’f ’ and ’pre’ in superscript represent measurements during
fault and prefault respectively.

∆V1M = V f1M − V pre1M and ∆I1M = If1M − Ipre1M (7)

(1-x)Z1LZ1S Z1GrF

M N

∆I1M

E1F

I1F
xZ1L

∆V1M

+

-
pf

Fig. 5. Pure-fault positive sequence network.

Applying current distribution principle in Fig 5, ∆I1M is
expressed in terms of I1F in (8).

∆I1M =
(1 − x)Z1L + Z1Gr

Zpf1S + Z1L + Z1Gr

I1F (8)

Zpf1S represents the pure-fault impedance of the renewable plant
(including transformer) and can be obtained by,

Zpf1S = −∆V1M
∆I1M

. (9)

Using (9), the relation in (8) can be rewritten as in (10).

∆V1M = −
Zpf1S ((1 − x)Z1L + Z1Gr)

Zpf1S + Z1L + Z1Gr

I1F (10)

For renewable plants with balanced current controlled con-
verter, negative sequence equivalent is represented with an
open circuit. Thus, local negative sequence voltage is same as
the fault point voltage and expressed as in (11).

∆V2M = −I2F ((1 − x)Z1L + Z1Gr) (11)

For renewable interfacing converters with dual current con-
troller, ∆I2M can be expressed in terms of I2F , as in (12).
Negative sequence impedance is considered to be same as the
positive sequence impedances for both line and grid.

∆I2M =
(1–x)Z2L+Z2Gr

Zpf2S+Z2L+Z2Gr

I2F =
(1–x)Z1L + Z1Gr

Zpf2S + Z1L + Z1Gr

I2F (12)

Using (10) and (11), the ratio of pure-fault sequence voltages
is obtained in (13), which indicates the faulted path sequence
current ratio (as derived in Section 2.1), shifted by an angle θsh1 .

∆V2M
∆V1M

=

(
Zpf1S+Z1L+Z1Gr

Zpf1S

)(
I2F
I1F

)
=

(
I2F
I1F

)
ejθ

sh
1 (13)

where θsh1 = arg
(
Z
pf
1S

+Z1L+Z1Gr

Z
pf
1S

)
.

Using (8) and (12), the ratio of pure-fault sequence currents
is obtained in (14), which indicates the faulted path sequence
current ratio (as derived in Section 2.1), shifted by an angle θsh2 .

∆I2M

∆I1M

(
Zpf1S+Z1L+Z1Gr

Zpf2S+Z1L+Z1Gr

)(
I2F

I1F

)
=

(
I2F

I1F

)
ejθ

sh
2 (14)

where θsh2 = arg
(
Z
pf
1S

+Z1L+Z1Gr

Z
pf
2S

+Z1L+Z1Gr

)
.

Computation of θsh1 and θsh2 requires Zpf1S , Zpf2S Z1L and Z1Gr.
Z1L is available using system data. Zpf1S is calculated using (9).
Zpf2S can be calculated similar to (9), using negative sequence
measurements. Applying the Thevenin equivalent estimation
approach available in [16], Z1Gr can be determined using
three consecutive voltage and current measurement sets at bus
M, obtained at different instances during prefault. Consider-
ing the grid to be dominated by synchronous generators, Z1Gr

estimated during prefault remains unchanged during fault.

2.3 Implementation of the proposed approach

Steps associated with the implementation of the proposed
phase selection approach are provided in Fig 6. Z1Gr is esti-
mated using local voltage and current data during prefault,
and updated continuously until fault detection. Following fault
detection, negative sequence current and voltage are checked.
With both having negligible values, relay detects all the three
phases to be faulted. In the presence of V2M with negligi-
ble I2M , relay first calculates θsh1 and applies to rotate the
phase selection zones accordingly. Then, the relay computes
∠
(

∆V2M

∆V1M

)
and compares with the shifted zones to identify

faulted phases. For converters having dual sequence current
controller i.e. in the presence of I2M , relay calculates θsh2 and
rotates the phase selection zones accordingly. Then, the relay
computes ∠

(
∆I2M
∆I1M

)
and compares it with the newly shifted

zones to derive proper phase selection decision.
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During Prefault
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Is Yes
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Faulted phase selection
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a
a (   )aa∆V1M
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Fig. 6. Flow chart of the proposed phase selection approach.

3 Results
Performance of the proposed phase selection method is evalu-
ated on a 230 kV, 60 Hz, renewable integrated 9-bus system,
as shown in Fig 7. Simulations are carried out using PSCAD/
EMTDC platform. Voltage and current phasors are estimated
using 1-cycle discrete Fourier transform (DFT) with a sam-
pling frequency of 3.84 kHz. A 200 MVA solar PV source
is connected at bus 3 through dYg transformer. The solar
plant inverter is controlled in synchronous reference frame
with feedforward control and operates close to unity power
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Table 1 Performance evaluation for different test conditions

Fault
Specification

Case
Overview

Phase Selection
Zone (Actual)

Shifted Zone
(Proposed)

δ

AG
(RF = 5Ω)

Change in
converter control

Balanced current control −15◦ to −15◦ −32.7◦ to −2.7◦ −17.5◦

Dual current control −15◦ to 15◦ 37.8◦ to 67.8◦ 53.1◦

AB
(Rph = 1Ω)

Change in
grid codes

Unity power factor 45◦ to 75◦ 52.7◦ to 82.7◦ 67.4◦

Reactive current priority 45◦ to 75◦ −148.4◦ to −118.4◦ −133.2◦

CG
(RF = 50Ω)

Grid strength
variation

Strong grid −135◦ to −105◦ −152.2◦ to −122.2◦ −137.4◦

Weak grid −135◦ to −105◦ 142.5◦ to 172.5◦ 157.2◦

BCG
(RF = 10Ω)

Different fault
distance

from bus 3

0.1 pu 165◦ to −165◦ 124.4◦ to 154.4◦ 139.7◦

0.5 pu 165◦ to −165◦ 98.1◦ to 128.1◦ 112.9◦

0.9 pu 165◦ to −165◦ 158.9◦ to −171.1◦ 174.1◦

CAG
(RF = 10Ω)

Different
renewable

sources

Solar PV −75◦ to −45◦ 102.3◦ to 132.3◦ 117.4◦

Type-III wind −75◦ to −45◦ −21.2◦ to 8.8◦ −5.5◦

Type-IV wind −75◦ to −45◦ 37.3◦ to 67.3◦ 52.7◦

factor. However, the proposed method is tested for different
converter controls, grid code requirements, grid strength, and
source types.

4
5 6

7 8 9
F

∆ ∆

∆

1

PCC2 3(M)(N)

Solar Plant

Fig. 7. Renewable integrated 9-bus test system.

An AG fault is created in the line 3-8 of the system in Fig 7
at a distance of 0.4 pu from bus 3 with a fault resistance of
15 Ω. Phase selection methods are tested for the relay at bus
3. The solar plant, being controlled with a balanced current
controller, does not generate negative sequence current, even
for such an asymmetrical fault situation. The proposed method
computes the angle θsh1 and rotates the phase selection zones
accordingly. Following the zone shift, the relay calculates the
superimposed sequence voltage ratio angle (δ) to identify the
faulted phase. The result is provided in Fig 8, which shows
that the relay fails to identify the faulted phase correctly with
the conventional fixed phase selection zone. This indicates a
clear maloperation of the method in [8]. It can be observed that
δ obtains a value within the shifted zone, as proposed in this
work and identifies the faulted phase correctly for the situation,
even during the transient period within one cycle. This demon-
strates the superiority of the proposed method, compared to the
conventional approach.

Performance of the proposed method is also evaluated for
different test conditions. The observations are provided in
Table 1 and summarised below.

Time (s)
5 5.01 5.02 5.03 5.04 5.05 5.06

δ
(D

eg
re
e)

-180

-120

-60

0

60

120

180
Phase selection zone (conventional)
Phase selection zone (proposed)
δ

Fault inception

Fig. 8 Superimposed sequence voltage ratio angle with phase
selection zones.

1. In case-1, the solar plant inverter is controlled with a bal-
anced and a dual current controller, one at a time. The
balanced controller generates only positive sequence cur-
rent, even during unbalanced faults, whereas the inverter
with a dual current controller generates both positive and
negative sequence currents.

2. Grid code requirements influence the fault characteristics
significantly. In case-2, two grid codes are complied with
the inverter control, one at a time. With the first one, the
solar plant operates close to unity power factor, even dur-
ing fault. The second grid code prioritizes reactive current
generation from the inverter during fault.

3. Available phase selection methods are influenced by grid
strength [7, 8]. Therefore, the performance of the proposed
method is evaluated for two different grid strengths. First,
the method is tested for 9-bus system with its full strength.
Later, the generator at bus 2 is disconnected to make the
grid weak (loads are adjusted to maintain stability during
non-fault situations).

4. Fault severity varies with its location and influences the con-
trol operation of converter-based sources accordingly. In
case-4, the method is tested for faults created at different
locations in line 3-9.
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5. In order to verify the source independence of the proposed
method, the solar plant connected at bus 3 is replaced with
a Type-III and Type-IV wind farm of the same capacity, one
at a time.

Results provided in Table 1 show that δ obtains a value out-
side the conventional phase selection zones, for most of the
cases. This indicates clear maloperations of the conventional
phase selection approach [8] for lines connecting converter-
based sources. As in Column-IV of Table 1, the shifted zones,
obtained through the proposed approach, cover δ in all cases
and identify the faulted phases correctly.

4 Conclusion

Converter-based sources with different control options result
in non-homogeneous fault characteristics in renewable inte-
grated power networks. Such situations lead to incorrect per-
formance of available phase selection techniques. An adaptive
faulted phase selection method is proposed for such non-
homogeneous power networks integrating renewable sources.
Using the relation between faulted path sequence current
angles, the proposed method obtains system-independent phase
selection zones. Based on signal availability at the relay point,
superimposed voltage or current ratio is computed to trace the
phase selection zones, which are adjusted with the system non-
homogeneity, by applying a shift angle computed using local
data. Results are provided for variations in fault types, fault
resistance, fault location, converter control operation, grid code
compliance, grid strength, and renewable type. This demon-
strates the adaptivity of the proposed method with the change
in fault signature in the network. Comparative assessment with
the conventional technique reveals the strength of the proposed
method.
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