
A Reliable Accelerated Protection Scheme for
Converter-Dominated Power Networks

Subhadeep Paladhi, Member, IEEE, Qiteng Hong, Senior Member, IEEE, and Campbell Booth

Abstract—Rising penetration of converter-based sources
with different control operations is introducing severe non-
homogeneity in the power systems, especially during faults.
Such non-homogeneity leads the decision derived by available
distance and directional relays to be unreliable. Performances
of the available communication-assisted tripping schemes being
dependent on these two relay decisions at both ends become
a concern for the protection of converter-dominated power
networks. This work demonstrates the impact of converter-
based sources on both distance and directional relays and the
possible maloperation of the accelerated protection schemes. A
new transfer trip scheme has been proposed mitigating the issue.
Considering the homogeneity present in the negative and zero
sequence networks in high voltage transmission system even
with converter-based sources, two indices are derived using local
voltage and current data to identify the fault direction at each
end of a protected line. The decisions are transferred to the
alternative ends through low-bandwidth communication channels
to ensure the protection decision derived for the line to be
dependable as well as secured. The scheme is tested for a 9-bus
and a 39-bus system, even with 100% converter-based sources
using PSCAD/ EMTDC simulation platform and found to be
reliable for different faults and system conditions. Comparative
assessment with a few advanced techniques demonstrates the
superiority of the proposed method.

Index Terms—Accelerated protection, transfer trip scheme,
distance relaying, directional relaying, power system faults,
Converter-interfaced renewable sources.

I. INTRODUCTION

A. Motivation and Incitement

AMBITIOUS decarbonization target are enforcing power
grids for large-scale integration of renewable energy

sources [1], [2]. Integration of such sources necessitates nu-
merous control functions to be employed in the interfacing
converters to ensure reliable power system operation [3]. Con-
verters controlled with grid-forming techniques are increasing
to maintain stable grid operation with high renewable pene-
tration [3], [4]. Different grid code requirements also enforce
the control operations to adjust accordingly [5]. Diversity
in control schemes compels converter-interfaced renewable
energy sources (CIRES) to respond differently compared to
conventional synchronous generators during fault. This mod-
ulates source impedances differently and results in a non-
homogeneous situation in the grid [6]. Generation variability
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and intermittency associated with renewable sources inten-
sify such complexity by varying the source-impedance-ratio
(SIR) dynamically [7]. Such situations impel to revisit the
performance of available protections schemes for the power
networks dominated by converter-based sources. This article
is an improved and expanded version of the paper presented
at the 2022 22nd National Power Systems Conference [1].

B. Literature Review

With such variable SIR situations and increasing non-
homogeneity in power systems, available local data-based
protection schemes fail to derive correct decisions at times
[6], [8], [9]. Line differential scheme employing both end
current data communicated through dedicated communication
channels are recommended for such a situation [10]. Cost
associated with the required high-bandwidth dedicated com-
munication channels and the communication latency are two
major concerns for the wide-application of such a scheme for
protection of transmission networks. Limited performance of
current differential relays in renewable-connected lines also
discourages for such a high investment [11]. Therefore, the
transfer trip schemes requiring low-bandwidth communication
channel are preferred [12]. Such schemes communicate the
trip decision derived by local distance or directional units to
the other end for ensuring secure and dependable accelerated
protection for the lines. High and variable source impedance
situations cause severe underreach and overreach issues with
distance relays [13]. Different techniques are applied to en-
hance its performance in such situations, like multiple setting
based approach [14]–[16], adaptive trip boundary setting [17],
[18], application of data-driven techniques [19], [20], control-
based adjustment [21], fault location mapping [8], and also
by introducing intentional delay in decision [22]. Most of the
techniques consider either the equivalent impedance associated
with different sources to be negligible or the system to be
homogeneous. The techniques applied for converter-based
source connecting lines (like in [8]) are derived considering
the grid connected at the remote end of the line to be strong
and dominated by conventional synchronous generator based
sources. None of these assumptions is true for converter-
dominated power networks. Angular relation between voltage
and current is also found to be inconsistent for faults in such a
network resulting in maloperation of directional relays at times
[9]. Such issues with the available distance and directional
relaying impel to seek for a new technique to ensure correct
performance of communication assisted tripping schemes for
CIRES dominated power systems. 1
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C. Contribution

In this work, the limited performance of available com-
munication assisted tripping schemes are demonstrated for
converter-dominated power systems and a novel scheme is
proposed mitigating the issue. A new criteria is defined using
local voltage and current data to identify the fault direction
in power networks in the presence of converter-based sources.
The proposed scheme uses a low-bandwidth dedicated com-
munication channel to transfer decisions derived at both ends
and issues a trip command when the fault is detected in
forward direction at both ends of the line. The scheme is tested
for a modified WSCC 9-bus system with 100% converter-
based sources and a CIRES integrated 39-bus system using
PSCAD/ EMTDC simulation data. The method is found to be
accurate and independent of fault resistances, fault locations
and different control operations associated with converters-
based sources.

II. PROBLEM STATEMENT

This section first presents an overview of the available com-
munication assisted transfer trip schemes used for accelerated
protection of transmission networks and later demonstrates
the limited performance of those schemes for a converter-
dominated power system. Fig. 1(a) represents a two-bus equiv-
alent power network, where the tripping zones for each end
distance relay are shown in Fig. 1(b). The operating principle
of four commonly used tripping schemes are described below.
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Fig. 1. Overview of common communication assisted transfer trip schemes.

• Direct Underreach Transfer Tripping (DUTT): DUTT
scheme, as shown in Fig. 1(c) issues a trip signal for
both end circuit breakers when the fault is detected in
Zone-1 by any of the relays (RM and RN ) [12].

• Permissive Underreach Transfer Tripping (PUTT): PUTT
scheme employs Zone-1 decision at any end to trip
the local breaker immediately and sends the decision to
remote end as a permissive trip command. The permissive
signal confirm the tripping of remote end breaker only
when the corresponding relay finds the fault in Zone-2
using local data, as shown in Fig. 1(d) [12].

• Permissive Overreach Transfer Tripping (POTT): POTT
scheme (shown in Fig. 1(e)) issues a trip signal for both
end circuit breakers when the fault is detected in Zone-2
by both end relays [12].

• Directional Comparison Blocking (DCB): In this scheme,
a trip command is generated when the fault is detected in
Zone-2 by the local end relay and the remote end relay
detects the fault outside of zone-3, as shown in Fig. 1(f)
[12].

Now, the performances of the above mentioned schemes
are tested for a 230 kV, 60 Hz modified WSCC 9-bus system
with 100% converter-based sources, as shown in Fig. 2 [23],
using PSCAD/ EMTDC simulation platform. The solar plant
connected at bus 2′ is integrated to the grid through grid-
following converter, whereas the solar plants at bus 1 and
3 are integrated through grid-forming converters. The grid-
following converter is controlled with balanced current con-
troller, whereas the grid-forming converters are designed with
dual-current controller mimicking synchronous generator neg-
ative sequence impedance angle characteristics [24]. Line 2-7
is considered here as the protected line and the performance of
relay R2 and R7 are tested for the purpose with both distance
and directional relaying principles, applying one at a time.
Distance relays are set with quadrilateral characteristics as in
[25] with a fault resistance coverage of 60Ω.
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Fig. 2. Modified WSCC 9-bus system with 100% CIRESs.

A phase-B-to-phase-C-to-ground (BCG) fault is created in
line 2-7 at a distance of 0.25 pu from bus 2 with RF = 20 Ω.
Performance of the relays at bus 2 and bus 7 (R2 and
R7), when incorporated with distance relaying principle, are
demonstrated in Fig. 3. Results show that both the relays fail
to identify the fault in corresponding Zone-1, which indicates
a clear maloperation for DUTT and PUTT schemes. It is also
observed that the relay R2 finds the fault even outside its Zone-
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2 boundary. This causes incorrect operation even when the
PUTT and DCB schemes are applied. Such maloperation of
distance relay is due to the non-homogeneity present between
the fault currents fed through both ends of the faulted line.
In this case, fault current at bus 2 is fed from the solar
plant (connected at bus 2′) interfaced through grid-following
converter, whereas the fault current at bus 7 is fed from two
solar plants (connected at bus 1 and 3) interfaced through
grid-following converters. Similar maloperation may also be
experienced for faults in any other lines in the system.
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Fig. 3. Performance of both end distance relays leading to failure of available
accelerated protection schemes.

The decisions derived using distance relay Zone-2 setting
can also be derived using directional relaying principles [12].
Therefore, the performance of relay R2 and R7 are tested
after employing superimposed component based directional
relaying principle, which is applicable for all types of faults
[26]. Results are provided in Fig. 4. ∆V1 and ∆I1 represent
the positive sequence superimposed voltage and current com-
ponents, which are obtained by subtracting 2-cycle memorized
prefault data from the fault data [27]. According to the
principle, the relay identifies the fault in forward direction
when ∆V1 lags ∆I1 i.e. the angle difference between ∆V1

and ∆I1 is negative. Results in Fig. 4 show that the relay
R7 finds the fault in forward direction correctly, whereas the
relay R2 detects the fault in reverse direction. This results in
maloperation of PUTT, POTT and DCB schemes, even when
the directional principle is applied for the relays. Thus, there is
a need for a new scheme for reliable protection of transmission
lines in converter-based source dominated power systems.
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Fig. 4. Performance of both end directional relays leading to failure of
available accelerated protection schemes.

III. PROPOSED METHOD

This section proposes a new technique for reliable and
accelerated protection of converter-dominated power networks.

For the two-bus equivalent system in Fig. 1(a), apparent
impedance (Zapp) calculated by the distance relay RM for an
AG fault, created at a distance of x pu from bus M and with
a fault resistance RF, is given by [28],

Zapp =
VAM

IAM +K0I0M
= xZ1L +

(
IAF

IAM +K0I0M

)
RF . (1)

Where, VA and IA are the voltage and current measurements
respectively. ‘M’ in subscript represents the measurement at
bus M and ‘F’ represents the the variables in the faulted
path. ZL represents the impedance of line MN. Subscript ‘0’
and ‘1’ indicate the zero and positive sequence components
respectively. K0 is the zero sequence compensation factor.
Fig. 5 represents the sequence network of the system in
Fig. 1(a) for AG faults. ’RN’ in subscript represents the equiv-
alent representation of the renewable sources connected to the
bus, whereas ’S’ indicates the conventional sources which are
considered here to be out of operation. ’2’ in the position of
first subscript indicates negative sequence components. M end
is considered to be connected to a renewable source through
a grid-following converter. Therefore, the positive sequence
source-equivalent of this side is represented by a dependent
current source in parallel with a variable impedance [8]. The
converter is considered to be controlled with balanced current
controller. So it cannot inject negative sequence current even
during asymmetrical faults. On the other hand, the N end is
considered to be connected to a renewable source through
grid-forming converter and controlled using dual-current con-
troller mimicking synchronous generator negative sequence
impedance angle characteristics. Positive and negative se-
quence source-equivalents are represented with a dependent
voltage source with a variable series impedance. A dependent
voltage source can also be transformed to an equivalent current
source at each instant [6]. Therefore, the sequence network
presented in Fig. 5 is a generalized representation for a
converter dominated power network.

I1F , I2F and I0F being equal, IAF in (1) can be replaced
by I0F , as in (2).

VAM

IAM +K0I0M
= xZ1L +

(
3I0F

IAM +K0I0M

)
RF . (2)

(2) is rewritten in (3) by expanding the variables with their
complex forms.

|VAM |
|IAM+K0I0M |e

j(α–β)=x|Z1L|ejθ1L+
|3I0F |

|IAM+K0I0M |e
j(γ–β)RF

(3)
α and β are the phase angles of VAM and (IAM +K0I0M ).
θ1L and γ represent the line impedance angle and the phase
angle of I0F respectively. (3) is rewritten in (4).

|VAM |
|IAM+K0I0M |e

j(α−γ)=x|Z1L|ej(θ1L−γ+β) +
|3I0F |

|IAM+K0I0M |RF

(4)
(5) is derived by comparing the imaginary parts of both sides
in (4).

|VAM |
|IAM +K0I0M | sin (α− γ) = x|Z1L| sin (θ1L − γ + β) (5)
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Fig. 5. Sequence networks of the system in Fig. 1(a) for AG faults.

From (5), x can be computed as in (6).

x =
S1M

S2M
(6)

Where,

S1M =
|VAM |

|IAM +K0I0M | sin (α− γ)

S2M = |Z1L| sin (θ1L − γ + β) .

Renewable sources at both ends are connected to the grid
through a dYg-type transformer. Therefore, the zero sequence
network remain homogeneous as considered for a system
without renewable sources. Thus, γ is the angle of zero
sequence current measured at bus M. For other types of faults,
S1M and S2M used in the new directional criteria proposed
in (8) are derived in Appendix. For all types of faults, S1M

and S2M are expressed in a generalized form in (7).

S1M =
|VRM |
|IRM | sin (α− γ)

S2M = |Z1L| sin (θ1L − γ + β) .

(7)

where VRM and IRM are the operating voltage and current
for the relay at bus M.

x is always positive for any fault in the forward direction.
Thus, a new directional criteria for converter-dominated power
network is proposed in (8).

S1M

S2M
=

{
> 0; for forward fault
< 0; for reverse fault

(8)

Using this criteria, a transfer trip scheme is proposed. The
scheme issues trip command only when the fault is identified
in forward direction at both ends, which is similar to POTT
[12] but applies the proposed directional criteria for deriving
the decisions. Steps associated with the proposed scheme
are shown in Fig. 6. Currents and voltages at each end are
obtained from local current transformer (CT) and capacitor
voltage transformer (CVT) respectively. A combination of
undervoltage and overcurrent principle is applied for fault
detection. A zero sequence overcurrent check is also used in

parallel to enhance the fault detection sensitivity for ground
faults with high RF . A local voltage based techniques, as
available in [29], is applied for fault classification.
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Fig. 6. Proposed transfer trip scheme logic implementation.

IV. RESULTS

Performance of the proposed protection scheme is tested in
the 9-bus system of Fig. 2 with 100% converter-based sources
and a CIRES-integrated 39-bus system, as shown in Fig. 7
using PSCAD/ EMTDC simulation platform for different
faults with variation in some critical parameters. Solar and
wind farms integrated to the 39-bus system are of 300 MVA
each with the specifications as provided in [30] and controlled
with balanced current controller. Type-III and Type-IV wind
farm are complied with standard control schemes as available
in [31], [32]. Voltage and current phasors are estimated using
1-cycle discrete Fourier transform at a sampling rate of 64
samples/ cycle.
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A. Performance evaluation in a 9-bus system system with
100% converter-based sources

Performance of the proposed method is tested for two faults
(internal and external with respect to the line 2-7 of the system
in Fig. 2). The first case is same as mentioned in Section
II i.e for a BCG fault created in line 2-7 at a distance of
0.25 pu from bus 2 with RF = 20 Ω. It has already been
demonstrated that all the communication assisted trip schemes
fail to protect the line correctly when both end relays are
incorporated with conventional distance or directional relaying
principles. Results in Fig. 8 show that relays at both ends of
line 2-7 calculates the directional index as proposed in this
work are positive (0.24 and 0.73). Thus, the method identifies
the internal fault correctly satisfying the conditions in (8) and
issues trip command for both end circuit breakers.

5 5.005 5.01 5.015 5.02 5.025 5.03 5.035 5.04
Time (s)

-2

0

2

4

6

S 1M
/S

2M

for external fault for internal fault

X 5.03175

Y 0.240117

X 5.03225

Y 1.39674

(a)

5 5.005 5.01 5.015 5.02 5.025 5.03 5.035 5.04
Time (s)

-5

0

5

S 1N
/S

2N

X 5.032

Y 0.733125

X 5.03225

Y -0.529819

(b)

Fig. 8. Performance of (a) R2 and (b) R7 with the proposed method for a
system with 100% CIRESs.

In the second case, a BCG fault is created in line 7-8 of
the system in Fig. 2 at a distance of 0.5 pu from bus 7 with
RF = 15 Ω. From the results in Fig. 8, it is observed that
the relay at bus 2 calculates the directional index as positive
(=1.40) using the proposed method, whereas the relay at bus 7

calculates it as negative (=−0.53). Thus, the proposed scheme
maintains security correctly even for external fault.

B. For different faults created at different locations with
variation in RF

Performance of the proposed method is now tested for
different faults created in the CIRES-integrated 39-bus test
system, as shown in Fig. 7 varying the fault location (x) and
associated fault resistance (RF). RF for ground faults is varied
up to 100 Ω. Line 28-29 is considered to be out-of-operation
for this study and the performances of relays at both ends
of line 29-26 are tested incorporating the proposed protection
technique. Results obtained for different cases are provided
in Table I. It is observed that both relays at bus 29 and bus
26 calculate the directional index as positive when the fault
created at any location in line 29-26 and derive the decision
for all internal faults correctly. For faults created in line 25-26,
relay at bus 29 calculates the index as positive and confirm
the fault to be in forward direction, whereas relay at bus 26
calculates the index as negative for all the cases and maintains
security for such external faults. Results validate the method to
be applicable for all types of faults and also to be independent
of fault locations and fault resistances.

TABLE I
DIRECTIONAL INDICES CALCULATED AT BOTH LINE ENDS FOR

DIFFERENT FAULTS WITH VARIATION IN ASSOCIATED PARAMETERS

Fault
Type

RF

(Ω)

x = 0.1pu
from (29)

x = 0.5pu
from (29)

x = 0.9pu
from (29)

Faults in
line 25-26

R29 R26 R29 R26 R29 R26 R29 R26

AG
1 0.09 0.88 0.52 0.51 0.91 0.09 1.28 -0.33

10 0.11 0.89 0.51 0.49 0.88 0.10 1.33 -0.31
100 0.13 0.93 0.47 0.48 0.85 0.12 1.37 -0.27

BC 0.5 0.08 0.89 0.48 0.49 0.90 0.09 1.29 -0.32
30 0.11 0.94 0.52 0.47 0.93 0.08 1.34 -0.27

BCG
1 0.08 0.89 0.48 0.51 0.91 0.11 1.29 -0.32

10 0.09 0.90 0.49 0.50 0.90 0.11 1.31 -0.29
100 0.13 0.95 0.46 0.48 0.86 0.08 1.37 -0.24

ABC 0.5 0.12 0.90 0.47 0.51 0.92 0.11 1.29 -0.33

C. For generation variation in the renewable plant connected
to the protected line

Variation in renewable plant generation influences the equiv-
alent source impedance significantly. Such a situation degrades
the performance of protective relays. Therefore, it is necessary
to evaluate the performance of the proposed protection tech-
nique under similar situations. For this purpose, BCG faults
are created in line 29-26 of the system in Fig. 7 at a distance
of 0.4 pu from bus 29 with RF = 30Ω, while the generation
of the solar plant connected at bus 29 is varied from 25% to
100%. Line 28-29 is considered to be out-of-operation. Similar
values for S1 and S2 calculated by the relays at bus 29 and
bus 26 for all the cases (as shown in Fig. 9(a)) demonstrate
these variables to be adaptive to the generation variation of
the renewable plant. Results shown in Fig. 9(b) verify that
the generation variation cannot affect the directional index
proposed in this work. Positive and consistent values of the
indices confirm correct operation of the proposed method for
all the cases with variation in CIRES generation.
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(a)

(b)

Fig. 9. Performance of the proposed method with variation in generation of
CIRES connected to the line.

D. With CIRESs satisfying different grid code requirements

CIRESs need to satisfy the grid code requirements to remain
connected to the grid, especially during faults. Variation in grid
code influences the converter-control operation to act accord-
ingly, especially the reactive current injection for supporting
the low voltage situations. For an example, the German grid
code introduces a proportionality constant (k) to determine the
required reactive current in relation to the voltage deviation. k
varies in the range of 0 − 10 based on the agreement with
network operators, with a default value of 2. Variation of
reactive current (Iq) generation with respect to the voltage drop
(∆V
Vn

) during fault for four different European grid codes are
shown in Fig. 10 [33]. Here, In and Vn are the nominal current
and voltage respectively. Such variation in Iq modulates the
phase angle associated with fault current significantly, and
affects relay operations at times. Performance of the proposed
protection scheme is tested for AG faults created in line 29-
26 at a distance of 0.6 pu from bus 29 with RF = 35Ω,
when the converter interfacing the solar plant connected to bus
29 is controlled to satisfy North American grid-code (NAGC)
and European Union grid code (EUGC), one at a time. The
converter operates within a power factor range of 0.95 lag to
0.95 lead while complied with NAGC, whereas it prioritizes
reactive current generation when complied with EUGC [5],
[21]. Results in Fig. 11(a) show the variation in S1 and S2

computed by the relays at bus 29 and bus 26 with the change
in grid code requirements as imposed on the connected CIRES
interfacing converter. Such variations in S1 and S2 cannot
affect the directional index proposed in this work. From the
results shown in Fig. 11(b), it is observed that the index
computed for both the situations are almost same and positive.
Thus, the proposed scheme performs accurately even with the

variation in grid code requirements imposed for the converter-
control operation.
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Fig. 11. Performance of the proposed method with CIRESs complied with
different grid code requirements.

E. In the presence of different CIRESs connected to the
protected line

Different types of CIRESs are integrated to the grid with
different converter arrangements modulating the voltage and
current signals differently during faults. This may affect relay
operations significantly. Performance of the proposed method
is tested for such a situation, when BCG faults are created
in line 29-26 at a distance of 0.4 pu from bus 29 with
RF = 30Ω and the solar plant connected to bus 29 is replaced
by Type-III and Type-IV wind farms of same capacity, one
at a time. Variations in S1 and S2 computed by the relays
at both ends of the line 29-26 for all situations are shown
in Fig. 12(a). The directional index (S1

S2
) calculated at both

ends, as shown in Fig. 12(b) are found to be consistent and
positive for all the situations. Thus, the proposed method
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derives protection decisions correctly satisfying the criteria
in (8). This declares the method to be independent of the
converter-control operation with different renewable sources.

(a)

(b)

Fig. 12. Performance of the proposed method for different types of CIRESs
connected to the line.

F. Comparative assessment

Different techniques are being tested to prevent the growing
maloperation issues with conventional distance and directional
relays in the presence of CIRESs. Features of the proposed
method is now compared with some of those techniques,
available in [8], [22], [34]–[36]. The comparative assessment
in Table II clearly reveals the novelty and necessity of the pro-
posed method for the present power systems moving towards
decarbonization.

TABLE II
COMPARATIVE ANALYSIS WITH RECENT AVAILABLE METHODS

Parameters Available Methods Proposed
Method[34] [35] [36] [22] [8]

Applicable for all relays
in the system?

No No No No No Yes

Independent of converter-
control operations?

Yes No No Yes Yes Yes

Can perform for all
types of faults?

No Yes No Yes Yes Yes

Performs correctly in
weak-grid condition?

Yes No Yes No No Yes

Tested for systems with
high renewable penetration?

No No No No No Yes

V. CONCLUSION

Power grid is experiencing a noticeable change in fault
characteristics with growing penetration of converter-based
renewable sources. Conventional distance and directional re-
laying decisions derived in such a new grid scenario is found

to be unreliable. This work demonstrates the impact of CIRESs
on communication assisted accelerated protection schemes,
where the trip decisions are generated and supervised by
conventional distance and/ or directional relays. The work
proposes a new criteria to identify the fault direction in
converter-dominated power networks using local voltage and
current data. The directional decisions derived at both ends
are transferred mutually through a low-bandwidth dedicated
communication channel to generate a secure and dependable
trip command for the line end breakers. The method is
derived using the homogeneity present in negative and zero
sequence networks in high voltage transmission grids, even
with CIRESs. This generalizes the method for application
in any transmission network with or without CIRESs. The
method is tested for a 9-bus system with 100% converter-based
sources and a CIRES integrated 39-bus system. The method
is found to be reliable for faults created at different locations,
with different fault resistances, in the presence of CIRESs with
different control operations satisfying grid code requirements.
The proposed protection scheme addresses two important
concerns for the present power systems. It performs correctly
being independent of the behavior of the sources feeding
the fault current. In addition, accelerated protection decisions
from both ends help in reliable and quick isolation of the
faulted part which helps in maintaining system stability in low-
inertia situations as being experience with growing penetration
of converter-based sources. Comparative assessment with a
few advanced protection techniques reveals the novelty of the
proposed method and justifies its requirement in the new power
grid scenario. The work can be further extended for applying
in low voltage distribution grids, where a significant non-
homogeneity may present between negative and zero sequence
networks.

APPENDIX

Sequence networks of the system in Fig. 1(a) for BCG, BC
and 3-phase faults are shown in Fig. 13.

A. For BCG faults

Applying Kirchhoff’s Voltage Law (KVL) in the faulted
loop of the sequence network in Fig. 13(a) and rearranging
the variables, Zapp calculated by the distance relay RM for a
BCG fault, created at a distance of x pu from bus M and with
a fault resistance RF, can be expressed as,

V2M–V0M

I2M–K′
0I0M

= xZ1L–
I0F

I2M–K′
0LI0M

((1–d)Rph+3RF ) . (9)

where, K ′
0L = Z0L

Z1L
and d = I2F

I0F
. Arcing resistance Rph is

negligible to RF for high resistance faults. Homogeneity in
the equivalent negative and zero sequence networks results in
d to be a real term for solid faults with low RF. Comparing
(9) with (2), S1M and S2M for BCG faults can be expressed
as in (10).

S1M =
|V2M–V0M |

|I2M–K′
0I0M | sin (α− γ)

S2M = |Z1L| sin (θ1L − γ + β) .

(10)
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Fig. 13. Sequence networks of the system in Fig. 1(a) for (a) BCG, (b) BC and (c) 3-phase faults.

where,
α = arg (V2M − V0M ) , β = arg

(
I2M −K′

0I0M
)
,

γ = arg(−I0F ) = arg(I0M )− π

B. For BC faults

Applying KVL in the faulted loop of the sequence network
in Fig. 13(b) and rearranging the variables, Zapp calculated
by the distance relay RM for a BC fault, created at a distance
of x pu from bus M and with a fault resistance RF, can be
expressed as,

V1M − V2M

I1M − I2M
= xZ1L − 2I2F

I1M − I2M
Rph. (11)

Comparing (11) with (2), S1M and S2M for BC faults are
expressed in (12).

S1M =
|V1M − V2M |
|I1M − I2M | sin (α− γ)

S2M = |Z1L| sin (θ1L − γ + β) .

(12)

where,

α =arg (V1M − V2M ) , β =arg (I1M − I2M ) , γ = arg(–I2F )

Bus M being connected to a grid-following converter-
interfaced renewable plant controlled with balanced current
controller, no negative sequence current is measured at M.
CIRES connected at bus N being controlled with dual current
controller mimicking synchronous generator’s negative se-
quence impedance, Z2S2 can be expressed as, Z2S2 = mZ2L,
where m is a real-valued multiplier. For such a situation, I2F
can be obtained as in (13).

I2F = − V2F

(1− x)Z2L + Z2S2
≈ − V2M

(1− x+m)Z2L
(13)

Thus, γ for BC fault is derived for relay RM as follows.

γ = arg(−I2F ) = arg

(
V2M

Z2L

)
(14)

On the other hand, I2F flows only through the bus N.
Therefore for relay RN, γ for BC fault is obtained as in (15).

γ = arg(−2I2F ) = arg(If2N )− π (15)

C. For 3-phase faults

Only positive sequence components are presents for 3-phase
faults, as shown in Fig. 13(c). Zapp calculated by the distance
relay RM for a 3-phase fault, created at a distance of x pu
from bus M and with a fault resistance RF, can be expressed
as,

V1M

I1M
= xZ1L +

I1F
I1M

RF . (16)

For 3-phase faults, RF is considered to be very small (< 1Ω)
[37]. Thus, the value of I1F

I1M
RF in (16) becomes negligible,

especially when the imaginary parts of both sides are com-
pared (as done in (5) for obtaining S1M and S2M ). Therefore,
(16) can be simplified as in (17).

V1M

I1M
= xZ1L. (17)

Comparing (17) with (2), S1M and S2M for 3-phase faults can
be expressed as in (18).

S1M =
|V1M |
|I1M | sin (α− β)

S2M = |Z1L| sin (θ1L) .
(18)

where,

α = arg (V1M ) and β = arg (I1M )
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