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Abstract—A noticeable transformation in the power network
fault characteristics is being observed with the large-scale inte-
gration of renewable sources. Control operations associated with
renewable plant interfacing converters challenge the available
line protection schemes, especially for lines integrating such
sources to the grid. Such an issue with available distance protec-
tion for lines interconnecting renewable sources is addressed here
with a solution, especially for zone-1 operation. Two indices are
formulated in the proposed method using local end current and
voltage data to ensure correct zone-1 decision. Proposed method
is assessed for its performance for different fault situations in
a 39-bus New England system with renewable integration and
the results are accurate. Comparative analysis with conventional
distance protection schemes indicates the strength of the proposed
method.

Index Terms—Power system fault, distance relay, zone-1 oper-
ation, renewable integration, digital relaying.

I. INTRODUCTION

Present environmental concern compels the power grids
to integrate renewable sources in large scale [1]. Fault-ride-
though compliance of the grid codes makes the renewable
plants not to disconnect from the system even during faults at
high voltage levels [2]. Presence of such plants with numerous
converter control options regulates the current and voltage
signals significantly during fault [3]. Such changes in fault
characteristics ask to revisit the performance of available
network protection schemes in such a new grid scenario [4],
[5]. Distance relaying being the main protection option for
transmission networks today, its performance is revisited here
for lines connecting renewable sources.

Distance relaying in renewable integrated power network
is analyzed in [6]. Performance of the distance relay at the
renewable connected substation is found to be limited due to
fault current limitation and significant phase angle modulation
by the renewable plant interfacing converters [7]. Different
approaches are proposed to improve the performance of relay
in such circumstances. Adaptive setting methods for distance
relay are proposed in [6] for wind farm connected lines
require the information on wind speed data and number of
participating units. These are acquired using communication
links, which results in delay in protection. Local information

based adaptive zone-1 setting methods, proposed in [8], [9], for
dynamic source impedance variation do not address the issue
when converter interfaced sources are present. Relays with
multiple zone-setting options for different source impedance
ratio (SIR) conditions may not be suitable for instantaneous
protection in case of zone-1 faults [10], [11]. Considering the
equivalent impedance of sources at both the ends of the power
line which is protected to be small and homogeneous, adaptive
techniques have been proposed in [12], [13] for compensation
of fault resistance effect under the remote infeed presence.
Such considerations are not true for a renewable integrated
network. Communication based schemes are preferred in [14]
for lines with such connectivity. Latency issue associated
with such approaches results in delay in protection. A de-
layed distance relaying decision is recommended in [15] for
the power network integrating converter-interfaced renewable
plants (CIRPs), for the lines interconnecting them subjected
to the remote end relay to be operated correctly. A control
strategy is proposed in [7] to maintain homogeneity in the
system and prevent distance relay maloperation. It is difficult
to generalize such a technique for power systems with dif-
ferent types of renewable plants. Adaptive distance protection
methods, proposed in [4], derive correct decisions for zone-
1 faults, but do not address the performance in maintaining
security against out-of-zone faults.

In this work an approach for zone-1 protection is pro-
posed for lines interconnecting renewable plants to mitigate
the problems associated with conventional distance relays. It
estimates the angle of current in faulted loop by computing
sequence impedances of the renewable plant considering pure
fault model continuously regardless of the control schemes
associated with it. Two indices are formulated using the phase
angle information and are updated with new samples of current
and voltage obtained at the relay. The method confirms a zone-
1 fault when both the indices are positive and the second index
is greater than the first index. The method that is proposed
is checked for its performance for various fault conditions on
New England modified 39-bus system integrated by renewable
sources using the data from PSCAD/EMTDC simulation.
Assessment of the proposed method and conventional distance
protection scheme comparatively verifies the superiority of the
suggested method.978-1-6654-2873-6/21/$31.00 © 2021 IEEE
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II. DISTANCE PROTECTION CHALLENGES IN THE
PRESENCE OF RENEWABLE SOURCES

A two bus equivalent diagram of a power system is shown
in Fig. 1 . A renewable plant, modeled by a controlled current
source, is integrated at bus M. ZS , ZRN , and ZR are the
equivalent impedances of the three sources in the diagram.
ZTr is the equivalent impedance of transformer integrating
the renewable source.Positive, negative and zero sequence
components are represented by 1, 2 and 0 in the subscripts
respectively. ZMN is the impedance of the line MN .From bus
M at x pu distance a fault is considered with a fault resistance,
RF.

Fig. 1. Two bus equivalent of a CIRP integrated network.

Apparent impedance calculated by the distance relay at bus
M (RM) is given by (1) [4].

Zapp =
VRM

IRM

= xZ1MN +

(
IF
IRM

)
RF = xZ1MN +∆Z (1)

where, IRM
and VRM

are the operating current and voltage
for the relay, RM. IF represents the faulted path current. IRM

gets modulated significantly due to the control operation in
renewable plant. High magnitude of

(
IF

IRM

)
with large angle

difference between IF and IRM
deviates Zapp significantly

from actual faulted section impedance and results in distance
relay maloperation at times.

Such limited performance of distance relay is demonstrated
below as shown in Fig. 2 for a renewable integrated modified
New England 39-bus sytem of 345 kV, 60 Hz [16]. PSCAD
is used for simulation. Using 1-cycle DFT current and voltage
phasors are estimated with samples taken at 3.84 kHz. A
solar photovoltaic (PV) source of 300 MW is connected at
bus 37 replaces the generator connected at the same bus. The
solar plant is modelled by multiple PV units,integrated into
the network to the bus (37) through inverter and transformer
arrangements [17]. It is controlled in synchronous frame
of reference with feedforward compensation and a balanced
current is generated during asymmetrical faults also. North
American grid codes (NA-GCs) are used in modelling the PV
plant and it operates at a power factor close to unity [18].

Performance of the distance relay at bus 25 is tested for
phase-A-to-ground (AG) and phase-B-to-phase-C-to-ground
(BCG) faults created in different conditions and results are
provided in Fig. 3. For first two cases, the faults are created
at F1 (at 0.6 pu distance of line 25-2 from Bus-25) with
RF = 25Ω and 10Ω respectively for two different system

conditions. At F2 an AG fault is created with RF = 20 Ω for
the third case (at a distance of 0.1 pu of the line 2-3 from
Bus-2) . Lines in the system are protected by distance relay
having a standard quadrilateral setting [12] and maximum fault
resistance is considered as 60Ω. Results demonstrate clear
maloperations of the relay for all the cases with both security
and dependability issues. This asks for a new technique to be
developed to obtain correct zone-1 decisions in such situations.

Fig. 2. Modified 39-Bus New England system.

Fig. 3. Maloperation of distance relay in renewable integrated network.
III. PROPOSED METHOD

A current source with a parallel impedance at any particular
instance is modelled as a voltage source equivalent using
source conversion techniques. Using this concept, the two
sources in Fig. 1 at bus M in are simplified in Fig. 4, where the
equivalent impedance (ZSM ) varies with the control operation
and renewable penetration level.
Using the polar forms of the phasors, (1) is represented as

|Zapp |∠θapp = x|Z1MN |∠θ1MN +

∣∣∣∣ IF
IRM

∣∣∣∣RF∠α (2)
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Fig. 4. Simplified two bus equivalent model of a CIRP integrated network.

where,
α = arg(IF )− arg(IRM ) (3)

(2) can be rearranged as

|Zapp |∠(θapp − α) = x|Z1MN |∠(θ1MN − α) +

∣∣∣∣ IF
IRM

∣∣∣∣RF . (4)

By equating the both side imaginary parts of (4), (4) is
simplified as in (5).

|Zapp| sin (θapp − α) = x |Z1MN | sin (θ1MN − α) (5)

Per unit fault distance, x in (5) is obtained as

x =
|Zapp| sin (θapp − α)

|Z1MN | sin (θ1MN − α)
. (6)

With a zone-1 reach setting of 80% of the line-MN, a range
can be defined as in (7).

0 <
|Zapp| sin (θapp − α)

|Z1MN | sin (θ1MN − α)
< 0.8 (7)

From (7), two conditions are derived in (8) for zone-1 faults.

|Zapp| sin (θapp − α) > 0

0.8 |Z1MN | sin (θ1MN − α) > |Zapp| sin (θapp − α)
(8)

By defining D1 = |Zapp| sin (θapp − α) and D2 =
0.8 |Z1MN | sin (θ1MN − α), the conditions in (8) can be
rewritten as in (9).

D1 > 0

D2 −D1 > 0
(9)

All the parameters in (8) except α can be obtained directly
using the measurements available at the relay location. The
deviation angle α depends on the faulted path current and is
determined below for all fault types.

A. For three phase fault

Equivalent model of the renewable integrated system in
Fig. 4 during pre-fault and 3-phase fault are shown in Fig. 5
and Fig. 6 respectively. Applying Kirchhoff’s law in Fig. 5 and
Fig. 6, a pure-fault network model for 3-phase fault can be ob-
tained as in Fig. 7 [4]. Incremental current, ∆I1(M,N) at each
end is obtained as, ∆I1(M,N) = Ifault1(M,N)−IPre

1(M,N). Equivalent
source impedances in pre-fault (ZPre

1SM ), fault (Zfault
1SM ) and

pure-fault (Zpf
1SM ) models are different from each other.

Fig. 5. Equivalent model of a renewable integrated system during pre-fault.

Fig. 6. Equivalent model of a renewable integrated system during fault.

Applying the property of current distribution in Fig. 7,
faulted path current (I1F ) can be expressed as,

I1F = ∆I1M

(
Zpf

1SM + Z1MN + Z1R

(1− x)Z1MN + Z1R

)
(10)

Considering the grid to be strong, (10) can be simplified as in
(11) [4].

I1F ≈ ∆I1M

(
Zpf

1SM + Z1MN

(1− x+K1)Z1MN

)
(11)

Where, K1 = Z1G

Z1MN
. With the homogeneity consideration in

transmission network, phase angle of I1F is obtained using

arg(I1F ) = arg

((
1 +

Zpf
1SM

Z1MN

)
∆I1M

)
. (12)

Apparent impedance calculated for a 3-phase fault (with
phase-A as reference) is given by

Zapp =
VAM

IAM
=

V1M

I1M
. (13)

Using (12), α in (3) for a 3-phase fault can be obtained as

αABC = arg

((
1 +

Zpf
1SM

Z1MN

)
∆I1M

)
− arg(Ifault1M ). (14)

Fig. 7. Pure-fault model of a renewable integrated power network during
3-phase fault.
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Zpf
1SM in (14) is computed using (15) [4].

Zpf
1SM =

V Pre
1M − V fault

1M

Ifault1M − IPre
1M

(15)

B. For Phase-A-to-ground Fault

Apparent impedance calculated for phase-A-to-ground (AG)
fault is given by

Zapp =
VAM

IAM +K0LI0M
(16)

K0L is the compensation factor for zero sequence. Faulted path
current in such a fault case is I1F , similar to 3-phase fault, as
observed from the pure-fault sequence network in Fig. 8.

Fig. 8. Pure fault sequence network for AG fault.

Thus α for AG fault can be estimated using (17).

αAG = arg

((
1 +

Zpf
1SM

Z1MN

)
∆I1M

)
− arg(IfaultAM +K0LI

fault
0M )

(17)
C. For Phase B-to-Phase C fault

Apparent impedance calculated for phase B-to-phase C
(BC) fault is given by

Zapp =
VBM − VCM

IBM − ICM
=

V1M − V2M

I1M − I2M
(18)

Using the pure-fault network in Fig. 9, the faulted path current
for BC fault is given as,

IF = I1F − I2F = 2I1F . (19)
Thus α for a BC fault can be computed using (20).

αBC = arg

((
1 +

Zpf
1SM

Z1MN

)
∆I1M

)
−arg(Ifault1M −Ifault2M ) (20)

Fig. 9. Pure fault sequence network for BC fault.

D. For Phase B-to-Phase C-to-ground fault

Apparent impedance for BCG fault are calculated similar to
BC fault. Using the pure-fault network in Fig. 10, the current
in faulted path for BCG fault is given as,

IF = I1F − I2F . (21)

α for a BCG can be estimated using (22) [4].

αBCG = arg

((
1+

Zpf
1SM

Z1MN

)
∆I1M −

(
1+

Zpf
2SM

Z1MN

)
∆I2M

)
− arg(Ifault1M − Ifault2M )

(22)

where the negative sequence pure-fault source impedance
(Zpf

2SM ) can be obtained as

Zpf
2SP = −V fault

2M

Ifault2M

. (23)

IV. RESULTS

Proposed method is assessed for different fault conditions
for the relay at bus 25 as shown in Fig. 2 for its performance.

A. Detection of Zone-1 fault, when seen in Zone-2 by conven-
tional distance relay

On the line 25-2, a distance of 0.6 pu of from Bus-25
an AG Fault is created with RF = 25Ω. Result in Fig. 11
demonstrates that the apparent impedance computed by the
conventional distance protection relay at bus 25 is found in
zone-2 and fails to provide instantaneous protection decision
even for the zone-1 fault. Where as, the proposed method
computes two indices following fault detection. As shown in
Fig. 12 positive values of both D1 and (D2 −D1) satisfy the
criteria in (9). Thus the proposed method indicates a zone-1
fault and ensures the desired instantaneous protection.
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Fig. 10. Pure fault sequence network for BCG fault.

Fig. 11. Identification of zone-1 fault in zone-2 by the conventional distance
relay.

Fig. 12. Performance of the proposed method in identifying zone-1 fault.

B. Detection of Zone-1 fault, when not seen in zone bound-
aries by conventional distance relay

For a situation, the line 25 -26 is considered to be out of
operation. On the line 25-2, a distance of 0.6 pu of from
Bus-25 a BCG fault is created with RF = 10 Ω. Fig. 13
demonstrates that the conventional distance relay at bus 25
does not find the apparent impedance in both zone-1 and zone-
2 boundaries and fails to detect the fault. Even for such a
situation Results in Fig. 14 confirms the correctness of the
proposed method. This shows the strength of the method.

Fig. 13. Maloperation of conventional distance relay for zone-1 fault.

Fig. 14. Performance of the proposed method for zone-1 fault.

C. Security against out-of-zone faults, when seen in Zone-1
by conventional distance relay

At a distance of 0.1 pu of the line 2-3 from Bus-2 in
a different loading condition, an AG fault is created with
RF = 20 Ω. From Fig. 15, it can be shown that the computed
impedance of conventional distance relay at bus 25 is found in
zone-1 even for such a zone-2 fault and issues an unintentional
trip signal for the circuit breaker, Whereas the proposed
method computes the indices, as shown in Fig. 16. Positive
value of D1 indicates a forward fault, whereas the negative
value of (D2 − D1) confirms the fault not to be in zone-1.
Thus the proposed method prevents the instantaneous tripping
of conventional distance relay and maintains security against
out-of-zone faults.

V. CONCLUSION

The fault characteristics of the power network are modu-
lated by Control schemes linked with the renewable source,
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Fig. 15. Identification of zone-2 fault in zone-1 by the conventional distance
relay.

Fig. 16. Performance of the proposed method in identifying out-of-zone fault.

affecting the performance of the distance relay. Both de-
pendability and security issues are observed for conventional
distance relays with such connectivity, especially for high
fault resistance faults. A new method for protection method
is to ensure correct zone-1 operation of distance relay. The
method calculates two indices by determining the faulted path
current angle and is independent of control schemes in the
renewable plants. The improved performance of the proposed
method is demonstrated for both zone-1 and zone-2 faults in
different situations. Analysing the performances of proposed
method and conventional distance relaying schemes displays
the strength of the method suggested.
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