
Adaptive Zone-1 Setting Following Structural
and Operational Changes in Power System
Subhadeep Paladhi, Student Member, IEEE and Ashok Kumar Pradhan, Senior Member, IEEE

Abstract—Change in network structure or operating condition
in a power system affects the impedance as calculated by distance
relay during fault. Such changes may lead to malfunction of
distance relay at times. In this paper, an adaptive distance
relay setting method using local data is proposed to prevent
zone-1 malfunction following structural and operational changes.
The performance of proposed adaptive setting method is tested
on 39-bus New England system and a generic 12-bus power
system using PSCAD/EMTDC simulation data and a comparative
assessment is also provided.

Index Terms—Distance Relay, Adaptive Relaying, Numerical
Protection, Structural Change, Power System Faults

I. INTRODUCTION

REPORTS on recent blackouts ask for revamping existing
schemes for transmission network protection [1]–[3].

Distance relaying is the common method for both primary and
backup protection of transmission lines. Though a distance
relay is set to protect a line for all types of fault, a large
scale disturbance, like segregation of network, line tripping
and bulk load/generation switching etc. affects relay operation
and leads to its malfunction at times [4]–[7]. Power swing
and load encroachment are considered as important issues
leading to distance relay malfunction during such changes.
To avoid unwanted line tripping during such situations, dif-
ferent blocking techniques are available for distance relaying
[8]–[12]. The vulnerable points in a power system network
prone to relay maloperation during such situations can be
identified using different strategies such as system integrity
protection scheme (SIPS), reachability analysis, superimposed
technique, breakpoint determination etc. [4]–[7], [12]–[17].
These methods use wide area measurement system (WAMS)
data with information of network topology. Such WAMS
based approaches have been proposed for improvement in
performance of zone-2 and zone-3, but not suitable to zone-1
due to latency issue.

The occurrence of any structural and operational changes
in an interconnected power system modulates the voltage
and power and results in change of the seen impedance of
a distance relay significantly, particularly for high resistance
faults [7], [16]–[20]. To compensate the effect of fault re-
sistance in the presence of remote infeed, adaptive distance
relay setting schemes have been proposed [20]–[25]. A zero
sequence component based adaptive mho relay setting has
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been presented in [20]. The method is accurate in handling
fault resistance but neglects the system impedances on both
sides of the protected line. An adaptive distance protection
is proposed in [21] calculating the voltage drop between
relaying point and fault point considering fault resistance.
An adaptive impedance relay based on composite polarizing
voltage has been presented in [22], along with a blocking
scheme to accommodate the inphase problem associated with
high resistance faults. An adaptive setting method based on
sequence components has been presented in [23]. A phase
coordinate based fault resistance estimation scheme has been
used for the distance relaying scheme in [24]. An adaptive
mho relay setting using fault and prefault voltages as polarized
quantities is proposed in [25]. These approaches consider the
equivalent systems on both sides of protected line to remain
constant, which may not be correct for a dynamic power
system. The distance relay setting approaches presented in
[18], [19] compensate the effect of high fault resistance under
different loading conditions using artificial neural network
approach which requires large number of training data. To
obtain sufficient training sets for real power systems is dif-
ficult. Some of the available distance relays apply different
relay setting techniques for protecting transmission lines for
different source impedance ratio (SIR) situations [26]–[35].
Such relays with multiple settings for different SIRs cannot
change the settings instantaneously under dynamic system
conditions which is a requirement for zone-1 protection. These
methods with predefined settings for different SIRs do not
provide enough flexibility particularly for high resistance fault
detection.

In this work an adaptive relay setting scheme is proposed to
prevent zone-1 malfunction following structural or operational
change in a power system. Proposed scheme uses a fixed zone-
1 setting followed by an adaptive setting with a delay of 2
cycles following a fault detection. This will avoid unintentional
operation of the backup protection for a zone-1 fault during
such a changed situation. The parameters required for the
adaptive setting are calculated using local data available to
the relay. Proposed scheme is tested using PSCAD/EMTDC
simulation data for 39-bus New England system and a generic
12-bus power system. Comparative assessment shows the
strength of the method.

II. ISSUES ON DISTANCE RELAY FOLLOWING
STRUCTURAL AND OPERATIONAL CHANGES

Figure 1 shows a transmission network protected by stepped
distance relaying scheme, where zone-1 covers up to 80% of
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the line section and zone-2 up to 50% of the shortest line
section connected to the remote bus. The equivalent systems
on the relay and the remote ends of transmission line in an
interconnected power system are termed as local grid and
remote grid respectively. The two grids consist of several sub-
systems interconnected with each other as shown in Fig. 1.
The distance relays in the protection scheme are considered
with quadrilateral characteristics to cover fault resistance up
to 100 Ω.
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Fig. 1. Transmission system protected by stepped distance scheme

Figure 2 shows the equivalent diagram of the system shown
in Fig. 1 while considering the protection of line MN. EL and
ER are the internal voltages of equivalent sources at local and
remote grid respectively. Similarly, ZLM and ZNR are the
equivalent impedances for the two grids. The normal power
flow direction in the system is from M to N (local grid to
remote grid) as marked in the figure. The relation between the
internal voltages of the two sides during prefault condition can
be

ER = (ρe−jδ)EL (1)

where, ρ and δ are the magnitude and phase of the ratio of
internal voltages of local to remote grid respectively.
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Fig. 2. Equivalent model for a fault in line MN

The apparent impedance calculated by the distance relay
RM, for a line-to-ground fault is given by [17]

Zapp = xZ1L + ∆Z (2)

where x is per unit fault distance, Z1L is positive sequence
line impedance.

∆Z is the impedance correction factor and is related as
(refer to Appendix I)

∆Z =
CRF

(Ceq + CRF
)Cρδ + 2C12 + C0(1 +K0)

(3)

where CRF
, Ceq , Cρδ , C12 and C0 are the current distri-

bution factors due to fault resistance (RF ), grid equivalent
impedances, parameters associated with the ratio of internal

voltages of local to remote grid (ρ, δ), system positive and
zero sequence impedances respectively, as defined in Appendix
I. K0 is the zero sequence compensating factor of the line.
The subscripts 0, 1 and 2 represent for zero, positive and
negative sequence components respectively. Thus ∆Z is a
function of (ZL, ZLM , ZNR, ρ, δ, RF and x), of which
ZLM , ZNR, ρ and δ are not considered for conventional relay
setting approach. In a dynamic power system, ZLM for a relay
may be affected significantly for any structural change in the
network such as nearby line tripping, islanding etc. On the
otherhand, ρ and δ vary significantly for operational changes
in the system such as generation or load switching, operation
of FACTS devices etc. For different structural and operational
scenarios, the zone-1 quadrilateral characteristics considering
RF = 100 Ω calculated for relay RM in the system of Fig. 2
are shown in Fig. 3. Large variation in the characteristics for
different system conditions asks for an adaptive relay setting
to avoid possible relay malfunction.
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Fig. 3. Zone1 trip boundaries for different system conditions

A fault in line section MN at F at a distance of 40% from
bus M is in zone-1 for relays RM and RN and in zone-2 of
RP as shown in Fig. 1. A line-to-ground fault at the same
location following the disconnection of sub-system 1 from
bus M with a fault resistance of 90 Ω, becomes undetectable
by zone-1 of relay RM and is shown in Fig. 4a. This is
because of change in local grid equivalent impedance for
the relay at bus M. Further the structural change affecting
the remote bus relays RN and RP which detects the fault in
their zone-1 and zone-2 properly (explained in Section III).
The performances of the relays in identifying the fault during
the situation are shown in Fig. 4b and Fig. 4c respectively.
This creates an unintentional outage of load LM. Such relay
malfunction, due to the effect of structural change in the
network on seen impedance of the distance relay, hampers
the reliability of the system. Such situations are also observed
for operational changes in the power system such as bulk
load/generator switching, distributed generation in the system
with intermittency, dynamic operation of FACTS devices etc.
(detailed in Section V). Thus there is a need for zone-1
adaptive setting for distance relay which may see significant
structural or operational changes of the system.
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Fig. 4. Performance of relays following a structural change (a) for RM, (b)
for RN and (c) for RP relay

III. DETERMINATION OF RELAY SETTING PARAMETERS

To compensate for ∆Z and set the relay properly, it requires
the parameters in (3) to be determined as described below.

A. Determination of Equivalent Impedance of Local Grid

Presence of ZLM in the current distribution factors (refer
to Appendix I) shows its significance in zone-1 trip boundary
computation. ZLM can be accurately determined applying
superimposed technique [36] using the voltage and current
measurements at relay point.

From the prefault and fault data, the incremental voltage
and current at bus M can be obtained as

∆VM = VMF − VMpre (4)

∆IM = IMF − IMpre (5)

where ∆VM and ∆IM represent the incremental voltage
and current at bus M. Subscripts F and pre refer to the fault
and prefault quantities respectively.

Fig. 5 shows the sequence network for the system of Fig. 2
with phase-A-to-ground fault. VAFpre is the prefault phase A
voltage at fault point. The incremental current and voltage for
phase-A at bus M can be expressed as,

∆IAM = C12∆I1F + C12∆I2F + C0∆I0F (6)

∆VAM = − (C12Z1LM∆I1F + C12Z2LM∆I2F

+ C0Z0LM∆I0F )
(7)

The current distribution factors C12 and C0 for the situation
are defined in Appendix I.

The incremental voltage and current component for a
sequence component provides the incremental sequence
impedance [36] as in (8).

∆Z1M =
∆V1M
∆I1M

(8)
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Fig. 5. Sequence networks for line-to-ground fault in the system

where, ∆I1M = C12∆I1F , and ∆V1M = −C12Z1LM∆I1F .
Substitution of these incremental voltage and current values

in (8) provides the positive sequence impedance of local grid
(Z1LM ) as follows:

Z1LM = −∆Z1M (9)

Similarly, Z0LM can also be determined as in (10).

Z0LM = −∆Z0M (10)

B. Determination of Equivalent Impedance of Remote Grid

The remote grid sequence impedances can be determined
performing superimposed technique at remote bus N as fol-
lows:

Z1NR = −∆Z1N (11)

Z0NR = −∆Z0N (12)

Presence of equivalent sequence impedances of remote grid
(Z1NR and Z0NR) in both numerator and denominator in
current distribution factors C12 and C0 (refer to (20) and
(21) in Appendix I) indicate negligible effect on ∆Z with
the change in these parameters. The values determined at
the initial stage of relay installation can be considered as
fixed values for the relay operation in any condition. In
case there is a system upgrade, the corresponding equivalent
source impedance at the remote end should be taken into
consideration in the proposed method.

C. Determination of Internal Voltage Ratio of Local Grid to
Remote Grid

The raio of equivalent internal voltages of local grid to
remote grid is determined during prefault condition as follows:

E1L = V1Mpre + I1MpreZ1LM (13)

E1R = V1Mpre − I1Mpre(Z1L + Z1NR) (14)

ρ and δ as in (1) can be obtained from the ratio of the above
determined voltages.

Using the above parameters values, the quadrilateral char-
acteristic of a distance relay can be set accurately [17] for a
line-to-ground fault. The same approach can be extended for
other types of faults using appropriate relations for apparent
impedance calculation as in [37].



D. Issue with Determination of Adaptive setting Parameters

Capacitive voltage transformer (CVT) transient following
fault inception creates problem in accurate voltage phasor es-
timation, which is important for zone-1 decision. The transient
period remains for 2 cycles following fault inception [38].
This restricts instantaneous zone-1 fixed setting reach to be
maximum 67% [39]. To have a better zone-1 performance in
the proposed method (as enumerated in section IV) a fixed
setting of 67% reach and a adaptive setting of 80% reach with
a delay of 2 cycles following a fault inception are proposed.

IV. PROPOSED ADAPTIVE ZONE-1 SETTING

From the above discussion it is observed that seen
impedance of distance relay is significantly affected for struc-
tural and operational changes in the power system and iden-
tification of zone-1 fault properly in such a situation is much
important. For a better solution to zone-1 protection issue,
an adaptive distance relay setting scheme is proposed with
different steps as provided in Fig. 6. Proposed scheme consists
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Fig. 6. Flowdiagram for the adaptive relay setting scheme

of a delayed adaptive setting besides a fixed reduced reach
zone-1 setting and is shown in Fig. 7. The fixed setting is same
as the conventional zone-1 setting with a reach reduced to 67%
of line impedance [39] and the adaptive one with a setting
based on present system condition and the usual zone-1 reach
of 80%. The distance relay calculates the apparent impedance
(Zapp) and in case of Zapp is inside the fixed boundary, it
takes the trip decision instantaneously. Otherwise the relay
waits for 2 cycles following fault inception and computes the
required parameters to derive the required adaptive setting.
Such a delay overcomes the uncertainty in measurements due
to CVT transient. The relay re-checks the apparent impedance
with its adaptive setting after 2 cycles following fault inception
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Fig. 7. The two trip boundaries associated in the proposed adaptive relay
setting scheme

and derives the protection decision. The timing diagram in
Fig. 8 shows the approximate execution time of the proposed
scheme. Phasor estimation is performed using 1 cycle Discrete
Fourier Transform (DFT) algorithm. The fault classification
is accomplished within 4 ms following fault inception using
phase angle relationship between the sequence current com-
ponents [40]. As usual, the relay takes decision, with the fixed
zone-1 setting, within 1 cycle following fault inception [34],
[41] and 3 cycles with adaptive zone-1 setting which avoids
unintentional backup relay operation.
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Fig. 8. Timing diagram of the proposed scheme

V. RESULTS

Proposed method is tested for 345 kV, 60 Hz, 39-bus
New England system [42] and the 230 kV, 60 Hz, 12-bus
benchmark system [43] with simulations carried out using
EMTDC/PSCAD. Positive-sequence voltage and current are
estimated from sampled values using 1-cycle DFT algorithm.
The sampling rate for voltage and current measurements is
maintained at 1.2 kHz. Current transformer (CT) and ca-
pacitive voltage transformer (CVT) ratings are mentioned in
Appendix II. The results show the application of the proposed
scheme to identify zone-1 faults correctly following different
structural and operational changes in the system.

A. Case 1: For a Fault following Tie-line Tripping

The 39-bus New England system of Fig. 9 consists of three
interconnected regions. A higher loading condition in region
2 results power withdrawal from other two regions through
line 17-16 and line 15-16. Such a stress situation may lead to
tripping of these tie lines due to overloading [44].
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Fig. 9. The 39-bus New England system

Following tripping of line 15-16 due to overload, a line-to-
ground fault in the line 16-19 at a distance of 40% from bus 16
and with a fault resistance of 90 Ω is not identified in zone-
1 of relay at bus 16 (R1) as shown in Fig. 10a. Separation
of region 3 from region 2 degrades the voltage and power
level and changes the local grid equivalent impedance (ZLM )
significantly at bus 16. Calculated value of ZLM , ρ and δ
at bus 16 following tripping of line 15-16 as compared to
normal grid condition are provided in Table I. Such changes
in the parameters affect the seen impedance of relay R1 for a
fault in line 16-19 and the relay is unable to identify the fault
in zone-1. This is a clear malfunction of zone-1 of R1. This
fault will be identified in zone-2 of R2 at bus 17 as noticed
from Fig. 10b. Note that for R2, this change is happening at
the remote bus which has no significant affect on it. With
the operation by R2 line 17-16 will trip and result in an
unintentional islanding of region R2.

The adaptive zone-1 setting is obtained using the parameters
calculated after 2 cycles of fault inception. It is seen from the
result in Fig. 11 that the apparent impedance enters and settles
in the zone-1 with adaptive setting and remains outside the
fixed setting. It confirms that the proposed method correctly
identify the fault in prescribed zone. This will prevent from
unintentional islanding situation created by conventional fixed
setting approach for the case as described above.

TABLE I
COMPARISON OF NETWORK PARAMETERS FOR CASE 1

Z1NR = 139.4∠1030 Ω, Z0NR = 77.13∠43.30 Ω

Z1LM (Ω) Z0LM (Ω) ρ δ

Without any line
tripping

160∠128.20 116.7∠53.60 1.16 30.30

Following tripping
of line 15-16

220.7∠128.20 307.2∠59.90 1.2 30.30
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Fig. 10. Relay performances for a fault following a tie-line tripping (a) for
relay R1 at bus 16 and (b) for relay R2 at bus 17
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B. Case 2: For a Fault following Bulk Load Switching at a
Relay Bus

Switching of a bulk load at relay bus may also affect
apparent impedance calculation by a distance relay. Table II
provides the ZLM , ρ and δ calculated at bus 16 following
switching on a higher load at the bus and also for normal load.
It is observed that there is a significant change in parameters
for higher load. For the case the adaptive setting approach is
applied and test result is shown in Fig. 12 for a line-to-ground
fault in line 16-19 at a distance of 40% from bus 16 with a
fault resistance of 95 Ω for the higher loading condition. In
this case also the apparent impedance seen by relay at bus
16 settles in adaptively set zone-1 and remains beyond fixed
zone-1setting. This clearly shows the advantage of the method
compared to conventional approach (It is to be noted that even
fixed setting with 80% cannot see the fault in zone-1 in this
case).

TABLE II
COMPARISON OF NETWORK PARAMETERS FOR CASE 2

Z1NR = 57.4∠950 Ω, Z0NR = 77.3∠430 Ω

Z1LM (Ω) Z0LM (Ω) ρ δ

Normal loading
condition

79.7∠1060 114.5∠52.30 1.005 15.90

Following bulk load
switching

97.5∠98.40 124.41∠41.70 1.09 2.50

C. Case 3: For a Fault following Power Reversal in the Line

Change in load or generation can alter the power flow
direction in a transmission line. Such situation may affect the
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apparent impedance calculated by distance relay for a fault in
the line. In normal condition the power flows from relay bus
to remote bus for the case. Power reversal in the line 16-19
is achieved for a changed loading condition. The change in
parameters (ZLM , ρ and δ) observed during such situation as
compared to normal condition are provided in Table III.

TABLE III
COMPARISON OF NETWORK PARAMETERS FOR CASE 3

Z1NR = 57.4∠950 Ω, Z0NR = 77.3∠430 Ω

Z1LM (Ω) Z0LM (Ω) ρ δ

Normal condition 77.5∠98.40 124.41∠41.70 1.09 2.50

Following current
reversal

75.4∠960 75.8∠41.50 1.11 −1.90

A line-to-ground fault is created in line 16-19 at a distance
of 40% from bus 16 with a fault resistance of 95 Ω following
the reversal of active power flow direction in the protected line.
The result by the proposed method is shown in Fig. 13. This
shows that the apparent impedance seen by the relay for the
situation settles outside the fixed zone-1 setting but remains
within the adaptive setting. Thus the method correctly finds
the fault in proper zone.
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Fig. 13. Performance of proposed method for power reversal

D. Case 4: For a Fault in the Presence of Series Compensa-
tion in the system

A distance relay protecting a transmission line connected to
a series compensated long transmission line may malfunction
due to its compensation level. A fixed series compensation
system generally consists of a parallel combination of capac-
itors, metal-oxide varistor (MOV), spark gap and a bypass

switch. During a fault in the transmission line, the capacitor
in the adjacent line is bypassed by the MOV or spark gap
depending on the voltage and energy level across the capacitor
and the capacitor is bypassed by the bypass switch during
planned operations [45]. Such a situation is simulated for 230
kV, 60 Hz, 12-bus power system, a benchmark test system
for FACTS devices [43], with a series compensated line
connected in the system with 40% compensation as shown
in Fig. 20 in Appendix II. For the protection of line34(1)
in the system corresponding equivalent diagram is shown in
Fig. 14. A line-to-ground fault in line MN at a distance of
33% from M end, with a fault resistance of 85 Ω in presence
of series compensation in the adjacent line, is created. The
bypass of series capacitor in the adjacent line changes the
network parameters for the relay at M significantly during
a fault in the line and are provided in Table IV. Proposed
method is applied and after 2 cycles of fault inception, adaptive
setting is obtained. Result in Fig. 15 demonstrates that the
apparent impedance settles inside the adaptively set boundary
and remains outside the conventional zone-1 setting. Thus
the method has an advantage even in the presence of series
compensation in the system.
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Fig. 14. Equivalent diagram of the 12-bus power system

TABLE IV
COMPARISON OF NETWORK PARAMETERS FOR CASE 4

Z1NR = 79.13∠50.90 Ω, Z0NR = 93.12∠70.90 Ω

Z1LM (Ω) Z0LM (Ω) ρ δ

Without Capacitor bypass 160.7∠63.50 228.4∠75.10 0.92 21.30

Capacitor bypassed by
MOV

192.5∠65.90 270.3∠76.10 0.91 23.70
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Fig. 15. Performance of proposed method in presence of series compensation

E. Case 5: For a Fault with a Wind Farm in the System

A wind farm is generally consist of several units of gen-
erators connected in parallel. At a instant, number of units
may not be in operation due to maintanance or wind speed.
Such situation may affect the distance relay protecting the



transmission line connecting the farm. A case is simulated
in the 12-bus power system with wind farm connected at bus
12 (shown in Fig. 20 in Appendix II) [46]. The equivalent
model of the test system is shown in Fig. 16. The wind farm
consists of nine units of 2.25 MVA each. At an instant of
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Fig. 16. Equivalent model of 12-bus system with wind farm

time, only 3 units were in operation and thereby the local grid
equivalent impedance becomes significantly high as in Table
V. At the situation a line-to-ground fault is created in the line
MN at a distance of 50% from bus M and RF = 90 Ω. The
performance of the proposed method is shown in Fig. 17. It is
seen that the apparent impedance settles inside the adaptively
set boundary and is outside the fixed setting. This clearly
shows the advantage of the method for line connecting wind
farm where variation in no. of units in operation is common.

TABLE V
COMPARISON OF NETWORK PARAMETERS FOR CASE 5

Z1NR = 86.82∠57.090, Z0NR = 170.05∠40.90

Prefault condition Z1LM (Ω) Z0LM (Ω) ρ δ

9 Units in Operation 164.97∠81.20 59.8∠79.290 0.96 28.360

3 Units in Operation 368.06∠61.30 157.5∠71.50 1.12 15.670
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Fig. 17. Performance of proposed method in the presence of wind farm

F. Case 6: Improved performance of PUTT scheme with
proposed method

Permissive underreaching transfer trip (PUTT) scheme is
used to accelerate the tripping operation for fault in the
protected line using other end relay decision [47], [48]. Due
to structural or operational changes in the system, this scheme
may also fail to detect fault in some situations. Such a

fault situation is simulated in 39-bus New England system.
Following tripping of line 17-16, a line-to-ground fault is
created in line 16-19 at a distance of 15% from bus 16, with
a fault resistance of 95 Ω . The equivalent diagram of the
situation is shown in Fig. 18. In this case, relay RM is unable

EL ER

ZLM ZNR

Local Grid Remote Grid
RM

M(16) N(19)

F
RN

15% 85%

Fig. 18. Equivalent diagram of the 39-bus New England system for the fault
situation

to identify the fault with conventional zone-1 setting with a
fault resistance coverage of 100 Ω because of increment in
local grid equivalent impedance (ZLM ). On the other hand,
as usual, relay RN detects the fault in zone-2 correctly. The
dynamic performances of both relays are shown in Fig. 19.
Thus, as seen from Fig. 19, PUTT scheme fails to perform
correctly due to non-detection of fault by relay RM with its
conventional zone-1 setting [47]. Result in Fig. 19 shows that
relay RM can identify the fault correctly in zone-1 with its
adaptive setting and can send the decision to relay RN to
accelerate its zone-2 operation. This shows a clear advantage
with proposed method while applied in PUTT scheme.
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Fig. 19. Application of proposed method in improving PUTT scheme

VI. CONCLUSION

The structural and operational changes in power system
affect the impedance calculated by distance relay during fault.
The high resistance fault during such situations may not be
identified in prescribed zone with fixed setting distance relay.
An adaptive relay setting scheme is proposed to prevent zone-
1 malfunction for faults following such changes in the system.
Proposed scheme consists of two settings; one fixed and the
other adaptive one with a delay. The method uses local data
to calculate the parameters for the adaptive setting. Fixed
setting maintains the instantaneous tripping requirement for
any fault within its reach. On the other hand, following any
structural or operational change in the system, a fault in zone-
1 is identified within the adaptive setting accurately after 2
cycles of fault inception even if fixed setting approach fails.
Such a strategy overcomes the delayed response by the backup
protection scheme for zone-1 fault during such situations.



The improved performance of the method is demonstrated
for different situations such as tie-line tripping, bulk load
switching, power reversal, presence of series compensation
and with wind power integration. This method is found to
be advantageous to PUTT scheme following such a changed
situation in the system.

APPENDIX I

For a phase A-to-ground fault at F in Fig. 2, the sequence
currents through the fault resistance become

I1F = I2F = I0F =
VAFpre

(Ceq + CRF
)

(15)

where VAFpre is the prefault phase A voltage at F. Ceq and
CRF

are the equivalent sum of the sequence impedances and
fault resistance of the network in Fig. 5 respectively and are
defined as

Ceq =
2(Z1LM + xZ1L)(Z1NR + (1 − x)Z1L)

(Z1LM + xZ1L) + (Z1NR + (1 − x)Z1L)

+
(Z0LM + xZ0L)(Z0NR + (1 − x)Z0L)

(Z0LM + xZ0L) + (Z0NR + (1 − x)Z0L)

(16)

CRF
= 3RF (17)

The distribution of sequence currents at bus M can be ex-
pressed as

I1M = I2M = C12I1F (18)

I0M = C0I0F (19)

The current distribution factors involved in (18) and (19) are
defined as

C12 =
(Z1NR + (1 − x)Z1L)

(Z1NR + (1 − x)Z1L) + (Z1LM + xZ1L)
(20)

C0 =
(Z0NR + (1 − x)Z0L)

(Z0NR + (1 − x)Z0L) + (Z0LM + xZ0L)
(21)

The phase A apparent impedance calculated by distance relay
at bus M during a phase A to ground fault is expressed as

Zapp =
VAM

IAM +K0I0M
(22)

where VAM and IAM are the voltage and current at phase A
at bus M during fault. The zero sequence compensating factor
(K0) is defined as

K0 =
Z0L − Z1L

Z1L
(23)

Substituting the sequence current components and prefault
voltage in (22), Zapp can be expressed as

Zapp = xZ1L +
CRF

(Ceq + CRF
)Cρδ + 2C12 + C0(1 +K0)

(24)
where Cρδ is defined as

Cρδ =
(1 − ρe−jδ)

(Z1NR + (1 − x)Z1L) + (Z1LM + xZ1L)ρe−jδ
(25)
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Fig. 20. The 12-bus power system

APPENDIX II
SYSTEM DATA

The transmission line, transformer, generator and load data
for 39 bus New England system used in simulation are as
in [42] with little modification on line lengths and loading
conditions to satisfy the requirements for different situations.

The transmission line, transformer and generator with ex-
citer data for the 12-bus system are same as in [43].

TABLE VI
WIND FARM DATA

No. of Units 9

Generating Unit SCIG, 415 V, 2.25 MVA, 60 Hz

Transformers T1: 415 V/22 kV, 10 MVA, 60 Hz
T2: 22 kV/110 kV, 50 MVA, 60 Hz
T3: 110 kV/ 230 kV, 100 MVA, 60 Hz

TABLE VII
DATA FOR INSTRUMENT TRANSFORMERS

For 345 kV, 60 Hz, 39-bus New England system:

Current Transformer Capacitive Voltage Transformer

Ratio : 300:5 Ratio : 3000 : 1
Class : 5P40 Total Capacitance : 4400 pF
Core : Selectron 53 Intermediate Voltage : 12.7 kV

Class : 3P

For 230 kV, 60 Hz 12-bus system:

Current Transformer Capacitive Voltage Transformer

Ratio : 1000:5 Ratio : 2000 : 1
Class : 5P40 Total Capacitance : 4400 pF
Core : Selectron 53 Intermediate Voltage : 12.7 kV

Class : 3P
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TABLE VIII
SERIES COMPENSATION DATA

Capacitor : 81.1 µF
MOV Characteristic : ASEA XAP-A
MOV Reference Voltage : 25 kV
Spark-gap Type : Switch Triggered by Energy Threshold
Triggering Energy Threshold : 0.75 MJ
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