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ABSTRACT Thyristor controlled series compensation (TCSC) is widely used in long transmission lines to

mainly improve power transfer capability. However, TCSC produces complicated impedance that negatively

affects distance protection operation. The wind energy generation system produces additional complexity

to the distance protection performance due to the variation of wind speed and fault current level. This

paper proposes an integrated scheme to change adaptively the settings of the Mho distance protection by

shifting the relay characteristics considering the bad impacts of TCSC, wind power and fault resistance.

The proposed scheme achieves its main stages starting from fault detection, until relay tripping decision

procedure including online estimation for preliminary fault location, impedance of TCSC and fault resistance

using limited communication requirements. By extensive MATLAB simulations, the performance of the

proposed scheme is examined compared with the conventional Mho relays under different fault locations,

fault inception angle, fault resistance, different wind power penetration, different wind speeds and different

TCSC firing angles. The achieved results ensured that the proposed scheme improves significantly Mho

distance relay operation and avoids under-reaching and over-reaching problems irrespective of the large

shunt capacitance along the transmission line, and also without identifying the parameters of TCSC such as

the capacitance, the inductance or the firing angle.

INDEX TERMS Adaptive settings, distance protection, Thyristor controlled series compensation (TCSC),

transmission line (TL), wind power.

I. INTRODUCTION

The rapid growth in electrical power demand is a challenge

for all energy systems around the world that requires con-

structing new generation stations and enhancing transmission

and distribution facilities. Wind energy is considered one of

the best sources of energy because of the environmental con-

cerns. However, the penetration level of wind energy systems

in transmission systems has bad impacts on the performance

of distance protection [1]. As discussed in [2], [3], wind speed

fluctuations cause voltage level variations at local buses so

the impedance seen by distance relay will fluctuate affecting

significantly the distance relay trip boundaries. For double

fed induction generator (DFIG), that is most commonly used

for wind energy worldwide, the crowbar resistance causes
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variation in the fault current which also causes reach concerns

in distance protection. Moreover, the combination of rotor

winding resistance and the resistance of crowbar will affect

the 3-phase faults to be high impedance faults that are con-

sidered real challenging for the distance relay to sense [2].

With the increase in transmitted electrical power, Flexi-

ble Alternating Current Transmission Systems (FACTS) are

applied to improve controlling of network conditions in a

fast manner through series and/or shunt compensation. Series

compensation devices act as controllable voltage sources to

inject voltage in series with the line such as Thyristor con-

trolled series compensation (TCSC). In this type, the series

capacitor reduces the line reactance and then increases active

power transfer capability [4]. TCSC is one of the most

common types of FACTS where it does not require high

voltage transformer as interfacing equipment, hence TCSC

is more economic than some other FACTS devices [4], [5].
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Also TCSC is confirmed to be robust in alleviating power

system operation difficulties such as suppression of the active

power oscillations, elimination of sub-synchronous oscilla-

tions, and voltage support [4]. Thus, it is firstly chosen world-

wide among different FACTS practices [6]. On the other

hand, shunt compensation devices, such as static synchronous

compensator and static var compensator, perform as control-

lable current sources by injecting reactive current into the

line to maintain voltage magnitude at constant value and

improve system power factor and stability. Such functions

are achieved by controlling the value of shunt impedance and

then increasing transmittable active power but with increasing

demand of reactive power [7].

Despite TCSC advantages in increasing power transmis-

sion capability, improving system stability, reducing sys-

tem losses and improving voltage profile of the lines[8],

the change in TCSC impedance has great impacts on the

impedancemeasured by distance relay causingmal-operation

of conventional distance protection [6], [9]–[14]. For high

fault currents, the metal-oxide varistor (MOV) acts and

thus then TCSC operates in bypass mode; consequently,

the impedance estimated by the distance relay increases

which causes relay under-reaching while on the other hand,

when the MOV is not activated for high impedance faults,

the distance relay estimates an impedance value smaller than

the real one, which results in relay over-reaching [11].

Numerous methods have been reported in the literature for

applying adaptive settings of distance protection for protect-

ing MOV series compensated transmission lines (TLs). Such

methods depend on the impedance calculations of compen-

sator during faults based on the fixed capacitive value and

measured fault current flowing through it [15], [16], where

the compensator is located at one end as in [15] or both

ends as in [16]. Some other research studies have provided

distance protection improvement when the compensator is

located at the middle of the line as in [17], [18] by calculating

the voltage drop across the series compensator depending

on the fixed series capacitor. All such methods do not take

into consideration the automatic changes of compensation

percentage on distance protection and also the impacts of

wind farms.

In fact, several research studies have investigated the

impacts of TCSC on distance protection but limited stud-

ies have provided enhanced distance protection for TCSC

compensated lines as in [19]–[21]. For example, the pro-

posed scheme in [19] calculates a dynamic impedance of

TCSCduring faults depending on the capacitance- inductance

impedance where the TCSC is located at one end. In [20],

an artificial intelligence based scheme is applied, where the

voltage drop across the TCSC, is estimated by using radial

basis neural networks, and subtracted it from the voltage

measured at distance relays to mitigate the effect of TCSC.

Such method is tested for medium length of TLs with fault

resistance not more than 20 �. The method presented in [21]

is tested also for medium length of TLs while the fault

resistance was not more than 10� and has considered known

parameters of TCSC. Such previously mentioned methods do

not consider the penetration of wind energy systems in the

protected TLs.

To enhance the distance protection performance for TLs

connected to wind energy systems, combining differential

and distance protection is proposed in [22]. Such method

uses the active power calculations in both ends of the line

to calculate the fault resistance and then estimate the fault

location. However, it is deduced that its main limitation is

ignoring the line resistance with respect to fault resistance,

which may not be accepted for long TLs. Improving the

coverage of zone 2 of distance relay for TLs connected with

double fed induction generator (DFIG) is proposed in [23]

and tested for medium length of TLs. It is worth mentioning

that both [22] and [23] do not study the impact of such

improvements on compensated TLs.

Providing adaptive distance protection settings to protect

series compensated TLs connected with wind power is pro-

posed in [24], depending on synchronized voltage and cur-

rent measurements at both local and remote ends. Besides,

the voltage measurements across the compensator and the

current through it are also measured to estimate its impedance

continuously during fault, which is considered themain draw-

back. In addition, the impact of ground fault resistance varia-

tions on the performance of proposed adaptive distance relay

setting is not studied in [24].

Regarding the differential protection as another protection

scheme that can be applied for TLs, the weak source of

wind farm appears especially after fault inception by few

cycles, as discussed in [25], [26], will negatively affect the

differential protection performance. In addition, the continu-

ous need to share instantaneous measured data between local

and remote relays over long distance is considered another

challenge in applying the differential protection for long TLs.

From all of the aforementioned studies, authors believe

that there is still much room for developing efficient distance

protection schemes for compensated TLs with TCSC and

connected to wind energy systems. Therefore, this article

presents a proposed distance protection scheme suitable for

TCSC compensated TLs connected with wind farms. It will

compromise integrated algorithms for distance relay oper-

ation starting from fault detection, fault classification and

until relay tripping decision procedure. The scheme considers

the shunt capacitance along the TL and estimates the fault

preliminary location, the impedance of TCSC and the fault

resistance without identifying the parameters of the TCSC

such as its capacitance, inductance or the firing angle. The

proposed distance protection scheme only requires the volt-

age measurement at the right side of the TCSC beside the

local current and voltage measurements of distance relay at

each end of the line. Therefore, the proposed method does

not need the current and voltage measurement devices at the

left side of the TCSC compared with the scheme introduced

in [24].

The organization of this paper is presented as follows: the

tested long TL system is described in Section II including
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the modeling of TCSC and wind farm. The details of the

proposed distance protection scheme with its four main

stages are fully described in Section III. The communica-

tion requirements for implementing the proposed scheme are

discussed in Section IV. In Section V, extensive simulation

results for evaluating the proposed protection scheme are

demonstrated in details. Finally, the conclusions are drawn

in Section VI.

II. TESTED LONG TL SYSTEM

The double sources tested TL system is shown in Fig.1-a,

it consists of:

– Long TL of 600 km, 345 kV rated voltage and 50 Hz.

All the TL parameters are presented in Table 1.

– Source at bus A represents an infinite bus.

– Source at bus B represents a wind farm as presented

in Table 2.

– Electrical loads at bus A and bus B, each of 390MW and

200 Mvar.

– TCSC is located at the middle of the protected TL.

FIGURE 1. Tested TL system. (a) Single line diagram of tested system.
(b) TCSC presentation.

TABLE 1. Distributed parameters of the TL [24].

A. TCSC MODEL

From a modeling point of view, TCSCs includes continuous

elements (inductors and capacitors), as well as discrete ele-

ments (power electronic switches). The two main analytical

models of TCSC are the quasi-static and the phasor dynamic

models [27]. As concluded in [28], a quasi-static model is

used in oscillatory stability and transient studies. The reac-

tance of this model is represented at fundamental frequency

TABLE 2. Parameters of wind farm and transformer.

and its value is based on the value of firing angle so this model

is simple but it is not suitable for studies of sub-synchronous

resonance where its results are not accurate Hence the phasor

dynamic model is suitable for such studies. Phasor dynamic

model can be considered as a midway between representation

of time-domain circuit and sinusoidal steady-state approxi-

mation of quasi-static model, and consequently for improving

its accuracy the dynamics of higher order harmonics will be

required to take into consideration

For paper work, the TCSC detailed time domain circuit

representation in Matlab/Simulink is applied. As discussed

in [29], the Matlab TCSC detailed model was improved in

simple form and has provide good accuracy with operating

conditions and range of system parameters. TCSC is set for

the tested TL at 40% line compensation level and presented

as illustrated in Fig. 1-b.

B. WIND FARM MODEL

The wind farm, located at bus B, consists of 150 turbines ×
1.5 MW based on DFIG. The detailed parameters of DFIG of

each wind turbine are set according to MATLAB/Simulink

library [30], as presented in Table 2.

The stator of DFIG is directly connected to the grid,

while its rotor is connected to the grid via a bi-directional

voltage source converter (VSC) to achieve good dynamic

performance [31]. The detailed model available in Matlab

Specialized Power Systems: Renewable Energy Systems to

accurately model VSC based energy conversion systems

connected to power grids [30] is applied for paper work.

It includes detailed representation of power electronics for

IGBT (insulated-gate bipolar transistor) converters to achieve

an acceptable accuracy with switching frequencies. The

model is discretized at 5 microseconds as a small time step to

be suited for observing control system dynamic performance

over relatively short periods of times. The steady-state and

dynamic performance of the model is investigated to approve

its robustness when observing the turbine response to wind

speed changes, and the impact of voltage sag resulting from

remote faults.

III. PROPOSED MHO DISTANCE PROTECTION SCHEME

For the generalization of the proposed scheme to be suitable

for any TL compensated with TCSC and connected to wind
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power, four main stages are implemented starting from fault

detection, until relay tripping decision procedure as follows:

– 1st stage: fault detection and distinguishing faults behind

or in front of TCSC.

– 2nd stage: fault types classification.

– 3rd stage: calculating online fault location, TCSC

impedance and fault resistance.

– 4th stage: adaptive settings of Mho distance relay.

A. THE FIRST STAGE: FAULT DETECTION

In this stage, any fault event is detected and its position with

respect to TCSC (in front of it or behind it) is also distin-

guished. At first, only one-level discrete wavelet decompo-

sition is applied with the fourth order Daubechies (db4) as a

mother wavelet for the Clark transformed voltage signals at

relays A and B with 200 kHz sampling frequency to capture

sufficient fault transient information. To extract the transient

traveling waves mainly between 50 and 100 kHz, the abso-

lute sum for first detail (d1) of both zero (0) and beta (β)

modes are captured for 1 cycle moving window (sample by

sample) until fault detection. The mathematical formulation

in Eqn. (1) is used to calculate the absolute sum at k sample,

where n presents a sample order in a sliding window covering

a complete power cycle (20 ms), and N is the total number of

samples in a cycle.

Sum0 (k) =
k

∑

n=k−N+1

|d1_V0(n)|

Sumβ (k) =
k

∑

n=k−N+1

|d1_Vβ (n) |



































(1)

At the instant of fault detection, Sum0, Sumβ or both

exceed the threshold values th0 and thβ (which denote zero

and beta mode threshold respectively). Besides, when Sum0

exceeds the threshold th0, a fault is discriminated as a ground

fault.

In fact, this implemented algorithm is similar to the pro-

cedure discussed in several reported studies such as in [32]

but with Clark mode signals instead of phase signals. It is

noteworthy that the threshold values were determined by

extensively testing the studied system in several normal and

faulted cases.

After the fault is detected, it will be distinguished either

behind or in front of TCSC by comparing the fault detec-

tion time for both relays A and B (tA and tB respectively).

The time-synchronization is required to provide the reference

time for comparing the two estimated times. As described

in Fig. 1-a, the TCSC is located at the middle of protected

TL, so if tA is more than tB, the fault is distinguished to be

between the TCSC and bus B (in front of TCSC), otherwise

it is distinguished to be behind the TCSC (between bus A

and TCSC). Fig. 2 summarizes the flowchart for the fault

detection.

FIGURE 2. Flowchart for the fault detection algorithm.

As an example, phase A to ground (AG) fault occurs

at 400 km at 0.5 s fault inception time with 100 � fault

resistance, Fig. 3-a illustrates the measured voltage signals

at relays A and B. By implementing the fault detection algo-

rithm, Fig. 3-b compares tA and tB, as revealed, relay A has

detected such fault at tA = 0.5004 s while relay B has detected

it earlier at 0.5001 s, which ensures that the fault is between

TCSC and relay B.

B. THE SECOND STAGE: FAULT CLASSIFICATION

This section explains the applied algorithm for fault type

classification by comparing root mean square (RMS) values

calculated by using discrete Fourier transform (DFT) for local

voltages and currents at relays A and B before and after the

fault inception. It simply depends on the fact that the voltage

of faulty phase(s) decreases, whereas the current of the faulty

phase(s) rises significantly [33]. So, the applied algorithm

reduces the computational burden as it does not depend on

any threshold values as shown in the flowchart of Fig. 4,

where Va2, Vb2 and Vc2 describe the 3-ph RMS voltages

after the fault inception compared with corresponding values

before the fault (Va1, Vb1 and Vc1), with similar notations for

currents.
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FIGURE 3. A-G fault occurs at 400 km, 100 � fault resistance at 0.5 s
fault inception time. (a) Voltage signals (b) The absolute sum for first
detail coefficients (d1) signals.

C. THE THIRD STAGE: ONLINE FAULT LOCATION

ESTIMATION

A fault location algorithm, based on the transmission line

ABCD parameters and phase sequences, is presented in [34]

for TLwithMOV series compensator but without considering

the impact of connectingwind energy systems to the TL. Such

method is modified here to be applied for TCSC compensated

TL connected with wind farms.

To describe the applied methodology, a fault is simulated

behind the TCSC as shown in Fig. 5 at x = Lf . The

developed algorithm is based on online fault location calcu-

lation by using ABCD parameters of the TL. At first, DFT

is applied to calculate RMS values for phase voltages and

currents at 1.25 cycles after the instant of fault detection. The

algorithm requires the calculated RMS values for 3-phase

voltage and current at TL ends (at relay A and B) and for

3-phase voltage after TCSC. These RMS values are con-

verted using Clarke transformation to zero, alpha and beta

(0–α–β) [35]. The ABCD parameter equations, based on

Clarke components, are used to calculate voltages, Vx(m), and

fault currents coming from bus A, IxA(m), along the transmis-

sion line by changing distance, x, from 1 km until the TCSC

location (at 300 km) by incrementing 1 km step as shown in

Eqn. (2) where,m, refers to modes 0–α–β components. Eqns.

(3)-(4) are used to calculate the currents pass through TCSC

as function of x. Eqn. (5) is used to calculate the fault current

coming from bus B as function of x.

FIGURE 4. Flowchart for the fault classification algorithm.

FIGURE 5. A fault is simulated behind TCSC (between bus A and TCSC) at
x = Lf .

Then, the inverse Clark transform is applied to convert the

calculated 0–α–β components for voltages and currents to

3-phase voltages and currents and subsequently the voltages

and currents of faulty phase(s) will be considered. As shown

in Eqn. (6), the faulty phase(s) currents IxA and IxB are the

inverse Clark transformation of IxA(m) and IxB(m) respectively.

Consequently, the minimum difference angle between Vx
and Ix along the faulty phase (θx) will be captured to indicate

the estimated fault location (Lf _est ) [34]. Besides, this method
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FIGURE 6. Online fault location estimation at Lf _est = 99 km for a fault
exists behind TCSC at 100 km from relay A.

calculates the voltage at left side of TCSC, VTCSC1(m), in 0-

α-β components as expressed in Eqn. (7) so the impedance

of TCSC, ZTCSC , and fault resistance, RF , can be estimated

as shown in Eqns. (8) and (9).
(

Vx(m)
−IxA(m)

)

=
[

Ax(m) Bx(m)
Cx(m) Dx(m)

] (

VA(m)
−IA(m)

)

(2)

ITCSC2(xm) = −Cx(m)VB(m) + Dx(m)IB(m) (3)

ITCSC1(xm) = ITCSC2(xm) (4)

IxB(m) =
(ITSCS1(xm)(Cx(m)Vx(m)))

Dx
(5)

Ix = IxA + IxB (6)

VTCSC1(m) = AF(m)VF(m) − BF(m)IFB(m) (7)

ZTCSC =
(VTSCS2 − VTCSC1)

ITCSC2
(8)

RF =
VF

IF
(9)

where:

• VA(m) an IA(m) ddescribe 0-α-β voltages and currents at

bus A,

• VB(m) an IB(m) d describe 0-α-β voltages and currents at

bus B,

• Vx an Ix ddescribe the calculated faulty phase voltage

and current as function of x,

• VTCSC2 is the phase voltages at right side of TCSC,

• VF and IF are the calculated phase voltages and currents

at fault location,

• RF is the estimated fault resistance.

As an example, consider AG fault occurs behind TCSC

at 100 km from relay A with 0◦ inception angle, 100 �

fault resistance and 15 m/s wind speed. For such fault, the

algorithm has located it at 99 km from relay A (Lf _est ),

as proved in Fig. 6 at the minimum difference angle between

Vx and Ix (θx).

It must be pointed out that, Eqn. (9) estimates the fault

resistance for SLG fault, while for double line to line fault

(e.g. BC fault), VF and IF will be the difference between the

faulty phases voltage and currents respectively [36].

As a matter of fact, ABCD parameters for long TL at

any distance x can be calculated by Eqns. (10) where ZC

and γ denote the characteristic impedance and propagation

constant, respectively [37]:















Ax(m) = Dx(m) = coshγ(m)x

Bx(m) = ZC(m)Sinhγ(m)x

Cx(m) =
Sinhγ(m)x

ZC(m)

(10)

Same procedure and modified equations are applied for

faults exist in front of TCSC (between bus B and TCSC).

The flowchart that describes how the methodology of

online fault location calculation is implemented as demon-

strated in Fig. 7.

FIGURE 7. Flowchart for online fault location estimation.

D. THE FOURTH STAGE: ADAPTIVE SETTINGS OF MHO

DISTANCE RELAY

As known, Mho relay is the most popular distance relay used,

as Mho relay has economical and easy comparator imple-

mentation feature. The conventionalMho distance relay takes

the local phase currents and voltages continuously and then

their magnitudes and phase angles are calculated using DFT

to calculate the apparent impedance trajectory as illustrated

in Table 3 for different fault types where ZL1,ZL0 present the

positive and zero sequence line impedance respectively, while

I0 describes the zero sequence current.
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TABLE 3. Apparent impedance seen by distance relay [36].

Typically, the first zone setting (Lset1) and the secondzone

(Lset2) of Mho distance are taken at 80% and 120% of the

protected TL length respectively. Accordingly, during faults

the apparent impedance trajectory will be inside its zones

to detect the fault in its corresponding zone and issue a

correct trip at the required time. But, as discussed before,

the conventional distance relay fails to determine the correct

fault zone due to the effects of TCSC, wind farm and also the

fault resistance.

To overcome suchmal-operation, a proposed procedure for

adaptive settings of Mho distance relay is implemented here

in the fourth stage of the proposed relay as will be shown in

the flowchart of Fig. 8 for Relay A.

FIGURE 8. Flowchart for Mho distance relay adaptive setting.

It is based on applying a shifting (1Z ) for its zones circles

using the calculated TCSC impedance (ZTCSC ), calculated

fault impedance (ZF ) and also (Zw) that represents the mit-

igation for wind farm effects as follows:

Zw = Zrelay −
(

ZF + ZTCSC +
(

ZC1tanh
(

γ1Lf _est
)))

(11)

where : ZC1 =
√

ZT1
YT1

, γ1 =
√
ZT1YT1

1Z = ZF + ZTCSC + Zw (12)

where:

– ZF : Fault impedance seen by distance relay depending

on the calculated fault resistance RF (in 3rd stage) and

fault type (classified in 2nd stage).

– Zrelay: Impedance seen by distance relay at 1.25 cycles

after the fault is detected (in 1st stage).

– ZTCSC : Calculated impedance of TCSC (in 3rd stage).

– Lf _est : Estimated online fault location (in 3rd stage).

– ZC1, γ1: TL Positive sequence characteristic impedance

and propagation constant, respectively.

– ZT1,YT1: TL Positive sequence impedance and admit-

tance, respectively.

E. DETAILED EXAMPLE FOR THE IMPLEMENTATION OF

THE PROPOSED MHO DISTANCE RELAY

Assuming an AG fault occurs nearly to the boundary of the

first zone of relay A at 465 km (77.5 % of the protected TL).

Such fault is simulated at 0.505 s, and 200 � fault resistance.

The proposed Mho distance relay is implemented as follows:

➢ By applying the 1st stage algorithm, the fault is detected

by relay A and B at 0.5054 and 0.5051 s respectively and

thus the fault is discriminated in front of the TCSC.

➢ Consequently, the fault is classified accurately in 2nd

stage.

➢ By applying the 3rd stage, RF is estimated by

200.3762 �, while the TCSC impedance is estimated

by 81.4165�6 −85.3811◦ and the fault location is esti-

mated at 468 km.

➢ By applying the 4th stage, the fault impedance

seen by distance relay A (ZF ) is estimated by

230.6791�6 −15.1517
◦
using the formula:

ZF =
IF .RF

Ia + 3K0.I0
, where K0 =

ZL0 − ZL1

3ZL1
(13)

where: K0 is the zero-sequence current compensation factor,

ZL1,ZL0 are the positive and zero sequence TL impedance

respectively, while I0 describes the zero sequence current.

➢ Accordingly, the shift required for the zones characteris-

tics (1Z ) is estimated by1Z = 278.1069�6 −28.6826◦

and then the tripping characteristics are adaptively

shifted.

As shown in Fig. 9, the conventional relay has failed in

detecting such fault as the impedance seen by the relay was

out of its zones. On the other hand, the proposed scheme,

FIGURE 9. Performance of proposed Mho relay versus the conventional
one during AG fault at 465 km and 200 � fault resistance.
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FIGURE 10. Block diagram for implementing the proposed scheme for relay A and B (at the two end of the protected TL).

by applying this shifting for its Mho characteristics, has

succeeded in detecting the fault accurately in the first zone

and thus the negative impacts of fault impedance, TCSC

impedance and wind farm are mitigated.

IV. COMMUNICATION REQUIREMENTS FOR

IMPLEMENTING PROPOSED SCHEME

To ensure the applicability of the proposed scheme, the com-

munication requirements are discussed here for all imple-

mented stages as illustrated in Fig. 10.

During the 1st stage, each distance relay, A or B, detects

the fault using its local voltage measurements. Then, each

relay sends the detection time to the other relay to distinguish

whether the fault is behind or in front of TCSC by comparing

the fault detection times at both relay (tA and tB). For achiev-

ing such comparison, same reference time is required for

these two estimated times. In addition, each relay will send its

detection time to the phasor management unit (PMU) located

at TCSC. In the subsequent stages, both distance relays

and PMU will use the smallest fault detection time either

tA or tB.

In the 2nd stage, each relay, A or B, will classify the fault

type using its local current and voltagemeasurements without

any transferred data.

In the 3rd stage, each relay will send to the other relay one

calculated RMS value per phase for the measured voltage and

current at the instant of 1.25 cycles after fault detection. PMU

also will send one RMS value per phase for the measured

voltage after TCSC to both relays at instant 1.25 cycles after

fault detection.

In the 4th stage, each relay operates locally to update its

zones adaptively.

Therefore, it can be concluded that the communication

requirements for implementing the proposed relay are simple;

as one time value is transferred in the 1st stage, while limited

RMS values, not instantaneous values, are transferred in the

3rd stage.

V. PERFORMANCE EVALUATION

To ensure the accuracy and effectiveness of the proposed

scheme, it is extensively tested under different case stud-

ies including different fault locations, fault resistance, fault

inception angle as displayed in Table 4. The proposed scheme

is tested also at different wind power penetration, different

wind speeds as revealed in Tables 5 and 6 and different firing

angles of TCSC as displayed in Table 7.In all of the following

result tables, some symbols are used as follows:

– ‘‘U’’ indicates under-reach problem where zone 1 is the

correct zone while the relay detects it at zone 2.

– ‘‘U*’’ indicates under-reach problem where zone 1 or

2 is the correct zone while the relay detects it out of both

zones 1 or 2,

– ‘‘O’’ indicates over-reach problem where zone 2 is the

correct zone while the relay detects it at zone 1, an

– ‘‘CZ1’’ and ‘‘CZ2’’ indicate that the correct zone is 1 and

2 respectively.

A. EFFECT OF FAULT CONDITIONS

In this subsection, the proposed scheme at relay A and B

has been tested at different fault locations (along the whole

TL), different fault inception angles (0◦, 45◦, and 90◦) and
different fault resistance values (0, 10, 20, 100, and 200 �).

The testes are carried out with the assumption of 15 m/s wind

speed and 150 × 1.5 MW connected wind farm. The tested

faults cover different fault types including A-G fault as a

single line A-to-ground fault, BC-G (phase B to C to ground)

as a double line to ground fault, BC fault as a line-to- line

fault and 3 phase fault.

The proposed scheme performance has been extensively

examined in Table 4 compared with respect to the conven-
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TABLE 4. The performance of the proposed distance protection scheme compared with the conventional relay in different fault conditions.

tional relay performance. As shown, the conventional Mho

distance relay failed to detect faults in its true zones where

the under-reach and over-reach problems appear in numerous

fault cases especially the relay B at the wind farm side. On the

other hand, the proposed scheme has successfully improved

the operation of A and B distance relays by avoiding under-

reach and over-reach problems at different fault resistance,

different fault inception angle and different fault types as

well. It is also ensured that the fault detection takes not more

than 4.1 ms after fault inception.
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TABLE 5. The performance of the proposed distance protection scheme compared with the conventional relay at 15 m/s wind speed for different wind
power penetration level.

Regarding the performance for some faults occurring at

critical locations, either near zone boundaries or near buses,

for example:

– The conventional Mho distance relay failed to detect

faults occurred near to the beginning of the second zone

of relay A at 500 km (83.3 % of the protected TL)

for different fault resistance (10 and 100�) while the

proposed scheme has succeeded in detecting the fault

accurately at its true protection zone (proposed relays A

and B detected such faults at zone 2 and 1 respectively).

– It also can be noticed that the proposed scheme has

succeeded to detect the faults very near to buses A and B

(at 2 and 598 km respectively) at the correct protection

zones.

Therefore, it can be concluded that the proposed scheme

is suitable for long TLs and does not depend on known

TCSC parameters such as the capacitance, the inductance or

the firing angle. It has also ensured its effectiveness at high

fault resistance up to 200 � compared with some previous

researches that tested at fault resistance not more than 20 �

and 10 � as in [20] and [21] respectively.

B. EFFECT OF WIND POWER

As known, incorporating wind energy systems in transmis-

sion systems results in challenges in the operation of dis-

tance protection. Such challenges are occurred because of

the intermittency of the wind speed and varying the power

level penetration that produce variations in both voltage and

current signals during faults and the variation in source

impedance inversely proportional to the wind speed and num-

ber of wind turbines. Thus, achieving proper selectivity using

TABLE 6. The performance of the proposed distance protection scheme
compared with the conventional relay for wind speed variation at
different times along a day.

conventional relay is difficult with the variation of source

impedance [1].

The effectiveness of the proposed scheme to mitigate the

effect of wind power is also evaluated at different wind power

penetration levels. Table 5 summarizes some carried out tests

for different fault types, at different locations and different

fault resistance values (100 � for grounded faults and 20 �

for non-grounded faults). The faults are simulated at certain

wind speed (15 m/s), and different wind farm sizes (50 tur-

bines × 1.5 MW, 100 turbines × 1.5 MW, 150 turbines ×
1.5 MW and 200 turbines × 1.5 MW).As shown in Table 5,

the proposed scheme has successfully detected the faults at

their correct protection zones in all cases especially at the

most challenging fault locations near the end boundary of

zones and also the faults near buses either A or B. This correct

performance irrespective to the wind penetration is achieved

by applying1Z shifting for zones circles using the calculated

Zw, presenting the mitigation for wind farm effects described

in Eqn. (11). On contrary, the conventional relay (B) at the

wind farm side did not operate accurately at all cases while

the conventional relay (A) has detected only some faulty cases

at their true zones.
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FIGURE 11. Wind speed profile during a day according to [38].

With 150 wind turbines × 1.5 MW at source B, the pro-

posed scheme is also evaluated for wind speed fluctuations

during a day according to wind speed profile in Fig. 11 [38].

In Table 6, the proposed scheme is tested for ground and

non-ground faults such as A-G, ABC faults at 490 km fault

location (81.67 % of the protected TL) at different times

during the day, at 2:00, 5:00 and 14:00 hour, thus the wind

speed are 17, 14 and 9.5 m/s respectively according to Fig.11.

Comparing the fixed characteristics of the conventional relay

and the updated characteristics for proposed scheme for such

cases is illustrated in Fig. 12.As revealed, by the achieved

adaptive shifting, the proposed scheme has avoided over-

reach problems that occur in conventional distance relay A

and also avoided under-reach problems that occur in conven-

tional distance relay B.

C. EFFECT OF DIFFERENT FIRING ANGLE

In this subsection, the proposed scheme has been tested at

different firing angles for capacitive mode of TCSC operation

that is attained with firing angles of 65–90◦ [11].
By simulating different fault types, as demonstrated

in Table 7, at 50 � for grounded faults and 20 � for non-

grounded faults with the assumption of 15m/swind speed and

150 × 1.5 MW connected wind farm, the proposed scheme

behavior is extensively investigated.

As shown in Table 7, the proposed scheme has operated

accurately at different firing angle values compared with

conventional relay. Actually, this superior behavior has also

achieved even for difficult fault locations that are near to bus

A and B (at 2 and 598 km) and also near to the boundary

FIGURE 12. Performance of proposed Mho relay versus the conventional one during faults at 490 at different times along the day.
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TABLE 7. The performance of the proposed distance protection scheme compared with the conventional relay for different firing angles of TCSC.

FIGURE 13. Shifting the Mho relay characteristics according to fault location w.r.t TCSC.(a) Relay A, (b) Relay B.

of the first zone for both tested relays A and B (at 100 km

that presents 16.7 % of the protected TL and 500 km that

presents 83.3 % of the protected TL). For all tested faulty

cases, the proposed relay (either at A or B) has operated

adequately and does not depend on identifying the TCSC

firing angle value.

D. SHIFTING THE MHO RELAY CHARACTERISTICS

ACCORDING TO FAULT LOCATION WITH RESPECT

TO (W.R.T) TCSC

As discussed, the proposed scheme has improved the

operation of Mho distance relay by avoiding under-reach

and over-reach problems based on shifting the zones
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TABLE 8. Adaptive setting of proposed distance protection for two different BC-G faults (behind / in front of TCSC).

characteristics adaptively according to different parameters.

One of such parameter is the existing of TCSC in fault loop.

In this section, the capabilities of the proposed scheme to

accurately estimate the impedance of TCSC (ZTCSC ) and

then to change the relay characteristics are confirmed by

simulating two different faults.

– The first one is BC-G fault at 2 km (behind TCSC:

between bus A and TCSC) through 200 � fault

resistance.

– The other fault is BC-G fault at 550 km (in front of

TCSC: between TCSC and bus B) through zero � fault

resistance.

Table 8 shows the estimated values for ZTCSC and RF
compared with their actual values. It also displays the char-

acteristic shifting value (1Z ). Then, Fig. 13 illustrates how

the relay characteristics are shifted adaptively for both relay

A and B to accurately detect such faults in correct zones.

As illustrated, the proposed relay A has succeeded to detect

the first fault (at 2 km) in its zone 1, while the second fault

(at 550 km) is accurately detected in its zone 2 and vice-versa

for proposed relay B.

On the other hand, the conventional Mho distance relay

with fixed characteristics did not operate accurately due to

the presence of wind power source; TCSC series compensator

and fault resistance where under-reach and over-reach prob-

lems significantly appear. As clearly shown, the conventional

distance relay A has only operated correctly for the fault at

2 km since the TCSC is not included in fault loop and the

relay is very far from wind power source. As illustrated in

Fig.13-a, the fixed characteristics of conventional distance

relay A were very close to the characteristics of the proposed

scheme due to the small required characteristic shifting value

(1Z = 0.3158�6 −96.0730
◦
) as depicted in Table 8.

VI. CONCLUSION

This paper has presented integrated algorithms for achiev-

ing proper distance relay operation including fault detection,

classification and updating characteristics zones for relay

tripping decision. To mitigate the negative effects of TCSC,

wind power and fault resistance, the paper has proposed a

scheme to change adaptively the settings of the Mho distance

protection by shifting the relay characteristics. For imple-

menting the proposed relay, limited communication require-

ments are required; as one time value is transferred in one

stage, while limited RMS values, not instantaneous values,

are transferred in another stage and the remaining stages are

dependent on local measurements. The accurate performance

of proposed scheme appears noticeably in different cases

especially at challenging cases where the faults occurring

near the end of the first zone and also near to buses. Finally,

by getting use of technical and economic benefits of the

proposed scheme, it could be used for updating, improving,

and refurbishing of the existing Mho distance relays.

In the future work, the proposed scheme needs to be tested

for more complex systems such as IEEE interconnected sys-

tems and also under the effects of large solar power plants.
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