
Electric Power Systems Research 201 (2021) 107504

Available online 16 August 2021
0378-7796/© 2021 Elsevier B.V. All rights reserved.

Transmission line protection algorithm based on voltage sequence 
component under high penetration of inverter-based resources 
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A B S T R A C T   

A new protection algorithm based on sequence voltage components is proposed in this paper. The new algorithm 
helps overcome the sensitivity and maloperation issues of the traditional protection schemes in the transmission 
line network, especially with a high penetration level of inverter-based resources. In this algorithm, the differ
ential fault sequence components are used to identify faulty events in the transmission network. The fault voltage 
component across the protected line is compared to a setting value of multiple parameters-based voltage makes 
the final decision of tripping for internal faults only. The proposed algorithm has been tested on a 400kV, 50 Hz 
single circuit transmission line network supplied with a mix of 90% wind turbines and 10% synchronous gen
erators. The new algorithm simulation testing showed high accuracy when it comes to rapid trip activation with 
high discrimination reliability between internal and external events. High impedance with different fault loca
tions has been tested to improve the proposed algorithm reliability. The study also performed on the IEEE 9-bus 
system to validate the proposed algorithm under various faults when strong and weak infeed performed into a 
bigger transmission network.   

1. Introduction 

The increasing concerns about climate change result in expecting an 
enormous increment of renewable energy resources in the generation, 
transmission, and distribution side of the power network. These re
newables are usually connected to the network through power elec
tronics, e.g., inverters; hence it denoted as inverter-based resources 
(IBRs). Although inverters have been designed to have flexible control 
during the steady-state condition, it has arisen new challenges for the 
power system during abnormal events led to skepticism in the existing 
protection system reliability [1][2]. These challenges emerged from the 
different responses of IBRs to faulty events comparing to the existing 
synchronous generators, particularly on transmission protection sys
tems. These impacts include the small fault current contribution from 
IBRs comparing to the traditional synchronous generator. The control 
schemes used with renewable resources were designed to allow only a 
limited amount of fault current to pass to avoid the thermal damage of 
their switching elements and the DC bus capacitor. This behavior results 
in the following:  

1 Providing a large negative sequence impedance during the faulty 
event and a very low or negligible amount of negative and zero 
sequence current components required by protection relays to 
guarantee high performance of fault detection. However, the amount 
of injected negative sequence current is highly dependent on the 
IBRs’ type and their control scheme.  

2 Short transient duration response. The IBRs are not responding 
immediately, taking more than one cycle according to [3], which is 
more than the time required by protection relays to trip. In other 
words, these resources’ injection of the negative sequence current is 
not controlled. 

3 Changes in angular relation of current and voltage phasors depend
ing on the faulty section’s needs, such as being under ride through 
requirement or reactive support requirements. Hence, it suppressed 
the sequence components required for reliable fault identification 
[4].  

4 The inconsistent response between inverters of one manufacturer to 
another manufacturer. As some manufactures allow negative 
sequence current injection of some amount and others are not. 
Hence, resulting in uncontrolled phase angle between negative 
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sequence components of voltage and current, especially with the 
absence of standards widely. 

Moreover, the type of renewable resource, location, the availability 
of renewable energy, generation capacity and the different short circuit 
characteristics would also challenge transmission systems protection 
reliability. Based on the aforementioned challenges alongside the fault 
type and location, Transmission Lines ’ (TL) distance protection schemes 
might over/under reach due to the oscillation of the apparent imped
ance depending on the injected amount of current from the connected 
IBR. Hence, the distance relays zone setting would be affected and mis- 
coordinating up-stream and downstream relays[5]. Test results in [6] 
showed that distance relay might mal-operate for out of zone fault 
events or might not trip for internal, in-zone ones. [7] showed that under 
intermediate to high integration levels of IBRs and according to the 
control strategy, distance relay might oppose any applied fault ride 
through criteria due to relay’s overreaching. 

[3] discussed the impact of IBR current injection on TL distance 
protection, showing how distance relay may overreach or even drop out 
due to apparent impedance oscillation based on injected negative 
sequence current. However, the latter study showed that differential 
protection is a reliable scheme despite its high requirements in terms of 

cost, communication, response to high impedance earth faults, 
two-phase operation of TL and need for backups. Nevertheless, there still 
not enough studies on differential protection performance when IBRs 
are the predominant power supply. 

Phase comparison protection schemes maloperation has been tested 
in [8]. The study showed how the relay’s sensitivity reduced due to the 
negative sequence current phase angle shifting during faulty events as 
the relay considered this phase difference as an external fault and not to 
trip on it. 

As a result, maintaining reliability has become more complicated, 
and transmission operators have been looking at other possibilities to 
ensure a secure and dependable power system. Some of these solutions 
might involve modifying or upgrading protection relays settings [9, 10] 
or replacing existing relays with newer and more flexible technologies 
adaptable to relays’ application guides and standards [11, 12]. 

In the last few decades, a new direction of using voltage-based relay 
has come under study. There were proposals in detecting faults under 
high IBRs penetration in low/medium voltage distribution networks. 
The study in [13] is based on converting the measured voltage to the dq 
frame. [14] proposed an adaptive voltage scheme based on the rela
tionship between pre and post-fault phase voltage difference. Similarly, 
for wide-area protection [15] proposed using fault voltage components 
to identify faulty buses using the ratio of the measured bus voltage to its 
calculated value as fault detection element. 

For a high voltage transmission network under high penetration of 
IBR on the generation side, a similar concept can be adopted to avoid the 
challenges associated with these resources and their power electronic 
interface components. In this context, this paper intends to propose a 
new TL protection algorithm based on differential fault voltage sequence 
components as a fault identification element where less dependency on 
low fault current and its negative sequence component supplied from 
IBRs is applied. The main contribution of this paper based on developing 
a new fault identification index that uses the fault measured drop 
voltage sequence components across the protected line and compare it 
to a setting value of multiple parameters making the final decision of 
tripping for internal faults only. The automatically determined threshold 
value makes the proposed algorithm unique, flexible, and adaptable to 
different fault events. The proposed algorithm can identify different 
fault types accurately with high sensitivity discriminating internal and 
external events. 

The rest of the paper is organized as follows; Section II discusses the 
new scheme in detail; the type IV full-scale converter wind power plant 
is considered in this paper as an example of IBRs. Section III involves the 
hardware implementation of the proposed protection relay. Section IV 
presents the simulation result and discusses the new protection algo
rithm reliability with a bigger network under the presence of a weak 
infeed source. Section V concludes the proposed algorithm features. 

2. Fault voltage component base protection algorithm 

The proposed algorithm aims to identify all fault types occurrence 
and distinguish the internal events from the external ones. In this al
gorithm, current and voltage sequence components have been utilized. 

Fig. 1. Simple fault component distribution of two-terminal transmission system network (a) Internal fault, (b) External fault  

Fig. 2. Fault tripping procedure of the proposed algorithm  
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2.1. Basic principle and setting 

The principle of the proposed algorithm is based on estimating the 
voltage sequence component difference at each side of the protected 
line. The voltage across the protected line impedance remains un
changed during the normal operating condition and as well as during 
external fault events, as shown in Fig.1(b) where the voltage across the 
line according to Kirchhoff’s current law as follows: 

IA = IB (1)  

VA − VB = IAZL (2) 

The ratio of the difference between voltages at both ends of the 
protected line to their summing when the system operates normally or 
during external fault will be low compared to the setting value. The 
voltage across the line impedance will always equal the line’s local/ 
remote side voltage depending on the external event position. However, 
those voltages are never the same when a fault occurs within the pro
tected section of the line. This principle has been used to estimate the 
fault indicator (Kf ) of the proposed algorithm. 

By applying Kirchhoff’s voltage law on Fig.1(a), the voltage across 
the line section analyzed from the line’s local end at (A) to the fault point 
(f) and from the remote end (B) to the fault point as below 

VA − IAZLm − Vf = 0 (3) 

Similarly, 

VB − IBZL(1 − m) − Vf = 0 (4) 

By summing and subtracting (3) and (4) 

VA − VB = IAZLm − IBZL(1 − m) (5)  

VA + VB = IBZL(1 − m) − IAZLm − 2Vf (6) 

Kf can be formulated as in (7). 

Kf =
|VA − VB|

0.5(VA + VB)
(7)  

Where VA and VB are the measured voltage at buses A and B respec
tively with IA and IB are representing the measured current at buses A 
and B respectively. (ZL)denotes the protected line impedance. (m) rep
resents the distance ratio from side (A) of the line to the fault point. (Vf) 
is the fault voltage component at the fault point. 

To estimate the algorithm setting value (Kset), the criterion for 
detection of fault is as fellow 

Kf > Kset (8)  

Kset = KreliabilityVratedVm (9)  

where Kreliability represents the reliability percentage coefficient of the 
algorithm, which ranges between 0.8-0.95 and chosen to be 0.8 in this 
paper. The reliability factor varies based on many factors including the 
line impedance, line length and measurement errors. Vrated denotes the 
system rated voltage and Vm is the maximum value of the measured 
voltage component of the line’s both terminals. The variable measured 
Vm plays a key role in suiting the algorithm’s reliable operation. The 
importance of the latter parameter appears when different faults applied 
to the protected line. Each fault type is expected to have different 
voltage values that can be ranged from rated voltage magnitude for the 
positive sequence component to a low value for the zero sequence 
component. To guarantee a reliable operation of the proposed algorithm 
Vm has been included in the setting value calculation. 

This algorithm can be used to detect all fault types based on the fault 
sequence components recognition, where Eq. 9 can be applied on sym
metrical and asymmetrical faults as below 

Fig. 3. Fault indicator and setting behaviour during External fault near bus A: (a) SLG fault, (b) LL fault, (c) LLG fault, (d) LLLG fault.  
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Where 1, 2 and 0 superscripts denoted the positive, negative and zero 
sequence components of fault voltage respectively. Voltage components 
amplitude has been tested in [16] to be the highest at the line terminals 
for positive sequence component and more accurate for negative and 
zero components at the fault point. Although positive sequence 
component voltage can be used to identify all fault types, the negative 
and zero components are used in this algorithm due to their long exis
tence period comparing to the positive one. Low voltage sequence 
condition (Kcom) plays the main role in identifying the faulted area and 
the fault type alongside the fault detection condition in Eq. (8). 

The negative and zero sequence components criterion in Eq. (10) 
utilized to detect asymmetrical earth fault as shown below 

V2
A and V2

B > K −
com

V0
A and V0

B > K0
com

(11)  

Where K−
com and K0

com are the minimum voltage component setting 
measured at the local end of the protected line, which is set to be 0.2 in 
this paper to identify the abnormal voltage variations from the normal 

voltage fluctuation. If Eq. (11) is not correct for the zero-sequence 
component, the negative sequence voltage component at both sides of 
the line is used to identify line to line fault occurrence in addition to Eq. 
(8) condition as follows 

V2
A and V2

B > K −
com (12)  

Where K−
com set to be 0.2. If conditions in Eq. (11) and (12) are not 

satisfied, a symmetrical three-phase fault will be detected, as shown in 
Eq. (13) with K+

com set to be < 1 for both sides measured voltages of the 
line. represents the proposed algorithm fault detection procedure 

V1
A and V1

B < K+
com (13)  

Fig. 2 

2.2. Detection of external fault 

Simulation results in Fig. 3 tested the algorithm accuracy in 
discriminating between internal and external events. The simulation is 
done under (0Ω) fault resistance near bus A at f1 position as shown in 
Fig.2 at time = 0.05 second. Fig. 3 (a, b, c and d) showed that Kf stayed 
below the setting value for all fault types; single line to ground (LG), line 
to line (LL), double line to ground (LLG) and three lines to ground fault 
(LLLG). Simulation results also showed Eqs. (11, 12 and 13) impact on 
increasing the algorithm selectivity as these conditions cannot be 
satisfied when an external fault occurs, where, in this case, at least one 
side voltage of the line will always be out of these conditions. 

Since this algorithm performance based on utilizing measured data 
from both sends of the protected section of the line, a synchronized 

Fig. 4. Fault indicator and setting behaviour during internal (a) SLG fault, (b) LL fault, (c) LLG fault, (d) LLLG fault.  
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communication link is expected between the measurement transformers 
or the electronic digital devices that will be installed at the line’s ends. 
However, in case of failing the communication link between the devices 
at the line’s ends a redundant communications path might be applied for 
maintaining availability of the proposed scheme. Otherwise, a direc
tional comparison scheme combined with modified distance element 
mentioned in [10] might be the most appropriate option for the pro
posed algorithm backup. 

2.3. Effect of fault impedance 

From Fig.1(a), the line’s voltage at local and remote ends can be 
estimated as follows: 

VA = IAZS (14)  

VA = Vf
ZS

Rf + (ZS + mZL) ‖ (ZR + (1 − m)ZL)

(
ZR + (1 − m)ZL

ZS + ZL + ZR

)

(15)  

VB = IBZR (16) 

Fig. 5. Proposed protection algorithm behavior when only synchronous generator connected to the network during internal (a) SLG fault, (b) LL fault, (c) LLG fault, 
(d) LLLG fault 

Table 2. 
Voltage-Based Differential Protection Operation Under 100% Synchronous 
Generation  

Fault Resistance 
(Ω) 

Fault Position from Bus (A) Fault Type 
L-G L-L L-L-L 
Tripping/Operation Time 

(msec)       

0 
10% 13.595 17.065 7.1 
40% 10.585 15.41 19.885 
80% 12.615 16.465 6.92       

100 
10% 15.4 20.48 8.175 
40% 12.835 18.555 19.095 
80% 14.38 19.885 7.99       

500 
10% 21.06 20.53 11.875 
40% 19.16 18.46 16.79 
80% 22.56 19.81 11.415  

Table 1. 
Voltage-Based Differential Protection Operation Under Different Fault Locations 
and Resistances  

Fault Resistance 
(Ω) 

Fault Position from Bus (A) Fault Type 
L-G L-L L-L-L 
Tripping/Operation Time 

(msec)       

0 
10% 8.905 9.685 11 
40% 6.285 8.393 10.22 
80% 7.665 9.37 10.98       

100 
10% 12.005 11.54 12.43 
40% 8.42 10.68 11.61 
80% 10.89 11.25 12.39       

500 
10% 17.84 17.15 18.0 
40% 13.35 15.265 16.79 
80% 15.765 16.49 16.329  
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VB = Vf
ZR

Rf + (ZS + mZL) ‖ (ZR + (1 − m)ZL)

(
ZS + mZL

ZS + ZL + ZR

)

(17)  

Kf =
|VA − VB|

0.5(VA + VB)
=

|ZS(ZR + (1 − m)ZL) − ZR (ZS + mZL)|

0.5(ZS(ZR + (1 − m)ZL) + ZR (ZS + mZL))
(18) 

Eq. (18) shows that the fault indicator, Kf , is sovereign of fault 
resistance (Rf ), hence, the proposed algorithm’s sensitivity is not 
affected by Rf sequentially. Fig. 4 simulation results prove that Kf re
mains the same despite the fault resistance values when a fault occurs at 
the same position for all fault types shown in Fig 4. (a, b, c, and d) tested 
under different fault resistances ranged from 0, 100 and 500 Ω at 10 km, 
200 km and 450 km from bus A and all faults are created at time = 0.05 
second. 

However, Table 1. showed that with a higher fault resistance value, 

more time requires the algorithm to trip. This is true for three reasons; 
first, when resistance increases, a sequential rise is expected in voltage 
component; second, due to the characteristics of the sequence voltage 
distribution when a fault occurs within the protected section of the line 
[16]. Finally, as per the fault indicator and threshold values are 
changing proportionally during internal faults. 

Fig.4 (a) shows how Kset values are close to the Kf value during LG 
fault and this decrease when higher fault resistance is performed. 
Similar performance is noticed for other types of faults in Fig.4. 

As with Fig. 4 results, shows a high performance of the proposed 
algorithm when no IBRs connected to the network. The algorithm 
operates within less than one cycle of fault occurrence time. Similar 
performance noticed under different fault events on different locations 
of the tested line Fig 5. 

Fig. 6. Capacitive voltage transformer transient effect.  

Fig. 7. Fault inception angle effect  
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2.4. Effect of fault position 

Fig.4 interpreted how the fault position affects the proposed algo
rithm’s sensitivity, particularly when the fault location moves towards 
the middle of the line. According to Eq. (8), Kset , value is dependent on 
the maximum measured value of the voltage sequence component at the 
line’s ends. Hence, the Kset modifies automatically to compile with the Kf 

value at each time. Hence, when the voltage component value goes 
down around the middle of the line, Kf decreases where Eq. (18) shows 
that Kf is dependent on the fault location (m). However, Kf still be 
higher than the setting value and the tripping time always within one 
cycle after fault occurrence, as shown in Table 1. 

shows that the proposed algorithm operates reliably when only 
synchronous generator supplies the network. However, a longer tripping 
time has been noticed due to the dependency on voltage components 
rather than the current ones. Current sequence components are higher in 
magnitude than the voltage sequence components when fewer power 
electronic elements-based resources connected to the networkTable 2. 

2.5. Effect of measurement instruments 

Due to the low fault current from IBR, the current transformer 
challenging performance is avoidable when compared to its behavior 
with conventional synchronous sources [3]. Capacitive voltage trans
former impact on the proposed algorithm has been studied and its 
transient effect is modeled based on [17, 18]. shows the algorithm 
operation when a ground fault is performed at time =0.05 second with 
and without voltage transformer transient effect. An insignificant impact 
is noticed between both operations, concluding that the algorithm can 
perform accurately under capacitive voltage transformer abnormal 

operation Fig. 6. 

2.6. Effect of Fault inception angle 

The fault inception angle (FIA) has been investigated for a SLG fault 
at 10% distance from bus A. The fault created at different FIAs (0∘◦ 45∘◦, 
90∘◦, 135∘◦, 180∘◦), i.e. When voltage is at different values for the faulted 
phase, which is phase A in this case. shows that the proposed identifi
cation factor Kf tested successfully to be higher than Kset in all tested 
scenarios Fig. 7. 

2.7. Voltage harmonic impact 

In the proposed algorithm, power electronics, inverters, are utilized 
on one side of the utility transformers to actively isolate voltage har
monics at the point of common coupling and regulating the load voltage 
at the same time. However, the proposed algorithm has been tested 
under voltage harmonic distortion to verify the algorithm reliability 
under faulty events. The test has been done by injecting voltage har
monics of orders up to 50th to investigate the impact of voltage har
monics on the proposed protection algorithm. All fault types have been 
performed at 10% distance from bus A. the faults have been simulated at 
the 3rd, 5th, 10th, 20th, 30th, 40th and 50th voltage harmonic. By 
comparing the algorithm tripping time under those scenarios with a 
similar event under the fundamental frequency, it has been observed 
that this algorithm operates reliably under harmonic distortion impact. 
Although, when LLG faults took place faster tripping time is noticed 
comparing to the fundamental frequency scenario however the time 
difference is very small, a 1.6 msec that can be ignored as long as the 
algorithm can detect the fault and operate in less than one cycle time as 

Fig. 8. Voltage harmonic impact on the proposed protection algorithm under different fault events  
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Fig. 9. Control Strategy impact on the proposed algorithm during internal (a) SLG fault, (b) LL fault, (c) LLG fault, (d) LLLG fault.  

Fig. 10. Block diagram of the proposed relay  
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shown in. Hence, it can be concluded that this algorithm can detect 
faults and operate reliably in the presence of harmonic distortion Fig. 8. 

2.8. Impact of IBR’s control strategies on the proposed algorithm 

This paper investigation based on the type IV wind turbine generator 
with full scale convertor model detailed in [19] alongside its control 
strategies. The Fig. 2 network tested when the short circuit event is fully 
provided by the wind plant and its full-scale converter to investigate the 
plant’s control strategies impact on the proposed algorithm, the current 
control and fault ride through control strategies have been also 
considered under case study-1. By comparing the results to case study-2, 
where constant active and reactive power control have been applied, a 
slight difference in tripping operation time has been noticed ensuring 
that the control strategy has a small impact on the proposed algorithm 
when tested under different fault types and locations. shows the simu
lation results comparison of cases1 and 2, it seems that a 2-4 msec dif
ference in algorithm response time when between case-1 and 2. This 
difference can be seen clearly when symmetrical faullt took place in 
comparison to the other fault types applied. However, the algorithm 
response still considered reliable as it operated within less than one 
cycle time Fig. 9. 

3. Proposed relay hardware 

The proposed scheme hardware implementation compromises the 
following as shown in below:    

- Measurement circuits to collect the required measured electrical 
quantities  

- Global positioning system (GPS) to align the incoming messages and 
modify the magnitudes received from the measuring circuits to 
conform a time reference.  

- Digital signal processor (DSP)  
- Data storage buffer which includes the instruction to be executed by 

the differential element. Instructions comprises the automatically 
and determined threshold and setting values such as the fault clas
sification setting Kcom and the threshold value Kset alongside aligning 
the incoming messages.  

- Dual communication module between DSP and the differential 
element microprocessor  

- Local trip control circuit to send the trip signal to the circuit breaker.  
- Communication between devices would be through any type of 

communication links. 

The relay receives data during all the different operation status, 
normal and abnormal conditions storing, displaying or recording the 
required information at the end user side, HIM Fig. 10. 

4. Proposed algorithm application under different contingency 
events 

To validate the proposed protection algorithm in a bigger power 
system network, a typical IEEE 9-bus, 230 kV transmission line system 
has been performed on MATLAB/SIMULINK. The network shown in is of 
50 Hz frequency with a negligible number of high-frequency harmonics. 
However, the line’s frequency-dependent parameters’ characteristics 

Fig. 11. Schematic diagram of IEEE-9bus study system for the proposed algorithm performance  

S.K. Al-sachit and N.K.C Nair                                                                                                                                                                                                               



Electric Power Systems Research 201 (2021) 107504

10

Fig. 12. Fault indicator and setting behaviour during External fault Between bus A and bus B  

Fig. 13. Fault indicator and setting behaviour during internal (a) SLG fault, (b) LL fault, (c) LLG fault, (d) LLLG fault  
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are considered in this study. A strong source is connected to the local 
side (A) of the network, a weaker source connected to the remote side of 
the network (E) and a wind farm of 100 mills at busbar (I) is connected. 
Three main transformers, three loads and six-line sections are included 
in this network. The rated parameters of this IEEE 9-bus network are 
listed in Appendix A.2. Current transformers are considered to act 
ideally due to the expected low fault current. The capacitive voltage 
transformers are assumed to work typically, and their effect is not 
considered in this simulation Fig.11. 

A type IV wind turbine based on the model detailed in [19] has been 
used. This model is more satisfactory to identify issues and challenges 
associated with IBRs, particularly when a weak network is performed. 
The main reason for choosing this type of IBRs as a test example in this 
paper that it is designed to extract the maximum amount of power from 
the applied wind speed of 15m/s by reducing the mechanical stress on 
the turbine during the gusts of wind. The full-scale converter is utilized 
in this model, which is known for its fast control on the active and 
reactive current and accurate response. These considered a strength 
point to be considered when connecting IBRs to the gird and active and 
reactive support become a big issue to take care of it. 

This model is designed to apply the required ride-through criterion to 
ensure that the wind turbine stays connected to the grid during 
abnormal events. These criteria are vulnerable under weak network 
conditions, where proposed voltage-based protection reliability is 
tested. The algorithm’s setting of K+

com, K−
com and K0

com are chosen to be 
1.2, 0.1, 0.1 respectively. Simulation test has been done in two stages:  

1) involved an accurate fault detection operation for a practical 
network with successful discrimination between internal and 
external faults is performed as shown in. These faults initiated at 
30% distance from bus B at time =0.05 second. With fault resistance 
= 0Ω. 

2) included an overall comprehensive test on high impedance fault ef
fect with fault resistance of 0, 100 and 500Ω. All fault types (LG, LL, 
LLG and LLLG) have been tested at different distances from the local 
end of the faulty line. Twelve different contingency scenarios are 
shown in Fig. 6 and Table 2. Due to the existence of two different 
source strengths, the fault detection process expected to be affected. 
However, the proposed algorithm operates properly with a tripping 
time of less than one cycle to operate compared to the time required 

Table 3. 
Proposed Algorithm Operation in IEEE 9-Bus Network  

Contingency Plan No. Internal Fault Location Distance fromleft hand side bus (%) Fault Type 
LG LL LLG LLLG 

Tripping/Operation Time(msec)        

1 Fault on the line BC with Line CD out of service 10% 9.97 10.715 13 15.91 
40% 14.36 13.52 14.936 10.97 
80% 18.2 16.92 18.32 12.6        

2 Fault on the line BC with Line DG and GH out of service 10% 9.52 10 12.145 23.68 
40% 11.66 10.87 12.335 21.66 
80% 14.735 12.62 13.85 19.52        

3 Fault on the line BC with Line BF and FH out of service 10% 9.575 10.2 12.32 22.645 
40% 11.11 10.69 12.2 20.47 
80% 14.365 12.5 13.774 18.82        

4 Fault on the line BC with no outage on other lines 10% 9.435 16.255 18.77 16.87 
40% 11.62 16.76 19.025 15.53 
80% 14.91 19.48 20.96 14.325        

5 Fault on the line CD with Line BC out of service 10% 12.255 10.3 12.345 22.855 
40% 9.5 8.35 9.705 2072 
80% 6.955 6.35 6.685 18.105        

6 Fault on the line CD with Line DG and GH out of service 10% 11.92 10.22 11.94 22.96 
40% 8.765 7.96 9.055 20.486 
80% 7.285 7.066 7.5 20        

7 Fault on the line DC with Line BF and FH out of service 10% 13.39 11.5 13.095 21.66 
40% 9.998 9.095 10.72 19.37 
80% 7.69 7.455 8 20.755        

8 Fault on the line BF with Line BC and CD out of service 10% 8.705 13.985 15.44 13.955 
40% 12.805 12.785 14.135 13.785 
80% 14.81 10.315 12.125 14.92        

9 Fault on the line BF with Line DH and HG out of service 10% 7.97 8.995 10.9 12.29 
40% 12.535 12.14 13.415 10.13 
80% 16.455 14.54 16.05 8.39        

10 Fault on the line DG with Line BF and FH out of service 10% 6.615 6.51 6.865 15.625 
40% 8.625 8.11 9.11 17.65 
80% 12.655 10.85 12.8 20.1        

11 Fault on the line DG with Line BC and CD out of service 10% 5.825 6.2 6.49 18.43 
40% 7.32 6.455 6.855 20.41 
80% 10.18 8.355 9.76 23.495        

12 Fault on the line DG with no outage on other lines 10% 6.415 6.73 7.085 15.655 
40% 8.295 7.824 8.705 17.66 
80% 12.115 10.445 12.305 20.04  
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by conventional relays, as mentioned in [3]. From, it can be seen a 
minute rise above the 0.02 second expected tripping time when a 
symmetrical fault occurs. This can be attributed to the presence of 
the weak infeed source and the disconnection of the wind plant from 
one side of the network. However, the algorithm operates reliably 
and tripped faster than the existing relaysFigs. 12 and 13Table 3. 

It worth to mention that protection coordination study is important 
to evaluate the trip settings of any protection algorithm and ensure a 
reliable operation of the system. In the existing power network, pro
tection relays installed upstream downward would be over current relay 
or distance relay followed by differential relay. However, with proposed 
network of 90% IBRs connected to the network conventional relays 
expected to maloperate. Hence, in Fig. 11 network the protection initi
ation assumed to start with the proposed differential based algorithm. 
The proposed scheme considers as unit protection which is defined to 
protect a specific dedicated area of the protected element, unlike the 
other schemes it isolates the minimum area of the faulted element in 
comparison. Voltage components setting and the time interval between 
the proposed scheme devices must be ensured to guarantee a successful 
and reliable operation. 

Usually, unit protection needs no coordination with other relays 
downward, However, If the proposed scheme operation fails in terms of 
operation time exceeded the minimum coordinating time, typically 1-2 
cycles, or communication link lost, the operation will move mostly to the 
backup protection of the modified zone 2 distance relay with a direc
tional comparison relay proposed in [10]. 

5. Conclusion 

In this paper, a novel differential protection-based voltage compo
nent is proposed. The fault detection parameter is determined by the 
ratio between the difference and summation of both ends voltages of the 
protected line. The setting value is highly dependent on the maximum 
measured voltage component, which increases the algorithm operation 
reliability. Comparing to the existing protection schemes used with IBRs, 
the proposed algorithm is:  

- Simple in the application and no need for complex techniques to 
measure, extract or transforming electrical quantities.  

- Low time required for decision making and hence more sensitive 
operation.  

- Operated accurately under high impedance faults, capacitive voltage 
transformer transient and weak source infeed.  

- Having a compatible threshold value makes it easier to set the relay’s 
functionality synchronously without need calculating different set
tings suits different sources strength. 
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Appendix 

A.1. Simple transmission network of Fig. 2 elements rating 

Table. A.1. 

A.2. IEEE 9-bus system’s parameters rating 

Table. A.1Table. A.2. 
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