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DESIGN AND SIMULATION OF QUADRILATERAL RELAYS 

IN AC TRANSMISSION LINES WITH VSC-BASED HVDC 

SYSTEMS UNDER PHASE-TO-GROUND FAULT 

CONDITION 
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Voltage source converters (VSC)-based high voltage direct current (HVDC) 

transmission system can be used to integrate the offshore wind power generation 

with an AC grid. Due to the interconnection of VSC-HVDC system with the AC grid, 

an operation of distance relays might get affected. Also, fault resistance plays a 

significant role in the performance of ground relays. The ground faults have higher 

fault resistance causes the accuracy of the ground relay gets affected significantly. 

In this paper, the three-zone quadrilateral characteristic-based distance relay is 

designed to protect the AC transmission lines under phase-to-ground fault with fault 

resistance. Simulation studies are carried out to test the performance of the 

quadrilateral relay under phase-to-ground fault including various fault resistance 

cases in an AC transmission line with the effect of VSC-HVDC system. The impact of 

the dynamic conditions of the VSC-HVDC system on the performance of the 

quadrilateral relays under phase-to-ground fault with fault resistance cases is 

presented. Also, the performance comparison of the quadrilateral relay with the 

mho relay under such conditions is presented. 

Keywords: Ground Faults, Distance Relays, High Voltage Direct Current 

(HVDC), Voltage Source Converters (VSC). 

 

1. Introduction 

Under the present scenario in power system, developing a protection 

scheme for AC transmission line is very challenging since the power electronics 

devices such as flexible AC transmission systems (FACTS) and voltage source 

converters (VSC)-based high voltage direct current (HVDC) systems are 

penetrated to the AC system due to the requirement of high-power renewables 

integration with the existing AC grid. 

The fault resistance affects the performance of the distance relay since the 

distance between the relay location and fault point is not necessarily proportional 
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to the impedance seen by the relay. In such condition, the conventional distance 

relay cannot give the accurate fault detection in an AC transmission line. 

The numerical relay can be applied for the protection of high voltage (HV) 

transmission line since the conventional distance relay takes the decision based on 

the local measurements only such as AC voltage and current measured at the relay 

location. Therefore, the numerical relay with quadrilateral characteristics might be 

an excellent option to protect the AC transmission line where the resistance and 

reactance can be altered according to the system. 

The authors of [1] have proposed a new compensation method to avoid the 

underreach problem for ground relays based on the calculation of fault resistance. 

Also, the performance of the quadrilateral characteristic-based relay is analysed in 

a 500-kV power system under symmetrical and unsymmetrical fault cases with 

the effect of fault resistance up to 300 Ω using electromagnetic transients’ 

program (EMTP). In [2], a new Bergeron distance relay scheme is presented for 

the 1000-kV ultra-high voltage (UHV) line using the distributed parameter line 

model. 

In [3], the performance of the mho and quadrilateral characteristic-based 

relays are analysed under faults with different fault resistance in an IEEE 39 bus 

10 generator test system using PSCAD/EMTDC simulation. The new method for 

resistive reach setting of quadrilateral characteristics is presented in [4]. The 

authors of [5] have proposed a new adaptive distance protection scheme based on 

the complex impedance plane, which is immune to the fault resistance, applicable 

to the various type of faults and adaptable to different operating conditions in a 

500-kV transmission system. 

In [6], the performance of the mho characteristic-based distance relay has 

analysed in a 400-kV transmission line with static var compensators (SVC) such 

as thyristor-controlled reactor (TCR) and thyristor switched capacitor (TSC). The 

authors of [7] have presented the effect of unified power flow controller (UPFC) 

on the performance of the mho and quadrilateral characteristic relays in a 230-kV 

transmission line. It was showed that the mho relay gives the underreaching and 

overreaching problems under high resistance fault on a UPFC compensated lines 

where the quadrilateral relay provides better performance. However, the 

quadrilateral relay also mal-operates under the case of very high fault resistance 

and capacitive reactive power exchange via UPFC. In such cases, it was suggested 

that the adaptive methods might provide a better solution to the compensated 

transmission line. 

Researchers [8]–[10] have presented the impact of HVDC system on 

distance protection of transmission line. However, the dynamic operating 

conditions of the VSC-HVDC system and its influence on the performance of the 

distance relay is not reported. The authors of [11] have evaluated the performance 

of the distance relay with the effect of VSC-based HVDC system including the 
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dynamic operating conditions of the VSC. But it was used the mho characteristic-

based distance relay which is not suitable for the phase-to-ground fault with high 

resistance cases. References [12]–[14] have analysed the dynamic impact of the 

VSC-HVDC system on the quadrilateral characteristic-based distance relay in an 

AC transmission line. However, the reach setting of the quadrilateral 

characteristics might be different for the phase and ground fault relays since the 

variation of the fault resistance is more significant for the phase-to-ground fault 

cases when compared to the phase-to-phase fault cases. 

In this paper, the quadrilateral characteristic-based distance relay is 

designed, and its simulation studies are carried out to test the performance under 

phase-to-ground fault with the consideration of fault resistance up to 100 Ω in an 

AC transmission line with the effect of VSC-based HVDC transmission system. 

In addition, the impact of the dynamic conditions of the VSC-HVDC system on 

the performance of the quadrilateral relays under phase-to-ground fault with fault 

resistance cases is presented. Also, the comparison of the quadrilateral relays with 

the mho relays under such conditions are presented. 

2. Study System 

The 3-bus system with VSC-based HVDC transmission system linked 

offshore wind farm is shown in Fig. 1. 
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Fig. 1. 3-bus system with VSC-HVDC linked offshore wind farms. 

In this test system, the 420 kV, 50 Hz source connected each other via the 

3-bus system. The load angle between the two sources is 20˚. The length of each 
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transmission line (i.e., Line 1 and 2) is 200 km. The distance relay R12 is located 

in-between bus-1 and bus-2. The offshore wind farms are connected to the bus-2 

terminal of the 3-bus system through VSC-based HVDC system. 
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Fig. 2. Decoupled d-q control strategy for VSC-HVDC. 

 

Fig. 2 shows the decoupled d-q control model for the two-level VSC 

which is used at both sides of the HVDC station (i.e., VSC1 and VSC2). The 

decoupled d-q control contains inner loop control which is independently 

controlling the active and reactive power, and outer loop control such as AC 

voltage (Vac), active power (P) and DC voltage (Vdc) controller. In this control 

scheme, the d-axis of the rotor reference frame is aligned with the AC voltage 

vector, and q-axis is lagging d-axis by 90˚. The decoupled d-q control strategy is 

developed based on the following relations. The AC voltage (Vac) in the d-q frame 

is given by, 

                                                                     (1)   

                                                                     (2) 

where,  and  are the converter voltage in the d-q frame,  and  are the 

AC current in the d-q frame, and  is the supply frequency. The active power ( ) 

and DC voltage ( ) can be expressed by, 

                                                                                        (3) 

                                                                                                    (4) 

where,  is the DC current [15]–[18]. 
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3. Design of Quadrilateral Relays 

When the phase-to-ground fault occurs in a system, the fault resistance 

will be the considerable factors since it introduces an underreach problem in the 

distance relay. Numerical distance relay with the quadrilateral characteristics can 

be applied to protect the high voltage AC transmission line under such condition 

since the setting of the resistance and reactance of the characteristics can be 

altered accordingly. The three-zone quadrilateral characteristic-based distance 

relay is shown in Fig. 3. The design of the quadrilateral characteristics for Zone-1, 

Zone-2 and Zone-3 relay has been implemented with the help of references [2], 

[14], [19] and details of design procedure followed in presently is briefed 

following subsections. 
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Fig. 3. Three-zone quadrilateral characteristic-based relay. 

3.1 Zone-1 Setting 

Consider the protection zones are designed for relay R12 which is indicated 

in Fig. 1. Zone-1 relay is designed to protect the 80% of the primary line (i.e., 

Line 1 as indicated in Fig. 1) without intentional time delay. The reactive reach of 

Zone-1 relay is considered as 80% reactance (0.8×X) of the primary line 

impedance (ZLine1=R+jX). The resistive reach of Zone-1 relay consists of the 80 % 

resistance (0.8×R) of the primary line impedance and the additional resistive 

coverage of 70 Ω to overcome the problem of Zone-1 high resistance faults. 

The reactance line in the first quadrant of the R-X plane is set to decline 7˚ 

(i.e., α1=7˚) with respect to the resistance line in order to overcome the steady 

state overreach problem due to resistive faults. The relay characteristic is extended 

in the second and fourth quadrant of the R-X plane with the slope of 15˚ (i.e., α3 

and α4 is 15˚) to perform the correct operation during close-in high resistance 

faults. The resistance line in the first quadrant of the R-X plane is designed with 
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the slope of 65˚ (i.e., α2=65˚) to avoid incorrect tripping during high load 

conditions. The calculation used for zone-1 setting has given below: 

The positive sequence impedance is given by, 

                                                                     (5) 

                                                         (6)                                                                            

The zero-sequence impedance is given by, 

                                                                    (7) 

                                                        (8)               

The positive sequence impedance for the Line 1 (i.e., 200 km) is given by, 

 

                                                                           (9) 

     ZLine1 = R+jX                 (10) 

Using (9), Zone-1 reach setting is calculated by, 

 

 

                                                                (11) 

Reactive reach of Zone-1 relay (Xset1) is calculated by, 

                                                                         (12) 

Resistive reach of Zone-1 relay (Rset1) is calculated by, 

                                                       (13) 

3.2 Zone-2 Setting 

Zone-2 relay is designed to protect the 120% of the primary line (i.e., Line 

1 which is indicated in Fig. 1) with the time delay of 20 cycles (i.e., 0.4 seconds). 

The reactive reach of Zone-2 relay is considered as 120% reactance (1.2×X) of the 

primary line impedance (ZLine1=R+jX). The resistive reach of Zone-2 relay 

consists of the 120 % resistance (1.2×R) of the primary line impedance and the 

additional resistive coverage of 100 Ω to cover the Zone-2 high resistance faults. 

The calculation used for the zone-2 setting has given below: 

Using (9), Zone-2 reach setting is calculated by, 

 

 

                                                              (14) 

Reactive reach of Zone-2 relay (Xset2) is calculated by, 

                                                                        (15) 
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Resistive reach of Zone-2 relay (Rset2) is calculated by, 

                            (16) 

3.3 Zone-3 Setting 

Zone-3 relay is designed to protect the 220% of the primary line (i.e., Line 

1 as indicated in Fig. 1) with the time delay of 1 second. The reactive reach of 

Zone-3 relay is considered as 220% reactance (2.2×X) of the primary line 

impedance (ZLine1=R+jX). The resistive reach of Zone-3 relay consists of the 220 

% resistance (2.2×R) of the primary line impedance and the additional resistive 

coverage of 200 Ω to cover the Zone-3 high resistance faults. The calculation used 

for the zone-3 setting has given below: 

Using (9), Zone-3 reach setting is calculated by, 

 

 

                                                            (17) 

Reactive reach of Zone-3 relay (Xset3) is calculated by, 

                                                (18) 

Resistive reach of Zone-3 relay (Rset3) is calculated by, 

                            (19) 

4. Simulation Studies 

In this section, simulation studies are carried out to analyse the 

performance of the quadrilateral relays under the phase-to-ground fault in the 3-

bus system with the effect of VSC-based HVDC transmission systems. The 

ground faults in all three zones are considered for the simulation study. Also, the 

effect of fault resistance on the quadrilateral relays and its comparison with the 

mho relay is presented. The simulation studies are carried out using 

PSCAD/EMTDC software. 

4.1 Phase-to-Ground Fault condition 

In this case, the performance of the Zone-1, Zone-2 and Zone-3 operation 

of the quadrilateral relay is analysed under phase A to ground (A-G) fault which 

occurs at 150 km, 230 km and 380 km distance from the relay R12 location (i.e., 

Bus-1 terminal) in the 3-bus system for both without and with VSC-HVDC cases. 

The performance of the quadrilateral relay R12 under A-G fault condition has 

shown in Fig. 4. Table 1 shows the apparent impedance measured by the relay R12 

under A-G fault condition. 
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In case of fault on Zone-1 area of the relay R12, the apparent impedance 

seen by the relay has not changed for both without and with VSC-HVDC cases. 

But in the case of fault on Zone-2 and Zone-3 area of the relay R12, the apparent 

impedance seen by the relay has increased significantly when the VSC-HVDC is 

connected at the bus-2 terminal of the 3-bus system which can be seen from Fig. 4 

and Table 1. 

 

(a) Zone-1 fault (fault at 150 km distance from the relay location). 

 

(b) Zone-2 fault (fault at 230 km distance from the relay location). 
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(c) Zone-3 fault (fault at 380 km distance from the relay location). 

Fig. 4. The performance of the quadrilateral relay R12 under A-G fault in the 3-bus system for both 

without and with VSC-HVDC cases. 
 

Table 1.  

The apparent impedance (Za) seen by the relay R12 under A-G fault condition 

Fault 

Location 

Za (Ω)  

(without VSC-HVDC) 

Za (Ω)  

(with VSC-HVDC) 

Zone-1 64.08 85.42˚ 64.05 85.44˚ 

Zone-2 99.10 85.53˚ 106.32 84.72˚ 

Zone-3 168.82 85.42˚ 223 79.68˚ 

 

Due to the interconnection of VSC-HVDC into the AC system, the 

impedance viewed by the relay for Zone-2 and Zone-3 fault has gone outside the 

Zone-2 and Zone-3 area of the relay which can lead to the maloperation of the 

relay. In such cases, adaptive reactive reach setting of the quadrilateral relay or 

adjusting the reactive power of VSC during fault period might work well since the 

reactive power of the AC network is varied due to the interconnection of VSC-

HVDC system. 

4.2 Step Change in VSC2 AC voltage Reference Input during Phase-

to-Ground Fault Condition 

In this case, the performance of the Zone-2 and Zone-3 quadrilateral relay 

is analyzed under A-G fault at 230 km and 380 km distance from the relay 

location in the 3-bus system with VSC-HVDC and step variation of reference AC 

voltage (Vacref) of decoupled d-q control of grid side VSC (i.e., VSC2) during fault 

period. The performance of the Zone-2 and Zone-3 relay has shown in Fig. 5.  
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(a) Zone-2 fault (fault at 230 km distance from the relay location). 

 

(b) Zone-3 fault (fault at 380 km distance from the relay location). 

Fig. 5. The performance of quadrilateral relay R12 under A-G fault in the 3-bus system with VSC-

HVDC and step variation of Vacref of VSC2 from 1.0 to 0.8 per unit during fault period. 

Table 2.  

Apparent impedance (Za) seen by the relay R12 under A-G fault condition in the 3-bus system 

with VSC-HVDC. 

Fault 

Location 

Za (Ω)  

(Vacref = 1.0 per unit) 

Za (Ω)  

(Vacref = 0.8 per unit) 

Zone-2 106.32 84.72˚ 97.54 84.19˚ 

Zone-3 223 79.68˚ 123 74.81˚ 

 

When the Vacref is step changed from 1.0 to 0.8 per unit during fault 

period, the apparent impedance seen by the relay has reduced which can be seen 

from Fig. 5 and Table 2. Due to this reduction of apparent impedance measured 

by the relay, the impedance trajectory has located inside the protection zones. 

Therefore, Zone-2 and Zone-3 relay will issue the trip decision for the fault at 230 
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km and 380 km distance from the relay point. From the simulation results, it is 

observed that the maloperation of the backup relay can be resolved by altering the 

reactive power of the system using the variation of the reference AC voltage 

(Vacref) of decoupled d-q control of grid side VSC. 

4.3 Phase-to-Ground Fault with Fault Resistance Effect on Mho and 

Quadrilateral Relay 

4.3.1 Case 1: Zone-1 Fault 

In this case, the performance of the Zone-1 mho and quadrilateral relay is 

analyzed under phase A to ground fault (A-G) with various fault resistance (Rf) 

which occurs at 150 km distance from the relay R12 location in the 3-bus system 

with VSC-HVDC. The fault resistance is considered as 0 to 100 Ω with 20 Ω 

increments for the simulation study. The comparison of Zone-1 mho and 

quadrilateral relay has shown in Fig. 6. For Zone-1 mho relay, 80 % of the 

primary line impedance has considered for the Zone-1 setting without intentional 

time delay. 

The effect of fault resistance on the three-zone quadrilateral relay has 

shown in Fig. 6 (a). The impedance trajectory of all the fault cases (i.e., A-G fault 

with fault resistance varies from 0 to 100 Ω) falls within the relay characteristics. 

But, in the case of Zone-1 mho relay, the impedance trajectory of A-G fault with 

Rf = 0 Ω case only falls within the relay characteristics which is indicated in Fig. 6 

(b). When fault resistance increases, the impedance trajectory has moved in the 

positive resistance axis which leads to the maloperation of the mho relay. In such 

cases, the Zone-1 quadrilateral relay has given better performance since the 

resistive reach of the characteristics has changed according to the system. 
 

 

(a) Effect of fault resistance on three-zone quadrilateral relay. 
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(b) Zone-1 mho and quadrilateral relay. 

Fig. 6. Comparison of Zone-1 mho and quadrilateral relay R12 under A-G fault with various fault 

resistance (Rf) at 150 km distance from the relay location (Zone-1 area) in the 3-bus system with 

VSC-HVDC. 

4.3.2 Case 2: Zone-2 Fault 

In this case, the performance of the Zone-2 quadrilateral and mho relay is 

analyzed under the condition of A-G fault with various fault resistance which 

occurs at 230 km distance from the relay location in the 3-bus system with VSC-

HVDC including the variation of Vacref of decoupled d-q control of VSC2. Fig. 7 

shows the performance of the Zone-2 relay under A-G fault with fault resistance 

varies from 0 to 100 Ω when the Vacref of VSC2 is 1.0 per unit. For Zone-2 mho 

relay, 120 % of the primary line impedance is considered for the Zone-2 setting 

with 20 cycles delay. 

 
(a) Effect of fault resistance on three-zone quadrilateral relay. 
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(b) Zone-2 mho and quadrilateral relay. 

Fig. 7. Comparison of Zone-2 mho and quadrilateral relay R12 under A-G fault with various fault 

resistance (Rf) at 230 km distance from the relay location (Zone-2 area) in the 3-bus system with 

VSC-HVDC. (Vacref=1.0 per unit). 

When the fault resistance increases, the impedance trajectory has falling 

inside the Zone-2 quadrilateral relay even the Vacref = 1.0 per unit which is 

indicated in Fig. 7 (a). The comparison of Zone-2 quadrilateral relay with the mho 

relay has presented in Fig. 7 (b). It demonstrates that the impedance trajectory has 

moved in the positive resistance axis of the R-X plane which is not locating inside 

the protection zone of the Zone-2 mho relay when the fault resistance increases. 

Also, the impedance trajectory for the fault with Rf = 0 Ω has not fallen inside the 

Zone-2 mho and quadrilateral relay. 
 

 

(a) Effect of fault resistance on three-zone quadrilateral relay. 
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(b) Zone-2 mho and quadrilateral relay. 

Fig. 8. Comparison of Zone-2 mho and quadrilateral relay R12 under A-G fault with various fault 

resistance (Rf) at 230 km distance from the relay location (Zone-2 area) in the 3-bus system with 

VSC-HVDC and step variation of Vacref of VSC2 from 1.0 to 0.8 per unit during fault period. 

The performance of the Zone-2 mho and quadrilateral relay has shown in 

Fig. 8 when the Vacref of VSC2 is step varied from 1.0 to 0.8 per unit during fault 

period. The fault situation is similar to the previous case. In this case, the 

impedance trajectory for the fault with Rf = 0 Ω has fallen inside the protection 

zone which is indicated in Fig. 8 (a). Also, the decrement rate of the reactance 

value for different fault resistance case is very less when compared to the previous 

case due to the alteration of reactive power using the step variation of Vacref of 

grid side VSC (VSC2) which can be observed from Fig. 7 (b) and 8 (b). 

Table 3. 

Comparison of apparent impedance (Za) seen by the Zone-2 relay R12 for different Vacref of 

VSC2 under A-G fault with different fault resistance (Rf) at 230 km distance from the relay 

location. 

 Rf (Ω) Za (Ω) 

with VSC-HVDC 

(Vacref = 1.0 per unit) 

Za (Ω) 

with VSC-HVDC  

(Vacref = 0.8 per unit) 

0 106.32 84.72˚ 97.54 84.19˚ 

20 107.50 65.89˚  98.63 69.30˚ 

40 113.50 52.19˚ 105.20 57.92˚ 

60 122.11 42.10˚ 114.75 49.93˚ 

80 132.27 34.46˚ 125.59 44.43˚ 

100 143.38 28.69˚ 136.75 40.57˚ 

 

Table 3 shows the comparison of apparent impedance seen by the Zone-2 

relay for different value of Vacref of VSC2 under the condition of A-G fault with 
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various fault resistance which occurs at 230 km distance from the relay location in 

the 3-bus system with VSC-HVDC. When the Vacref is step changed from 1.0 to 

0.8 per unit during fault period, the reactive power of the AC network has varied 

which can lead to the variation of apparent impedance seen by the relay. Hence, 

the Zone-2 relay R12 will trip the line for the fault which occurs on Zone-2 area 

even if the VSC-HVDC is connected in-between the relay location and fault point. 

5. Conclusions 

In this paper, the performance of the numerical distance relay is analysed 

in the 3-bus system with the effect of VSC-based HVDC transmission systems. 

The three-zone quadrilateral and mho relay are designed and modelled in 

PSCAD/EMTDC. Simulation studies are carried out to test the performance of the 

quadrilateral relay in the 3-bus system with the impact of VSC-HVDC system. 

From the simulation results, it is observed that the Zone-2 fault is moved to the 

Zone-3 area and Zone-3 fault has gone outside the boundary of the protection 

zones when the VSC-HVDC is connected at the bus-2 terminal of the 3-bus 

system. Therefore, the correct operation of the backup relay is performed by 

adjusting the reactive power of the system using the variation of the reference AC 

voltage (Vacref) of decoupled d-q control of VSC2. In such cases, adaptive reactive 

reach setting of the quadrilateral relay also may give a better result. The 

performance of the quadrilateral relay is analysed and compared with the mho 

relay under the condition of ground fault with the effect of fault resistance which 

occurs on Zone-1, Zone-2 area of the relay in the 3-bus system with VSC-HVDC 

including the variation of Vacref of VSC2. From the results, it is noticed that the 

impedance trajectory has located inside the protection zones of the quadrilateral 

relay even the fault resistance variation is a large value since the characteristics 

has altered accordingly. The obtained results indicate that the reactance value of 

the measured apparent impedance gets decreased when fault resistance increases 

due to the variation of reactive power which is caused by the interconnection of 

VSC-HVDC. The decrement rate of the reactance value of apparent impedance is 

reduced when the Vacref of VSC2 is step changed from 1.0 to 0.8 per unit during 

the fault period. The studies can be extended to the larger network with the 

interconnection of the multi-terminal VSC-HVDC transmission system linked 

offshore wind farms. Also, the development of the adaptive distance relaying 

scheme for the AC grid with multi-terminal VSC-HVDC transmission system will 

be addressed in the future work since this paper has considered the manual control 

of the AC voltage reference input of decoupled d-q control of the VSC2. 
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