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Abstract 

In recent decades, the integration of Inverter-Based Resources (IBRs) into power systems has increased significantly to facilitate 

energy decarbonization. Unlike conventional Synchronous Generators (SGs), which have predictable fault responses and fault 

current contributions, IBRs produce limited fault currents, with behaviour highly dependent on the design of their embedded 

controllers. This difference can compromise the performance of conventional protection schemes, which often rely on the fault 

behaviour of SGs. To address this challenge, this paper proposes a novel source-independent protection method for transmission 

lines energised from networks with high proportion of IBRs. The approach is based on the inherent characteristics of the 

protected line, modelled as a two-port network with ABCD parameters. By mathematical modelling of ABCD parameters, the 

local values of voltage and current are estimated using remote measurement data, and then compared with the corresponding 

actual measured values of quantities. During normal operation or in the event of external faults, the estimated and measured 

values exhibit close agreement. In contrast, internal faults cause a marked deviation between the two, signalling a fault in the 

protected line. MATLAB/SIMULINK studies under various fault types, resistances, and locations demonstrate that the method 

outperforms conventional differential protection, and remains unaffected by the line charging current. It also achieves very high 

sensitivity to high impedance faults, making it suitable for future IBR-rich power systems. 

1     Introduction 

Due to the extensive incorporation of renewable energy 

resources in modern power systems, several challenges have 

been identified in technical literature. The review papers on 

protection challenges such as  [1] and [2] assert that existing 

protection principles based on the fault characteristics of 

synchronous generators will face significant challenges, 

including distance relays, directional elements, differential 

relays, phase selectors, and overcurrent relays, due to the 

unique responses of RESs to faults. Papers [3] and [4] address 

such problems and offer some solutions relating to 

transmission line protection with inverter-based resources 

(IBRs), where low-magnitude, often unpredictable, fault 

currents undermine conventional schemes. Proposed solutions 

include optimised relay settings, weak-infeed undervoltage 

logic, and communication-assisted schemes that can mitigate 

the IBR-related effects and maintain good level of security and 

dependability. 

The existing conventional protection schemes mostly include 

some form or combination of overcurrent, differential, and/or 

distance protection methods. The effectiveness of overcurrent 

protection is reduced in systems with high penetration of 

inverter-based resources (IBRs) because their control 

strategies limit and vary the fault current contribution. As 

highlighted in [5], the reduced negative-sequence current 

levels from IBRs create challenges in configuring protection 

settings: a pickup threshold set too low may result in 

unintended operation under normal unbalanced loading. At the 

same time, a threshold set too high may cause the relay to fail 

to detect genuine faults.  

The disadvantages of differential protection in IBR-dominated 

networks have been addressed in several papers, which include 

synchronisation problems, cybersecurity measures, relation to 

the distribution capacitance and loads condition, weak infeed 

challenge, and T-off power lines consideration issues [6][7]. 

Some challenges of conventional distance protection 

mentioned in [8]  and [9], are their low and angle-controlled 

short-circuit currents, weak or erratic negative-sequence 

components, and frequency deviations, which undermine 

traditional impedance and sequence-based functions. 

Combined with rapid internal voltage changes and variable 

pre-fault load flow, these effects distort apparent impedance 

and reduce the dependability of conventional distance relays. 

Paper [10] also states that Power-electronic controls produce 

non-homogeneous fault characteristics, while generation 

variability alters pre-fault voltages and currents, undermining 

relay accuracy. Fault-current limitation and converter-driven 

impedance modulation distort the source impedance ratio and 

apparent impedance seen by the relay. Together with large 

fault-resistance settings, these effects heighten the risk of load 

encroachment and reduce the dependability and security of 

traditional Zone-1 distance protection. 

The proposed method eliminates the need to account for 

charging current and does not heavily rely on synchronized 
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phasor measurements, thereby simplifying implementation. 

Unlike many conventional protection schemes that fail to 

respond to high-impedance faults, the method remains 

effective, ensuring improved fault coverage. 

Since the approach depends only on the transmission line 

behaviour, it operates reliably regardless of source strength or 

dynamics, making it particularly promising for inverter-based 

resource (IBR) dominated networks. 

2     Source Independent Protection Scheme 

2.1 Operating principle and key assumptions  

In the proposed source‐independent protection scheme, the 

focus is on the behaviour of the protected element rather than 

the behaviour of the source which energises the protected 

component. In principle, the protected element may be a 

transformer, transmission line, or any other network 

component requiring protection. In this paper, transmission 

lines are used as a representative example and to demonstrate 

the potential effectiveness of the scheme. 

The fundamental idea of the source independent scheme is to 

employ a sufficiently accurate mathematical model of the 

protected component to verify continuously in real-time if the 

observed behaviour, derived from on the measured signals at 

the component’s terminals (typically currents and voltages), is 

consistent with the model of the correct behaviour. Whenever 

an inconsistency occurs, the component is assumed to be 

faulty, and therefore, must be isolated from the system. 

Applying this idea to a transmission line, the dual port model 

with ABCD parameters can be used to represent the correct 

behaviour of a line under study. These parameters are derived 

from the line electrical parameters, resistance (R), inductance 

(L), capacitance (C), and conductance (G). The ABCD 

representation defines the relationship between sending-end 

and receiving-end voltages and currents, which in this case 

forms the basis of fault detection method. For medium and 

long transmission lines (i.e., longer than 80 km), the shunt 

capacitance is an essential component which maintains 

accuracy and captures transient behaviour realistically. At the 

same time, leakage conductance is typically negligible. In 

contrast, for short transmission lines, both line capacitance and 

conductance are generally neglected.  

Using the electrical parameters, the protection algorithm can 

establish if the relations between the observed currents and 

voltages is consistent with the line model. Any significant 

deviation between calculated and measured values is 

interpreted as a fault. Once a disturbance is detected, further 

analysis of the derived quantities can also facilitate 

classification of the fault type (single line-to-ground, double 

line, three-phase, etc.) and accurate location. This analytical 

framework enables reliable and selective fault identification 

regardless of the nature or configuration of the source. 

2.2 Transmission line model 

It is convenient to represent a transmission line using the two-

port network shown in Fig. 1, where 𝑉1 and 𝐼1  represent the 

sending-end voltage and current, and 𝑉2 and 𝐼2 represent the 

receiving-end quantities [11]. 

 
 

Fig. 1: Two-port transmission line model 

 

The circuit in Fig. 1 represents a medium transmission line, 

typically ranging from 80 to 250 km, it is common to lump the 

total shunt capacitance and locate half at each end of the line. 

Such a circuit is also called a nominal Π  circuit. The 

parameters shown in Fig. 2 are defined as follows:  

𝑧 = R + 𝑗𝜔L         - series impedance per unit length 

𝑦 = G + 𝑗𝜔C        - shunt admittance per unit length 

𝑍 = 𝑧𝑙                   - total series impedance 

𝑌 = 𝑦𝑙                   - total shunt admittance 

l  - line length          

To obtain the 𝐴𝐵𝐶𝐷 parameters of the dual port model, the 

Kirchhoff’s Current (KCL) and voltage (KVL) laws can be 

used. 

 

Fig. 2: Medium length transmission line model 

 

The relationship between the sending and receiving end 

quantities is given by:  

𝑉1 = 𝑉2 + 𝑍 (𝐼2 +
𝑉2𝑌

2
)

      = (1 +
𝑌𝑍

2
) 𝑉2 + 𝑍 𝐼2 (1)

 

Also, using a KCL, the second equation can be written for the 

sending end current, 

𝐼1 = 𝐼2 +
𝑉2𝑌

2
+

𝑉1𝑌

2
(2) 

Using (1) in (2),  

𝐼1 = 𝐼2 +
𝑉2𝑌

2
+ [(1 +

 𝑌𝑍

2
) 𝑉2 + 𝑍𝐼2]

𝑌

2
 

= 𝑌 (1 +
𝑌𝑍

4
) 𝑉2 + (1 +

𝑌𝑍

2
) 𝐼2 (3) 

 

The expressions (1) and (3) for 𝑉1 and 𝐼1 can be written in the 

matrix form (4): 

[
𝑉1

𝐼1
] = [

𝐴 𝐵
𝐶 𝐷

] [
𝑉2

𝐼2
] (4)
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where:  

𝐴 = 𝐷 = 1 +
𝑌𝑍

2
      (5) 

𝐵 = 𝑍                            (6) 

𝐶 = 𝑌 (1 +
𝑌𝑍

4
)         (7) 

As can be seen, the constants 𝐴, 𝐵, 𝐶 and 𝐷 are derived from 

the transmission line parameters, namely series impedance 𝑍 

and shunt admittance 𝑌. In the general case, 𝐴, 𝐵, 𝐶 and 𝐷 are 

complex numbers. 𝐴 and 𝐷, are dimensionless, 𝐵 has units of 

Ω, and 𝐶 has units of Siemens (i.e., 1/Ω). 

2.3 Implementation of the source independent method 

In this study the ABCD model of correct behaviour of a 

transmission line has been implemented to facilitate the source 

independent protection method in the following way: 

1) The measured receiving end voltage and current phasors 

𝑉2, 𝐼2 are used to estimate the expected local quantities 

𝑉1(𝑒𝑠𝑡), 𝐼1(𝑒𝑠𝑡) according to equations (4). 

2) The values 𝑉1(𝑒𝑠𝑡), 𝐼1(𝑒𝑠𝑡) are used to estimate the value of 

sending end real power as 𝑃1(𝑒𝑠𝑡) = ℜ{𝑉1(𝑒𝑠𝑡)𝐼1(𝑒𝑠𝑡)
∗ } 

3) The measured sending end power is calculated as 

𝑃1 = ℜ{𝑉1𝐼1
∗}  

4) The difference between the measured and estimated 

value of the sending end real power Δ𝑃 = |𝑃1 − 𝑃1(𝑒𝑠𝑡)| 

is used as an operating quantity. 

5) The relay operates when the value of Δ𝑃  exceeds the 

preset threshold Δ𝑃𝑠𝑒𝑡 

A low-pass filter with a 350 Hz cut-off and 0.707 damping was 

chosen to suppress high-frequency transients while preserving 

fundamental and low-order harmonics when calculating Δ𝑃. 

An additional short time delay of 9 ms is also added to prevent 

spurious operation during transients caused by external fault 

and/or other switching events. It should be noted that the value 

of Δ𝑃𝑠𝑒𝑡  needs to be chosen carefully to achieve the 

appropriate balance between dependability and security of 

transmission line protection. 

3     Method Validation and Testing  

3.1 Test System 

The test system employed in this study is illustrated in Fig. 3. 

It consists of a 275 kV, 100 km transmission line energised 

from both ends: 𝑉1, 𝐼1 and 𝑉2, 𝐼2 representing the sending end 

and receiving end voltages and currents respectively. The 

parameters considered are summarized in Table 1. 

 

Fig. 3: Test system with 100 km line 

Table 1: Parameters of the test system 

Network Parameter Value(s) 

Nominal Voltage 275 kV 

Line Length 100 km 

Per unit length positive and 

zero sequence resistance of 

the line 

𝑅12  =  0.0378 Ω km⁄ , 
𝑅0 = 0.159 Ω/km 

Per unit length positive and 

zero sequence inductance of 

the line 

𝐿12 = 1.324 mH km⁄ , 
𝐿0 = 3.202 mH/km 

Per unit length positive and 

zero sequence capacitance of 

the line 

𝐶12 = 8.964 nF/km, 
𝐶0 = 6.48 nF/km 

Fault level and X/R ratio at 

bus B1 

5000 MVA, X/R = 7 

Fault level and X/R ratio at 

bus B2 

5000 MVA, X/R = 7 

 

3.2 Threshold selection for source independent protection 

As outlined in section 2.3, the source independent protection 

method establishes its tripping threshold from the difference 

between the measured and estimated sending-end real power. 

In the tests presented in this paper the value of 𝛥𝑃𝑠𝑒𝑡 =
24 MW has been selected taking the worst-case scenario of a 

three-phase external fault as a reference. During such an event 

the peak value of power mismatch Δ𝑃 was approximately 16 

MW. Assuming an additional security margin of 50%, the 

setting Δ𝑃𝑠𝑒𝑡 = 24 MW  was calculated using equation (9). 

This setting provides a robust margin above the maximum 

external fault power, ensuring high security and minimizing 

the risk of false tripping. In practical applications the security 

margin may be selected higher (or lower) as considered 

appropriate. The setting selected in this way ensures high level 

of sensitivity for typical internal fault scenarios. The choice 

also accounts for measurement uncertainties and system 

variations, making the scheme more reliable under practical 

operating conditions. 

            Δ𝑃𝑠𝑒𝑡 = Δ𝑃𝐸𝑥𝑡−𝑚𝑎𝑥 ⋅ (1 +
𝑀

100
)                     (9)  

 where:  

 Δ𝑃𝐸𝑥𝑡−𝑚𝑎𝑥 − maximum value of error-power signal during 

external fault 

 𝑀  − safety margin in % 

3.3 Differential Protection Model 

For comparison, a conventional differential protection scheme 

has also been modelled and included in testing. 

The basis of 'Differential Protection' is to detect the difference 

in currents measured at the sending and receiving terminals of 

the protected unit. When a fault occurs within the protected 

zone, the CT secondary currents do not balance as they would 

in a through-fault condition. The difference in currents will 
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flow through the relay. The means of communication between 

relays is an important concern in unit protection, and this is 

typically accomplished utilizing fibre-optic-based digital 

technology [12]. 

The key limiting factor in differential protection is the 

presence of spill current (undesirable differential current) 

which increases under heavy through fault conditions due to 

instrument transformer errors and is also caused by any 

existing shunt elements within the protected zone. The relay’s 

operating threshold always needs to be higher than the 

expected spill current which unavoidably reduces sensitivity 

of the scheme. To mitigate this, differential relays use biasing 

which increases the operating threshold with the current 

magnitude: low bias at low currents gives high sensitivity to 

high impedance internal faults, while high bias at high currents 

prevents false tripping during heavy through-fault conditions. 

Fig. 4 shows a typical biased differential protection 

characteristic, which defines operating and restraining regions 

based on two quantities: differential current 𝐼𝑑𝑖𝑓𝑓, and bias (or 

restraining) current 𝐼𝑏𝑖𝑎𝑠. The relay operates when following 

condition (10) is met: 

𝐼𝑑𝑖𝑓𝑓 > 𝐼𝑆 + 𝑘𝐼𝑏𝑖𝑎𝑠   (10) 

where,  

𝐼𝑆 − minimum pick-up current, 

𝑘 − bias slope, determines how much restraint is applied, 

𝐼𝑏𝑖𝑎𝑠 − bias current, calculated as 𝐼𝑏𝑖𝑎𝑠 =
|𝐼1|+|𝐼2|

2
, 

𝐼𝑑𝑖𝑓𝑓 − differential current, defined as 𝐼𝑑𝑖𝑓𝑓 = |𝐼1 + 𝐼2| 

Here 𝐼1 and 𝐼2, are the currents measured at the two ends of the 

line. 

 
Fig. 4: Biased characteristic of a differential relay 

The parameter k is the bias slope, which increases restraint as 

the through current rises. At low bias current, the relay is 

highly sensitive to internal faults, while at higher bias current, 

the increased restraint prevents false tripping during external 

faults. 

3.4 Settings for conventional differential 

The settings used for the conventional differential scheme in 

this comparison are as follows: 

𝐼𝑆 = 0.2 A, 

Slope k = 0.5, 

CT ratio = 2000:1. 

 

These values are based on the typical industry practices and 

manufacturer recommendations for high-voltage systems, 

such as 275 kV transmission lines. These values are widely 

adopted because they provide a balance between sensitivity to 

internal faults and security against external disturbances, 

aligning with IEC and IEEE guidelines for differential 

protection. 

4 Test Results 

The test scenarios performed on the two protection models 

included both sensitivity and stability assessment. The 

sensitivity test included systematic simulation of internal 

faults on the protected line under changing fault positions, and 

with increasing resistance of the fault. The stability (security 

test) included the worst-case, bolted, three-phase, low 

impedance external fault.  

4.1 Internal fault analysis of the source independent scheme 

Fig. 5 presents the dependability test results for the source 

independent scheme under varying fault positions, and with 

changing fault resistance. Faults were simulated at 10 km 

intervals from the sending end, and the trip time was recorded. 

 

Fig. 5: Relay operating time for source independent scheme 

For low resistance (100 Ω), the trip time remains nearly 

constant at about 0.01s across all positions. For higher 

resistances (500 Ω and above), the trip time is markedly longer 

but still within the acceptable range for transmission line 

application. In terms of fault position along the line the 

operating time is nearly constant. 

This shows both very high levels of sensitivity as well as very 

fast operating times under all studied conditions. 

4.2 Internal fault analysis for conventional differential scheme 

The relay operating times obtained for the conventional biased 

differential scheme under the same test conditions are 

presented in Fig. 6. 
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Fig. 6: Trip time for conventional differential scheme  

The scheme performs reliably, providing fast and consistent 

response along the whole length of the line. However, as fault 

resistance increases and the tripping time increases, for high 

resistance values beyond 250 Ω, the protection fails to operate 

altogether. 

To further investigate the operational sensitivity limits of the 

two schemes, a series of tests with gradually increasing 

resistance, at fixed fault position of 50 km, were performed. 

The outcome is presented in Fig. 7. It can be observed that even 

though the differential scheme appears faster for low 

resistance faults below 100 Ω, the proposed scheme has a far 

superior sensitivity, detecting faults up to 2100 Ω, compared 

to the differential scheme which stops operating above 250 Ω. 

 

Fig. 7: Comparison of fault resistance sensitivity (fault 

applied at 50 km) 

4.3 External fault analysis – protection security 

Under the external three-phase-to-ground fault scenario, the 

proposed protection scheme as well as the conventional 

differential scheme, remained stable, demonstrating high level 

of security. The absence of false tripping ensures that the 

scheme meets the fundamental requirement of selectivity, 

thereby confirming its reliability for practical deployment. 

5 Key Observations and Conclusions 

The performance of the proposed method has been tested in 

MATLAB/SIMULINK across a wide variety of fault 

resistances and fault locations, as well as considering the 

worst-case scenarios to verify security. From the analysis of 

the test results, it was observed that: 

• Compared to the conventional differential protection, the 

proposed method is not affected by the line charging 

current or any other shunt currents since the estimated 

quantities are derived from the accurate line model itself. 

Therefore, no additional logic, compensation or increased 

biasing is needed to mitigate the effects of the spill current, 

simplifying implementation and improving overall 

reliability.  

• Performance of the proposed method in principle is 

unaffected by the type of generation sources energising the 

system, whether SGs or IBRs, since it relies solely on the 

inherent characteristics of the protected line, albeit this 

aspect still remains to be fully validated through systematic 

testing. 

• The proposed method demonstrates very high sensitivity in 

detecting high impedance faults and can operate 

successfully with fault resistances reaching 2000 Ω, as 

demonstrated in this study. 

In addition to the findings presented, several aspects remain 

for future investigation to enhance the robustness and 

applicability of the proposed scheme: 

• Even though the proposed method uses both voltage and 

current measurements (6 signals at each end), the 

comparison approach which makes use of the calculated 

real power, has the same communication bandwidth 

requirements to that of a conventional differential scheme, 

i.e., three signals in a three-phase application case. 

• The study presented in this paper covers the three-phase 

balanced faults only as the line model utilises the positive 

sequence parameters only. In the next phase of this work 

the method will be extended by the addition of the zero 

sequence ABCD line model which will allow the reliable 

detection of both balanced and unbalanced faults. 

• The impact of varying renewable penetration levels, 

detailed modelling of grid-connected inverter topologies 

and their control parameters, as well as the influence of 

harmonics injected by power electronic converters on the 

protection scheme will be systematically analysed.  If 

mitigation through filtering is required, the type and 

parameters of such filters will be specified.  
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