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 Advances in power system protection and the increasing complexity of 

electrical networks have created a growing need for flexible and cost-

effective platforms for testing and validating protection algorithms. 

However, academic laboratories still face a lack of accessible experimental 

platforms allowing researchers to implement and evaluate new protection 

strategies under realistic conditions. This gap is becoming increasingly 

significant with the emergence of artificial intelligence and data-driven 

techniques, which require flexible environments for development, testing, 

and experimental validation. To address this limitation, this work presents 

the modeling and implementation of a dual-mode emulator for minimum 

reactance distance protection of overhead transmission lines, operating in 

both real-time and offline modes. The proposed system acquires and 

processes voltage and current signals to determine the minimum line 

reactance used for fault detection and distance estimation. The developed 

algorithm is evaluated through simulated fault scenarios under different 

operating conditions. Results demonstrate reliable fault detection and 

consistent fault-distance estimation. The dual-mode architecture enables 

both offline analysis of recorded signals and real-time algorithm evaluation. 

The proposed emulator therefore provides a practical, low-cost academic 

platform for research, training, and experimental validation of conventional 

and emerging protection strategies. 
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1. INTRODUCTION  

The protection of high-voltage transmission lines is a fundamental requirement for ensuring the 

reliability, security, and stability of modern electrical power systems. Among the various protection schemes, 

distance protection remains one of the most widely adopted solutions for transmission lines, providing both 

primary and backup protection while offering high selectivity and relatively simple implementation [1]. 

Nevertheless, the increasing complexity of modern power networks and the emergence of new operating 

conditions continue to impose significant challenges on conventional distance protection schemes [2]. 

Distance relays generally determine the location of a fault by evaluating the apparent impedance 

calculated from voltage and current quantities measured at the relay terminal. The measured impedance is 

then compared with predefined protection-zone characteristics to determine whether the fault lies within the 

protected section. Despite the maturity of this principle, the performance of conventional distance protection 

can be affected by network topology, operating conditions, fault characteristics, and measurement 
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uncertainties [3]. These challenges have motivated the development of improved protection and fault-location 

techniques capable of maintaining reliable operation under increasingly complex network conditions [4]. 

One of the major factors affecting impedance-based distance protection is fault resistance. This issue 

is particularly important for single-line-to-ground faults involving resistive fault paths or arcing phenomena. 

The additional resistive component can significantly modify the apparent impedance measured by the relay 

[5]. Consequently, the measured impedance trajectory may be displaced in the R–X plane, potentially 

resulting in protection-zone underreach, overreach, delayed operation, or even relay maloperation [6]. These 

effects can reduce the dependability and selectivity of conventional distance protection, especially when 

accurate and rapid fault clearance is required. 

To mitigate the influence of fault resistance, reactance-based fault-location and protection principles 

provide an attractive alternative to conventional impedance-based approaches. Instead of relying on the 

magnitude of the complete complex impedance, these methods emphasize its reactive component, which is 

strongly associated with the electrical distance between the relay location and the fault point. By reducing the 

contribution of the resistive component to the protection decision, reactance-based approaches can improve 

fault-distance estimation under resistive fault conditions. However, the measured reactance may still be 

affected by network configuration, operating conditions, current distribution, and other sources of reactance 

error; therefore, these effects must be carefully considered when designing the protection algorithm [7]. 

These considerations are particularly relevant for antenna-configured overhead transmission lines, 

where radial line sections are supplied predominantly from one end. In such configurations, accurate 

identification of the faulted section and estimation of the fault location are essential for maintaining 

protection selectivity and preventing unnecessary disconnection of healthy sections. Recent developments in 

transmission-line protection further emphasize the need for robust protection algorithms capable of operating 

reliably under challenging fault and network conditions [8]. 

In parallel with advances in protection algorithms, real-time simulation and hardware-in-the-loop 

testing have become increasingly important for the development and validation of power-system protection 

schemes. These platforms enable protection algorithms and physical relays to be evaluated under controlled 

and repeatable operating conditions before their deployment in actual power networks [9]. They also provide 

considerable educational value by allowing students and researchers to reproduce transmission-line faults, 

configure protection functions, analyze relay responses, and investigate scenarios that would otherwise be 

difficult, expensive, or unsafe to reproduce on real electrical networks [10]. 

Accordingly, the objective of this research is to design and implement a dual-mode emulator for 

minimum-reactance distance protection of antenna-configured overhead transmission lines. The proposed 

system is capable of operating in both real-time and offline modes, thereby combining experimental 

validation and post-processing analysis within a single platform. In real-time mode, the emulator acquires 

and processes electrical quantities to reproduce the behavior of a protection system under actual operating 

conditions, whereas the offline mode enables previously recorded or simulated fault data to be analyzed 

without requiring continuous connection to the experimental setup [11], [12]. The proposed platform is 

therefore intended not only for protection-system development and validation but also as a versatile tool for 

scientific research and academic training. By integrating fault detection, phase identification, minimum-

reactance-based fault localization, and dual-mode operation, the proposed emulator provides a flexible 

environment for evaluating transmission-line protection algorithms under a wide range of controlled fault 

scenarios. 

 

 

2. METHOD  

Overhead lines are composed of bare conductors, placed on insulators and fixed to poles (towers) 

with distances ranging from tens of meters to hundreds of meters. Since these conductors can cause short 

circuits under the action of wind (conductor oscillations), it is necessary to provide sufficient spacing 

between the wires. The ground wire is connected to each tower and grounded to dissipate any atmospheric 

discharges. 

The structure, height, and load-bearing capacity of the supports used for overhead lines vary. These 

include wooden poles, reinforced concrete poles, and concrete towers [13]. Consequently, there are several 

types of overhead line equipment, which differ according to various standards such as location, spacing, 

voltage level, and others. Insulators are used to support the conductors and electrically isolate them from the 

metallic parts of the tower; they can be either suspended or rigidly fixed. Overhead lines (less than 100 

kilometers in length) can be represented by the following equivalent diagram [14]. The equivalent circuit 

used to model an overhead transmission line of less than 100 km is illustrated in Figure 1, showing the main 

electrical parameters considered in the line representation. 
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Figure 1. Equivalent diagram of an overhead line 

 

 

2.1.  Overhead transmission line modeling 

The diagram consists of the effective longitudinal impedance, composed of the per-unit-length 

resistance 𝑅 and the per-unit-length reactance 𝑋 (1), and the effective transverse impedance, composed of the 

per-unit-length susceptance (2). 

 

𝑍 = 𝑅 + 𝑗𝑋 (1) 

 

𝑌 = 𝑗𝐶𝜔 (2) 

 

2.1.1. Measurement of the line characteristics 

Line characteristic tests are more effective when performed on a line already installed on towers, in 

order to take into account the effects of insulators, junctions (jumpers), and environmental conditions. These 

tests are carried out using primary injection test sets specifically designed for this type of measurement [15]. 

Figure 2 illustrates the experimental configuration used for the measurement of high-voltage line 

characteristics, including the connection of the test and measurement equipment at the line terminals.  

As reported in Figure 3, the measurement test of the high-voltage transmission line characteristic 

yielded the essential parameters, including line resistance, reactance, capacitance, and characteristic 

impedance. These results confirm that direct measurement provides the most reliable approach for obtaining 

accurate and precise protection settings. This approach ensures proper calibration of protective relays under 

real operating conditions [16]. 

 

2.1.2. Use of predefined average values 

Figure 4 illustrates the main characteristics of transmission lines as a function of the conductor 

material and its cross-sectional area. These characteristics include the cable cross-sectional area, the type of 

conductor material, the direct resistance per kilometer, the direct reactance per kilometer, the direct 

impedance per kilometer, the power factor, and the permissible current. The values presented in Figure 4 are 

therefore used as reference line parameters for the implementation and validation of the proposed minimum 

reactance-based distance protection method. 

 

 

 
 

Figure 2. Measured characteristic of high voltage line 
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Figure 3. Measured characteristic values of a 60 kV line 
 

 

 
 

Figure 4. Average values of transmission line characteristics 
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2.2.  Short line model 

The capacitance can be neglected without significant error if the lines are less than 100 kilometers in 

length or if the voltage level does not exceed 66 kV. The short line model per phase is illustrated in Figure 5. 

It is a simple series circuit. The relationship between the current and the voltage on the line (between the 

source and the load) can be expressed as (3). 

 

[
𝑉̅𝑆

𝐼𝑆̅

] = [
𝐴 𝐵
𝐶 𝐷

] [
𝑉̅𝑅

𝐼𝑅̅

] (3) 

 

In this case, 𝐴=𝐷=1 and 𝐶=0; therefore, the short transmission line can be represented with these simplified 

parameters, which indicate that the voltage and current relationships are primarily determined by the series 

impedance, with no effect from shunt capacitance [17]. 

 

[
𝑉̅𝑆

𝐼𝑆̅

] = [1 𝑍̅
0 1

] [
𝑉̅𝑅

𝐼𝑅̅

] (4) 

 

 

 
 

Figure 5. Short line model 

 

 

2.3.  Medium-length lines 

For lines with a length between 80 km and 250 km, which are considered medium-length lines, the 

line charging current becomes significant, and the shunt capacitance must be taken into account. Half of the 

shunt capacitance can be considered at each end of the line, a configuration known as the nominal π model 

[18], [19]. The nominal π representation adopted for medium-length transmission lines is presented in  

Figure 6, where the total shunt capacitance is equally divided between the sending and receiving ends, while 

the series impedance represents the longitudinal parameters of the line. 

 

 

 
 

Figure 6. Medium-length line, π representation 

 

 

The source current and voltage are calculated as follows: from Figure 6, the current in the series 

impedance, denoted by IL, is given by (5). The source voltage is expressed as (6). 

 

𝐼𝐿̅ = 𝐼𝑅̅ +
𝑌̅

2
𝑉̅𝑅 (5) 

 

𝑉̅𝑆 = 𝑉̅𝑅 + 𝑍̅𝐼𝐿̅ (6) 

 

From (5) and (6), we obtain (7) and (8). 
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𝑉̅𝑆 = (1 +
𝑌̅𝑍

2
)𝑉̅𝑅 + 𝑍̅𝐼𝑅̅ (7) 

 

𝐼𝑆̅ = (𝐼𝐿̅ +
𝑌̅

2
)𝑉̅𝑆 (8) 

 

𝐼𝑆̅ = 𝑌̅(1 +
𝑌̅𝑍

4
)𝑉̅𝑅 + (1 +

𝑌̅𝑍

2
)𝐼𝑅̅ (9) 

 

Equations (7)-(9) can be written in matrix form as (10). 

 

[
𝑉̅𝑆

𝐼𝑆̅

] = [
(1 +

𝑌̅𝑍

2
) 𝑍̅

𝑌̅(1 +
𝑌̅𝑍

4
) (1 +

𝑌̅𝑍

2
)
] [

𝑉̅𝑅

𝐼𝑅̅

] (10) 

 

2.4.  Long transmission lines 

For short and medium lines, the models are obtained by assuming that the line parameters are fixed 

values. However, if the line length exceeds 250 km, a more accurate solution requires specifying the 

parameters as being uniformly distributed along the entire length. In this case, the voltage and current vary 

from one point to another along the line [20]. The distributed-parameter representation of a long transmission 

line is illustrated in Figure 7, where an elementary section Δx is characterized by its series impedance and 

shunt admittance, allowing the variations of voltage and current along the line to be considered. 

 

 

 
 

Figure 7. Single-line diagram of a long transmission line 

 

 

The expressions for the voltage and current at a point x along the line are: 

 

𝑉̅(𝑥) = cosh(𝛾̅𝑥)𝑉̅𝑅 + 𝑍𝐶sinh(𝛾̅𝑥)𝐼𝑅̅ (11) 

 

𝐼(̅𝑥) = cosh(𝛾̅𝑥)𝐼𝑅̅ +
1

𝑍𝐶
sinh(𝛾̅𝑥)𝑉̅𝑅 (12) 

 

However, when x=lx=l, it is possible to determine the current and voltage magnitudes at the source, with 

𝑉𝑆̅ = 𝑉̅(𝑙) and 𝐼𝑆̅ = 𝐼(̅𝑙), the result is: 

 

𝑉̅(𝑙) = cosh(𝛾̅𝑙)𝑉̅𝑅 + 𝑍𝐶sinh(𝛾̅𝑙)𝐼𝑅̅ (13) 

 

𝐼(̅𝑙) = cosh(𝛾̅𝑙)𝐼𝑅̅ +
1

𝑍𝐶
sinh(𝛾̅𝑙)𝑉̅𝑅 (14) 

 

however, the ABCD constants are: 

 

𝑌′̅̅ ̅

2
=

1

𝑍𝐶
tanh(

𝛾̅𝑙

2
)= 

𝛾̅

2

tanh(
𝛾̅𝑙

2
)

(
𝛾̅𝑙

2
)

 (15) 

 

it is now possible to determine a highly accurate equivalent π model for a long transmission line. 
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𝑉̅𝑆 = (1 +
𝑌̅′𝑍′

2
) 𝑉̅𝑅 + 𝑍̅′𝐼𝑅̅ (16) 

 

𝐼𝑆̅ = (1 +
𝑌̅′𝑍

4
) 𝑉̅𝑅 + (1 +

𝑌̅′𝑍′

2
) 𝐼𝑅̅ (17) 

 

Using the expression: 

 

tanh(
𝛾̅𝑙

2
)=

cosh(𝛾̅𝑙)−1

sinh(𝛾̅𝑙)
 (18) 

 

the parameters of the equivalent π model are obtained as: 

 

𝑍̅′ = 𝑍𝐶
̅̅ ̅ sinh(𝛾̅𝑙) =

𝑍𝐶̅̅ ̅̅ sinh(𝛾̅𝑙)

𝛾̅𝑙
 (19) 

 

𝑌̅′

2
=

1

𝑍𝐶̅̅ ̅̅
tanh(

𝛾̅𝑙

2
) =

𝑌̅

2

tanh(
𝑌̅𝑙

2
)

𝑌̅𝑙

2

 (20) 

 

 

3. RESULTS AND DISCUSSION 

In this section, the proposed embedded solution is presented and evaluated. The system is composed 

of a central processing unit running LabVIEW software, coupled with dedicated hardware modules to ensure 

accurate measurement and reliable data acquisition. The hardware architecture integrates a multi-output 

power supply board, a voltage and current reduction board for signal conditioning, a filtering board to 

minimize noise, and a National Instruments DAQ6009 card for data acquisition. Together, these components 

form a complete experimental platform that enables real-time monitoring, fault detection, and validation of 

the developed algorithms.  

Figure 8 illustrates the hardware wiring configuration used for the experimental validation of the 

proposed solution, showing the interconnection between the Test Universe software, the secondary injection 

test equipment, and the embedded system. The proposed fault detection and classification algorithm is 

implemented by processing the measured three-phase voltage and current signals and applying predefined 

logical conditions to identify the occurrence and type of transmission-line fault. Based on the comparison and 

combination of these electrical quantities, the corresponding output is activated to indicate the detected fault 

condition. This implementation represents a key processing stage of the proposed emulator, linking the 

acquired measurements to the protection decision and enabling the algorithm to be evaluated under different 

simulated fault scenarios, as illustrated in Figure 9. 

 

 

 
 

Figure 8. Block diagram of the hardware-in-the-loop test using Omicron CMC356 
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Figure 9. LabVIEW VI for fault detection and classification 

 

 

By processing the zero, positive, and negative sequence components together with other measured 

signals, the algorithm accurately determines both the type and location of the fault, providing a high level of 

reliability in fault detection and classification. In practice, faults on transmission lines rarely exhibit purely 

resistive behavior, and the variability of resistive elements often reduces the precision of conventional fault 

location techniques. 

The proposed method simplifies the localization task by relying exclusively on line reactance while 

disregarding the resistive part. This strategy reduces the effect of variable resistance and significantly 

improves the accuracy and robustness of fault detection. 

 

𝑋 =  
𝑉𝛼

𝐼𝛼+𝑘0 . 3.𝐼0
 ∙ sin [(𝜙𝑉 − 𝜙𝐼).

𝜋

180
] (21) 

 

𝐹𝑎𝑢𝑙𝑡 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 =
𝑋

𝑋𝐿
∙ 𝐿 (22) 

 

In (21), the reactance is computed based on the measured quantities of line voltage, line current, zero-

sequence current, and the residual compensation factor. The output is expressed in ohms. Equation (22) 

converts the calculated reactance into a physical fault distance (km) by dividing it by the line reactance per 

unit length and multiplying by the actual length of the transmission line [21]. 

After identifying the faulty phase, two algorithms are applied sequentially. The first algorithm 

confirms the faulted phase and triggers the second algorithm, which selects the appropriate impedance 

calculation formula according to the detected fault type, as shown in Figure 10. This step extracts the 

corresponding reactance value, which is then passed to a final algorithm responsible for determining the fault 

location zone, enabling fault clearance according to the configured protection settings [22], [23].  

Once the fault has been detected, confirmed, identified, and classified, the algorithm shown in 

Figure 11 is triggered to activate the fault zone based on the predefined settings, the real-time measured 

reactance at the moment of the fault, and the time delay assigned to each zone [24]. The reactance estimation 

algorithm which dynamically selects the appropriate impedance loop according to the detected fault type 

(e.g., AG, AB, ABG, three-phase) was experimentally validated on an NI/LabVIEW test bench using 

secondary injection and COMTRADE replay [25]. The experimental results obtained for different fault types, 

fault resistances, directions, and injected reactance values are summarized in Table 1. 
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Figure 10. LabVIEW VI for fault reactance calculation 

 

 

 
 

Figure 11. LabVIEW VI for protection zone identification 

 

 

Table 1. Experimental test results for the algorithms 
Fault Direction Rf X injected X measured Abs Error Rel Error % Result 

AG FWD 0 3.23 3.26 0.03 0.92879 TRUE 

AG FWD 50 3.4 3.46 0.06 1.76471 TRUE 
AG FWD 10 3.57 3.57 0 0 TRUE 

BG FWD 10 3.4 3.43 0.03 0.88235 TRUE 

CG FWD 100 3.23 3.31 0.08 2.47678 TRUE 
AB FWD 0 3.23 3.21 0.02 0.6192 TRUE 

ABG FWD 10 3.4 3.45 0.05 1.47059 TRUE 

BC FWD 50 3.57 3.61 0.04 1.12045 TRUE 
BCG FWD 10 3.57 3.65 0.08 2.2409 TRUE 

CA FWD 0 3.23 3.2 0.03 0.92879 TRUE 
CAG FWD 50 3.4 3.49 0.09 2.64706 TRUE 

3PH FWD 0 3.4 3.38 0.02 0.58824 TRUE 

AB REV 0 1.77 1.79 0.02 1.12994 TRUE 

 

 

This second validation targets the zone-limit thresholds of the under-reactance distance element. For 

each protection zone (Z1–Z4), two injections are performed at 95% and 105% of the configured reach Xz. 

The 95% case must operate (trip) and the 105% case must block (no-trip), provided the directionality 



                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 15, No. 3, September 2026: 1327-1339 

1336 

(forward for Z1–Z3, reverse for Z4) is satisfied. Results are assessed against a ±5% tolerance around Xz. The 

results presented in Table 2 confirm the correct behavior of the proposed protection scheme under different 

test conditions. With a tolerance margin of ±5% around the set impedance values, the system successfully 

detected and operated within the defined zones for all cases at 95% of the reach, as expected. For the 105% 

tests, the relay correctly restrained in most cases, confirming that the defined protection-zone boundaries 

were respected; the misoperation is explained by the fact that the injected fault reactance exceeded the zone 

threshold by more than 5%, which caused the solution to trigger outside its designated operating region. This 

behavior is consistent with the expected discrimination margin of the distance protection and highlights that 

the proposed system maintains its selectivity and reliability within the defined tolerance limits. The 

theoretical and experimentally measured tripping times obtained for the four protection zones and different 

fault types are summarized in Table 3. 

Table 3 shows that the measured trip times are in close agreement with the theoretical values across 

all zones and fault types. For Zone 1, instantaneous tripping is observed, with measured delays below 30 ms, 

reflecting fast relay operation. In Zone 2, the measured times are around 400 ms, with only slight deviations 

from the theoretical setting. For Zones 3 and 4, the relay trips consistently near 3200 ms, confirming stable 

time-delayed operation. Overall, the results validate that the protection system performs within the expected 

tolerances, ensuring both speed and selectivity. 

 

 

Table 2. Results for different zone faults 
Zone Direction Percent of reach X set X target Expected operation 

Z1 FWD 95 3.397 3.227 Pass 

Z1 FWD 105 3.397 3.567 Block / No Trip 

Z2 FWD 95 5.095 4.84 Pass 
Z2 FWD 105 5.095 5.35 Block / No Trip 

Z3 FWD 95 8.838 8.396 Pass 

Z3 FWD 105 8.838 9.28 Block / No Trip 
Z4 REV 95 1.767 1.679 Pass 

Z4 REV 105 1.767 1.855 Block / No Trip 

 

 

Table 3. Results of time tripping for different zone faults 
Zone Direction Fault Theoretical trip time (ms) Measured trip time (ms) 

Z1 FWD AG 0 22 

Z1 FWD AB 0 20 

Z1 FWD ABG 0 26 
Z1 FWD 3PH 0 17 

Z2 FWD AG 400 398 

Z2 FWD AB 400 429 
Z2 FWD ABG 400 435 

Z2 FWD 3PH 400 415 

Z3 FWD AG 3200 3215 
Z3 FWD AB 3200 3242 

Z3 FWD ABG 3200 3247 

Z3 FWD 3PH 3200 3209 
Z4 REV AG 3200 3241 

Z4 REV AB 3200 3210 

Z4 REV ABG 3200 3241 

Z4 REV 3PH 3200 3214 

 

 

4. CONCLUSION 

The proposed emulator demonstrates reliable performance, as the experimental results show good 

agreement with the theoretical calculations under the different tested operating conditions. By directly 

exploiting measured impedance values, the proposed solution achieves more precise fault identification and 

decision-making, showing robustness even under varying fault resistances that typically challenge traditional 

schemes. This capability significantly enhances the selectivity, dependability, and security of fault clearance, 

ensuring that protective relays operate only within their intended zones. Moreover, the embedded design 

offers flexibility and adaptability, making it suitable for both laboratory studies and real-world deployment in 

modern power grids. Looking ahead, future developments will focus on integrating advanced approaches 

such as traveling-wave–based fault location, optimization through genetic algorithms, and intelligent 

classification using artificial neural networks. The incorporation of artificial intelligence techniques is 

expected to further improve adaptability and self-learning capabilities, ultimately leading to next-generation 

protection systems that combine speed, accuracy, and resilience against evolving grid conditions. 
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