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INTRODUCTION 

The topicality of the subject of the Doctoral Thesis 

Transmission lines are highly exposed to fault risk factors of environmental and 

anthropogenic nature. The fault statistics [1] confirm this as between 60 % and 70 % of faults 

in the high-voltage (hereafter ‒ HV) grids of the Baltic region were transmission line faults. It 

can also be seen that on average 60.2 % and 67.6 % of these are phase-to-earth (hereafter ‒ 

L-E) faults for 100–150 kV and 220–330 kV lines, respectively, in the Baltic region. These 

faults are known to result in poor performance of the many of existing distance protection 

(hereafter ‒ DP) and fault location (hereafter ‒ FL) algorithms that use the measurement data 

of only one terminal. This is due to the presence of the fault path resistance and fault current 

infeed from the other end of the line as well as the simplifications used for the model of the 

power system. One solution to this problem is application of communication networks 

between the substations. This allows implementing fast and accurate algorithms but they often 

require precise synchronisation of the measurement data. There is also a risk of 

communication loss due to the damage caused by the fault or for other reasons. Considering 

the above, it remains desirable to develop a method that could accurately determine the fault 

distance if the scope of information on the faulted line is limited to data, available at the 

“own” substation, at least as a backup to communication-related methods. 

The fault statistics [1] also show that on average only 19.8 % and 29.5 % of the 

transmission line faults are permanent faults for 100–150 kV and 220–330 kV lines, 

respectively, in the Baltic region. Thus, in most cases, a transmission line can be successfully 

re-energised for operation after the deionisation of an electric arc channel at the fault point. 

As most of the faults involve one phase, it is usually possible to disconnect and reconnect 

only the faulted phase if separate control of the phase circuit breakers (hereafter ‒ CB) is 

available. This is beneficial, as power transmission is retained via the healthy phases, 

resulting in less impact on the dynamic stability of the power system during the isolation of 

the fault and the reclosing procedure, especially in HV and extra-high-voltage networks. 

Often a conventional application of a fixed time setting determined based on the maximum 

possible deionisation time is still used. This can result in a larger impact on the system 

stability and a longer flow of undesirable zero-sequence (hereafter ‒ ZS) current in the power 

transformer neutral line if the arc extinction is rapid. Therefore, it can be useful to obtain an 

adaptive single-phase automatic reclosing (hereafter ‒ ASPAR) method. 

The hypothesis of the Doctoral Thesis 

One-terminal-measurement-based approaches of FL and DP prove unreliable when a fault 

has a high transient resistance and the network topology is more complicated; such an 

approach can be replaced by a technique based on the estimation of unknown power system 

model parameters, solving the problem as an optimisation task with the aim to achieve 

independence from large-distance communication networks and better performance compared 



7 

with existing one-terminal-measurement-based methods. It is beneficial to divide this task 

into the estimation of pre-fault and fault regime parameters to decrease the number of 

unknown parameters for each particular stage. This method or its results can be used for other 

power system automation tasks. 

The aim of the Doctoral Thesis  

The aim of the Doctoral Thesis is to develop a novel method of two-stage estimation of 

unknown power system model parameters and lay the foundation for the solution of FL, DP, 

ASPAR and similar problems via optimisation procedures, thus increasing the reliability and 

robustness of the power system. 

The tasks of the Doctoral Thesis 

In order to achieve the aim of the Doctoral Thesis, the following tasks have been set. 

1. Investigation of the performance of existing FL, DP and adaptive automatic reclosing 

methods and devices. 

2. Description and development of modelling tools for pre-fault and fault regimes of the 

power system necessary for the implementation of the proposed method. 

3. Creation of a framework for two-stage estimation of unknown power system model 

parameters. 

4. Implementation of the created framework with optimisation tools for FL and DP. 

5. Synthesis of an optimal objective function. 

6. Testing of the developed FL and DP algorithms and comparison with existing 

methods. 

7. Development of an adaptive single pole automatic reclosing algorithm, using the 

described modelling tools and the proposed model parameter estimation method. 

Methods and tools of research 

The results presented in the Thesis were obtained by applying the following methods and 

tools. 

1. Topological power system modelling methods. 

2. The nodal potential (admittance) and the Gauss–Seidel method. 

3. The symmetrical component method. 

4. The model parameter estimation method. 

5. The genetic algorithm. 

6. Computations, simulations and data processing in MATLAB©, MATLAB 

SimPowerSystems©. 

7. ISA DRTS 64 signal generator using waveform playback from COMTRADE files of 

ISA TDMS 7.0.4©. 

8. High-voltage 110–220 kV transmission line protection terminal REDI. 

9. Smoky, a program for reading fault recordings. 
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The scientific novelty of the Doctoral Thesis 

1. A novel numerical method of topological modelling of multiple simultaneous 

asymmetrical power system faults. 

2. A novel method of hybrid (symmetrical components and per-phase integration) 

topological modelling of a HV line. 

3. Two-stage optimisation-based estimation of unknown model parameters and its 

implementation for FL, DP and adaptive automatic reclosing. 

4. Development of parameter selection strategies for the synthesis of an optimal 

objective function used by the proposed parameter estimation method. 

5. Application of numerical inversion of the Laplace transform in conjunction with 

topological network analysis. 

6. The technique of mixed virtual/real testing of a DP terminal in cases of faults with a 

non-stationary fault path resistance such as faults caused by fallen trees. 

The practical significance of the Doctoral Thesis  

1. The proposed modelling methods can be used for future analysis and development of 

relay protection and automation. 

2. The proposed method can be used as a basis for the development of highly robust FL 

and DP devices that are immune to fault path resistance and capable to operate without 

data communication. 

3. The developed adaptive automatic reclosing algorithm can be implemented into a 

corresponding device, which would offer a significant contribution to system stability. 

Author’s personal contribution to the research performed 

The modelling methods for power system stationary and transient regimes as well as the 

framework for the model parameter estimation method were developed under the supervision 

of Associate Professor Aleksandrs Dolgicers. The literature analysis, modelling 

implementations into program codes, simulation and testing results, applications of the 

proposed method for the FL, DP, ASPAR, and the Conclusions belong personally to the 

author. 

Volume and structure of the Doctoral Thesis 

The Doctoral Thesis is written in English. It comprises an introduction, 8 chapters with 34 

sections, conclusions and a list of references with 163 cited sources of information. The 

Thesis contains 75 equations, 25 tables, 85 figures, and 3 appendices. The total volume of the 

Thesis is 179 pages, including appendices. 

Chapter 1 describes interaction of external factors and control systems with the power 

system as a controlled object. The role of modelling and optimisation in power system control 

is also indicated. Next, simplifications used for control systems and the proposed method are 



9 

discussed and descriptions of power system control subtasks of FL, DP, and single-phase 

automatic reclosing (hereafter ‒ SPAR) are given. Finally, description of an application of the 

proposed method for FL is introduced. Chapter 2 provides extensive technical background of 

FL and DP methods and devices as well as technical background of ASPAR. Chapter 3 

describes general principles of modelling of stationary asymmetrical power system faults 

including both shunt and series (usually short circuits and open phase) faults according to the 

method of symmetrical components. The most commonly used complex equivalent circuits 

for these faults are also presented. Additionally, descriptions of two numerical calculation 

methods for multiple stationary simultaneous asymmetric faults are given. Chapter 4 is 

dedicated to mathematical methods suitable for the calculation of stationary pre-fault and fault 

regime state parameters on the basis of topological modelling, particularly the nodal potential 

(admittance) method in conjunction with the Gauss–Seidel method as a numerical solver. A 

numerical inverse Laplace transform in combination with topological analysis of the power 

system is also presented for calculation of the free component of transient current and voltage 

waveforms or for use in control systems with models in Laplace space. Additionally, the 

results of the testing of an existing DP terminal using a virtual-real laboratory for faults with 

non-stationary fault path resistance are presented. Chapter 5 includes a general framework of 

the proposed model parameter estimation method. Next, the implementations of different 

optimisation tools for FL and DP are demonstrated. The chapter also presents some of the 

results obtained by the initially used modified randomised search as the optimisation core. 

Chapter 6 presents the possible parameter selection strategies used to obtain an optimal 

objective function for the proposed method. In-depth analysis of objective function surfaces 

created by single parameters and the principles of their interaction that should minimise the 

presence of false extrema are presented. Chapter 7 is dedicated to the testing of the 

performance of the implementation of the proposed method with the genetic algorithm 

(hereafter ‒ GA) for FL. After a description of the case study network, parameter groups 

obtained by the conservative and opportunistic strategies described in Chapter 6 are presented. 

Chapter 7 also shows the effects of using different parameter group sizes and selection 

strategies on the surfaces of the objective function. Then, the results and analysis of an 

extensive testing of the FL using the proposed method and a comparison with existing one-

terminal- and two-terminal-measurement-based FL methods are given. Chapter 8 

demonstrates an approach to detailed modelling of a transmission line during the dead time of 

SPAR. The described approach is used to analyse the changes of line-side faulted phase 

voltage during the dead time for various fault distances and equivalent fault path resistances. 

Next, dynamic arc models are implemented to represent the nonlinear character of both the 

primary and secondary arc and the elongation as well as the extinction of the fault secondary 

arc. Based on the analysis of both steady-state and dynamic simulation results, an ASPAR 

algorithm with a dedicated logic block was developed and tested in scenarios of transient 

faults with different fault arc elongation speeds and permanent faults. Finally, the main results 

of the Thesis are summarised in Conclusions. 
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Approbation of the Doctoral Thesis 

The results of the research have been presented at international scientific conferences in 

Latvia and abroad. 

1. The 4th Workshop on Advances in Information, Electronic and Electrical Engineering 

(AIEEE’2016), Vilnius, Lithuania, 10–12 November 2016. 

2. 2017 17th IEEE International Conference on Environment and Electrical Engineering 

and 2017 IEEE Industrial and Commercial Power System Europe (EEEIC / I&CPS 

Europe), Milan, Italy, 6–9 June 2017. 

3. 12th IEEE PES Powertech Conference Towards and Beyond Sustainable Energy 

Systems, Manchester, United Kingdom, 18–22 June 2017. 

4. 2017 IEEE 58th International Scientific Conference on Power and Electrical 

Engineering of Riga Technical University (RTUCON 2017), Riga, Latvia, 12–13 

October 2017. 

5. The 5th Workshop on Advances in Information, Electronic and Electrical Engineering 

(AIEEE’2017), Riga, Latvia, 24–25 November 2017. 

6. The 6th IEEE Workshop on Advances in Information, Electronic and Electrical 

Engineering (AIEEE’2018), Vilnius, Lithuania, 8–10 November 2018. 

The results of the research have been published in the proceedings of scientific 

conferences and a scientific journal. 

1. A. Dolgicers, I. Zalitis, and J. Kozadajevs. The Modified Seidel Method as a Tool for 

the Evaluation of the Stability of a Power System. In: 2016 IEEE 4th Workshop on 

Advances in Information, Electronic and Electrical Engineering (AIEEE’2016), 

Vilnius, Lithuania, 10–12 November 2016. Piscataway: IEEE, 2017, pp. 27–33, ISBN: 

978-1-5090-4474-0. Available from: DOI: 10.1109/AIEEE.2016.7821806. 

2. I. Zalitis, A. Dolgicers, and J. Kozadajevs. A power transmission line fault locator 

based on the estimation of system model parameters. In: Proceedings 2017 IEEE 

International Conference on Environment and Electrical Engineering, Milan, Italy, 6–

9 June 2017. Piscataway: IEEE, 2017, pp. 1–6, ISBN: 978-1-5386-3918-4. Available 

from: DOI: 10.1109/EEEIC.2017.7977459. 

3. I. Zalitis, A. Dolgicers, and J. Kozadajevs. A distance protection based on the 

estimation of system model parameters. In: Proceedings 2017 IEEE Manchester 

PowerTech, Manchester, UK, 18–22 June 2017. Piscataway: IEEE, 2017, pp. 1–6, 

ISBN: 978-1-5090-4238-8. Available from: DOI: 10.1109/PTC.2017.7981277. 

4. A. Dolgicers and I. Zalitis. Numerical calculation method for symmetrical component 

analysis of multiple simultaneous asymmetrical faults. In: Proceedings 2017 IEEE 

58th International Scientific Conference on Power and Electrical Engineering of Riga 

Technical University, Riga, Latvia, 12–13 October 2017. Piscataway: IEEE, 2017, 

pp. 1–7, ISBN: 978-1-5386-3847-7. Available from: DOI: 10.1109/RTUCON. 

2017.8124748. 
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5. I. Zalitis, A. Dolgicers, and J. Kozadajevs. Experimental testing of distance protection 

performance in transient fault path resistance environment. In: Proceedings 2017 5th 

IEEE Workshop on Advances in Information, Electronic and Electrical Engineering, 

Riga, Latvia, 24–25 November 2017. Piscataway: IEEE, 2018, pp. 1–6, ISBN: 978-1-

5386-4138-5. Available from: DOI: 10.1109/AIEEE.2017.8270526. 

6. I. Zalitis, A. Dolgicers, and J. Kozadajevs. Influence Analysis of Mutual Coupling 

Effects between a High-Voltage Transmission Line and a Fiber-optic Cable with a 

Conductive Support Element. In: 2018 IEEE 6th Workshop on Advances in 

Information, Electronic and Electrical Engineering (AIEEE’2018), Vilnius, Lithuania, 

8–10 November 2018. Piscataway: IEEE, 2018, pp. 1–7, ISBN: 978-1-7281-2000-3. 

Available from: DOI: 10.1109/AIEEE.2018.8592447. 

7. I. Zalitis, A. Dolgicers, and J. Kozadajevs. An adaptive single-pole automatic 

reclosing method for uncompensated high-voltage transmission lines. Electric Power 

Systems Research, vol. 166, Jan. 2019, pp. 210–222. ISSN: 0378-7796. Available 

from: https://doi.org/10.1016/j.epsr.2018.10.012. 

One patent has been obtained. 

1. Riga Technical University. Transmission line single-phase-to-ground fault locator 

method. A. Dolgicers, I. Zalitis, J. Kozadajevs (inventors). Int. Cl.: H02H7/26. LV 

Patent 15207, issued May 20, 2017. 20 p. Available from: https://worldwide. 

espacenet.com/publicationDetails/originalDocument?FT=D&date=20170520&DB=&l

ocale=en_EP&CC=LV&NR=15207B&KC=B&ND=4#. 
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1. FAULT LOCATION, DISTANCE PROTECTION AND 

ADAPTIVE AUTOMATIC RECLOSING AS PARTS  

OF THE POWER SYSTEM CONTROL 

1.1. Mathematical Statement of the Protective Automation Problem 

Power system operation is affected by parameters of the systems elements P(t) (electrical 

impedances, admittances), external known parameters X(t) (current electricity price, 

temperature), external partially predictable stochastic parameters S(t) such as faults and 

control processes C(t) (transformer, generator voltage regulation). These determine controlled 

state parameters Y(t) (node voltages, branch currents). Both X(t) and Y(t) are determined with 

errors ε(t). Based on available data a control system has to perform control operations, which 

ensure optimal operation of the power system, adherence to imposed limitations of Y(t), and 

provide necessary information I(t) about the power system to the personnel [2]–[6]. 

Sometimes due to lack of measurement data or external influences the control system might 

be required to estimate real P(t) and/or S(t) or unavailable state parameters Y(t). This can be 

achieved using optimisation tools, which diminish the difference between the model output 

YM(t) and corresponding available measurements Y(t) from the real power system (Fig. 1.1) or 

estimate part of these parameters and replace others with probability distributions [7], [8]. 

 

Fig. 1.1. Closed-loop control system incorporating an estimation of unknown system 

paramters P(t) and stochastic external processes S(t) with an optimisation tool. 

The whole control system problem is nonlinear, stochastic, and multi-criterial and 

includes many state and optimisation variables, and as such this problem cannot be solved 

without some simplifications. In this Thesis, only part of the control system ‒ protective 

automation ‒ will be considered with particular focus on the FL, DP, and AR created by 

applying the parameter estimation. Models used for parameter estimation will be lumped and 

linear and only the fundamental harmonic components of the measured signals will be 
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considered. Measurement errors will be disregarded when testing both the proposed method 

and existing methods for comparison so that errors arise only from the deficiencies or 

limitations of the methods themselves.  

1.2. Fault Location, Distance Protection and  

Automatic Reclosing Functions 

As this Thesis focuses on FL, DP and AR methods for overhead transmission lines 

(hereafter ‒ OHTL), a brief description of these functions will be given. 

The main task of FL methods is estimation of distance α from the substation of the FL 

device to the fault [9], [10]. The main requirement to the FL is accuracy, as it reduces the time 

necessary for the identification and the repair of the fault resulting in improved resilience of 

the power system. 

DP is closely related to FL, as one of main operations it has to perform is to estimate the 

fault distance, which is expressed as an apparent impedance determined by a DP relay Zrel = 

f(α). In most cases it is calculated using faulted phase busbar voltages and current 

measurements from one substation. The primary task of DP is to determine the presence of a 

fault in the protected OHTL based on Zrel and clear it by opening the controlled CB. The main 

requirements of DP are operation speed, sensitivity (capability to operate for all faults in 

elements protected by DP at most unfavourable operation conditions), and selectivity 

(capability to operate only for intended fault scenarios, prioritising protection devices that are 

closest to the fault) [5], [11]–[14]. 

The main task of AR is to re-energise the line for some time called “dead time” after the 

clearing of the fault and then reconnect it if the fault has been transient in nature. The main 

requirement of AR is to minimise the dead time necessary before the reclosing, because 

during this time power system resilience is decreased, while retaining sufficient time for 

restoration of insulation strength. In cases of L-E faults an AR subtype disconnecting and 

reclosing only one phase ‒ SPAR ‒ can be used. In this Thesis a further subtype of SPAR that 

changes the dead time setting ‒ ASPAR ‒ will be considered [3], [4], [6], [14]. 

1.3. The General Approach of the Proposed Method 

The estimation of unknown power system fault parameters is achieved by applying 

optimisation that is further supplemented, first, by an additional estimation of pre-fault 

parameters of the system. This increases the information available before the estimation of 

system model parameters for the fault regime (operation mode). Secondly, in contrast to two-

terminal-measurement-based methods, the proposed method extends available measurement 

scope to other system elements within the controlled substation rather than from the other end 

of the line. To accommodate the increased measurement scope, the models used must exceed 

the two-machine network or an isolated model of the line that is often applied [15], [16]. 
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1.4. Conclusions 

1. FL, DP and AR are subtasks of a more general problem ‒ power system control ‒ that 

aims to sustain and optimise the operation of the system. 

2. Some of the automation and protection functions may solve the lack-of-information 

problem elements due to lack of measurement data or changes of the system caused by 

external influences such as faults via estimation of unknown parameters of the power 

system. 

3. The main task of the FL is estimation of the fault distance from the substation, and the 

main requirement is accuracy in terms of line length. 

4. DP is used to clear faults in power system elements it protects by opening the CB it 

controls. The most important requirements to DP are operation speed, sensitivity to 

ensure intended operation even in unfavourable fault scenarios and selectivity to 

restrain from premature or unintended operation. 

5. The main task of AR is to re-energise a transmission line after a fault in it is cleared 

and reconnect the second end of the line if the fault has been transient in nature. 

6. The main requirement to AR is the minimisation of the time before the line is re-

energised and reconnected while ensuring restoration of insulation strength at the fault 

point. 
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2. TECHNICAL BACKGROUND OF FAULT LOCATION, 

DISTANCE PROTECTION AND ADAPTIVE  

AUTOMATIC RECLOSING METHODS 

2.1. Existing Fault Location Methods 

One of the first approaches to FL were topological or inspection methods, the simplest one 

being sectionalisation of the OHTL with disconnection switches [17]. By 1949, fault 

indicators (hereafter ‒ FI) installed on line towers were invented, starting from a gunpowder 

cartridge fuse that releases a mechanical indicator [18], [19] to electromagnetic FI with 

automatic resetting [20]. In 1989, using fibre optic communication with FI to determine the 

faulted line section was proposed [21]. Today, FI are more often used in distribution networks 

and more research is dedicated to optimal placement of FI [22], [23]. Another inspection-

based FL method used a tracer signal of the fifth harmonic with a mobile sensor [18], [19]. 

Similar approaches are used today in power cable networks [24]. In most cases, these methods 

are time-consuming, especially in hard-to-access terrain, and require investments for 

additional equipment. 

The second group uses transient waves of current or voltage, usually referred to as the 

travelling wave (hereafter ‒ TW) method. TW method applications have been reported since 

1931 [25]. Initially, these methods used recordings of oscilloscopes [26]–[28]. Several types 

of TW FL were developed in this time period: type A, which measures the time necessary for 

the first voltage collapse wave reflection to return to the substation; type B, which used the 

time difference between wave arrivals at both ends of the line; types C and F, which are pulse 

radar methods using direct current (hereafter ‒ DC) or radio-frequency pulses; and type D, 

which is similar to type B but the measurements are performed by synchronised timers [18], 

[19], [27], [28]. By 1985, TW FL were applied to HV direct current lines by measuring the 

time between the arrival of the first and the next wave of the same polarity as the first one 

[29], [30]. After that, in 1996, it was proposed to combine TW FL with the global positioning 

system (hereafter ‒ GPS) for time-stamping [31], and by 1998 and 1999, use of artificial 

neural networks (hereafter ‒ ANN) with the Prony method and continuous wavelet 

transformation was proposed for signal processing of TW FL [32], [33]. Recently, the 

research of this type of FL has been targeting specific fault and line types [34], [35]. The 

reported accuracy of TW FL is typically within one tower span or does not exceed 1 %, but it 

should be mentioned that most TW methods require high time resolution, which can make the 

FL equipment expensive, and well-tuned correlation blocks to avoid errors due to additional 

wave fronts and wave decay. 

The next group of FL methods use electrical measurements (most often steady-state 

quantities of the fault regime) with a model of the line to determine the fault distance. 

Initially, the measurements were carried out after de-energising the line by connecting an 

external DC source or an alternating current (hereafter ‒ AC) generator with a step-up 

transformer [17]. The next approach used fault regime measurement recordings and pre-

calculated curves of faulted and/or healthy parallel line currents for FL [18], [19], [36], [37]. 
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Starting around the 1980s, digital applications using Thevenin’s equivalents of one or both 

ends of the line were developed. These developed nonlinear equation systems from 

Kirchhoff’s laws [38], determined fault distance based on DP apparent reactance [15] or 

applied superimposed components of measurements [16], [39]. Later, two-terminal-

measurement based FLs were developed, initially using manual measurement acquisition 

[40], but later both GPS and phasor measuring units were introduced for data exchange [41]–

[43]. Modification of the discrete Fourier transform for signal processing was also applied in 

these papers. Since 1996, ANN has been applied for FL by using several frequency ranges of 

instantaneous voltage and current signals [44]. Later, ANN was combined with other 

intelligent algorithms to add functions of fault type identification and selection of the optimal 

FL method [45], [46]. Various optimisation approaches are also known, such as minimisation 

of the difference between fault point voltages calculated separately from two-terminal 

measurements [47] and substitution of remote-end power system equivalent impedance with a 

probability distribution while using the Monte-Carlo method, which tests if the imaginary part 

of the apparent power at the fault point is equal to zero [7], [8]. Later, approaches similar to 

[47], but implemented with the GA and then Whale optimisation were also presented [48]–

[50]. The initial approaches using pre-calculated curves had errors up to 20 % due to 

measurement errors and the low quality of the curves used. The digital implementations with 

Thevenin’s equivalents could not often fully compensate for errors due to the limited scope of 

information due to the model simplifications or assumptions used. ANN is a versatile tool but 

it requires a training data base (possibly for each substation or relay). The two-terminal-

measurement-based FL methods are fast and accurate but they require secure and well-

synchronised communication networks, which can be compromised due to the fault or other 

reasons. The optimisation approaches often result in higher computation cost, which is less 

critical to FL compared with, say, relay protection. 

Considering the possibility of loss of communications between the substations during the 

fault and the aforementioned drawbacks of FL methods using one-terminal measurements, it 

was concluded that an algorithm capable of solving the FL task in this incomplete information 

environment would prove beneficial. 

2.2. Existing Distance Protection Methods 

The early development of DP in the 1920s and 1930s started with the so-called balanced-

beam-type DP relay but the first practical implementations, known as C-Z type DP relays, 

consisted in combination with the induction disc overcurrent relay [51]–[56]. By 1930, the 

stepped coordination principle for selectivity was introduced, the first descriptions of the 

influence of fault path resistance were given, the reactance DP relay was proposed and 

research on electronic DP had begun [57]. Later, compensation of the voltage drop caused by 

ZS current for the faulted line and a healthy parallel line was introduced for both C-Z and 

reactance-type DP relays [58], [59]. 

The 1940s saw application of selector relays to decrease the total cost of DP relaying 

systems [60]. As three-terminal lines became more common at that time, DP setting strategies 
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and a combination with carrier-pilot communication was developed for these lines [61]. A DP 

relay proposed in 1944 provided, for the first time, the opportunity to move and shift the 

operation region in the complex impedance plane [62], which greatly facilitated DP 

coordination. This period also saw development of the analysis of power swing influence on 

apparent impedance and the operation of DP [63], [64]. 

During the 1950s and 1960s, practical electronic and later transistor-based DP relays were 

developed, implemented with either coincidence circuits or other phase comparison blocks 

[65], [66]. Development of electromechanical relays resulted in a combined DP relay for all 

phase-to-phase (hereafter ‒ L-L), phase-to-phase-to-earth (hereafter ‒ L-L-E) faults [67], [68]. 

By 1966, the first approximation of a quadrilateral DP operation region was created in an 

electronic DP relay [69]. 

The 1970s saw several improvements in electronic DP relays using the quadrilateral 

operation region [70], [71]. Starting from 1971, papers proposing microprocessor-based DP 

were published that included implementations of DP logic and development of signal 

processing techniques [72]–[74], [75], [76]. Versions of a combined electronic DP relay for 

all asymmetrical faults based on the phase sequence of ZS compensated L-E voltages were 

also developed [77], [78]. In 1977, possibly the first paper considering online adaptation of 

the DP operation region based on pre-fault power flow was published [79], which is one of 

the few approaches considering pre-fault regime in the DP itself. 

In the time period of the 1980s and 1990s, an application of TW FL that determined fault 

distance for the DP was proposed [80]. A modification of DP using only negative-sequence 

(hereafter ‒ NS) and ZS currents and voltages was also presented [81]. This time period also 

saw increased interest in the adaptive operation region approach, either proposing additional 

reactance setting compensation due to frequency deviations [82] or by implementing an 

approximation of the full adaptive operation region (considers all the possible Zrel for a given 

pre-fault power flow) [83]. Several directional elements for DP based on superimposed 

components were also introduced during this period [84], [85]. A 1996 paper was one of the 

first to introduce ANN for DP adaptive DC offset and Fourier filters [86]. Some papers 

focused on DP coordination strategies based on either coordination rules [87] or probabilistic 

approaches using statistical data and simulations [88]. A 1999 paper proposed minimising the 

difference between measured voltage samples and the ones calculated from current 

measurements and line differential equations [89]. 

Lastly, some of the DP versions proposed since the year 2000 will be mentioned. This 

period also saw new versions of the adaptive operation region approach, such as ANN-based 

implementation [90] and separation into a fixed part and an adaptive one obtained using the 

supervisory control and data acquisition system [91]. Some papers performed a more in-depth 

analysis of the influence of signal distortions on the performance of DP [92], [93]. A Monte-

Carlo-method-based approach similar to the one mentioned in FL analysis was also developed 

for DP [94]. A 2011 paper proposed determining optimal DP settings by minimising the sum 

of the probabilities of losing selectivity and sensitivity weighted by a priority coefficient [95]. 

Starting from 2015, papers dedicated to DP for parallel OHTL L-E and cross-country faults 

(one faulted phase in each line) were published [96], [97]. A topic that has lately attracted 
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significant researchers’ interest is development of better DP blocking methods and possible 

correct operation of DP during power swings [98]‒[100]. 

From the foregoing analysis, it can be seen that the initial development of DP was 

oriented towards achieving cheaper and more practical DP relaying for both phase and earth 

faults. The pre-fault power flow and fault path resistance was mainly considered with 

extension of static settings. A similar trend continued as the same DP principles were 

implemented in electronic-based devices. The introduction of microprocessors provided 

opportunities for better signal processing approaches, but it was only starting from 1977 with 

the advent of adaptive DP operation regions that the DP itself could consider pre-fault power 

flow. Besides modifications of the adaptive operation region approach, the main attempts to 

consider remote-end infeed consisted in the use of current distribution coefficients, which 

often involved additional assumptions, implementation that avoided the use of positive-

sequence (hereafter ‒ PS) quantities of relay voltage, current and optimisation approaches. 

2.3. Existing Adaptive Single-Pole Automatic Reclosing Methods 

Wide-spread interest and development of ASPAR can be observed since the 1990s. 

Several ASPAR methods were provided in [101], starting from the use of the absolute value 

of faulted phase voltage (about 0.5–1.0 p.u. after the complete arc deionisation if the 

compensation coefficient for PS capacitance was above 0.7 p.u.). This method is unsuitable 

for partially compensated or uncompensated OHTLs, and using the angle between the faulted 

phase voltage and the ZS current is proposed for such lines. The third method intended for 

partially compensated lines (the compensation coefficient being below 0.6 p.u.) is control of 

the period of the faulted phase voltage [101]; however, the performance of this method may 

be affected by fluctuations of power frequency caused by other reasons. An approach 

comparing a measured voltage signal with a modelled voltage sine signal with a DC offset 

[102] is also known, which would require a high sampling frequency. ANNs using the DC 

component and the 1st–4th harmonic components of measurement recordings for training 

have also been used for ASPAR [103]. Another method proposed determining the time of arc 

extinction by an abrupt change in the faulted phase voltage root mean square (hereafter ‒ 

RMS) value [104]. The next method identifies two events of a voltage drop (the outset of the 

fault and the disconnection of the CBs) followed by a voltage increase (the secondary arc has 

been quenched) [105]. This approach may fail if the fault with a small fault path resistance 

occurs close to the substation. Using the presence of a voltage DC component was also 

proposed to determine the moment when the fault arc has been extinguished [106] but a 

significant DC component surge is also present after the disconnection of the CBs. Other 

methods developed specifically for compensated lines based on the harmonic composition of 

the currents of shunt reactors are also known [107], [108]. 
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2.4. Conclusions 

1. Measurements from both terminals of the line provide opportunities for fast and 

accurate FL but their operation can be critically affected in case of loss of 

communication between substations or loss of synchronisation of these measurements. 

2. Existing FL methods using one-terminal measurements utilise algorithms that are 

independent from the influence of the remote-end infeed such as TW methods, or 

approximate this influence by using methods such as ANN and Monte-Carlo. 

3. Most of the research on DP was more oriented towards various implementations of the 

DP itself in electromechanical, electronic or digital devices. 

4. The loss of sensitivity due to the remote-end infeed can be partially compensated with 

adaptive DP operation regions, but this increases the risk of loss of selectivity. 

5. Some of the existing ASPAR methods control changes in the value of faulted phase 

voltage or try to detect the presence of either voltage signal distortions or DC offset. 

Others are developed specifically for lines with shunt reactors and these methods 

operate based on resulting higher-harmonic components of either voltage or current 

signals. 

6. Most ASPAR methods ignore the influence of healthy-phase power flow or they are 

highly dependent on accurate measurements of higher-harmonic components or DC 

offset, requiring a higher sampling frequency and resulting in more expensive devices. 
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3. MODELLING OF ASYMMETRICAL REGIMES  

OF A POWER SYSTEM  

3.1. A Single Transverse Asymmetry 

The power system points where a single transverse asymmetry is present can be 

represented with different phase shunt impedances and a common neutral impedance to earth, 

which can be used with the symmetrical component operator �̇� = e𝑖120° to link symmetrical 

components of the calculation phase fault voltage to the symmetrical components of the phase 

fault current: 

 

{
 
 

 
 �̇�KA

1 =
1

3
[𝐼K̇A
1 (�̇�KA + �̇�KB + �̇�KC) + 𝐼K̇A

2 (�̇�KA + �̇�
2�̇�KB + �̇��̇�KC)

�̇�KA
2 =

1

3
[𝐼K̇A
1 (�̇�KA + �̇��̇�KB + �̇�

2�̇�KC) + 𝐼K̇A
2 (�̇�KA + �̇�KB + �̇�KC)

�̇�KA
0 =

1

3
[𝐼K̇A
1 (�̇�KA + �̇�

2�̇�KB + �̇��̇�KC) + 𝐼K̇A
2 (�̇�KA + �̇��̇�KB + �̇�

2�̇�KC)

 

 

+𝐼K̇A
0 (�̇�KA + �̇��̇�KB + �̇�

2�̇�KC)],

+𝐼K̇A
0 (�̇�KA + �̇�

2�̇�KB + �̇��̇�KC)],

+𝐼K̇A
0 (�̇�KA + �̇�KB + �̇�KC + 9�̇�KN)],

 (3.1) 

where �̇�KA
1 , �̇�KA

2 , �̇�KA
0  – phasors of PS, NS and ZS quantities of Phase A voltage at the fault 

point, V; 

𝐼K̇A
1 , 𝐼K̇A

2 , 𝐼K̇A
0  – phasors of PS, NS and ZS quantities of Phase A current at the fault 

point, A; 

�̇�KA, �̇�KB, �̇�KC – fault impedances of Phase A, Phase B and Phase C, Ω; 

�̇�KN – the neutral impedance at the fault point, Ω. 

The equation system (3.1) can be used in combination with separate sequence networks 

for a numerical steady-state calculation similar to [109] by representing the symmetrical 

components of the fault point voltage �̇�KA
1 , �̇�KA

2 , �̇�KA
0  with electromotive force (hereafter ‒ 

EMF) sources. This approach can also be used for general transverse asymmetry (0 ≤ �̇�KA ≠

�̇�KB ≠ �̇�KC < ∞ Ω), but if the fault path impedances of at least two phases are equal, it is 

possible to use complex equivalent circuits with electrical interconnections between sequence 

networks [110]. These are numerically more stable than the use of separate sequence 

networks and convenient for the proposed method as they provide symmetrical components 

for all branch currents and node voltages from a single regime calculation. 

3.2. A Single Longitudinal Asymmetry 

A single longitudinal asymmetry can be represented by series impedances in phases, 

which can be used to link the symmetrical components of the special phase voltage drop and 

the symmetrical components of the special phase current: 
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{
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[𝐼L̇A
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2�̇�LB + �̇��̇�LC)

∆�̇�LA
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3
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∆�̇�LA
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3
[𝐼L̇A
1 (�̇�LA + �̇�

2�̇�LB + �̇��̇�LC) + 𝐼L̇A
2 (�̇�LA + �̇��̇�LB + �̇�

2�̇�LC)

  

 

+𝐼L̇A
0 (�̇�LA + �̇��̇�LB + �̇�

2�̇�LC)],

+𝐼L̇A
0 (�̇�LA + �̇�

2�̇�LB + �̇��̇�LC)]

+𝐼L̇A
0 (�̇�LA + �̇�LB + �̇�LC)],

, (3.2) 

where ∆�̇�LA
1 , ∆�̇�LA

2 , ∆�̇�LA
0  – phasors of PS, NS and ZS quantities of Phase A voltage drop at 

the fault point, V;  

𝐼L̇A
1 , 𝐼L̇A

2 , 𝐼L̇A
0  – phasors of PS, NS and ZS quantities of Phase A current at the fault 

point, A;  

�̇�LA, �̇�LB, �̇�LC – fault impedances of Phase A, Phase B and Phase C, Ω. 

The equation system (3.2) can be used with separate sequence networks in a numerical 

regime calculation process that is similar to the one described for a single transverse 

asymmetry. This approach can also be used for the analysis of general longitudinal 

asymmetry (0 ≤ �̇�LA ≠ �̇�LB ≠ �̇�LC < ∞ Ω), but if two series phase impedances are identical, 

it is possible [110] and recommended (for the reasons mentioned in Section 3.1) to use 

complex equivalent circuits. 

3.3. Multiple Simultaneous Asymmetries 

Regimes with multiple asymmetries present are either short circuits, which have triggered 

overvoltages that in turn caused other short circuits, combinations of short circuits and open 

phase “faults” (during the operation of SPAR), etc. In this Thesis, the main application for the 

calculation approaches used for simultaneous asymmetries is determination of the regime of 

healthy phases during ASPAR necessary for detailed modelling of the line in phase 

coordinates (see Chapter 8). In theory, complex equivalent circuits can be applied for most 

simultaneous asymmetries only if ideal transformers that are hard to accurately represent are 

used [110], [111], [112]. The author of [111] proposed replacing ideal transformers with 

adaptable EMF sources that enforce the boundary conditions, but did not present any practical 

implementations. Two different numerical adaptations were developed based on this 

technique by the author for the calculation of the power system regimes with multiple 

simultaneous asymmetries. 

The first adaptation uses one complex equivalent circuit or one set of sequence networks. 

If possible, one of the asymmetries is represented with direct electrical interconnections while 

other asymmetries are considered by additional EMF sources updated during the numerical 

calculation process according to the equation systems (3.1) and/or (3.2). When all of the 

asymmetries are general, one set of sequence networks is used and all of the asymmetries are 

represented with EMF sources updated as described in Section 3.1, but this approach is 

numerically less stable than the use of direct interconnections of a complex equivalent circuit. 
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The second adaptation requires that one complex equivalent circuit where one of the 

asymmetries is represented with direct electrical interconnections should be created for every 

asymmetry. This is because the added EMF sources representing other asymmetries are 

updated using voltage drops from equivalent circuits where they are represented with direct 

interconnections [109]. This approach was numerically stable even when the values of fault 

path or series impedances of phases were significant. 

In the face of intended extension of measurement scope used for the proposed method as 

described in Section 1.3, application of topological modelling methods for extended 

equivalent circuits of the power system that could calculate currents and voltages of multiple 

power system elements simultaneously would be desirable. The symmetrical-component-

based modelling approaches described in this chapter still require a mathematical description 

for the equivalent circuits and numerical solution methods for their solution, which will be 

provided in Chapter 4. 

3.4. Conclusions 

1. Asymmetrical regimes of the power system, which include most common faults, can 

be numerically modelled using the symmetrical component method. 

2. Regime calculation for a single point of asymmetry can be performed by iteratively 

recalculating the values of the EMF sources representing the asymmetry in separate 

sequence networks according to the boundary conditions of this asymmetry or by 

using one complex equivalent circuit if at least two phases have the same impedance 

at the point of the asymmetry. 

3. Fault regimes with multiple simultaneous asymmetries can be modelled by one 

complex equivalent circuit with electrical interconnections representing one of the 

asymmetries and iteratively recalculated EMF sources representing the other 

asymmetries or by interchanging calculation of regimes for two or more of such 

complex equivalent circuits where each circuit represents a different asymmetry with 

electrical interconnections. 
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4. APPLICATIONS OF TOPOLOGICAL METHODS FOR 

MODELLING OF POWER SYSTEM REGIMES 

4.1. Nodal Potential Method in Matrix Form 

In order to calculate the currents and voltages of the power system necessary for further 

analysis, one can manually compose equations according to Kirchhoff’s and Ohm’s laws 

applied to an equivalent circuit and solve them [113], [114], yet considering the necessity to 

integrate this calculation process into an optimisation, a more computer-friendly topological 

nodal potential (admittance) method in matrix form was chosen. The equation system of the 

nodal potential method in matrix form is as follows [115]: 

 YU = I – MZ–1E + YBUB, (4.1) 

where Y – the matrix of the nodal admittances (Y = MZ–1MT), s; 

U – the vector of the node voltages, V; 

I – the vector of the current sources, A; 

M – the first-incidence matrix of the network topology graph; 

Z – the matrix of the network impedances, Ω; 

E – the vector of the branch EMFs, V; 

YB – the base node admittance vector, s; 

UB – the base node voltage, V.  

In order to obtain the unknown node voltages, one must then solve the linear equation 

system (4.1), which can be done in multiple ways: by Cramer’s rule, factorisation, etc. In this 

Thesis, either the inbuilt Gauss solver of the simulation environment or the Gauss–Seidel 

method will be used. 

4.2. Modelling of Steady-State Fault Regimes 

When modelling the steady-state fault regimes, it will be assumed that the base node is 

earthed (UB = 0 V). The numerical solution of the resulting simplified equation system can be 

obtained by implementing the Gauss–Seidel method [115]: 

 𝑼𝑖
𝑘+1 = ∑ 𝐶𝑖𝑗𝑼𝑗

𝑘+1𝑖−1
𝑗=1 + ∑ 𝐶𝑖𝑚𝑼𝑚

𝑘𝑛
𝑚=𝑖+1 +𝑫𝑖, (4.2) 

where n – the number of nodes in the equivalent circuit except the base node; 

k – the number of the approximation step of the Gauss–Seidel method; 

C – a coefficient matrix obtained from the matrix of nodal admittances (Cij = –Yij/Yii, 

Cii = 0); 

D – a vector obtained from the matrix of nodal admittances and the vector of constant 

terms (B = I – MZ–1E, Di = –Bi/Yii). 

The implementation of (4.2) is repeated for all nodes i = 1, …, n until the maximum 

difference between the node voltages of approximation step k + 1 and step k has been reduced 
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below an accuracy setting ε chosen by the user (while ε ≤ max
𝑖
(|𝑼𝑖

𝑘+1 − 𝑼𝑖
𝑘|)). Then, the 

branch currents can be calculated by Ohm’s law in matrix form [115] 

 IZ = Z–1[E + MT(U – UB)], (4.3) 

where the values of the EMFs (vector E) and the node voltages used are L-E values. 

It is easy to see that the topological modelling technique combined with the nodal 

potential method in the matrix form and the use of complex equivalent circuits provides a 

means that is convenient to implement in computer-based calculations. 

4.3. Modelling of Steady-State Pre-Fault Regimes 

The pre-fault regime is mostly defined by the apparent powers of sources and loads, which 

themselves can be nonlinear functions of node voltages requiring the solution of a nonlinear 

equation system; an iterative solution can be used. This solution represents the sources and 

loads of the power system as current sources determined by the constant apparent power of 

the node and the L-L voltage: 

 𝐽 = 𝐼 = �̂� (√3�̂�)⁄ , (4.4) 

where  �̂� – the conjugated three-phase apparent power, VA; 

�̂� – the conjugated L-L voltage, V. 

This substitution can be justified because of the voltage regulation used in transmission 

networks and typically applied generator control strategies (PG, QG = const or PG, |U| = const). 

Due to this substitution the branch EMF source vector E = 0 V and the equation system of the 

nodal potential method can be modified into 

 𝑌𝑼 = 𝑰 + 𝒀B𝑈B = �̂�S�̂�
−1 + 𝒀B𝑈B, (4.5) 

where �̂�−1 – a vector of inverse conjugated L-L nodal voltages (�̂�𝑖
−1 = 1/�̂�𝑖), V

−1; 

�̂�S – a diagonal matrix of conjugated apparent powers connected to the power system 

nodes (�̂�S𝑖𝑗 = �̂�𝑖 √3⁄  if i = j and �̂�S𝑖𝑗 = 0 if i ≠ j), VA. 

The corresponding implementation of a numerical solution of equation system (4.5) is 

 𝑼𝑖
𝑘+1 = ∑ 𝐶𝑖𝑗𝑼𝑗

𝑘+1𝑖−1
𝑗=1 + ∑ 𝐶𝑖𝑚𝑼𝑚

𝑘𝑛
𝑚=𝑖+1 +

1

𝑌𝑖𝑖
(�̂�S𝑖𝑖�̂�𝑖

−1 𝑘 + 𝒀𝐁𝑖𝑈B). (4.6) 

In case of convergence issues of (4.6) a numerical implementation of inverse matrix 

method solution to (4.5) (𝑼 = 𝑌−1�̂�S�̂�
−1 + 𝑈B) can be used instead: 

 𝑼𝑖
𝑘+1 = ∑ 𝑌𝑖𝑗

−1�̂�S𝑗𝑗�̂�𝑗
−1 𝑘+1𝑖−1

𝑗=1 + ∑ 𝑌𝑖𝑚
−1�̂�S𝑚𝑚�̂�𝑚

−1 𝑘𝑛
𝑚=𝑖+1 + 𝑈B. (4.7) 

When the node L-L voltages are estimated, the branch currents can be calculated by Eq. 

(4.3), taking into account that E = 0 V and using the L-E values of U and UB. Then the pre-

fault EMF of the generators can be calculated, adding the voltage drop in the stator winding to 

the generator busbar L-E voltage. 
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4.4. Modelling of Transient Regimes Using a Numerical  

Inverse Laplace Transform 

The base approach to the calculation of power system transients is to compose the 

differential equations that are based on Kirchhoff’s laws for static linear circuits and include 

mechanical processes, and then solve the obtained equation system. Most often this will be 

done using numerical methods such as the trapezoidal rule, Euler’s and Runge–Kutta methods 

[116], [117]. An approximate numerical inverse Laplace transform based on decomposition 

into a Fourier series was tested in this study, which obtains the time domain function using 

the values of the function in the Laplace domain F(s) (s = c + iω, i = √−1) calculated for 

equally distributed values of the real part axis Re (s) = c [118], [119]. The following equation 

was derived to determine the coefficients for the sine series: 

   ∑ ([(
2𝑚
𝑖
) − (

2𝑚
𝑖 − 1

)] 𝑆𝑚−𝑖)
𝑚
𝑖=0 =

4𝑚+1

π
σ𝐹((2𝑚 + 1)σ). (4.8) 

where Sm–i – coefficients of the sine series; 

σ – a freely chosen positive real number; 

(
2𝑚
𝑖
) =

(2𝑚)!

𝑖!(2𝑚−𝑖)!
 – i combinations of 2m; m = 1, 2, …, ∞; i = 0, 1, 2, …, m. 

These sine series coefficients can be used to obtain the original time domain function: 

 𝑓(𝑡) = ∑ {𝑆𝑖 sin[(2𝑖 + 1) arccos(e
−σ𝑡)]}𝑚

𝑖=0 . (4.9) 

Testing showed that the substitution of F(s) with F(s + a) used in this approach also often 

results in an incorrect time domain function if AC sources are present. Therefore, the 

presented method is useful mainly to calculate the transients of DC circuits or DC 

components of AC transients. However, this approach can be used with the topological nodal 

potential method but using state equations in the Laplace domain. 

4.5. Modern Distance Protection Terminal  

Under Scrutiny – Testing Experience 

There is a special but fairly common type of L-E faults in the Baltic region that should be 

highlighted ‒ fallen-tree faults [1], [120], which demonstrate how significant the influence of 

the remote-end power system infeed can be. They sometimes have additional nonstationary 

resistance to earth during the burnout of the trunk of the tree, and oscillograms of DP apparent 

impedance showed that the burnout can be slow with a delayed fall of the apparent impedance 

[121]. In order to test the influence of such faults on DP performance, a modern digital OHTL 

protection and automation terminal [122] was tested using a virtual-real laboratory 

(simulations with MATLAB SimPowerSystems, signal generation with ISA DRTS 64 from a 

COMTRADE file). The results of the experimental testing showed that stationary fault path 

resistance could prevent operation of a backwards-directed reservation zone for L-L-E and L-

E faults, and for L-E faults the presence of the transient resistance component caused 

additional time delays before the zone of operation was triggered (Figs. 4.1 and 4.2). 
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Fig. 4.1. Trigger times of DP L-E zones in case of a metallic fault [123]. 

 

Fig. 4.2. Trigger times of DP L-E zones when the fault has a transient resistance [123]. 

This negative effect of fault earth path resistance for L-E faults can be avoided by using 

the proposed method because it estimates the value of equivalent fault path resistance and 

uses steady-state phasor values determined after signal processing. 

4.6. Conclusions 

1. Topological modelling of power systems with equivalent circuits combined with the 

nodal potential (admittance) method in the matrix form result in flexible and easy-to-

implement computer-based fault and pre-fault regime modelling applications. 

2. The presence of fault path resistance negatively affects the performance of the existing 

digital DP terminal both for L-E and L-L-E faults, especially in case of fallen-tree 

faults that can result in significant additional time delays. 
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5. APPLICATION OF THE ESTIMATION OF POWER 

SYSTEM MODEL PARAMETERS FOR FAULT  

LOCATION AND DISTANCE PROTECTION 

5.1. The Framework of the Model Parameter Estimation Method 

The proposed parameter estimation method is defined as an optimisation task, which 

minimises the difference between the measurements from the controlled substation and the 

corresponding outputs of a mathematical model. It is performed in two separate stages: an 

estimation of pre-fault regime and then the fault regime parameters, thus decreasing the 

number of unknown parameters for each individual stage. The first stage should be performed 

online at regular time intervals or after a significant change in any of the measured 

parameters: the busbar voltages, currents and power flows of the branches connected to the 

substation. The parameters estimated in the first stage are the real and imaginary powers of 

the main generation and load nodes and the PS resistance and reactance of links to the 

controlled branches if simplifications of the model are used. The estimated pre-fault model 

parameters are used to calculate the equivalent source EMFs for the fault model. The second 

stage of the estimation is initiated by a start logic, which determines the fault type and the 

moment of fault occurrence. The same measurements from the substation are recorded and 

used for estimation of the fault distance α, the equivalent fault path resistance RF, and if 

necessary, NS and ZS equivalent resistance and reactance to the controlled branches. Both 

parameter estimation stages use the same optimisation and objective function (the difference 

between measurements and the output of a mathematical model): 

 𝑓OBJ = ∑ 𝐾W𝑖 (
𝑦𝑖−𝑦m𝑖

𝑦𝑖
)
2

𝑁MEA
𝑖=1 , (5.1) 

where KWi – the weight coefficient of the i-th parameter; 

NMEA – the number of measurements used for the estimation process; 

yi and ymi – the measured value of the i-th parameter and the corresponding model 

output. 

The optimisation iteratively adjusts the values of the parameters being estimated, until the 

convergence criteria for the particular stage are met, ensuring that the objective function 

reaches a value close to the global minimum. 

5.2. Modified Randomised Search Initially Tested for  

Estimation of Model Parameters 

Considering that the objective function uses multiple parameters, which in most cases will 

be nonlinear functions of the estimated parameters (Fig. 6.1), it was suspected that the 

resulting function can have false extrema. Therefore, the first optimisation approach tested 

was a randomised search with a constriction procedure, which first randomly generated a 

vector of unknown parameter values X within the given search space limitations Xmin, Xmax. 
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These values are introduced into the model and its outputs and corresponding measurements 

are used to determine the objective function according to (5.1). This process is repeated until a 

certain number of improvements NIMPR are reached, when the search space limitations are 

reduced: 

 𝑿max,min = 𝑿B ± 𝑿N(𝑲% (200𝑠)⁄ ), (5.2) 

where Xmin and Xmax – vectors of minimum and maximum possible X values; 

XB –vector X with the currently smallest value of the objective function; 

K% – the maximum difference from the nominal or average values of X elements, %; 

XN – a vector of the nominal or average values of X elements; 

s – the step number of the parameter estimation process. 

The described process is repeated until the rate of change of the objective function falls 

below a setting (here dfOBJ  ≤ 0.001 was used).  

The proposed method with this optimisation tool was tested for the DP and compared with 

the classical DP algorithm described in [11] and [124]. The testing showed that the powers of 

the two generators and two loads considered were estimated with errors within 2 % and that 

the proposed method would provide apparent impedances that ensure correct DP operation. 

On the other hand, the classical DP algorithm would operate with additional time delays even 

when a relatively small fault path resistance was present (see the black quadrangles in 

Fig. 5.1).  

 

Fig. 5.1. Comparison of apparent impedances obtained by the classical DP algorithm  

and the proposed method in the R–X plane [125]. 

The testing of the proposed method with this optimisation tool for FL demonstrated not 

only a high accuracy, but also that in comparison with an existing one-terminal-measurement-
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based FL [122] this accuracy was not affected by the pre-fault power flow (see Fig. 5.2 where 

the white surface represents the existing FL and the coloured surface corresponds to the 

proposed method) [126]. 

 

Fig. 5.2. Fault distance estimation errors εα in different cases of pre-fault power flows SW1, 

fault path resistances RF and a fixed fault distance of 99 % [126]. 

While these results indicate a high accuracy compared with the existing one-terminal-

measurement-based DP and FL algorithms, the application of modified randomised search did 

require significant calculation time, which prompted the search for a different optimisation tool. 

5.3. Modified Genetic Algorithm Applied for  

Estimation of Model Parameters 

GA is a versatile optimisation tool that has been useful in similar tasks [50], [127], [128], 

which is relatively easy to implement and which with safety mechanisms can avoid 

convergence to local extrema if any are present in the objective function [129], [130]. It 

utilises natural selection based on the fitness (objective function) of different solution 

scenarios, obtaining the best solution with several typically used steps or operators: pairing of 

parent individuals, recombination (reproduction), mutation of offspring individuals, 

determination of the adaptability of parent and offspring individuals, selection of the next 

generation [23], [128]–[130]. This optimisation represents each individual or solution by a 

chromosome, which is a consequent chain of values of unknown parameters in binary. 

The GA version used in this Thesis starts with randomly generating a large group (here 

3000) of solution variants to reduce the influence of first-generation mean fitness compared to 

the composition of the objective function. Then the fitness of these solutions is calculated 
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using (5.1) and a separate selection is performed to create the first generation for the main GA 

cycle. Before the main GA cycle, the generation number NGEN is set to 1 and the number of 

stagnating generations NSTAG is set to 0. The main GA cycle begins with the pairing of the 

parent individuals according to the “outbreeding” approach and determination of the 

probability of the occurrence of any mutation of the chromosome of offspring individuals 

PMUT using the “incest” approach. Then follows the recombination or creation of a group of 

offspring individuals sized POPsize (here, equal to 20) from the chromosomes of parent 

individuals applying an approach similar to “triadic crossover”. The third step is the mutation 

according to the approach of “density mutation” with PMUT and the probability of the 

mutation of a particular gene PGENEMUT. The next step is the selection that chooses the next 

generation from parent and offspring or randomly generated individuals using the “elite 

selection” for 10 % of next-generation members and the “roulette-wheel selection” approach 

for the remaining members [129], [130]. When the selection process is finished, the difference 

between the maximum and minimum fitness values ΔfOBJ and the maximum Hamming 

distance max dHAMM of the next generation is determined for convergence criteria tests. Next, 

the differences of the maximum and minimum values of the population objective functions 

Δmax fOBJ and Δmin fOBJ between generations are calculated and compared with a stagnation 

margin (here, 0.1 %), and if both are below this limit, NSTAG is increased by 1; otherwise, 

NSTAG is reset to 0. When NSTAG exceeds the number of permissible stagnations (here, 20), 

additional 1000 individuals are randomly generated with reduced limitations and the selection 

process is repeated. Finally, the convergence criteria are tested: NGEN exceeds min NGEN = 50, 

ΔfOBJ is below min ΔfOBJ = 0.05 p.u. and max dHAMM is below min dHAMM = 0.05 p.u. The case 

study results obtained with the proposed method using the GA will be presented separately in 

Chapter 7 of the Thesis. 

5.4. Conclusions 

1. The division of the model parameter estimation into two stages reduces the amount of 

unknown data that have to be determined after fault inception, thus making the second 

stage more feasible. 

2. Since the objective function for the estimation of unknown parameters can have false 

extrema, an optimisation tool that can find the global extremum in such conditions is 

necessary. 

3. The accuracy of the existing digital FL using one-terminal measurements has a high 

degree of dependence on the pre-fault power flow, especially if it is oriented towards 

the substation, which is not present for the proposed applications of parameter 

estimation for DP and FL. 

4. The proposed method provided a sufficient accuracy for both estimation stages, when 

tested with the modified randomised search, which outperforms existing one-terminal-

measurement-based DP and FL algorithms. 

5. The initially tested modification of a randomised search provided satisfactory results, 

but it did require significant computation time, which led to the adoption of the GA.  
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6. SYNTHESIS OF OPTIMAL OBJECTIVE FUNCTION  

FOR ESTIMATION OF MODEL PARAMETERS 

The framework of the proposed method that is described in Chapter 5 is universal in 

nature, but the question of the synthesis of an optimal version of the objective function (5.1) 

remains. This can be achieved by using weight coefficient KWi and/or selecting optimal 

parameter group Y. In case of the pre-fault regime, the parameter group will have a limited 

size as the pre-fault regime in a transmission system should be practically symmetrical [131], 

[132]. The faults, on the other hand, can be expected to be mainly asymmetrical [54], [133], 

[134] and the parameter group could include real and imaginary parts or magnitudes, angles 

of phase quantities, symmetrical components of busbar voltages and branch currents and 

apparent power for each substation branch. This could result in an exceedingly large and hard-

to-manage parameter group. Thus, the focus will be on the synthesis of the optimal objective 

function for the second estimation stage. The initial attempt to optimise the weights KWi with 

an additional outer GA cycle was slow and did not yield an unambiguous result, and a fixed 

value for KWi of 100 was assumed, testing different parameter selection strategies and sizes of 

parameter groups instead. 

6.1. Fault Parameter Selection Strategies  

Considering that the objective function is defined as the difference between measured and 

modelled parameter values, one can expect that the sensitivity of the parameter to changes in 

the fault distance α is vital, otherwise the optimisation can randomly select any α. However, 

after examining the graphs of different parameters, it can be seen that even parameters that are 

highly dependent on α in most cases also retain significant dependence on the fault path 

resistance RF (Fig. 6.1).  

 

Fig. 6.1. The absolute value of the NS current of the faulted line.  
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Based on the previous considerations, two parameter selection strategies were proposed: a 

conservative strategy and an opportunistic one. The idea behind the opportunistic strategy is 

to sort all the available measured or derived parameters only according to their maximum 

sensitivity to changes in α values max Δ𝑦𝑖. The conservative strategy first tests if the 

minimum sensitivity of an available parameter min Δ𝑦𝑖 reaches a certain minimum limit (here 

0.01 %) and the change of the parameter is monotonic to make the global minimum of the 

objective function more unambiguous. 

To evaluate the sensitivity of the measured parameters, numerical calculations of fault 

regimes with different α for several RF values were performed, and then discrete differences 

∆𝑦𝑖 ∆α⁄ ≈ d𝑦𝑖 dα⁄  were calculated. Additionally, fixed fault distance intervals were used to 

focus on the differences of the analysed parameter, ∆𝑦𝑖. In order to adequately compare the 

available parameters, adaptive base quantities were chosen. The maximum value of the 

faulted phase current and the apparent power magnitude of the particular branch (obtained 

from simulations of all the analysed α and RF values) was used for the corresponding phase 

current, apparent power, and their symmetrical components. Similarly, for voltage parameters, 

the maximum magnitude of the faulted phase value was used. The base quantity for the fault 

distance obtained by the existing FL algorithm was the line length. Simulations used for 

parameter analysis considered fault distances with a step of 5 % of OHTL and RF values of 

0.001 Ω, 1 Ω, 5 Ω, 25 Ω, 50 Ω, 100 Ω, 200 Ω. The parameters considered for the selection 

process were: 

 the magnitudes, real and imaginary parts of faulted phase voltage from substation 

busbars and its PS, NS, ZS quantities; 

 the magnitudes, real and imaginary parts of faulted phase current and apparent power 

from all the branches connected to the substation and their PS, NS, ZS quantities; 

 the fault distance calculated by an existing FL algorithm [122]. 

6.2. Development of Future Strategies of Parameter-Selection-Based 

Analysis of Objective Function 

The analysis of surfaces of the objective function in Section 7.2 of the Thesis shows that 

these may have distortions and false extrema that can be around the true fault distance α*, the 

true fault path resistance RF* value or in other configurations. The last two could cause 

significant fault distance estimation errors, which prompted further analysis on the surfaces of 

the objective function created by individual parameters and their interactions. According to 

(5.1), for a single parameter y any point in the search space (values of at least α and RF), 

which has parameter value y = y* = y(α*, RF*), will yield fOBJ = 0. Thus, when using only one 

parameter, the optimisation can determine α accurately with certainty only if the parameter is 

invariant of RF and function y(α) is monotonic. Otherwise, the surface will have value 0 at all 

points where the surface y = y(α, RF) crosses a horizontal plane defined by the measured value 

y(α*, RF*). The orientation of the lines created by points fOBJ = 0 (minimum ravines) can be 

partially assessed with 2D graphs such as Fig. 6.1. A significant number of parameters 

analysed were monotonic and the characteristics for different RF values were in consequent 
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order, but even for these parameters there was different orientation of minimum ravines. 

Some were limited by certain fault distance intervals (Fig. 6.2).  

 

Fig. 6.2. A monotonic graph of the values of parameter y (a), and orientation  

of minimum ravines limited by a fault distance interval (b). 

This is true if the maximum point of the characteristic, which has the lowest absolute 

values y(A), is above the minimum point of the characteristic, which has the highest absolute 

values y(B) (Fig. 6.2 (a)). If y(A) < y(B), any point (α, RF) with a parameter value 

y(A) < y < y(B) will have a minimum ravine with limited RF values (Fig. 6.3). 

 

Fig. 6.3. A monotonic graph of the values of parameter y (a), and orientation  

of minimum ravines limited by a fault path resistance interval (b). 

There are also parameters with mixed order of characteristics and ones that result in 

multiple minimum ravines simultaneously (function y(α) is ambiguous). After further analysis 

of different minimum ravines and objective functions created by their interaction, a grouping 

approach for the future parameter selection strategy was devised. One of the groups would 

have parameters with either a distinctly acute or a distinctly obtuse angle β (sensitivity to RF), 

and the second group should have angle β as close to 90° as possible (sensitivity to α). The 

parameter ranking within those groups would be determined by how close their angle β can be 
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to the group limiting angle values, and the resulting parameter group Y used by the 

optimisation would be assembled from both subgroups according to subgroup ranking. 

6.3. Conclusions 

1. One approach to the selection of measured parameters for use in the objective function 

is to sort them only by their sensitivity to changes in the fault distance, but it often 

results in objective functions with surface distortions and false extrema, which 

increases the risk of inaccurate fault distance estimation. 

2. Analysis of measurable or derived parameter curves for different fault distance and 

resistance values could be used to obtain parameter groups that would result in fewer 

distortions in the surface of the objective function and a more distinct global 

extremum. 
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7. TESTING OF THE PROPOSED PARAMETER 

ESTIMATION METHOD AND PARAMETER  

SELECTION STRATEGIES 

7.1. The Power System Used for the Case Studies 

The power system used for studying the characteristics of the available parameters and the 

testing of implementation of the proposed method for FL using GA is presented in Fig. 7.1. 

 

Fig. 7.1. The case study power system. 

The potential power limits of randomly generated pre-fault regimes were 0–120 % of the 

nominal value for the active and reactive power of the loads as well as the active power of 

generators, but limits −120–120 % were used for the reactive power of generators. The testing 

results presented below will consider the substation depicted with a controlled bus B10 

(denoted as RELAY 1) with scenarios of L-E faults in lines L5, L6 and L11 (denoted as 

FAULT 1, FAULT 2 and FAULT 6). The data of the case study power system elements and 

full testing results are provided in the full text of the Thesis. 

7.2. Results of Parameter Selection 

After reviewing the results of the parameter analysis, groups of up to 20 parameters were 

chosen, ranked within those groups according to Section 6.1. The obtained parameter groups 
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for RELAY1 are presented in Table 7.1 (here, “REDI” denotes the existing one-terminal-

measurement-based FL algorithm [122]). 

Table 7.1 

The Parameter Groups According to the Proposed Parameter Selection Strategies 

RANK 
FAULT1 FAULT2 FAULT6 

Conservative  Opportunistic Conservative Opportunistic Conservative Opportunistic 

1. Re (IL6) REDI Re (IL5) REDI |I0
L7| REDI 

2. Im (S1
L6) Im (IL6) Im (S1

L5) |IL5| |I0
L10| |IL10| 

3. |I0
L7| |IL6| |I0

L7| Im (IL5) |IL5| |IL7| 

4. |I0
L10| Re (IL6) |I0

L10| Re (IL5) |IL6| Im (IL7) 

5. Im (S2
L6) |IL5| Im (S2

L5) |IL6| Re (IL11) |I0
L7| 

6. Re (S1
L6) Im (IL5) Re (S1

L5) Im (IL6) |I0
L11| |I0

L10| 

7. Re (IL5) |I1
L6| Re (IL6) |I1

L5| Re (IL5) Im (IL10) 

8. |IL11| |I2
L6| |IL11| Im (S1

L5) Re (IL6) Im (I0
L7) 

9. Re (I1
L6) |IL10| Re (I1

L5) |I2
L5| |I2

L5| Im (I0
L10) 

10. Re (I2
L6) Im (I1

L6) Re (I2
L5) Im (I1

L5) |I2
L6| |IL11| 

11. |I0
L5| Im (I2

L6) |I0
L6| |IL7| |I1

L5| Im (IL11) 

12. Re (I0
L10) Im (S1

L6) Im (S2
L6) Im (I2

L5) |I1
L6| |IL5| 

13. Im (S2
L5) |IL7| Re (I0

L7) |IL10| |I2
L11| |IL6| 

14. Re (I0
L6) Im (IL10) |I2

L6| Im (IL7) |I0
L5| Im (IL5) 

15. |I2
L5| |I0

L7| Re (I0
L5) |I0

L7| |I0
L6| Im (IL6) 

16. Re (S1
L5) |I0

L10| Re (S1
L6) |I0

L10| |U2
B10| Re (IL7) 

17. Re (IL11) Im (I0
L7) Re (IL11) Im (IL10) |U0

B10| Re (UB10) 

18. Re (I0
L5) Im (IL7) Re (I0

L6) Im (I0
L7) Re (I1

L5) |UB10| 

19. Re (I2
L5) Im (I0

L10) Re (I2
L6) Im (I0

L10) Re (I1
L6) Re (IL10) 

20. Re (I1
L5) Im (S2

L6) Re (I1
L6) Im (S2

L5) Re (I2
L5) Re (I0

L10) 

 

Table 7.1 also shows that the selected parameter groups partially overlap. This happened 

because the ranking of the parameters according to the conservative strategy is also performed 

by the maximum sensitivity, but only after the testing of the additional criteria. Before 

discussing the testing of the obtained parameter groups, it should be briefly noted that a 

separate analysis of the surfaces of the objective function created using the proposed 

parameter selection strategies showed form distortions in some of the tested fault scenarios for 

both strategies. This confirmed that an optimisation capable of avoiding false extrema is 

necessary. Additionally, reduction of the number of available parameters performed during 

this analysis showed that smaller numbers of available parameters more often yield surfaces 

with additional false extrema and other form defects. Therefore, it can be suspected that the 

more parameters are used the more they damp distortions introduced by other parameters. 

7.3. Testing Results for the Proposed Method 

The proposed method with the GA as the optimisation tool and the described parameter 

selection strategies were extensively tested considering 20, 15, 10 and 5 parameters used in 

the objective function (5.1) and 1000 tests randomised pre-fault and fault scenarios for each of 
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these subcases. The focus of the testing was on the estimation of the fault parameters and the 

randomised pre-fault regime was assumed to be known. The maximum and mean values of 

estimation errors ε for α and RF, the mean number of generations necessary for convergence 

NGEN, and the upper boundary for α estimation errors covering 95 % of the expected values 

εαB for the tested cases are given in Table 7.2. 

Table 7.2 

The Results of Testing for RELAY1 

 
STRATEGY NPAR 

max εα, 

% 

mean εα, 

% 

εαB, 

% 

max εRF, 

% 

mean εRF, 

%  
mean NGEN 

F
A

U
L

T
1

 

Opportunistic 

20 0.787 0.037 0.093 1.722 0.041 1125.9 

15 1.457 0.039 0.102 1.540 0.038 1183.1 

10 0.303 0.035 0.094 2.184 0.044 1252.9 

5 0.768 0.035 0.079 2.168 0.064 1285.5 

Conservative 

20 0.881 0.036 0.084 4.024 0.058 930.4 

15 1.031 0.034 0.091 40.901 0.133 1280.2 

10 0.772 0.039 0.114 4.888 0.097 989.8 

5 0.848 0.041 0.130 25.885 0.142 1098 

F
A

U
L

T
2

 

Opportunistic 

20 1.719 0.036 0.086 1.133 0.032 1161.1 

15 1.735 0.038 0.090 4.290 0.041 1072.9 

10 0.849 0.036 0.096 1.349 0.042 1013.5 

5 2.029 0.036 0.090 1.758 0.067 974.5 

Conservative 

20 0.893 0.033 0.078 49.60 0.149 1078.3 

15 2.220 0.039 0.092 46.178 0.133 1049.6 

10 3.379 0.043 0.101 6.518 0.093 1222.3 

5 1.371 0.041 0.100 33.293 0.129 1446.2 

F
A

U
L

T
6

 

Opportunistic 

20 2.685 0.085 0.363 0.455 0.030 2764.7 

15 3.641 0.075 0.231 0.764 0.028 2114.1 

10 3.595 0.078 0.262 1.218 0.035 3011.8 

5 5.118 0.076 0.235 1.372 0.049 2863.1 

Conservative 

20 2.613 0.082 0.309 0.721 0.031 2838.7 

15 3.135 0.094 0.329 0.909 0.035 2436.1 

10 4.024 0.123 0.447 1.204 0.045 4382.9 

5 6.134 0.120 0.424 1.517 0.044 4934.2 

 

The analysis of the testing results from Table 7.2 and other scenarios presented in the full 

text showed that the accuracy of α estimates for the proposed method seems to be lower for 

faults in single-circuit lines than for faults in double-circuit lines (Figs. 7.2 and 7.3) and for 

faults towards generators compared with faults towards load centres. This was the same for 

the mean number of necessary generations, but the accuracy of RF estimates was not affected. 

In cases of faults in single-circuit lines, the opportunistic strategy had a higher accuracy of α 

estimates, but for faults in double-circuit lines the conservative strategy performed equally or 

better. In terms of RF, estimates the opportunistic strategy was more accurate, but in most 

cases the mean number of necessary generations was similar for both strategies. FAULT6 was 

especially challenging for the proposed method, having a case of α estimation error above 

5 %, but this mainly indicates that the minimal parameter group size should be between 5 and 
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10. The upper boundary for 95 % of α estimation errors showed that in most cases this error 

will not exceed 0.12 % and for single-circuit line faults 0.45 % in contrast to the randomised 

search method that had errors mostly between 0.1–1.5 %. 

In order to compare the performance of the proposed method with existing FL methods, 

FL algorithms using one-terminal measurements and two-terminal measurements of NS 

voltages and currents [122] were tested in the same randomised conditions. The results of this 

testing are presented in Table 7.3. 

 

Fig. 7.2. The histogram of fault distance estimation error modulus obtained  

with opportunistic strategy FAULT1 and parameter count 5. 

 

Fig. 7.3. The histogram of fault distance estimation error modulus obtained  

with opportunistic strategy FAULT6 and parameter count 5. 
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Table 7.3 

The Results of Testing of Existing Fault Locators 

 
Fault case max εα, % mean εα, % εαB, % 

One-terminal-

measurement-based fault 

locator 

FAULT1 169.977 16.679 59.939 

FAULT2 157.670 17.754 63.871 

FAULT6 939.143 47.575 208.96

3 Two-terminal-

measurement-based fault 

locator 

FAULT1 0.216 0.105 0.198 

FAULT2 0.214 0.107 0.199 

FAULT6 0.219 0.107 0.200 

 

The comparison between the performance of the proposed method and the existing one- 

and two-terminal-measurement-based FL according to Tables 7.2 and 7.3 and full testing 

results showed that the accuracy of the FL using one-terminal measurements approached the 

accuracy of the proposed method only in few cases when considering the maximum error of α 

estimates. The two-terminal-measurement-based FL outperforms the proposed method in 

terms of maximum error of α estimates, but the mean errors and the upper boundaries for 

95 % of error values were lower for the proposed method when faults occurred in double-

circuit lines. Thus, the proposed method will often have a higher concentration of more 

accurate results across a large number of cases. 

7.4. Conclusions 

1. The updated version of the parameter estimation method using the GA clearly 

outperformed an existing one-terminal-measurement-based FL algorithm. 

2. The updated version of the proposed method had higher maximum error values than 

the existing two-terminal-measurement-based FL method using NS quantities, but in 

terms of mean error and expected concentration of 95 % of fault distance estimation 

error values, the proposed method often outperformed the two-terminal-measurement-

based method. 
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8. APPLICATION OF THE MODEL PARAMETER 

ESTIMATION AND TOPOLOGICAL MODELLING 

APPROACH FOR THE DEVELOPMENT OF AN  

ADAPTIVE SINGLE-POLE AUTOMATIC RECLOSING 

The proposed application for ASPAR uses the topological modelling method both in 

symmetrical components to model the overall influence of the power system on the one-open-

phase regime of the OHTL present during the dead time and in phase coordinates to more 

accurately model interactions between the healthy phases and the disconnected faulted phase. 

The fault distance estimated by the FL proposed in this Thesis is used to calculate the 

adaptive setting of the developed ASPAR method. 

8.1. Modelling of High-Voltage Transmission Line in Phase Coordinates 

In order to evaluate the possible parameters used for the ASPAR, a detailed OHTL model 

in phase coordinates was developed that considered the conductor self-impedance ZW, the 

ground (earth) wire impedance ZGW, all of the mutual coupling impedances ZMAB, ZMBC, ZMCA, 

ZMAGW, ZMBGW, ZMCGW, capacitances between phases CAB, CBC, CCA, between the phases and 

the earth CAG, CBG, CCG as well as between the phases and the earth wire CAGW, CBGW, CCGW. 

The calculation methods for determination of the aforementioned line parameters according to 

[135]–[137] were also provided. This model included EMF sources at both ends of the line, 

which are busbar L-E voltages obtained by solving the problem of two simultaneous open-

phase faults with the whole network model according to the description in Section 3.3. 

8.2. Dynamic Arc Model Used for Development and Testing of  

the Adaptive Automatic Reclosing Method 

The secondary arc model used during the dead time is an implementation of the piecewise 

linear volt-ampere cyclogram (dependence of the voltage gradient on the secondary arc 

current) combined with time-dependent arc reignition. The secondary arc reignition voltage is 

calculated and applied during the arc extinctions [135]: 

 𝑈re = (5 + 50𝑇e)(𝑡 − 𝑇e)ℎ(𝑡 − 𝑇e), (8.1) 

where 𝑈re – the secondary arc reignition voltage, kV/cm; 

Te – the time from the beginning of the secondary arc till the fault arc extintion 

(intermediate of final), s; 

t – the simulation time, s; 

h(t – Te) – a delayed step function (0, t < Te; 1, t > Te). 

One of the main reasons why the secondary arc becomes extinguished is the elongation of 

the arc channel, which in the Thesis is considered according to [138], with the initial arc 

length being by 10 % larger than the phase insulator length.  
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The primary arc (before fault disconnection) model is similar to the secondary arc but the 

length of the arc channel is assumed to be constant. The primary arc cyclogram used in this 

Thesis is a piecewise linearisation of the volt-ampere cyclogram shown in [139]. Both of the 

described arc models were implemented in a MATLAB SimPowerSystems model, where two 

Thevenin’s equivalents of power systems S1 and S2 are connected by two line π-sections 

representing the parts of the line before and after the fault. The restrike that occurs if the AR 

command is given prematurely or the fault is permanent in nature is performed by switching 

from the model of the secondary arc to the primary arc one. The instantaneous current and 

voltage of the fault arc during successful SPAR is shown in Fig. 8.1 (the primary arc model is 

connected 50–100 ms and the secondary arc model – 100 ms after the start of the simulations) 

displaying higher harmonic distortions of the arc current, increasing of the arc reignition 

voltage, and the increase of the fault point voltage with a DC offset after arc extinction at 

approximately 0.369 s. 

 

Fig. 8.1. The arc voltage and current at the fault point during a successful SPAR [135]. 

8.3. The Proposed Adaptive Single-Pole Automatic Reclosing Method 

Analysis of the faulted phase line-side voltage UF and its real and imaginary parts 

obtained from both steady-state and dynamic simulations after filtering and discrete 

derivatives of these parameters allowed forming criteria for ASPAR to determine the moment 

of arc extinction and the time to issue a reclose command. The following criteria were 

defined: the absolute value of the real part of the faulted phase line-side voltage exceeds a 
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setting |Re (𝑈F)| ≥ 𝑆Re2, the absolute values of the discrete derivatives of the real and 

imaginary part of the same voltage fall below different settings |∆Re (𝑈F) ∆𝑡⁄ | ≤ 𝑆Re, 

|∆Im (𝑈F) ∆𝑡⁄ | ≤ 𝑆Im and the RMS value of the same voltage is below a setting |𝑈F| ≤ 𝑆ABS. 

These criteria are supplemented with a start signal, which indicates the open state of the CBs, 

an additional time delay Δt1, which first includes 5–10 ms of switch on delay to prevent 

undesirable SPAR operation during intermediate arc extinctions and 20 ms of delay before the 

final reclose command is issued to provide time for reestablishment of sufficient insulation 

strength. The estimated fault distance and modelling of one-open-phase regime in 

symmetrical component coordinates is used as inputs for the detailed line model in phase 

coordinates, which in turn is used to determine the settings SABS and SRe2 (settings SRe and SIm 

are chosen above the noise level of the normal regime). 

8.4. Testing of the Proposed Adaptive Automatic Reclosing Method 

The proposed ASPAR method was tested on a 330 kV line model, which interconnects 

two 330 kV systems, S1 and S2, with short-circuit powers of 2 GVA and 1 GVA, and X/R 

ratios of 8 and 6. First, the performance of the proposed method was tested for various 

transient fault scenarios. The results including the time of arc extinction tEXT, the full 

deionisation time according to (8.1) ‒ tDEION1 ‒, the full deionisation time considering the 

maximum statistical necessary time from the moment of the arc extinction (60 ms) ‒ tDEION2 ‒, 

the moment when the inner logic block AND4 with the 5 ms switch on delay is triggered 

(ASPAR operation will occur after 20 ms), tAND4, the moment when the final output command 

to reclose the CB is given, tRECLOSE, for positive and negative power flows are presented in 

Figs. 8.2 and 8.3 (zero time here corresponds to the beginning of the secondary arc). The 

constant setting recommendation is given for a comparison with the conventional AR shot 

method based on the empirical equation for deionisation time given in [140].  

 

Fig. 8.2. The results of ASPAR testing for a positive pre-fault power flow [135]. 
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Fig. 8.3. The results of ASPAR testing for a negative pre-fault power flow [135]. 

The testing results show that in cases of delayed start of arc elongation process the 

constant SPAR setting may be insufficient, but the time difference will most probably be 

covered by additional time delays. However, for rapid arc elongation process scenarios there 

will be a significant unnecessary time gap between the moment of the actual deionisation and 

the reclosing command, which is not present for the proposed ASPAR method. These results 

also show that the reclose command of the proposed ASPAR method exceeds both analytical 

and statistical times of necessary deionisation times (tDEION1, tDEION2). Additionally, the 

proposed method successfully blocked SPAR operation in scenarios of permanent faults with 

high equivalent fault resistance in the amount of 5 kΩ. 

8.5. Conclusions 

1. The proposed model parameter estimation can be applied for other power system 

automation tasks such as creation of adaptive automation algorithms. 

2. The proposed ASPAR algorithm applies topological analysis of a detailed three-phase 

steady-state line model during the dead time to calculate the adaptive setting, and the 

results of both parameter estimation stages from the proposed FL algorithm are used 

as inputs for this model.  

3. The implemented dynamic primary and secondary fault arc models allowed to confirm 

the use of the real part of the faulted phase line-side voltage and discrete derivatives of 

the real and imaginary parts of the same voltage as suitable indications for fault arc 

extinction. 

4. Testing of the described ASPAR algorithm showed the expected adaptive performance 

in cases of rapid fault arc elongation and blocking for permanent faults. 
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CONCLUSIONS 

1. The hypothesis of the Doctoral Thesis has been proven: the performance of the tested 

existing one-terminal-measurement-based FL and DP approaches was impaired when 

faults had a high transient resistance and they can be replaced by a technique based on 

a two-stage estimation of unknown power system model parameters that solves the 

problem as an optimisation task and expands the available measurements only within 

the controlled substation. 

2. Measurements from both terminals of the line provide opportunities for fast and 

accurate FL, but their operation can be critically affected in case of loss of 

communication between substations or synchronisation of these measurements. 

3. Most of the existing research on DP was more oriented towards various 

implementations of the DP itself in electromechanical, electronic or digital devices. 

4. Most of the existing ASPAR methods ignore the influence of the healthy-phase power 

flow or they are highly dependent on accurate measurements of higher harmonic 

components or the DC offset, requiring a higher sampling frequency. 

5. Fault regimes with multiple simultaneous asymmetries can be modelled by one 

complex equivalent circuit with electrical interconnections representing one of the 

asymmetries and iteratively recalculated EMF sources representing the other 

asymmetries or by interchanging calculation of regimes for two or more of such 

complex equivalent circuits where each circuit represents different asymmetry with 

electrical interconnections. 

6. The presence of fault path resistance negatively affects the performance of the existing 

digital DP terminal both for L-L-E and L-E faults, especially in the case of fallen-tree 

faults, which can result in significant additional time delays. 

7. The division of the model parameter estimation into two stages reduces the amount of 

unknown data that have to be determined after fault inception, thus making the second 

stage more feasible. 

8. The accuracy of an existing digital FL using one-terminal measurements has a high 

degree of dependence on the pre-fault power flow, especially if it is oriented towards 

the substation, which is not present for the proposed applications of parameter 

estimation for DP and FL. 

9. The initially tested modification of a randomised search provided satisfactory results, 

but it did require significant computation time, which led to the adoption of the GA. 

10. One approach to the selection of measured parameters for use in the objective function 

is to sort them only by their sensitivity to changes in the fault distance, but it often 

results in objective functions with surface distortions and false extrema, which 

increases the risk of inaccurate fault distance estimation. 

11. The updated version of the parameter estimation method using the GA clearly 

outperformed an existing one-terminal-measurement-based FL algorithm. 
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12. The updated version of the proposed method had higher maximum error values than 

the existing two-terminal-measurement-based FL method using NS quantities, but in 

terms of mean error and expected concentration of 95 % of fault distance estimation 

error values, the proposed method often outperformed the two-terminal-measurement-

based method. 

13. The proposed model parameter estimation can be applied for other power system 

automation tasks such as creation of adaptive automation algorithms. 

14. Testing of the described ASPAR algorithm showed the expected adaptive performance 

in cases of rapid fault arc elongation and blocking for permanent faults. 
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