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Abstract:



The appropriate circuit modeling of metal oxide gapless surge arresters is critical for insulation coordination studies. Metal oxide arresters present a dynamic behavior for fast front surges; namely, their residual voltage is dependent on the peak value, as well as the duration of the injected impulse current, and should therefore not only be represented by non-linear elements. The aim of the current work is to adjust the parameters of the most frequently used surge arresters’ circuit models by considering the magnitude of the residual voltage, as well as the dissipated energy for given pulses. In this aim, the harmony search method is implemented to adjust parameter values of the arrester equivalent circuit models. This functions by minimizing a defined objective function that compares the simulation outcomes with the manufacturer’s data and the results obtained from previous methodologies.
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1. Introduction


Atmospheric overvoltages create a series of problems to power systems, resulting in damages and/or failures of the equipment, interruption of the power supply, and potential life endangerment. Overhead transmission and distribution lines are susceptible to direct and indirect lightning hits, involving traveling waves that, even though they are of short duration, can result in overvoltages that exceed the insulating capabilities of transmission and/or distribution lines. This can lead to severe damage to the equipment as well as power supply interruptions [1,2,3]. So, for a variety of reasons, including reliability issues, the improvement of the lightning performance of power systems is of great importance in ensuring uninterrupted power supply of a high quality.



Common practices that safeguard a system against overvoltage stresses include ground wires or lightning rods that intercept atmospheric discharges, as well as surge arresters that divert the surge current to earth, and keep overvoltages below a level that could potentially stress the equipment insulation [4,5,6]. The appropriate placement and the determination of the electrical characteristics of the arresters constitute critical issues that require appropriate theoretical substantiation. This is achieved by applying simulation procedures, the precision of which depends on the used equivalent circuit models. The proper circuit modeling of metal oxide arresters is of great importance for insulation coordination studies. The modern gapless arresters cannot be represented only as non-linear resistances, since their residual voltage is determined by the magnitude and the rate of rising of the injected impulse current. In the case of switching surge studies, the arresters can be modeled with their non-linear voltage-current characteristics [7,8,9]. Nevertheless, for fast front overvoltages, the peak of the voltage and the current waveforms do not occur simultaneously. In addition, the residual voltage is inversely correlated with the rising time of the discharge current. The above frequency-dependent behavior leads to the need for a more advanced model that is appropriate for lightning performance studies [10,11,12]. In this context, several circuit models have been proposed [8,9,13,14], in an effort to reproduce the above dynamic behavior. A crucial issue for the developed circuit models is the evaluation of their parameters so as to achieve the best curve fitting between the simulated and real recorded waveforms. The precision of the outcomes of each model is very highly influenced by the adjustment of the parameter values. In response to these challenges, various iteration methods have been proposed [15,16,17,18,19,20,21] to compute the parameters that minimize the difference between the results of each model and the manufacturer’s data.



Although the implementation of the above optimization techniques led to a more precise representation of the dynamic behavior of the circuit model, there is still a significant need for further improvement of their response to fast front surges. This could be achieved through the inclusion of the absorbed energy in the objective function. Indeed, the consideration of the dissipated energy by the arresters can result in more accurate results. A distinguishing feature of this work is the attempt to advance the efficiency and the accuracy of the pre-existing circuit models of metal oxide arresters. A key objective is to provide a methodology for the adjustment of the parameters of the circuit models to achieve a more precise representation of their dynamic behavior. Insofar as the manufacturer’s data are available for a wide range of impulse current waveforms, the outcome of each model after the implementation of the optimization algorithm will provide results of higher accuracy. The current work suggests an advanced methodology that uses the initial values obtained by the defined evaluation procedures [8,9,13] for each model. This aims to minimize the difference between the computed results and the manufacturer’s data by considering the response of the circuit model for various impulse current waveforms. To successfully address the above challenges and select the optimum parameters for each model, the optimization method minimizes the objective function by including all the manufacturer’s data for lightning and switching impulse currents, as well as the absorbed energy (a measure of the adequate curve-fitting between theoretical and real data). The extracted results have been compared with data obtained from the manufacturer (datasheet) as well as results obtained from previous methodologies, showing the accuracy and efficiency of the proposed methodology.




2. Equivalent Circuit Models of Metal Oxide Gapless Arresters


According to [7], a metal oxide gapless arrester consists of non-linear metal oxide resistors in series or in parallel connection, without any integrated gaps. It is worth mentioning that metal oxide resistors contain about 90% zinc oxide (ZnO), while the other 10% is composed of about ten different additives in the form of the oxides of rare earths [19]. A typical metal oxide gapless surge arrester comprises one or more columns of cylindrical block non-linear resistors. These are found insulating housing and terminals. The ZnO blocks present an extremely non-linear, current–voltage characteristic according to the following equation [22,23]:


[image: ]



(1)




where

	
I is the discharge current that passes through the arrester,



	
k is a measure of its current-carrying capacity depending on geometrical configuration and characteristics of the arrester (cross-sectional area, length),



	
V is the residual voltage at the terminals of the arrester, and



	
α is a measure of non-linearity between V and I, depending on the composition of the oxides.








Figure 1 depicts the voltage-current characteristic of a ZnO resistor. The non-linear resistor offers a path of low impedance between the phase conductor and the earth, diverting the incoming overvoltage to the grounding system. The discharge current that passes through the arrester to the grounding system restricts the residual voltage across the arrester and, therefore, the arising voltage level at the equipment and the system connected to it. During normal operation of the system, the arrester presents a high impedance, providing a near-open circuit. It remains so until a surge voltage happens, and is restored immediately after discharge of the excess overvoltage [1].


Figure 1. V–I characteristic of a typical metal oxide arrester (I: capacitive linear area, current ≤ 1 mA; II: knee point, transition from the almost-insulating to the conducting condition; III: intensely non-linear area; IV: ohmic area, high current area) [23,24].
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Figure 2 depicts the basic ZnO non-frequency-dependent element, where the total leakage current has a capacitive and a resistive component. Values L and C represent the inductance of the conducting leads, and the capacitance between the external insulation and the ZnO block, respectively. The non-linear resistor presents high value (A0) for low currents, as low-value bulk resistance (RB) is the dominant component for high current levels [9,10,14,23].


Figure 2. Basic ZnO element model [1,9].
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However, the above model is not suitable for lightning performance analysis, considering that the response of the arresters is different in the case of fast disturbances [18]. Metal oxide gapless arresters respond in a different way to several types of injected overvoltages, depending on the magnitude and the duration of the surge. The most used frequency-dependent circuit models that satisfy the dynamic behavior of the modern arresters are presented in detail in [8,9,13]. These models differ in the procedure for the computation of their parameters, but all are appropriate for lightning performance studies. Note that the Pinceti–Giannettoni and Fernandez–Diaz models rely on the IEEE model [8]. However, they use the electrical characteristic data provided by the datasheet of manufacturers instead of the geometrical characteristics that the IEEE model uses.



The IEEE model [8] (Figure 3) includes the non-linear resistors A0 and A1 and a filter R-L. The voltage–current characteristics of A0 and A1 are illustrated in Figure 4. For currents with high rising times, the filter R-L presents a low impedance, resulting in a parallel connection between A0 and A1. For impulse currents with low rising times, the filter R-L presents a high impedance, diverting the current to A0.


Figure 3. The IEEE model [8] (d is the height of the arrester in m, n is the number of varistor columns).



[image: Energies 10 02168 g003]





Figure 4. Voltage–current characteristics of the non-linear resistances A0 and A1 [8].
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The Pinceti–Giannettoni model [9] compared with the IEEE model does not have any capacitance, since R0 and R1 give their place to the resistance R0 (Figure 5). A0 and A1 obey the V–I characteristics of Figure 4.


Figure 5. The Pinceti–Giannettoni model (Vn is the arrester’s rated voltage, Vr8/20 is the residual voltage for an 8/20 10 kA impulse current and Vr1/T2 is the residual voltage for a 1/T2 10 kA impulse current) [9].
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In the Fernandez–Diaz model [13], A0 and A1 are separated only by the inductance L1, the estimation of which is performed according to the procedure described in [13] (Figure 6).


Figure 6. The Fernandez–Diaz model [13].
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3. Definition and Analysis of the Optimization Problem


The circuit models of Section 2 consist of various parameters that formulate a column vector x:

	
x = [R0, R1, L0, L1, C]T for the IEEE model [8]



	
x = [R0, L0, L1]T for the Pianceti–Giannettoni model [9]



	
x = [R0, L1, C]T for the Fernandez–Diaz model [13].








The outcomes of each model for each current impulse must be compared with the datasheet values. The residual voltage of a model can be accurately evaluated if an adequate selection of its parameters x = (x1, x2, …, xn)T is carried out. Considering the great impact of the parameter values of each model on the accuracy of the simulated results, the following objective function must be minimized:
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(2)




where

	
Vres is the magnitude of the residual voltage of the arrester,



	
s is an indicator for the results obtained by simulation procedures,



	
m is an indicator for the data provided by the manufacturer,



	
I is the injected impulse current (peak value, time),



	
i is an indicator that corresponds to the curve of the injected impulse current (i = 1: 8/20 μs, i = 2: 1/20 μs, i = 3: 30/60 μs, i = 4: long duration impulse),



	
E is the absorbed energy by the arrester in Joules, given as following:
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(3)









where

	
u(t) is the waveform of the residual voltage of the arrester,



	
i(t) is the waveform of the discharge current that passes through the arrester, and



	
is the duration of the injected impulse current.








Note that surge arresters have to withstand the energy discharged by the atmospheric surge. This energy is directly affected by the lightning hit position, the waveform of the lightning current, and the grounding resistance [25]. If the absorbed energy is greater that the withstand capability of the device, the arrester is damaged.



The implementation of an optimization procedure will adjust the optimal values xi. The aim of the optimization procedure is to minimize Equation (2), which is a function of several variables. It is infeasible to attain the optimum procedure in a single step, but instead an iteration technique is required. In the current work, the harmony search method (presented in Section 4) is applied.




4. Harmony Search Method


The minimization of the objective function (Equation (2)) is performed by applying the harmony search method [26]. This population-based meta-heuristic algorithm searches for the optimum solution by trying various combinations of the variables, mimicking the music improvisation process. In contrast to other similar procedures, harmony search methodology uses two different operators, i.e., the harmony memory considering rate (HMCR,) and the pitch adjusting rate (PAR). These generate and mutate the solution, correspondingly. It is worth mentioning that HMCR and PAR control the component of solutions and determine the convergence rate [27,28,29,30,31].



Considering an objective function f(x), x ∈ Xi, i = 1, 2, …, n, where

	
x is the set of each decision variable xi,



	
n is the number of decision variables,



	
Xi is the set of the possible range of values for each decision variable, considering lower and upper bounds for each decision variable.








The harmony search method includes the following steps [26,32,33]:



Step 1: Initialization of the harmony search memory (HM). Considering an n-dimension problem, HM is given as
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where

	
[image: ] are randomly generated solutions,



	
HMS is the harmony memory size,



	
i = 1, 2, …, n, and



	
j = 1, 2, …, HMS








Step 2: Improvisation of a new solution from the HM based on the HMCR, i.e., the probability that a solution is selected from the current HM members. The solution [image: ] is mutated according to the PAR.



Step 3: Update HM. In the case that the solution obtained from step 2 achieves a better convergence of the objective function compared with the worst member of the HM, then this new solution replaces the existing one in the HM.



Step 4: Repeat steps 2 and 3 until the defined criterion is satisfied.




5. Results and Discussion


Table 1 presents the electrical and geometrical characteristics of the arrester under examination. Based on these data, the initial values of the parameters of each model are computed (Table 2) according to the procedures presented briefly in Section 2. By using the harmony method, the optimum parameters that minimize Equation (2) are evaluated, considering the following cases:

	
Case 1: implementation of the algorithm considering the response for a 10 kA, 8/20 μs current.



	
Case 2: implementation of the algorithm considering the response for all the current waveforms of Table 1.



	
Case 3: implementation of the algorithm considering the response for all the current curves and the energy for long duration impulse of Table 1.








Table 1. Characteristics of the arrester under study.







	
Rated Voltage (Ur)

	
30 kV




	
Maximum Continuous Operating Voltage (Uc)

	
24 kV




	
Nominal Discharge Current

	
10 kA




	
Line Discharge Class according to IEC 60099-4

	
2




	
Long Duration Current Impulse (2000 μs)

	
540 A




	
Energy for Long Duration Impulse

	
5.8 kJ/kV Uc




	
Residual Voltage

	
8/20 μs

	
5 kA

	
75.29 kV




	
10 kA

	
79.27 kV




	
20 kA

	
88.78 kV




	
1/20 μs

	
10 kA

	
82.01 kV




	
30/60 μs

	
125 A

	
58.14 kV




	
500 A

	
61.02 kV




	
Sheds

	
11




	
Height

	
302 mm




	
Creepage

	
762 mm










Table 2. Initial and optimized parameters for each model and each case.







	

	
IEEE Model [8]

	
Pinceti–Giannettoni Model [9]

	
Fernandez–Diaz Model [13]




	

	
Initial

	
Optimized

	
Initial

	
Optimized

	
Initial

	
Optimized




	
Case

	
Case

	
Case




	
1

	
2

	
3

	
1

	
2

	
3

	
1

	
2

	
3






	
R0 (Ω)

	
30.20

	
17.82

	
94.81

	
54.19

	
1 × 106

	
1

	
0.952 × 106

	
1.102 × 106

	
1 × 106

	
0.998 × 106

	
1.051 × 106

	
1.088 × 106




	
R1 (Ω)

	
19.63

	
24.48

	
27.88

	
37.54

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
L0 (μΗ)

	
0.0604

	
0.108

	
0.141

	
0.421

	
0.259

	
0.192

	
0.314

	
0.419

	
-

	
-

	
-

	
-




	
L1 (μΗ)

	
4.530

	
2.470

	
1.982

	
2.217

	
0.086

	
0.057

	
0.028

	
0.041

	
0.630

	
0.587

	
0.681

	
0.701




	
C (pF)

	
331.1

	
784.2

	
860.9

	
1008.1

	
-

	
-

	
-

	
-

	
334.4

	
481.2

	
287.7

	
398.4










It is worth mentioning that the state equation of each model is solved according to the procedure presented in [17] by using a suitable software.



The optimum parameters of each model and for each case are presented in Table 2. The outcomes of the optimization algorithm are used to compute the residual voltage and the absorbed energy. Figure 7, Figure 8 and Figure 9 present the relative errors of the theoretical results, implementing the initial values of the parameters according to [8,9,13], and those extracted from the harmony search method for the three examined cases. The outcomes of Case 1 almost eliminate the relative error for a 10 kA, 8/20 μs impulse current, but may worsen the response of each model for the other examined waveforms. Case 2 gives very good results for the peak value of the residual voltage for all the injected currents, but seems to be ineffective as far as the absorbed energy is concerned. Ultimately, the results of Case 3 seem to improve the behavior of each model for all the lightning/switching currents and the energy for a long duration impulse current.


Figure 7. Results for the IEEE model.



[image: Energies 10 02168 g007]





Figure 8. Results for the Pinceti–Giannettoni model.
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Figure 9. Results for the Fernandez–Diaz model.
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Figure 10 provides the absolute values for Case 3. The accuracy of the obtained results and the adequate convergence between the theoretical calculations and the manufacturer’s data play a fundamental role in the lightning performance and insulation coordination studies. These factors allow the study to avoid imprecise estimations that lead to the inappropriate design of the power systems. The presented outcomes in Figure 10 indicate that the harmony search method improves the precision of each model compared with those obtained by the implementation of the initial values of the parameters. So, the applied methodology is proven to be a sophisticated technique that meets the demands for adequate representations of the dynamic behavior of modern arresters, and the extracted results support this claim.


Figure 10. Residual voltage (in kV) and dissipated energy (in kJ/kV) for the three examined models (case 3) (the symbol * corresponds to the absorbed energy by the arresters).



[image: Energies 10 02168 g010]






Added to the above analysis, the outcomes of the harmony search algorithm are compared with results obtained from methodologies presented in previous works [15,16,17], i.e., the downhill simplex method [15], the Powell method [16] and a genetic algorithm (GA) [17] (Table 3). In Cases 2 and 3, the simplex and the Powell methods cannot be successfully applied, since both are trapped in local minima. The harmony search method and the genetic algorithm are appropriate for the objective function defined in Cases 2 and 3, resulting in adequate predictions. Compared with the genetic algorithm, the harmony search method does not present characteristics of algorithm complexity, since it does not need any prior domain information, but only uses a single search memory to evolve.



Table 3. Comparison of the harmony search method, downhill simplex method [15], Powell method [16] and genetic algorithm [17]: relative error (%) between simulation results and manufacturer’s data.







	

	
5 kA

8/20 μs

	
10 kA

8/20 μs

	
20 kA

8/20 μs

	
10 kA

1/20 μs

	
125 A

30/60 μs

	
500 A

30/60 μs

	
540 A

2000 μs






	
IEEE Model [8]

	
initial

	
6.22

	
3.1

	
3.58

	
4.77

	
7.19

	
6.41

	
8.4




	
Optimized (Case 1)

	
Harmony

	
5.84

	
0.25

	
3.27

	
5.41

	
9.24

	
7.90

	
12.7




	
Simplex

	
6.81

	
0.66

	
4.2

	
5.20

	
9.51

	
8.38

	
11.4




	
Powell

	
6.94

	
0.72

	
4.47

	
5.61

	
10.1

	
8.84

	
13.1




	
GA

	
5.95

	
0.37

	
3.41

	
5.27

	
9.83

	
6.98

	
11.9




	
Optimized (Case 2)

	
Harmony

	
3.04

	
0.97

	
1.4

	
3.2

	
3.9

	
4.12

	
8.70




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
3.24

	
1.19

	
1.38

	
3.46

	
4.21

	
4.40

	
9.45




	
Optimized (Case 3)

	
Harmony

	
3.65

	
1.21

	
1.85

	
3.58

	
4.42

	
4.87

	
5.10




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
4.03

	
1.58

	
2.24

	
3.92

	
5.10

	
5.51

	
5.95




	
Pinceti–Giannettoni Model [9]

	
initial

	
4.21

	
2.87

	
8.74

	
3.87

	
4.24

	
5.08

	
9.2




	
Optimized (Case 1)

	
Harmony

	
4.52

	
0.35

	
6.89

	
4.10

	
4.21

	
4.89

	
11.1




	
Simplex

	
4.91

	
0.50

	
7.08

	
4.74

	
5.58

	
6.24

	
12.9




	
Powell

	
4.64

	
0.41

	
6.72

	
4.67

	
5.14

	
5.78

	
12.2




	
GA

	
4.81

	
0.62

	
6.71

	
4.73

	
4.95

	
5.32

	
12.6




	
Optimized (Case 2)

	
Harmony

	
3.31

	
1.04

	
4.84

	
2.1

	
2.91

	
3.70

	
8.91




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
3.68

	
1.41

	
4.58

	
2.43

	
3.08

	
4.12

	
9.21




	
Optimized (Case 3)

	
Harmony

	
3.84

	
1.77

	
5.30

	
2.78

	
3.25

	
3.87

	
6.04




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
4.09

	
2.16

	
5.12

	
3.22

	
4.10

	
4.15

	
6.59




	
Fernandez–Diaz model [13]

	
initial

	
2.41

	
1.59

	
8.35

	
7.41

	
5.97

	
5.45

	
11.23




	
Optimized (Case 1)

	
Harmony

	
2.71

	
0.15

	
8.1

	
7.88

	
6.20

	
5.81

	
13.2




	
Simplex

	
3.55

	
0.41

	
8.29

	
8.31

	
6.54

	
6.77

	
15.1




	
Powell

	
3.29

	
0.37

	
8.15

	
8.04

	
6.31

	
6.28

	
12.2




	
GA

	
2.94

	
0.30

	
7.82

	
7.94

	
6.48

	
5.59

	
11.7




	
Optimized (case 2)

	
Harmony

	
1.1

	
1.31

	
2.21

	
3.08

	
3.45

	
3.64

	
9.4




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
1.54

	
1.92

	
2.73

	
3.50

	
3.68

	
4.01

	
10.7




	
Optimized (case 3)

	
Harmony

	
1.77

	
1.91

	
2.89

	
3.71

	
4.81

	
4.19

	
6.81




	
Simplex

	
trapped in local minima




	
Powell

	
trapped in local minima




	
GA

	
1.95

	
2.24

	
3.11

	
4.02

	
4.61

	
4.42

	
6.40











6. Conclusions


The efficient circuit modeling of metal oxide gapless surge arresters and the identification of their parameters are critical matters for lightning performance and insulation coordination studies. The main point of concern in the modeling of gapless arresters is the evaluation of the parameters of the circuit models, which are dependent on their geometrical and electrical characteristics. In this work, the harmony search method is used to estimate the optimum parameters of the most frequently used models, in an effort to minimize the difference between simulation results and the manufacturer’s data. The method provides adequate outcomes, considering an extensive range of parameter values without being restricted to local minima. This compares favorably with other conventional optimization techniques, where the optimum solution is heavily influenced by the initial values. The applied method investigates the potential combinations of the parameters, providing the most suitable solution that optimizes the defined objective function. The proposed method is applied to a medium voltage arrester, examining three different cases. The outcomes of the harmony search method are also compared with results obtained from other methodologies used in previous works, highlighting the efficiency of the applied technique. Moreover, the obtained results reveal that the accuracy of the extracted outcomes of each model is influenced by the determination of the objective function. Indeed, consideration of all the available current waveforms and the absorbed energy results in more precise predictions of each model for a range of impulse current waveforms. In conclusion, the proposed algorithm can definitively contribute to the improvement of the accuracy and the reliability of the lightning performance studies.
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