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Abstract

:

The paper deals with a simplified approach to evaluate the frequency of damage of low voltage apparatus powered by a in housing HV/LV transformer against overvoltages due to nearby lightning flashes (source of damage S4 according to IEC 62,305 standard). The approach is based on computer simulations with validated models according to the current state of the art. The paper evaluates: the overvoltages stressing the HV/LV transformer due to lightning-induced over-voltages on the supplying HV overhead line; the voltage transferred to low voltage circuit through the power transformer and the influence of the transformer characteristics and of the LV circuits feeding the apparatus; the influence of the characteristics and the number of LV circuits on the frequency of damage of the apparatus. The different contributions to the voltage at the apparatus terminals, namely, the voltage transferred by the HV/LV transformer and the voltage induced by lightning current in the circuit downstream the transformer, are recognized. The voltage drop along the earthing system between the points where the transformer and the apparatus are earthed is, in the case considered, not effective because the apparatus and the transformer are bonded at the same point to the earthing system of the electrical installation. Even if these voltage components exhibit different shape and time at peak, for safety, they are added. When the resulting voltage is higher than the rated impulse voltage of apparatus insulation, damage of apparatus occurs. The evaluation allows to conclude that the frequency of damage of the LV apparatus supplied by circuits in a multipolar cable is about a thousand times lower than the one relevant to circuits in plastic conduit. If the tolerable frequency of damage of the LV apparatus is kept in the range of 0.01 damage/year, the adoption of protection measures against overvoltages caused by the source S4 is practically not necessary, except for the case of long circuits in conduit, powered by long HV overhead lines in areas with high values of lightning flash density. As this matter has not yet been considered in the IEC 62305 standard series, the results presented in this paper will be useful in the light of the revision of requirements of this standard.






Keywords:


apparatus safety; overvoltage protection; frequency of damage












1. Introduction


Overvoltages caused by lightning strikes can interrupt regular operations of electronic and electrical devices. The lightning influence on the apparatus operations depends on many factors. Overall, the type of natural overvoltage is decisive in selecting protection systems, but the internal and installation characteristics of these systems should also be carefully considered. From a protective point of view, it is possible to distinguish between lightning flashes to the structure, lightning flashes near the structure, and flashes to or near the lines. In principle, the apparatus can be classified by impulse withstand voltage (Uw). It is important to mention that if Uw is exceeded, the apparatus connected to the system is damaged, and consequently, interruption of service continuity appears.



In order to ascertain if protection against lightning overvoltages is needed or not, in the IEC standard [1], the concept of frequency of damage that may impair the availability of the internal systems within the structure has been introduced.



Protection against lightning is needed if the frequency of damage is higher than the tolerable level. In this case, protection measures shall be adopted in order to reduce the frequency of damage of the apparatus to no more than the tolerable level.



A method is given in the standard [1,2] to evaluate such frequency of damage by distinguishing the contribution of flash to the structure where the apparatus is installed, flash to the supplying line, and flash to ground, but only the case of apparatus directly connected to LV lines is considered.



In contributions [3,4], another type of damage of apparatus connected to an overhead LV power line is considered where particular attention is paid to the SPD system dimensioning. The proposed methodology can be useful to properly select and install an SPD system with a given probability.



However, in most facilities such as factories, commercial buildings, office buildings, service buildings, etc., internal power system includes an HV/LV transformer. Consequently, protective features changed under such conditions. It is important to mention that the overvoltages transmitted by the transformer winding may exceed the rated surge voltage withstand by the apparatus, especially in the case of the HV overhead line. Moreover, in such conditions, induced overvoltages shall be carefully considered. The acronym HV is used in standards to indicate an AC voltage which exceeds 1000 V; in current technical language, it is often replaced by MV (medium voltage) for voltages no higher than 60 kV.



In recent papers [5,6], a simplified approach to evaluate the damage probability of apparatus powered by an HV/LV transformer due to lightning strokes to the structure where the apparatus is installed as well as due to lightning to the overhead line supplying the apparatus is presented and discussed.



The aim of the present paper is to give a practical approach to evaluate the frequency of damage of apparatus within a structure in case of lightning flashes to ground and, consequently, ascertain the need to provide or not appropriate protection measures and, among these, the SPD system.



The approach is based on the modelling of electrical system and on the computation of:




	
The voltage induced by lightning on HV power line, already extensively studied by using the LIOV-EMTP code [3,6,7,8,9,10];



	
The transfer of overvoltages across the HV-LV transformer and the voltage induced by lightning current in the LV circuit, by using the EMTP-RV transient software.








Different parameters influencing the values and the shapes of the voltages have been considered, such as the characteristics of the HV line and of HV/LV transformer, the number and characteristics of LV circuits, the value and shape of inducing stroke current, and soil conductivity.



As a result, analytical expressions and graphs are provided which allow a simplified assessment of the damage frequency of the LV apparatus.



The paper is organized as follows: Section 2 gives a schematic representation of the system under consideration and the basic information on the models used in the computer simulation; in Section 3, the overvoltages stressing the primary of the HV/LV transformer are calculated and analyzed; in Section 4, the transfer of voltage from the primary to the secondary of the transformer is considered; in Section 5 and Section 6, the voltage induced by lightning current in the low voltage circuit and the voltage on the apparatus terminal are calculated and the results discussed; Section 7 is focused on the frequency of damage of the low voltage apparatus; in Section 8, the main conclusions of the results presented in this paper are summarized.



As this matter has not yet been considered in the IEC 62,305 standard series, the results presented in this paper will be useful in the light of the revision of requirements of this standard.




2. Case Study under Consideration


In the paper, the induced effect of lightning is considered. A schematic representation of the analyzed system is shown in Figure 1.



The simulation aspects, namely, modeling of the electrical system and calculation methods of induced overvoltages caused by lightning discharges, have been widely studied [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. It is important to stress that analysis reported contains various parameters influencing the shape of induced overvoltages, namely, peak values and shapes. The surge conditions are determined by the system configuration and, consequently, by the line length, line terminations, soil conductivity, and lightning parameters.



In addition, the simulation models and number of calculated distributions of induced overvoltages with amplitude exceeding a certain value UH [kV] referred to a determined case are in line with comparable results obtained by other investigators [7,8,9].



A typical HV supply overhead line 1000 m long with 100 m span is analyzed [21]. The high of the poles is 10 m, the conventional earth impedance Zp = 50 Ω is considered. The overhead line terminations consist of HV/LV transformer and a matched HV overhead line. In principle, the surge parameters, namely, wave shape of the overvoltage UH, and a large variety of waveforms can be found in the literature depending on the type of the line and the other influencing parameters. In the current analysis according to the experimental and theoretical investigations, the typical wave shape 5/20 µs is assumed as representative of the first stroke of negative flashes [10]. This wave shape is reproduced and simulated by means of the so called Heidler function, applicable to the lightning current simulations [1].



For the sake of safety, the effect of flashovers at the pole insulators is neglected.



The HV/LV transformer characteristics under transient conditions are adopted from [22]. The circuit configuration and relative components and their values are reproduced in line with [22], taking into account 75 kVA transformer features.



The analyses reported in the current paper were obtained using EMTP-RV transient software. The models used refer to the current achievements in the field of power system protection. In particular the analysis consists of evaluation of voltage UA at apparatus terminals. It is important to stress that the models used are validated mathematically or through laboratory comparative studies/tests [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. The simulations take into account necessities of simulation and experimental results comparison.



In the present work, only overvoltages in common mode are considered.




3. Overvoltages Induced in the HV Line


The voltage UH induced by a lightning strike to earth on a conductor of a line depends on the height h of the conductor, the distance d between the lightning and the line, the soil resistivity ρ, and the waveform of the lightning current [14,15,16,17,18].



The number NI that a lightning striking the ground and inducing a given voltage equal to the rated impulse voltage of the transformer HV winding insulation UH = UWH depends not only on the aforementioned parameters but also on the length L of the line; for a line of high h and length L, it is generally accepted that NI can be calculated by the following simplified equation [12]:


NI = NG ∙ L ∙ a/UHb (events/year)



(1)




and then


UH = (NG ∙ L ∙ a/NI)1/b (kV)



(2)




where NG is the ground flash density of the region where the line is installed; L is expressed in km and h in meters. These formulas assume UH Ո h.



For evaluation of NI in a finite length line, values of coefficients a and b depend on the line length, due to the boundary effect at open line end, which considers the induced surges due to flashes to ground in front of the end of the line.



In Figure 2, the values of the coefficients a and b are shown, derived from simulations carried out with the LIOV—EMTP method for a LV line without line flashover, L = 500 m long, closed on MV/LV transformer at one end and open at the other; the line conductor height was h = 6 m.



The number NI of lightning events per year and per NG = 1 strokes/km2·year, inducing in a HV line (h = 10 m; no ground wire) voltages to ground UH, is reported in Figure 3 for some values of soil resistivity ρ and line length L.




4. Overvoltages Transfer through HV/LV Transformer


The value of coefficient CT consists of the ratio between the peak values of the voltage UL at the secondary and that UH at the primary (CT = UL/UH) of overvoltages appearing an HV/LV transformer [40,41,42]. In principle, the CT value increases with the slope of the wave front of the HV voltage and decreases as the capacitance of the connected LV circuits increases. The impact of the LV circuits connected to the HV/LV transformer on the coefficient CT value is shown in Figure 4. The CT value as function of the length LC of the circuits is reported. Moreover, Figure 5 illustrates reduction factor kCT of coefficient CT as function of number nc of the connected unshielded LV circuits [2].




5. Overvoltages Induced in the LV Circuits


The voltage Uind induced by a lightning strike to earth on a LV circuit essentially depends on the area S of the loop formed by the conductors of the circuit, on the orientation of the loop with respect to the path of the lightning current, on the distance d between the lightning and the loop, and on the waveform of the inducing lightning current and its probability distribution.



For a random oriented loop, the number of times NI that a lightning strike on the ground induces a given voltage Uind can be calculated by the following simplified formulas [3]:


NI = NG ∙ Aeq = NG ∙ π ∙ req2 ∙ 10−6 (events/year)



(3)




where req = 7.07 ∙ S/Uind (m) with S in m2 and Uind in kV, and then


Uind = S ∙ (157 ∙ NG/NI)0.5 ∙ 10−3 (kV)



(4)








6. Apparatus Voltage UA


As discussed in papers [4,5], in case of direct flashes to the structure (S1 according to the standard nomenclature), the voltage UA at apparatus terminals is determined by:




	
The voltage UTR, namely, voltage transferred by the winding of HV/LV transformer which propagates along the LV circuit and is reflected on the terminals of the apparatus, where the condition of open circuit is assumed;



	
The voltage drop ΔU along the earthing system between the points where the transformer and the apparatus are earthed;



	
The voltage Uind induced by lightning current in the LV circuit downstream the transformer.








As already noted in [5], the three voltage components exhibit different shape and different time to peak; for the sake of safety, it may be assumed:


UA = UTR + ΔU + Uind



(5)







The voltage UTR depends on the transfer coefficient CT and on the reflection coefficient of the LV circuit kr = UTR/UL [4,24,42]


UTR = kr*CT*UH



(6)







The maximum value of UTR occurs at the HV transformer winding withstand voltage UH = UWH:


UTRmax = kr*CT*UWH



(7)







The reflection coefficient kr of the LV circuit depends on the risetime of the overvoltage wave UL and on the time it takes to travel the circuit from the HV/LV transformer to apparatus, and then, it depends on the length Lc of the LV circuit.



Values of the reflection coefficient kr are reported in Figure 6 as a function of the length Lc of the LV circuit.



The potential difference ΔU depends on the relative position of the points where the transformer and the apparatus are bonded to the earthing system and on the soil resistivity [14,15,43]. This component works when the breakdown transformer HV windings occurs, and the apparatus is earthed at a point different from that of the transformer (locally earthed). Otherwise, it is ΔU = 0.



The voltage Uind, by lightning current in the LV circuit, depends on the area of the loop formed by the conductors of the LV circuit.



Unless otherwise specified, the evaluation was performed for the typical case of more than one LV circuit connected to the HV/LV transformer, assuming:




	
HV line nominal voltage U0 = 20 kV;



	
LV apparatus withstand voltage UW = 2.5 kV;



	
Apparatus is earthed in the same point as the transformer (apparatus not locally earthed, it is ΔU = 0);



	
LV circuit length LC = 50 m;



	
Number of LV connected circuits nc = 4;



	
HV Line length L = 1 km;



	
Ground resistivity ρ = 500 Ωm.








The trend of the voltage components that build up the voltage UA is shown in Figure 7 for LV circuits in conduit and in Figure 8 for LV circuits in multipolar cable.



Note that for values of the voltage UH higher than the withstand voltage UWH at the primary of the transformer, the voltage transmitted to the secondary of the transformer does not vary as the number NI of voltages induced on the HV line varies; in other words, in these conditions, the value of UTR is independent of the length L of the HV line.




7. LV Apparatus Damage Frequency


The frequency of damage to the LV apparatus is the value NI which satisfies Equation (5) by imposing UA = UWA.



Such value of NI depends on several factors such as the lightning flash density NG, the ground resistivity ρ, the HV/LV transformer characteristics (UWH, CT), the HV line characteristics (h; L), the number nc of connected LV circuits and their characteristics (w; lc), and the withstand voltage of the apparatus UWA.



In the worst case of high resistivity soil (ρ ≥ 500 Ωm), for apparatus with UWA = 2.5 kV and a normalized HV line (NG = 1 flash per km2 per year, h = 10 m; L = 1 km), the dependence of the frequency of damage Ni was assessed:




	
On the length lc of LV circuits; see Figure 9;



	
On the type of LV circuit (identified by the distance w between the conductors); see Figure 10;



	
On the number nc of connected LV circuits; see Figure 11 and Figure 12;



	
On the withstand voltage UWA of LV apparatus; see Figure 13 and Figure 14.








If a frequency of damage (NI < 10−2) is assumed as practically negligible, it should be noted that:




	
For LV circuits in a multipolar cable, protective measures against overvoltages due to the source of damage S4 are not needed, even in the most severe cases, such as HV lines several km long, soils with resistivity of several hundreds of Ωm, high values of NG, and LV circuits several tens of meters long, powered by HV/LV transformers with primary rated voltage of up to 20 kV; see Figure 12 and Figure 14;



	
For LV circuits in conduit, protective measures could be needed, only in the extraordinary case of product NG ·L being not greater than ten and apparatus withstanding voltage UW not lower than 2,5 kV; see Figure 13.









8. Conclusions


An approach has been presented and discussed to evaluate the frequency of damage of low voltage apparatus powered by a in housing HV/LV transformer against overvoltages due to nearby lightning flashes.



Based on preliminary results of application, the following conclusions can be formulated:




	
A typical 5/20 µs waveform can be assumed as typical of the UH voltages induced on the HV line; a waveform with a similar rise time also characterizes the UL voltage transmitted to the LV circuits through the HV/LV transformer;



	
For values of the voltage UH higher than the withstand voltage UWH at the primary of the transformer, the voltage transmitted to the secondary of the transformer is independent of the length L of the HV line;



	
The transfer coefficient CT of overvoltages through an HV/LV transformer, intended as the ratio between the peak values of the voltage UL at the secondary and that UH at the primary (CT = UL/UH), increases with the slope of the wave front of the HV voltage and decreases as the number and the length of the connected LV circuits increase;



	
The HV/LV transformer significantly reduces common mode overvoltages: the value of transfer coefficient CT consists of a few percent, or even less if the internal circuit configuration on the LV side is complex;



	
Due to times at the peak of the voltage UL, in the order of some microseconds, the propagation coefficient kr along the LV circuit exhibits values close to unity, even for circuits of considerable length;



	
The overvoltage stressing the apparatus is mainly due to induction phenomena by the lightning current flowing to ground nearby the HV line; indeed, these overvoltages increase as the area of induction loop (length and width of circuit) increases;



	
The frequency of damage of LV apparatus supplied by circuits in multipolar cable is about a thousand times lower than the one relevant to circuits in plastic conduit;



	
The frequency of damage of the LV apparatus increases weakly as the HV line nominal voltage increases;



	
For a tolerable frequency of damage of reasonable value, the use of protection measures of the LV apparatus against overvoltages caused by the source S4 is practically not necessary. Exceptional cases of long circuits in conduit, powered by long HV overhead lines in areas with high NG values, are usually covered by the LV SPDs installed for protection against overvoltages due to sources S1 and S3.
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Figure 1. Schematic representation of case study under consideration, where: A—apparatus to be protected; LC—length of circuit between transformer and apparatus; S—main LV panel board; T—Transformer HV/LV; Z—structure conventional earthing impedance; Ln—overhead line span length; 1-2-3-…-9-10—number of poles; I—lightning flash to ground near a line; h—pole height; Zp—poles conventional earthing impedance. 
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Figure 2. Coefficients a and b as functions of line length L relevant to a normalized (h = 10 m) HV line, for two values of soil resistivity: (a) coefficient a; (b) coefficient b. 
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Figure 3. Number NI of lightning events per year inducing voltages to ground UH with amplitude higher than the values in abscissa for different values of soil resistivity ρ and line length L, where 1 → L = 1000 m; 2 → L = 100 m; a → ρ = 100 Ωm; b → ρ = 500 Ωm. 
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Figure 4. CT values as function of the length Lc of the LV unshielded circuits. 
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Figure 5. kCT values in light of number nc of the connected unshielded LV circuits. 
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Figure 6. Reflection coefficient kr of voltage propagating along the connected LV circuit as function of its length LC. 
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Figure 7. Trend of the voltage components that build up the voltage UA for LV circuits in conduit. 
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Figure 8. Trend of the voltage components that build up the voltage UA for LV circuits in multipolar cable. 
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Figure 9. Frequency of damage NI to apparatus as a function of the length Lc of the LV circuit in conduit. 
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Figure 10. Frequency of damage NI to apparatus as a function of the distance w between conductors of the LV circuit. 
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Figure 11. Frequency of damage NI to apparatus as a function of the number nc of connected LV circuits in conduit. 
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Figure 12. Frequency of damage NI to apparatus as a function of the number nc of connected LV circuits in multipolar cable. 
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Figure 13. Frequency of damage NI to apparatus as a function of the withstand voltage UW of apparatus for LV circuits in conduit. 
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Figure 14. Frequency of damage NI to apparatus as a function of the withstand voltage UW of apparatus for LV circuits in multipolar cable. 
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