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Abstract:



Wind generators are exposed to numerous destructive forces such as lightning and are therefore vulnerable to these phenomena. To evaluate the transient behavior of a wind power plant during direct and indirect strikes, modeling of all relevant components is required. Among the protective and control components of wind turbines, the grounding system is the most important element for protection against lightning strikes. This paper examines the impact of nonlinear soil ionization behavior and frequency dependency on a wind turbine in order to model a sufficient protection scheme to reduce overvoltage and make the system tolerable against transitions. The high frequency models of other equipment such as transformers, horizontal conductors, vertical rods, surge arresters and underground cables must also be taken into account to design the grounding system. Our Proposed Modified Grounding Scheme (PMGS) is to reduce the maximum transient overvoltages. We simulate the model in a restructured version of the Electromagnetic Transient Program (EMTP-RV) software to examine the effectiveness of the system. We then apply the simulated results to pair of turbines that are interconnected with a frequency-dependent cable. We carry out the simulation for direct and indirect lightning strikes. The results indicate that the MGS can lead to considerably more than a 50% reduction in transient voltages for lightning and thus leads to more reliable networks.
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1. Introduction


An ongoing concern about wind generators [1] and wind farms is how to protect them against harsh environmental conditions [2]. With the use of wind power generation growing rapidly, lightning damage must receive more attention [3,4]. A lightning strike is a tremendously powerful phenomenon that can produce overvoltages in various components of a wind turbine [5,6], which can easily spread across a network of turbines [7].



Wind turbines are tall, isolated towers consisting of sensitive devices, which makes lightning a real and persistent threat. One of the major consequences of direct and indirect strikes is Transient Ground Potential Rise (TGPR). When lightning causes a transient overvoltage, the electricity tends to take the path of least resistance to earth. As a result, the electrical potential is increased in both the grounding system and the soil, which makes the grounding system unreliable and reduces the wind tower generator system’s reliability and safety [8,9,10]. Therefore, one of the effective ways to increase a wind tower’s stability and reliability during lightning strikes is to analyze the transient behavior of wind turbine grounding systems [11,12].



Since the grounding system provides safety for electrical installation, it is significant to conduct a broad research on earthing changes [13,14] during fast transients such as changes in soil resistivity or changes on the size and structure of grounding to improve its functionality in different parts of the power system [15]. This is especially important in mitigating the rate of overvoltage for wind turbines, as several studies have been carried out to design appropriate models in this regard.



In [16], a multi-port transient model to enter the frequency-dependent responses of a wind turbine grounding system into time-domain codes is presented. A hybrid model based on circuit theory and the method of moments is another approach to increasing the reliability of the grounding system in a frequency domain [17]. The method presented in [18] is based on measuring and analyzing the Ground Potential Rise (GPR) around a wind turbine caused by different types of lightning strikes. The important parts of the simulated wind turbine grounding system are grounding mesh and foundation feet. The authors use the Laplace transform to investigate the efficiency of this method. However, in order to design an accurate and comprehensive grounding model with high reliability, it seems necessary to consider the high-frequency performance of the grounding system.



A three-stage methodology, Modified Matrix Pencil Method (Modified-MPM) [19], is designed to incorporate large grounding systems’ behavior into electromagnetic transient solvers. The results demonstrated that using the resistive model for the grounding system leads to a significant decrease in the lightning-generated overvoltages’ computation. The authors in [20] used a field solver to model the tower foot grounding system during the lightning strike. Through sensitivity study and comparison between wideband modeling and constant resistance, they indicated that with the 19% difference in Max voltage, the wideband modeling would be able to generate the frequency-dependent model and take into account soil resistivity variation for utility companies. Studying the behavior of the grounding system in a broad range of frequencies through parameterized macro modeling is the focus of [21]. This method is much more cost-effective than using field solvers and therefore is accurate in predicting the behavior of the multidimensional system in both the frequency and time domain. Reviewing the above literature indicates that in order to have a reliable system, it is crucial to simultaneously study nonlinear soil ionization and frequency dependency [22].



Many studies have been carried out to design protection against strikes for wind power plants, but a few of these have considered a high-frequency model of the turbine’s components in real conditions [23].



The study of the possibility of serious indirect and direct lightning damages to electrical and electronic devices in wind farms is the main focus of [24]. The authors in [25] introduce a method for analyzing circuits based on vertical conductors to decrease the grounding resistance during lightning strikes in a pair of turbines. Despite the mitigation of steady state soil resistivity, there is still a great need to reduce the current and voltage transient behavior during lightning strikes.



In [26], the authors examine the behavior of wind turbines through three different models that are based on constant resistance, nonlinear resistance and frequency-dependent resistance to obtain a proper grounding scheme for lightning strikes. The results indicate that, considering all transient states, a hybrid model needs to be applied to the system. Although this work is promising, it suffers from some limitations, and the details of this grounding design and the efficiency of the hybrid model are no longer being discussed. In order to avoid a lightning strike, [27] examines the geometrical shape of the grounding system in a normal wind turbine. A model that increases the maximum step voltage and transient impedance by improving the geometrical shape and some other grounding system factors is presented. However, the study does not consider the impact of soil ionization and the frequency dependency of the grounding system transient behavior. The authors of [28,29] study direct and indirect strikes in a small wind farm. To facilitate their simulation, they assume that the grounding system is a nonlinear resistance rod and that soil ionization is the only effective parameter for grounding protection. The impact of a modified wind turbine grounding system in a wind farm with ten wind turbines was studied in [30] in order to examine the reduction of backflow current overvoltages, GPR and the limitation of surge arrester burnout. As the main objective in the design of a grounding system for a wind farm is to prevent step and touch voltages from exceeding the maximum allowable limits and these two parameters are affected by different Short-Circuit Calculation (SCC) procedures [31], compares three of these to not only calculate the response of the grounding system, but also check the violation of safety limits for step and touch voltages [32].



In this paper, we consider a transient voltage study of a wind turbine [29] that considers high frequency models for all relevant components of the pair of turbines, such as transformers, vertical rods, horizontal conductors, Surge Arresters (SAs) and Frequency-Dependent (FD) cables. The study aims to reduce overvoltages by modifying the typical wind turbine grounding scheme according to our Proposed Modified Grounding Scheme (PMGS). Specifically, this study simultaneously investigates the effects of soil ionization and of frequency dependency to obtain the proposed model. An analysis is then conducted for two case studies: a single wind turbine under direct and indirect lightning strikes and a pair of turbines consisting of two wind turbines interconnected via an FD underground cable. A restructured version of the Electromagnetic Transient Program (EMTP-RV) is used to calculate the high-frequency transients. The PMGS and the high-frequency-dependent components (i.e., transformers and surge arrester) enhance the protection of the pair of turbines against strikes by increasing their insulation strength.



The rest of this paper is structured as follows. Section 2 presents the fundamental components of a wind turbine. Section 3 introduces the proposed modified grounding scheme. Section 4 analyzes the overvoltage transitions in the single wind turbine and the pair of turbines. Finally, Section 5 presents some conclusions.




2. Wind Turbine Model Description


The electrical scheme of a Low/High Voltage (LV/HV) substation close to the tower. The wind turbine model is validated with the following components:

	
a synchronous 0.69-kV generator that is sufficiently stable at 50 Hz,



	
an auxiliary transformer, 0.69/0.4 kV, for the control equipment,



	
a boost transformer, 0.69/20 kV, inside the tower for which electromagnetic transfer will be considered, but static transfer is neglected, and



	
a 20/60 kV transformer that connects the wind turbine to the grid.








This study assumes that the rated power of the wind turbine is 2 MW with an approximately 70-m hub height and 82-m rotor diameter. The construction of the wind turbine is based on a direct drive system with the purpose of eliminating gears and making a fixed unit by directly connecting the rotor hub and annular generator to each other. Because there is no direct grid coupling in an annular generator, in order to connect such a low-speed synchronous generator to the grid, changes in the amount of output voltage and the frequency alter the speed, so that there is a high degree of speed variability. As shown at the bottom of the figure, a 2500-kVA transformer that fits the specific working conditions of the tower is situated in its vicinity. The following subsections discuss the high-frequency-dependent models for the wind turbine.



2.1. High-Frequency Surge Arrester Model


SAs are devices designed to protect electrical equipment from transient overvoltages caused by lightning, to keep voltages at a sustainable rate, so their dynamic features make their performance especially important during lightning and should be considered in transient modeling.



This study considers the IEEE model of an SA for protecting transformers from possible transitions.



The parameters of the model are defined as follows:

	
[image: ] and [image: ] are resistance in ohms;



	
C is the capacitance in microfarads;



	
[image: ] and [image: ] are inductance in microhenries;



	
[image: ] and [image: ] are variable per-unit parameters.









2.2. High-Frequency Transformer Model


As transformers play a significant role in the energy transmission, it is extremely important to study their performance under different conditions, especially in high frequencies. Because of the increased effect of distributed capacitance in high frequencies, distributed capacitance should be considered in modeling transformers in transient studies to obtain accurate transient responses; however, there are difficulties in determining the capacitance [33,34].



The high-frequency transformer model [30] and its parameters are as follows:

	
[image: ] is the capacitance between high voltage windings and the ground system;



	
[image: ] is the capacitance between low voltage windings and the ground system;



	
[image: ] is the capacitance between the high voltage and low voltage windings.








Generally, it is assumed that [image: ] and [image: ] will be larger than [image: ], not only to reduce the cost of insulation between the transformer core and windings, but also to decrease the size of the transformer.




2.3. Frequency-Dependent Underground Cable Model


High-frequency analysis requires an advanced cable model that has smaller impedance than the transmission lines, especially during transient overvoltages. Therefore, in this study, we use the FD line model, which has more accuracy than the Constant Parameters (CP) line model, to model the underground cable, including a wide range of frequencies greater than 2.5 kHz [35]. The three-phase single-core underground LV cables are XLPE-PVC [36].




2.4. Vertical Rod Model


A vertical rod [37,38] is an electrical device designed to dissipate a static discharge voltage, such as lightning, to the ground. For the frequency-dependent distributed parameters grounding model, the rod is divided into N segments, where each segment is a part of the R-L-Cbranch with similar parameters.This study assumes that each segment is divided into three parts with a length of 3 m.



Unlike other research discussed in this article, this study addresses the nonlinear resistance behavior of the grounding rod to accurately obtain the performance of the rod in less conductive soil. During a lightning strike, it would be possible for the electric field around the grounding rod to be larger than the rod’s electrical strength, resulting in a breakdown and electrical discharge. For a nonlinear resistor, this can be represented as a function of the current through the rod [30]:


[image: ]



(1)




where [image: ] is the nonlinear resistance of the ground rod, [image: ] is the tower footing resistance at low current and low frequency and:


[image: ]



(2)




where [image: ] is the critical electric field intensity (about 300 kV/m) and [image: ] is the soil resistivity (in [image: ]m).




2.5. Horizontal Conductor Model


GPR is the phenomenon of a huge amount of electricity entering the earth and producing large voltages that cause serious damage to wind power plant equipment. Therefore, a horizontal conductor is one of the important materials used in a wind turbine grounding foundation to mitigate the impact of GPR and the grounding system impedance. Although increasing the length of the horizontal conductor does not continuously lead to a noticeable reduction, finding an effective length is always desirable, and this paper is no exception, as it examines this in Section 4.



The behavior of the horizontal conductor [39] in connecting the tower grounding to the local transformer is very similar to that of the transmission line, so to estimate the proper length, it is essential to calculate the conductor parameters in the same way as the line impedance; these are obtained from [39,40] as follows:


[image: ]



(3)






[image: ]



(4)






[image: ]



(5)




where [image: ], [image: ] and [image: ] are the line inductance, capacitance and conductance in H/m, F/m and S/m, respectively, r is the conductor radius, [image: ] is the conductor length, D is the burying depth, [image: ] is the vacuum permeability and [image: ] and [image: ] are vacuum and relative permittivity, respectively. In this paper, the mutual impedance between the horizontal grounding conductors and vertical rods is ignored.




2.6. Grounding System Model


The grounding system is one of the essential parts of the system protecting a wind turbine against abnormal conditions, specifically lightning. Diverse kinds of grounding models have been designed, such as a constant resistance model, a nonlinear resistance model with a soil ionization effect and an extended grounding system. Each of these models has disadvantages. For instance, constant resistance acts as a lossless grounding model, and simulations derived from such a system are not reliable, while nonlinear grounding that only considers the effect of soil ionization will only be applicable in the case of low frequency and current flow. To fulfill the IEC 61024 requirements, an extended grounding system was therefore designed, which soon became the prevailing model because it was more accurate at reducing GPR than previous models [30,31]. However, this model ignores the impact of soil ionization and is instead based on frequency-dependent parameters, with the consequence that its accuracy is confined to high-frequency and low-current conditions [41].



Due to the aforementioned problems, when modeling a comprehensive grounding scheme during transitions such as lightning strikes (when both frequency and current are at their maximum volume), it seems to be necessary to simultaneously consider both nonlinear soil ionization and frequency-dependent models to eliminate the possible opposite effects of these two factors. While soil ionization helps improve grounding system performance, the induction behavior of frequency-dependent components causes grounding disruptions [17]. Hence, we propose the following integrated grounding scheme to provide a proper solution.





3. Proposed Modified Grounding Scheme for a Wind Turbine


Typically, a grounding system consists of electrical conductors, ring electrodes, which are tied to the turbine tower around the wind turbine foundation to reach a specific resistance value by coupling vertical rods with them. However, this model fails to calculate the simultaneous impact of soil ionization and high frequency. This section presents a scheme that not only considers these two effects, but also noticeably reduces touch and step voltages.



The main factor behind this improvement is the addition of three additional electrodes and two rectangular rings, with the longer conductors connected to the local transformer grounding as shown in Figure 1. Thanks to this new scheme, the need to repair and replace in the case of a fault occurrence is decreased. To examine the role of the PMGS, we assume that it is 1 m deep and further that the soil resistivity, relative permeability and permittivity are 100 [image: ]m, 1 and 10, respectively.


Figure 1. Proposed Modified Grounding Scheme (PMGS).



[image: Applsci 07 01323 g001]






In the following, the advantages obtained from the PMGS are explained through measuring the voltages of the wind turbine and the pair of turbines during lightning in diverse conditions.




4. Simulation Results and Discussion


This section examines the impact of the PMGS on the rate of overvoltages at the set-up (boost) transformers and control circuits in two diverse case studies, a single wind turbine and a pair of turbines. Based on the installation of several additional electrodes either at the local transformer or on the tower grounding side and adding two rings to increase the stability and reliability of grounding protection from the PMGS model (see Figure 1), the influence of other high-frequency components such as high-frequency SA and FD cables are taken into account to arrive at a completely safe model for further transient studying.



Each turbine in a pair of turbines is equipped with a step-up transformer, which boosts the turbine generator output voltage from a few hundred volts to Medium Voltage (MV) distribution levels. These wind turbine step-up transformers are at a high risk of insulation, dielectrics stress and failure because they can cycle from low to high loads several times a day due to the nature of the wind turbine, which operates at continually changing power levels. As a result, the protection of such transformers is always a priority. Given this perspective, voltages at two different locations within the wind turbine are studied, on the LV side of the boost transformer and on the HV side from node to ground, to obtain the peak SA voltage. The other significant area that needs to be protected is the control system under nonlinear loads, as any damage or disruption to the control system would lead to down time in the operation of the single wind turbine and the pair of turbines [42].



The peak value criteria for voltages are provided in the IEC standards. This study assumes that this amount is 2.5 kV for electrical equipment and 1.5 kV for electronic circuits such as LV control equipment.



4.1. Simulation Setup


The EMTP-RV software is suited for a wide variety of power system studies related to a project, its design or solving problems and unexplained failures. The software is capable of performing quick and effective simulations of giant power systems. In addition, its numerical robustness and the stability of the simulation engine make EMTP-RV a reliable reference for power system transient studies. For these reasons, this study uses the EMTPV-RV software to simulate the behavior of the PMGS in order to investigate its performance during a transient situation.




4.2. Single Wind Turbine


First, validation of the PMGS was investigated during indirect/direct strikes on a single wind turbine without any other protective devices. Next, the impact of other high-frequency parameters such as FD cable, electrode lengths, and SAs on the amounts of overvoltage was taken into account to achieve a complete model for further study. Finally, the comprehensive single wind turbine was used for an investigation of a direct strike.



The circuit diagram for the simulated single wind turbine with the PMGS is shown in Figure 2.


Figure 2. EMTP-RV circuit of the simulated single wind turbine with PMGS.



[image: Applsci 07 01323 g002]






4.2.1. Indirect Strike


The occurrence of indirect lightning strikes coming from the indirect effect of lightning discharges has recently received significant attention. This is due to the sensitive nature of the vital electronic equipment, which is highly vulnerable to such indirect effects. A study of the effect of indirect lightning on component voltage rates is presented next.



Impact of the PMGS on transient overvoltages: This case study assumes that lightning with a peak current value of 10 kA and a duration of 10/350 [image: ]s strikes the ground near the tower. The maximum overvoltages reach nearly 1.5 kV for both the LV side and the control circuit, which shows that this strike can be tolerated by the wind turbine without failure. Additionally, this amount is negligible for the HV side (see Figure 3).


Figure 3. Impact of PMGS on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g003]






Figure 4 presents a comparison of previously-designed models (see Section 2.6) and the PMGS. At first glance, it is clear that transient voltages in the constant resistance model have the highest values, so that in the worst condition, they escalate to 36 kV at the control circuit. Like constant resistance, nonlinear resistance did not considerably diminish the rate of overvoltage on the LV side; however, the peak value was reduced by [image: ] on the HV side and at the control circuit. Despite improving the grounding model over the typical expanded grounding system, nonlinear resistance was unable to limit the peak value to the level that can be withstood by wind turbine equipment. In the best condition, the peak value decreased to 13 kV at the control circuit, which is still higher than the upper limits. Finally, the PMGS seems to be successful in suppressing transient voltages that exceed upper limits, as the overvoltages reduce to 1.5 kV and 1.2 kV, respectively, on the LV side and at the control circuit. Moreover, the overvoltage is less than one hundred volts on the HV side, which is negligible.


Figure 4. Comparison of different types of grounding schemes.



[image: Applsci 07 01323 g004]






Impact of high-frequency surge arrester on transient overvoltages: Although using the PMGS leads to a significant reduction in the maximum overvoltage, there is still a great need to install a high-frequency SA to protect a wind turbine against lightning. Therefore, in this subsection, a 1-kV high-frequency SA is added, as shown in Figure 5, to verify its effect on the overvoltage.


Figure 5. Circuit of the simulated wind turbine with a surge arrester.



[image: Applsci 07 01323 g005]






The simulation indicates similar results for the PMGS as in the previous subsection (see Section 4.2.1), and the high-frequency SA plays an important role in suppressing overvoltages and protecting the wind turbine from abnormal conditions (see Figure 6). As a result, further study of the combination of the PMGS and high-frequency SAs can lead to powerful protection against lightning and the resulting transition states.


Figure 6. Impact of high frequency SA on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g006]






Impact of frequency-dependent cable on transient overvoltages: In this section, the FD cable model is added between the generator and the main transformer in order to see the effect of transient overvoltages beyond the PMGS effect (see Figure 7).


Figure 7. Circuit of the simulated wind turbine with dependent cable.



[image: Applsci 07 01323 g007]






Figure 8 shows that the peak voltages are confined within the allowable limit, less than 1.5 kV, so it can be concluded that the FD cable behavior regarding voltage reduction is similar to how an SA and the PMGS behave toward limiting voltage and preventing extreme breakdowns. As a result, its vital role in the wind turbine protection model cannot be ignored, and it will be attached to the wind turbine system with the PMGS, in addition to adding a high-frequency SA, in subsequent sections.


Figure 8. Impact of frequency-dependent cable on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g008]






Impact of increased horizontal conductor size on transient overvoltages: In this case, the horizontal electrodes of the PMGS are increased from their actual length, 9.2 m, to 15 m. Figure 9 indicates that the maximum overvoltages on the LV side of the main power transformer (boost transformer) and the control equipment reach approximately 1 kV, which is in the normal range of the rated voltage. In this case, a nominal amount of overvoltage has again been obtained for the HV side. The outcomes establish that using the PMGS would be beneficial in rough areas with high soil resistivity that are difficult to dig.


Figure 9. Impact of increased horizontal conductor on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g009]






Impact of increased vertical conductor size on transient overvoltages: In this subsection, the length of the electrical rods of the PMGS is increased from 3 m–4 m to see the probable changes in transient voltages. From Figure 10, it can be seen that increasing the PMGS rod length does not by itself significantly change the transition behavior, since the maximum overvoltages are still around 1.5 kV for the LV side of the boost transformers and the control circuits, while this amount is so small for the HV side of the transformer that it can be ignored. Hence, it has been established that increasing the rod length cannot further improve the protection behavior.


Figure 10. Impact of increased vertical conductor on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g010]






Impact of comprehensive wind turbine model with the PMGS on transient overvoltages: The previous experiments show that to accomplish an effective model, it is necessary to integrate the PMGS with a high-frequency SA and FD cable. As has been shown regarding each of these devices, their consolidation can considerably reduce the number of transitions, as illustrated in Figure 11.


Figure 11. EMTP-RV Circuit of the comprehensive wind turbine model with PMGS.



[image: Applsci 07 01323 g011]






Figure 12 shows that the peak voltage value for the LV side reaches 1 kV and for the control circuit reaches nearly 1.5 kV, both of which are below the upper limits the electrical devices can support and therefore ensure their safety. In addition, this value is less for the HV side and can therefore be neglected.


Figure 12. Impact of comprehensive wind turbine model with PMGS on transient overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g012]







4.2.2. Direct Strike


This section analyzes the performance of the comprehensive wind turbine model with the PMGS when 10 kA and 10/350 [image: ]s lightning directly hits the turbine and its blade in two different states. The first state, a so-called in-service wind turbine, is completely opposite from the second type, and all of the connections exist. The second state is an out-of-service wind turbine, in which not only is there no connection between the synchronous generator and the set-up transformer, but the grid is also disconnected.



In-service wind turbine: The rates of transient overvoltages during the direct strike are shown in Figure 13. According to the simulation, this raised the voltage to 1.2 kV and approximately 1.5 kV on the LV side of the set up transformer and the control circuit, respectively, while it was just around zero for the HV side. The simulation establishes that in the in-service situation, the wind turbine can operate normally, as the greatest transitions still remain below the upper limits.


Figure 13. Impact of direct strike on in-service wind turbine overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g013]






Out-of-service wind turbine: This subsection examines the impact of a direct lightning strike on the out-of-service wind turbine. The strike results in 1.2-kV peak voltages on the LV side of the main transformer, while the peak rises to 1.8 kV for the control equipment. The important fact is that the shape of the overvoltage on the HV side went up to 1.4 kV, compared to the negligible change when the lightning strikes the in-service turbine (see Figure 14).


Figure 14. Impact of direct strike on out-of-service wind turbine overvoltages. (a) LV side of the main transformer; (b) HV side of the main transformer from node to ground; (c) control circuits.



[image: Applsci 07 01323 g014]






The main reason behind such an increased rate of voltage for the HV side and the SA is that the changes in the system configuration during the out-of-service state lead to alteration of the impedance characteristics. As a result, more lightning current passes through the earth and causes increased GPR, so the amount of voltage increases on the HV side through the absorbed SA energy. The consequence of such a phenomenon would be severe wind turbine failure. Hence, it seems to be crucial to separate the turbine generators from each other, the same as the transformers, to prevent burnout in the SA, transformers and cables when lightning directly hits the out-of-service tower.





4.3. Pair of Turbines with Two Interconnected Turbines


Since in reality, more than one wind turbine will be working to produce electricity, this study examines the impact of both indirect and direct lightning strikes on a pair of turbines that are connected to each other via a 350 m FD medium-voltage cable (see Figure 15). The simulation was carried out for two states, one in which the turbines’ PMGSs are connected to each other through a 350-m horizontal grounding conductor, while in the other, the PMGSs are separated. Furthermore, they are compared in the worst lightning condition, not only to see the effect on overvoltages, but also to examine their performance in diverse strike conditions.


Figure 15. EMTP-RV circuit of the pair of turbines. (a) Interconnected PMGS; (b) separated PMGS.



[image: Applsci 07 01323 g015]






This section studies the impact of a 200-kA lightning strike, with the following results.



4.3.1. Impact of Indirect Lightning


The peak value of the lightning current is assumed to be 200 kA with a duration of 10/350 [image: ]s, the worst situation that a pair of turbines can experience. This subsection analyzes its impact on one of the towers when the strike hits the soil near the wind turbine. The outcomes show that the capability of integrated PMGSs to reduce the rate of overvoltages, even during the occurrence of harsh strikes with a peak value of 200 kA, is greater than the capabilities of separate PMGSs.



As Figure 16a–c shows, even though connecting PMGSs in a pair of turbines can reduce the peak overvoltages from 60 kV–50 kV at the control system, from 75 kV–60 kV on the HV side and from 20 kV–14.5 kV on the LV side of the first wind turbine, they still remain much higher than the upper limits the electrical devices can withstand. However, in contrast to the first turbine, the second tower does not suffer from hazardous overvoltages and can bear such transitions without disruption (see Figure 16d–f).


Figure 16. Impact of indirect lightning on overvoltages. (a) LV side of the first tower; (b) HV side of the first tower; (c) control circuit of the first tower; (d) LV side of the second tower; (e) HV side of the second tower; (f) control circuit of the second tower.



[image: Applsci 07 01323 g016a][image: Applsci 07 01323 g016b]







4.3.2. Impact of Direct Lightning


Figure 17a–c shows that despite reducing peak overvoltages from 26 kV–18 kV at the control equipment, from 40 kV–34 kV on the HV side and from 80 kV–78 kV on the LV side of the first wind turbine by connecting the PMGSs, the values are still above the upper limit and may lead to extreme failures. The situation for the second tower is completely different; in the worst condition, the peak value goes up to about 1 kV at the control system, which is within the normal range of the control circuit’s operation (Figure 17d–f).


Figure 17. Impact of direct lightning on overvoltages. (a) LV side of the first tower; (b) HV side of the first tower; (c) control circuit of the first tower; (d) LV side of the second tower; (e) HV side of the second tower; (f) control circuit of the second tower.



[image: Applsci 07 01323 g017]






Even though the probability of a 200-kA lightning strike is scarce in nature, because of its devastating effect on sensitive electrical equipment, it is necessary to predict the transient voltage peaks in diverse conditions for wind turbine installations. The results are provided in Table 1 and Table 2.



Table 1. Peak voltage values of LV/HV sides of boost transformer and control circuit with indirect strike.







	
Indirect Strike

	
LV Side

	
HV Side

	
Control System




	
(200 kA)

	
(kV)

	
(kV)

	
(kV)






	
Single wind turbine

	
19

	
14

	
19




	
Wind farm with separated PMGS

	
25

	
75

	
60




	
Wind farm with connected PMGS

	
18

	
60

	
50










Table 2. Peak voltage values of LV/HV sides of boost transformer and control circuit with direct strike.







	
Direct Strike

	
LV Side

	
HV Side

	
Control System




	
(200 kA)

	
(kV)

	
(kV)

	
(kV)






	
In service single wind turbine

	
20

	
19

	
26




	
In service a pair of turbines with separated PMGS

	
80

	
40

	
26




	
In service a pair of turbines with connected PMGS

	
78

	
34

	
18




	
Out of service single wind turbine

	
20

	
18

	
26




	
Out of service a pair of turbines with separated PMGS

	
90

	
20

	
27




	
Out of service a pair of turbines with connected PMGS

	
80

	
15

	
18.5










The information shown in the tables indicates that despite the high overvoltages during lightning, the peak rates decrease by half in the PMGS model, which is indeed much more reasonable and safer for the wind turbines’ electric and electronic equipment compared to previous models (see Section 2.6) and studies.






5. Conclusions


Grounding in electrical systems is necessary to ensure the protective device’s performance, and the wind turbine is no exception. Due to the importance of wind turbines in providing sufficient clean energy, their earthing system should be designed carefully considering all range of frequencies in various types of grounds particularly during lightning to constrain the lightning current and prevent excessive overvoltages. This research studied the impacts on high-frequency models of wind turbines, including transformers, grounding systems and underground cables, that are associated with soil ionization effects during temporary transitions associated with lightning strikes in order to design a proper grounding scheme, the PMGS. The analysis examined different states, such as an indirect lightning strike on a single wind turbine and a pair of turbines. The main objective in introducing the PMGS was to reduce the peak values of transient voltages and have the least equipment failure. Compared to prevalent models, the PMGS is more reliable in real conditions for limiting surge propagation to an acceptable range and making the voltage reach an acceptable value at the HV terminal with a nonlinear load. The following conclusions may be derived from this study:

	
The combination of the PMGS with a high-frequency SA and FD cables can greatly reduce the maximum transient overvoltages. This result can be used to smooth the lightning current path in rocky lands with high soil resistivity.



	
Maximum overvoltages can be decreased on the LV side of the power transformer by using FD cable.



	
Due to the large magnitude of lightning overvoltages that occur during the working of turbines, the PMGS is needed to reduce the rate of equipment failure.



	
Integrating the PMGS in a pair of turbines will be helpful in terms of noticeably reducing the peak voltages.



	
Regardless of which type of lightning hits a pair of turbines, the rate of transient response is considerable only in the exposed wind turbine, and the other turbines do not suffer much from such strikes.












Acknowledgments


Mauro Conti is supported by a Marie Curie Fellowship funded by the European Commission (Agreement PCIG11-GA-2012-321980). This work is also partially supported by the EU TagItSmart! Project (Agreement H2020-ICT30-2015-688061), the EU-India REACHProject (Agreement ICI+/2014/342-896) and by the projects “Physical-Layer Security for Wireless Communication” and “Content Centric Networking: Security and Privacy Issues” funded by the University of Padua.




Author Contributions


All authors together proposed, discussed and finalized the main idea of this work. Seyede Fatemeh Hajeforosh and Zahra Pooranian proposed the idea, calculated and plotted the feasible regions, and implemented the algorithm and their comparisons. Ali Shabani and Mauro Conti helped in the paper preparations, English corrections and submission.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Pooranian, Z.; Nikmehr, N.; Najafi-Ravadanegh, S.; Mahdin, H.; Abawajy, J. Economical and environmental operation of smart networked microgrids under uncertainties using NSGA-II. In Proceedings of the 2016 24th International Conference on Software Telecommunications and Computer Networks (SoftCOM), Split, Croatia, 22–24 September 2016; pp. 1–6. [Google Scholar]

	2. 
Kuo, C.C. Wind energy dispatch considering environmental and economic factors. Renew. Energy 2010, 35, 2217–2227. [Google Scholar] [CrossRef]

	3. 
Hameed, Z.; Ahn, S.; Cho, Y. Practical aspects of a condition monitoring system for a wind turbine with emphasis on its design, system architecture, testing and installation. Renew. Energy 2010, 35, 879–894. [Google Scholar] [CrossRef]

	4. 
Yasuda, Y.; Uno, N.; Kobayashi, H.; Funabashi, T. Surge analysis on wind farm when winter lightning strikes. IEEE Trans. Energy Convers. 2008, 23, 257–262. [Google Scholar] [CrossRef]

	5. 
Glushakow, B. Effective lightning protection for wind turbine generators. IEEE Trans. Energy Convers. 2007, 22, 214–222. [Google Scholar] [CrossRef]

	6. 
Abd-Allah, M.; Said, A.; Ali, M.N. A novel lightning protection technique of wind turbine components. J. Eng. 2015, 1. [Google Scholar] [CrossRef]

	7. 
Sturaro, A.; Silvestri, S.; Conti, M.; Das, S.K. Towards a realistic model for failure propagation in interdependent networks. In Proceedings of the 2016 International Conference on Computing Networking and Communications (ICNC), Kauai, HI, USA, 15–18 February 2016; pp. 1–7. [Google Scholar]

	8. 
Stockin, D. McGraw-Hill’s NEC 2014 Grounding and Earthing Handbook; McGraw Hill Professional: New York, NY, USA, 2014. [Google Scholar]

	9. 
Shojafar, M.; Cordeschi, N.; Baccarelli, E. Energy-efficient adaptive resource management for real-time vehicular cloud services. IEEE Trans. Cloud Comput. 2016, 1. [Google Scholar] [CrossRef]

	10. 
International Electro-Technical Commission (IEC). Wind Turbine Generator Systems; IEC 61400e61424; Technical Report; IEC: Geneva, Switzerland, 2002. [Google Scholar]

	11. 
Abd-Allah, M.; Ali, M.N.; Said, A. A proper design of wind turbine grounding systems under lightning. Assessment 2014, 2803, 10000984. [Google Scholar]

	12. 
Yamamoto, K.; Yanagawa, S.; Sekioka, S.; Yokoyama, S. Transient Grounding Characteristics of an Actual Wind Turbine Generator System at a Low-resistivity Site. IEEE Trans. Electr. Electron. Eng. 2010, 5, 21–26. [Google Scholar] [CrossRef]

	13. 
Liu, Y.; Zitnik, M.; Thottappillil, R. An improved transmission-line model of grounding system. IEEE Trans. Electromagn. Compat. 2001, 43, 348–355. [Google Scholar]

	14. 
Heimbach, M.; Grcev, L.D. Grounding system analysis in transients programs applying electromagnetic field approach. IEEE Tran. Power Deliv. 1997, 12, 186–193. [Google Scholar] [CrossRef]

	15. 
Androvitsaneas, V.; Gonos, I.; Stathopulos, I. Research and Applications of Ground Enhancing Compounds in Grounding Systems. IET Gener. Transm. Distrib. 2017, 11, 3195–3201. [Google Scholar] [CrossRef]

	16. 
Kazemi, R.; Sheshyekani, K.; Sadeghi, S.; Moini, R.; Nasiri, A. Wind turbine grounding system frequency-dependent modeling for lightning transient studies. In Proceedings of the IECON 2012 38th Annual Conference on IEEE Industrial Electronics Society, Montreal, QC, Canada, 25–28 October 2012; pp. 1178–1182. [Google Scholar]

	17. 
Araneo, R.; Lovat, G.; Celozzi, S. Transient response of grounding systems of wind turbines under lightning strikes. In Proceedings of the 2014 International Symposium on IEEE Electromagnetic Compatibility (EMC Europe), Gothenburg, Sweden, 1–4 September 2014; pp. 1080–1085. [Google Scholar]

	18. 
Yamamoto, K.; Yanagawa, S.; Yamabuki, K.; Sekioka, S.; Yokoyama, S. Analytical surveys of transient and frequency-dependent grounding characteristics of a wind turbine generator system on the basis of field tests. IEEE Trans. Power Deliv. 2010, 25, 3035–3043. [Google Scholar] [CrossRef]

	19. 
Sheshyekani, K.; Akbari, M.; Tabei, B.; Kazemi, R. Wideband modeling of large grounding systems to interface with electromagnetic transient solvers. IEEE Trans. Power Deliv. 2014, 29, 1868–1876. [Google Scholar] [CrossRef]

	20. 
Holdyk, A.; Gustavsen, B. Inclusion of Field-Solver-Based Tower Footing Grounding Models in Electromagnetic Transient Programs. IEEE Trans. Ind. Appl. 2015, 51, 5101–5106. [Google Scholar] [CrossRef]

	21. 
Ferranti, F.; Gustavsen, B.; Holdyk, A. Parameterized Macromodeling for Efficient Analysis of Wideband Tower Grounding Structures. IEEE Trans. Power Deliv. 2016, 31, 1502–1509. [Google Scholar] [CrossRef]

	22. 
Kherif, O.; Chiheb, S.; Teguar, M.; Mekhaldi, A.; Harid, N. Time-Domain Modeling of Grounding Systems’ Impulse Response Incorporating Nonlinear and Frequency-Dependent Aspects. IEEE Trans. Electromagn. Compat. 2017, 1–10. [Google Scholar] [CrossRef]

	23. 
Smorgonskiy, A.; Gazzana, D.; Mora, N.; Rubinstein, M.; Rachidi, F. On the Measurement of the Grounding Impedance of Tall Wind Turbines. In Proceedings of the 12th International Conference of Power Systems Transients (IPST), Seoul, Korea, 26–29 June 2017. [Google Scholar]

	24. 
Asuda, O.; Funabashi, T. Transient analysis on wind farm suffered from lightning. In Proceedings of the 39th InternationalUniversities Power Engineering Conference (UPEC), Bristol, UK, 6–8 September 2004; Volume 1, pp. 202–206. [Google Scholar]

	25. 
Ikeda, Y.; Nagaoka, N.; Baba, Y. Lightning surge analysis on wind farm with interconnecting grounding wire using circuit model for vertical conductor. In Proceedings of the 2015 50th International Universities Power Engineering Conference (UPEC), Stoke on Trent, UK, 1–4 September 2015; pp. 1–6. [Google Scholar]

	26. 
Romero, D.; Montanyà, J.; Candela, A. Behaviour of the wind-turbines under lightning strikes including nonlinear grounding system. In Proceedings of the International Conference on Renewable Energies and Power Quality, Madrid, Spain; 2004; Volume 1, pp. 439–444. [Google Scholar]

	27. 
Ukar, O.; Zamora, I. Wind farm grounding system design for transient currents. Renew. Energy 2011, 36, 2004–2010. [Google Scholar] [CrossRef]

	28. 
Rodrigues, R.B.; Mendes, V.M.F.; Catalão, J.P.D.S. Protection of interconnected wind turbines against lightning effects: Overvoltages and electromagnetic transients study. Renew. Energy 2012, 46, 232–240. [Google Scholar] [CrossRef]

	29. 
Rodrigues, R.B.; Mendes, V.M.F.; Catalão, J.P.D.S. Protection of wind energy systems against the indirect effects of lightning. Renew. Energy 2011, 36, 2888–2896. [Google Scholar] [CrossRef]

	30. 
Abd-Elhady, A.M.; Sabiha, N.A.; Izzularab, M.A. High-frequency modeling of Zafarana wind farm and reduction of backflow current-overvoltages. Int. Trans. Electr. Energy Syst. 2014, 24, 457–476. [Google Scholar] [CrossRef]

	31. 
Gouvalas, N.K.; Gonos, I.F.; Stathopulos, I.A. Impact study of short-circuit calculation methods on the design of a wind farm’s grounding system. Renew. Energy 2014, 66, 25–32. [Google Scholar] [CrossRef]

	32. 
Zeinoddini-Meymand, H.; Vahidi, B.; Naghizadeh, R.A.; Moghimi-Haji, M. Optimal surge arrester parameter estimation using a PSO-based multiobjective approach. IEEE Trans. Power Deliv. 2013, 28, 1758–1769. [Google Scholar] [CrossRef]

	33. 
Greenwood, A. Electrical Transients in Power Systems; Wiley: New York, NY, USA, 1991. [Google Scholar]

	34. 
Wang, X.; Wilson, P.; Zhou, J.; Muthumuni, D.; Kell, D.; Louie, K. Recovery voltage investigation in the application of 15 kV circuit breaker failure. Proceeding of the International Conference on Power Systems Transients (IPSTO05), Montreal, QC, Canada, 19–23 June 2005; pp. 1–6. [Google Scholar]

	35. 
Marti, J.R. Accuarte modelling of frequency-dependent transmission lines in electromagnetic transient simulations. IEEE Trans. Power Appar. Syst. 1982, PAS-101, 147–157. [Google Scholar] [CrossRef]

	36. 
Tykocki, J.; Jordan, A. Pareto-ABC Analysis of High Voltage Single Core Cable Temperature. Prz. Elektrotech. 2014, 90, 172–178. [Google Scholar]

	37. 
Grcev, L.; Popov, M. On high-frequency circuit equivalents of a vertical ground rod. IEEE Trans. Power Deliv. 2005, 20, 1598–1603. [Google Scholar] [CrossRef]

	38. 
Popov, M.; Grcev, L.; Hoidalen, H.K.; Gustavsen, B.; Terzija, V. Investigation of the Overvoltage and Fast Transient Phenomena on Transformer Terminals by Taking Into Account the Grounding Effects. IEEE Trans. Ind. Appl. 2015, 51, 5218–5227. [Google Scholar] [CrossRef]

	39. 
Sunde, E.D. Earth Conduction Effects in Transmission Systems; Dover Publications Inc.: Washington, DC, USA, 1949. [Google Scholar]

	40. 
Sekioka, S.; Lorentzou, M.; Hatziargyriou, N. A simplified formula of surge characteristics of a long grounding conductor. In Proceedings of the International Conference on Power Systems Transients, New Orleans, LA, USA, 28 September–2 October 2003; pp. 1–6. [Google Scholar]

	41. 
Grcev, L. Time-and frequency-dependent lightning surge characteristics of grounding electrodes. IEEE Trans. Power Deliv. 2009, 24, 2186–2196. [Google Scholar] [CrossRef]

	42. 
Hunter, R.S.; Petersen, B.; Pedersen, T.; Klug, H.; van der Borg, N.; Kelley, N.; Dahlberg, J. Recommended Practices for Wind Turbine Testing and Evaluation, 11-Wind Speed Measurement and Use of Cup Anemometry; International Energy Agency: Paris, France, 2003. [Google Scholar]















































© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Synchronous

Frequency-Dependent
LV Cable

Power
Transformer

Machin
sM
Blade

CIT

[y
Capuiive
Couping
i
Sutsee
Untergromd [ 2

z
H
,z






media/file4.png
Power

Transformer
4 |
LVSide lca
Synchronous 7 BUS2
Machine J
A
SM . .
Blade — C5| YD_1 —C8
I 1 |
C1 4 ‘ = = . HVSide
- | Auxiliary b
+
4 +{ { oA Transformer € L 3
+
+ C3+i i c - l i Co%trol
+10kA/10us N + _
Lightning > Capacitive Nonlinear i
Strike z Coupling @@——- _ Load
= = A+ pyq | I b
T T a
+ + +
RN RnZ Rn3

22m R2  L14uH 0

- +

A4
Surface
Underground 5 N

PMGS






media/file30.png
PMGS_T2 ‘

Frequency-Dependent Power
LV Cable Transformer |-
=
Synchronous o o
Machine ——
C C %
El — a C
Blade . L
C1y | a C c A HV_T1
g1 o] Auxiliary — -
o Transformer ., [pontrol_T1 1
A + l_g 1o g
+ H i
Lightning 200kA/10Us Capacitive Nonlinear g
R 5 . A )Y Load
Strike 2 Coupling o
= g 1t Dy 1| - ! 1
[ ¢ ci T o | g
+/ 4, +,
j RNCRNZ RN3
22m R2 +L1 4uH 0
- 212
J; Surge
Surface — Arrester
1
| | <
= 2 ] .
Underground = . ~ =
PMGS_T1 pd
Power
Frequency-Dependent  Transformer |-
Synchronous LV Cable -, : 2
H >
Machine . e i '
b b +
C C E
Blade R -
2, | B o R Hvet2 o |
ooy | Auxiliary 5 A
o Transformer [pontroLT2 L B
o © | Nonlinear “‘
Capacitive L | E
& | Coupling ¥ @Z\ . |E
g -+ obv2 | —*
o Tcr c18 =
B <+ c
Rn4@RNZRNG e o
22m R1 +L2 4uH 0
- g
Surt — Surge
urface = Arrester
pu ) Y
Underground o ~ =

p4

(a)

cequency

MV Cable 350m

Conductor

. Horizontal Grounding

Frequency-Dependent Power
LV Cable Transformer |
Synchronous T = B
Machine Foat s o T
e
C Cl %
Blade P —e—— -
[SFTE c c A
| Auxili —
c2y uxiliary SHV_T1
N oy . Transformer . ontrol_T1 >
* '— s
3 200kA/101 Y 1 3
Lightnin, s 5 Capacitive Nonlinear
. . A Y
Strike £ Coupling . Load
= S i+ py_1| % b
= T - T a
1c10 C11 ]
}/
22m R2 +L1 4uH
Z S
Surface ‘
[
Underground a
PMGS_T1
Power
Frequency-Dependent
ransformer
Synchronous LV Cable v El + 2
. FDQ2 = 5
+ b
Machine 2 2 e
c cl %
Blade P
b b
C24) = - - A HY_T2
I .
coyy | Auxiliary b—l .
oy o Transformer ., Control_T2 =
l_ Tcis H .
Capacitive Nonlinear
. A0S
- Coupling, ¥V . Load
i ) + b
% Teir c18 a
&= + +, +
Rng RnZ Rn6
22m R1 +L2 4uH 0
— Surge
Surface — Arrester
j—
I |
Underground = ‘a |

Frequency-Dependent
MY Cable 350m





media/file18.png
Voltage (V)

2000 —Phase a
—Phase b
1000 | —Phase ¢

‘ 20
10Time (ms)

(a)

><1O4

—Phase a

10 20
Time (ms)

(b)

30

1500

—
o
o
(@

Voltage (V)
(6
o
o

—Phase a
—Phase b
—Phase ¢

1 20
0 Time (ms)

(c)

30





media/file35.jpg
(@) Connected PMGSs (1) Connected PMCSs

e T
() Separated PGS (62)Separated PMGSs
w ®
ra T e
GG @G
(@ spraed Gs s
o ®
i/\J/{ B =
R @
) Comuand PGS () Coneted PGS
el o
{/\J/\ i" %
@ @





media/file21.jpg
Power

Frequency-Dependent Transformer |,
e o T
Synchronous oo} o H
i = -
v e
Blade. _—
S R
i R
—i | ik
Ligwing@®) o | copocive [ ] oo
e 3| G Uond

Surface

Underground

pl

PyiGs ‘ &






media/file26.png
2000 ‘ , ©10%

— 2 3000
- “Phase b ~Phase a
< < < L —Phase
° 1000 —rhase s < i < 2000 —Phase ¢
o o ®
o) o0 (@)
s o £ g
S 9
-1000 .
0 0 _. 20 30 -2 : : -10000 1\0 J
Time (ms) 0 10 20 30 Time (ms)20 30

Time (ms)

(a) (b) ©





media/file27.jpg





media/file3.jpg
Synchronous 7

Machine
Blade 1

T — o

Auxilary

[ eyt ramper, —

Lo == [
o ] Mo

/éfm; .

Lightnin
Strke

Tower

;
.

Surfuce

Underground

o
Z
B






media/file22.png
Power

Frequency-Dependent Transformer a
LV Cable LVside 4 | + =z
= I Cc4 § +
Synchronous FDQ1 + b |
a a
Machine b f— b l b
(0] Samm— c =
SM . - . . 3
Blade b — b |
C1 +I | a c C 5 HVside
o b
| c2, b Auxiliary ]+
i Transformer, | | S
+ A 4 C3+| | c | [To -%-
+ .
Lightning 10kATOuS Capacitive I Nonlinear
Strike é Coupling . a()¥) — Load
= ﬁ i+ DY_ i+
T c1o ci1]
22m R2 L1 4uH 0
aetl |
— Surge
— Arrester
Surface T
on o
Underground = 2 N

PMGS






media/file19.jpg





media/file7.jpg
IS
S

N @
=] S

Maximum Overvoltage (KV)
o

=)

onstant Resistance
linear Resistance
ypical Grounding System
MGS

LV Side HV Side Control Circuit

Different Parts of Wind Turbine





media/file28.png
1500

—Phase a
—Phase b
51 000} --Phase ¢||
E? 500
S 0
-500 ‘ ‘
0 10 Time (ms)20 30

(a)

500 —Phase a
S 0
§§-500~
2.1000!
1500 =

—Phase a
—Phase b
—Phase ¢

17





media/file10.png
Power

Transformer
4 |
LVSide ca
=
Synchropous = BUS2
Machine J
4 A
Blad SM . .
ade f c5| YD_1 f c8
C1 4 I A = = HVSide
| Auxiliary
C2
4*1 |ib Transformer ] L %
+ A ; C34 | - "‘U: Control
+10kA/10us N 9 > Nonli
Lightning . onlinear
: o Capacitive Load
Strike o . A) v
= Coupling
S
= — 1t DY_1 —
[ c10 il
+ + +
Rni’RnZ Rn3
22m R2 . |1 4uH 0
+a +W
v T -
L . Surge
/ —
' — | Arrester
4 /
Surface T <—
\\ //
Underground 5

N
(o}

p3

PMGS






media/file14.png
Frequency-Dependent

LV Cable
Power
A Transformer .
/ _ + + S
// \ LVsldeE [ ca = +
Synchronous FDQ1 t b_]_l
Machin ‘ +
—~'{ 1A =
>
+ B T (N
Blade T | "' Tes
C1 i ; = = | HVside
| e b
c2, b uxilia . |+
| | Transformer+I | Control L T
+ A — 10kA/10us 1 C3+i |7C 1 [To =
Lightning . Capacitive Nonlinear T
Strike g Coupling 2 @@——- Load
C
S
= — 1+ py 1| -4+ b
“Jc1o c11] a
+ + +
jééﬂ Rn2ZRn3
22mR2 L1 4uH 0
. +
Vv
Surface
I
Underground =y Q.

PMGS






media/file11.jpg
2000 vy 20, o
i =Y S =
! m i i &5}&9
e mT-u (rm)m % " (ms) = " 0 Foma ey -

@ () (©





media/file6.png
2000

Voltage (v)

1000 -

—Phase a
—Phase b
—Phase ¢
0 10 20 30
time (ms)
(a)

\}

ge(V)
o

Volta

1
\}

—
T

1
—
T

><1O4

10 15 20
time (ms)

(b)

o
(63}

25

30

—Phase a
—Phase b
—Phase ¢

10 20 30
time (ms)

(c)





media/file36.png
x104

2 s
—_ —rFnase
21 L —Phase ¢
(0]

o
G
>
1 | |
0 10 Time (ms) 20 30
(al) Connected PMGSs
x10*

S —Phase a

—Phase b
<27 —Phase ¢
§§1
5
>0

1 10 Time (ms) 20 30

(a2) Separated PMGSs
(a)
x104

s —Phase a
— —Phase b
22 —Phase ¢
O
&1
5
=0

0 5 10 ds 20 25 30
(c1) Connected PMGSs
x104

: et
> 2 Iphiii c
> 1
&

2o
T 30
Time (ms)
(c2) Separated PMGSs
(c)

4_><1O4

—Phasea
S
<2
(0]

(®))
S
=0
>
2 10 20 30
Time (ms)
(e1l) Connected PMGSs
4><104
. —Phase |
S
<2
(b))
o
)
50
>
2 10 20 30
Time (ms)
(e2)

(e)

4_><104
—Phase a
S2 ~
32
-4 ‘
0 10 Time (ms) 20 30
(b1) Connected PMGSs
5:><1O4
—Phase a
>
E?o
©
>
_5 | |
(b2) Separated PMGSs
(b)

2000 —Phase a
. —Phase b
= 1000 —Phase ¢
(0]

Q
S 0
=
-1000 ‘ ‘
0 10 Time (ms) 20 30
(d1) Connected PMGSs
1000
% 5007 —Phase a
—Phase b
E 0% —Phase ¢
S -500,
~1000, 10_ 20 30
Time (ms)
(d2) Separated PMGSs
(d)
1500 —Phase a
—Phase b
= 1000 —Phase ¢

20
Time (ms)
(f1) Connected PMGSs
400
<200
5 s
—Phase
g Or —Phase ¢
2 -200;
-400
0 10'nme(nm)20 30
(£2)

(f)





media/file15.jpg





media/file32.jpg
phb

© Timo me) 2

(c1) Connected PMGSs

3210

2 i
' h

o

° © Time m9”* ©

(c2) Separated PMGSs
(©

, Voltage (V)

ot
e

10 Tine (ms) 20 =

(e1) Connected PMGSs
ot

0 Tino (ns) 2 =
(e2) Separated PMGSs
(e)

§
g o
1% 10 Time (ne) 20 s

(d1) Connected PMGSs.

Y © im ) ki

(d2) Separated PMGSs
@

Sl B
S0 Eret]
oo
3o

g 0 Time (20 E)

(£1) Connected PMGSs

AEN

10 Time ) 20

(£2) Separated PMGSs
(£





nav.xhtml


  applsci-07-01323


  
    		
      applsci-07-01323
    


  




  





media/file16.png
2000 x10* 2000
‘ ‘ —Phase a

< —Phase b}
b 1000 - —Phase ¢
© |
(®)]
S
=) 0+
>

1 OOO | | | ‘ - Phase a

0 10 20 30 0 10 20 30

Time (ms) Time (ms) 10 Time (ms)

(a) (b) (c)





media/file2.png
92m

92m

92m

6m

275m

T7m

. : Vertical Rod

——— : Horizontal Conductor






media/file20.png
Voltage (V)

2000

1000 ¢

-1000
0

0 20
Time (ms)

(a)

><1O4

—Phase a
—Phase b
—Phase c||

—Phase a

10

Time (ms)

(b)

20

30

‘ 20
10 Time (ms)

(c)





media/file37.png





media/file23.jpg
AR

T 1

©





media/file5.jpg





media/file24.png
Voltage (V)

2000

—Phase a
—Phase b
1000+ —Phase ¢
O L
-1 0000 30

0 20
Time (ms)

(a)

><1O4

—Phase a

0 10 Time (ms) 20

(b)

30

—Phase a
—Phase b|
—Phase ¢

10

Time (ms)

(c)

20

30





media/file33.png
15000 —Phase a
— —Phase b
<.10000 - —Phase ¢
o

0 20
Time (ms)

(al) Connected PMGSs

3><1O4

—Phase a
5 —Phase b
I —Phase ¢

Voltage (V)

0 10 Thne(wm)zo 30

(a2) Separated PMGSs
(a)

Voltage (V)
AN O N A

Voltage (V)
N

><1O4

—Phase a

Time (ms)

(b1) Connected PMGSs

><1O4

0 10 20 30
Time (ms)

(b2) Separated PMGSs
(b)





media/file29.jpg





media/file1.jpg
@ : Vertical Rod

—— : Horizontal Conductor





media/file31.jpg
phasea
& Cprasen
Z10000. Chasec

@ 1 Time. (ms?zn ®

(a1) Connected PMGSs
s ot —Phase a
2 Chhase
'
a-==JL==—
o 10 20 30

Time (ms)
(a2) Separated PMGSs
(a)

—phasea

Valage (V)

2
Time (ms)

(b1) Connected PMGSs

10t
* phasen

2
o

2

“

0 1o 2 £
Time (ms)

(b2) Separated PMGSs
(b)

Voltage (V)





media/file25.jpg
T e -v-rmy"’






media/file12.png
Voltage (V)

x10* | 2000

2000 —Phase a 2 :Phase a
Phase b
—Phaseb| __ —Phase ¢
1000 —Phaseci =
o)
(®)]
S
0 ©
>
Time (ms) Time (ms)

(a) (c)





media/file9.jpg
Power

Tansiomer
‘Synchronous e § 2
Mumc i b
Blade H
i =
f—f—]  Trafomer ; H
= k i Nonlinear
B ([ = 1]
§ g
2.7 F
W /?; L Surge
-
swe
Unierrund

2
2






media/file0.png





media/file8.png
V)

Maximum Overvoltage (K

1N
o

w
o

N
o

—
o

o

Bl Constant Resistance
ENonlinear Resistance
[Typical Grounding System
[PMGS

LV Side HV Side Control Circuit
Different Parts of Wind Turbine





media/file34.png
><1O4

2
S 1l
(0]
(@)}
8
5 0
>
T 10 20 30
Time (ms)
(c1) Connected PMGSs
x10%
3 —Phase a
— —Phase b
Z 27 —Phase ¢
> 1
8
§ 0
-1 ‘ ‘
0 _ 20 30
Time (ms)
(c2) Separated PMGSs
(c)
4% 1 O4
—Phase a
S5
(]
O)
8
20
>
2 1 20 30
0 O Time (ms)
(e1l) Connected PMGSs
4 %1 04
—Phase a
o
(O]
[®))
8
0
>
_2 Il Il
0 10 Time (ms) 20 30

(e2) Separated PMGSs
(e)

2000
<1000 |
()
(®)]
8
Y
=>
-1000 ‘ ‘
(d1) Connected PMGSs
1000
< 500
% 0
= -500
1000 —Phase a—Phase b—Phase |
0 Time (ms)20 30
(d2) Separated PMGSs
(d)

- OO | |
° 0 10 Time (ms) 20 30
(f1) Connected PMGSs
400 ‘
% 200 T
—rnase
c_S 0 —Phase ¢
9-200
-400 ‘
0 10 Time (ms) 20 30
(f2) Separated PMGSs

(f)





media/file17.jpg





