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2. Objectives of the Project



The objective of this project was the investigation of five particular issues relating to the protection of wind turbines against lightning. These areas of investigation were identified during an earlier Joule project, contract number JOR3-CT95-0052.



This project investigates these specific areas in order to give further guidance to the manufacturers and operators of wind turbines and to help minimise the effects of lightning strikes in a cost effective way. A mixture of experimental work and computations were used to investigate how to improve the reliability of wind turbine blades fitted with a lightning protection system. The possibility of using a type of lightning protection commonly employed on aircraft radomes on a wind turbine blade was also studied. Further investigations focused on the ability of a blade de-icing system to function as a lightning protection system. The response of both wind farm earthing and sequential control and data acquisition (SCADA) systems to lightning was the final scientific task of the project.



The results of this project are to be presented in the form of an appendix to the ‘Designers Guide’ produced during the earlier associated contract.



The detailed objectives of the main project phases are given below:



While wind turbine blade lightning protection systems now exist, research was necessary to improve their reliability, particularly for longer wind turbine blades. Finite element modelling and experimental tests were used to examine the interception efficiency and sizing efficiency of a modern blade lightning protection system.



The use of high-resistivity strips on wind turbine blades to provide effective lightning protection without increasing electro-magnetic interference was investigated. Such strips may be suitable for use with new blades and as retro-fit protection to unprotected blades. This task involved experimental work related to the interception and sizing efficiency of this form of system as well as a literature survey related to electromagnetic interference.



The ability of a wind turbine blade de-icing system to also be used as a blade lightning protection system was evaluated. The combination of these two systems would lead to lower overall manufacturing costs for such a blade. A literature survey relating to de-icing was undertaken before high voltage testing of blade samples fitted with experimental systems. A set of comprehensive studies relating to the voltages and current distribution on and around the de-icing system was carried out.



The response of wind farm earthing systems to lightning by performing pulse injection tests on buried earth conductors was investigated. The results of the tests were used to validate computer models developed during the earlier associated Joule II project. Field experiments were performed on two earthing systems.



The response of large wind farm SCADA systems to lightning was modelled and lightning threat levels/lightning protection techniques for such systems were proposed. Various SCADA system designs and their associated lightning threat levels (voltage and current) were also assessed using a computer based code. Guidelines for the adequate protection of SCADA systems were established.



The results of the research are to be published in the form of an appendix to the ‘Designers Guide’ produced by the earlier associated Joule project.





3. Technical Description



3.1 Reliability of wind turbine blades fitted with a lightning protection system



3D finite element modelling of blades fitted with a lightning protection system was carried out to study the possible change in the interception efficiency of wind turbine blade lightning protection systems as blades increase in length. 3D finite element modelling is extremely complex when a structure such as a wind turbine blade is considered. It was, however, possible to build up a full model of a wind turbine blade, the details and associated support being provided by Aerolaminates, in a commercial electrical finite element analysis programme. This was done at UMIST. The tip of a downward propagating stepped leader (one of the initial parts of a lightning strike) was modelled in the software as a voltage source. By examining the locations of high electric field on the blade model, possible lightning attachment points were highlighted. Studies were completed for a range of stepped leader positions and a range of blade lengths.



Peak current detection cards have been fitted on a number of wind turbines in the UK and Aerolaminates are now routinely fitting these cards into blades in commercial production. Useful information has already been received following the start of this programme. The cards sense the magnetic field produced around a conductor carrying lightning current. By placing these cards inside a wind turbine blade, it is possible to say (with a good degree of certainty) if a wind turbine blade lightning protection system has carried lightning current. The cards are read using laboratory facilities at UMIST. This type of scheme should allow the efficiency of blade lightning protection systems to be estimated more accurately.



High current testing has been carried out on a number of blade / blade lightning protection system samples designed and manufactured by Aerolaminates. Included in the testing has been one full blade tip, lightning receptors and hydraulic cylinders. It is important that once lightning has attached to the lightning protection system of a wind turbine blade that this system is rated to carry the lightning current. To do this it must cope with the thermal and electromechanical forces produced by the lightning current along with the damage that results from arc attachment. Investigations have been carried out with a view to further increasing the long term reliability of wind turbine blade lightning protection systems.



3.2 Use of high resistivity strips



Both high voltage and high current testing of high resistivity / segmented materials has been carried out in the laboratories at UMIST and at the site of a third party sub-contractor. These materials are commonly used on aircraft radomes in an attempt to reduce the electromagnetic interference with the signals leaving and entering the radar system located in the radome. In addition to the experimental testing that was carried out, a comprehensive literature survey relating to the EMI problems wind turbines potentially produce was completed to investigate the possible use of these materials. Samples for this testing were produced by Aerolaminates.







3.3 Evaluating the possibility for the combined use of a blade lightning protection and de-icing system



If an electrical de-icing system is fitted to a wind turbine blade, it will undoubtedly be attractive to lightning. Even if it does not suffer a direct strike, lightning current flowing near a de-icing system will induce voltages into the de-icing system wiring and subject it to high levels of transient electromagnetic force. Problems relating to the protection of the de-icing system power supply were investigated in addition to a much larger study relating to the problems involved in the installation of an electrical de-icing system on a wind turbine blade. Technical support for this task was provided by Aerolaminates. A particular area of study was the possibilities for the combined use of a blade lightning protection system and a de-icing system. High voltage and high current testing was carried out in the UMIST laboratories on a sample de-icing system and de-icing system components to help validate the computations that were carried out.



3.4 Earthing system site tests



While the design and testing of earthing systems intended for the control of power system frequency overvoltages is commonplace, less work has been done in relation to the transient performance of earthing systems. When a wind turbine is struck by lightning, the earthing system will rise in potential as lightning current flows into it. The relationship between the value of current flowing into the earthing system and the transient earthing system potential rise is not a straightforward one. Previous work had been completed to investigate the use of software codes for the transient analysis of a windfarm earthing system.



In this phase of the project, computations have been contrasted with the results of real tests. Two sets of tests were carried out, one in Greece  (by ICCS/NTUA) on a windfarm and one in the UK (by UMIST) on a high voltage test site. The two sets of test results have been compared with computed results. Ground potential rise and the resulting potential profiles were used as part of the comparison between computations and actual tests



3.5 SCADA systems



One of the problems that arises from the transient rise in potential of a wind turbine earthing system is the possible damage that this will do to a windfarm SCADA system. If copper wiring is used to connect the SCADA system of individual wind turbines in a windfarm, a strike to one wind turbine may cause widespread damage in a number of wind turbines. Computer codes were used at UMIST to assess the vulnerability of SCADA systems using different types of bonding / shielding to lightning damage. Typical threat levels were produced based on a high amplitude 200kA strike. It is clear that lightning protection is required on SCADA systems.





�4. Results And Conclusions



4.1 Reliability of wind turbine blades fitted with a lightning protection system



4.1.1 Finite element modelling



The 3D finite element modelling of a wind turbine blade fitted with a lightning protection system was completed successfully. It has shown that it is possible that long wind turbine blades fitted with an internal type lightning protection system are vulnerable to lightning strike attachment away from the receptor at the tip. This can be seen in the diagram below, shown as Figure 1, where electric field distribution on a blade is plotted where the tip of the stepped leader is placed 10m away from the leading edge of the blade.



�

Figure 1 - Electric field plot around the 50m blade when a unit voltage facet is placed 10m away from the leading edge. The areas of high electric field can be considered points of potential lightning attachment



The work has also shown that the use of multiple receptors will provide better protection for a blade than would otherwise be provided by a single receptor located at the blade tip. The electric field plot when multiple receptors are used on a wind turbine blade and a unit voltage facet (representing the tip of a stepped leader) is placed above the blade is shown in Figure 2. This result belongs to UMIST with Aerolaminates having an interest. UMIST will work with Aerolaminates in the future to conduct further work in this area.



�

Figure 2 - Electric field plot around the 50m blade when a unit voltage facet is placed 10m away from the top surface of the blade fitted with multiple lightning receptors. The areas of high electric field can be considered points of potential lightning attachment



4.1.2 Installation of magnetic lightning detection cards



The work related to the installation of magnetic cards in wind turbine blades is still ongoing. It will be a number of years before sufficient data is accumulated to allow a final, authoritative statement to be made concerning the interception efficiency / sizing efficiency of wind turbine blades fitted with a lightning protection system. The results from these tests will belong to Aerolaminates.



4.1.3 High current / high voltage testing



The high current testing has shown that methods to protect the hydraulic cylinder with the use of a conductor bypass system are largely ineffective. Instead, a novel design of hydraulic cylinder is being considered for use in wind turbine blades. This would be used in conjunction with the bypass conductor. The high current testing clearly demonstrated the level of damage that a lightning strike could do to a lightning receptor and illustrated why it is particularly important to ensure any lightning receptors can be removed and refitted. This result belongs to Aerolaminates with UMIST also having an interest.



4.2 Use of high resistivity strips



The literature survey carried out as part of this phase of the project suggested that high resistivity strips, installed as a blade lightning protection, should reduce the EMI produced by a wind turbine in comparison to a wind turbine fitted with an internal type lightning protection system. They may however increase the risk of blade damage. An exact quantification of the reduction in the level of EMI is, however, difficult to carry out. 



Solid high resistivity strips would appear to be able to intercept and conduct lightning strikes as effectively as a standard lightning protection system under laboratory conditions. When installed on a long blade that is coated with dirt, salt and similar substances, the effectiveness may reduce. High resistivity strips could definitely be used as a retrofit lightning protection system for wind turbines fitted with pitch regulated blades. They may not reduce the incidence of blade lightning damage to zero but it is expected that they may reduce it substantially.



Segmented strips are unlikely to provide a suitable level of interception efficiency on a long wind turbine blade. This was shown by the steady increase in the 50% probability of flashover voltage as more gaps were added into the strip. For this case, and the case with high resistivity strips, further testing (probably at the scale of field trials) would be required to confirm the interception efficiency of these materials.



Therefore, further investigations into the extent of wind turbine EMI need to be conducted to help justify the case for using high resistivity strips on wind turbines. At the moment it is questionable whether enough evidence exists to provide a clear statement concerning the potential benefits (economic in particular). The results from this project phase belong to UMIST.



4.3 Evaluating the possibility for the combined use of a blade lightning protection and de-icing system



The research explored some of lightning protection problems that result from the installation of a de-icing system on a wind turbine blade. While most problems can be overcome there are two key findings from this work.



Firstly, it is preferable to integrate the lightning protection and de-icing systems to avoid large common mode voltages existing between them. 



Secondly, a method to prevent arc attachment damage and damage due to the flow of lightning current to de-icing system heating elements needs to be found if de-icing systems are to be used in significant numbers on wind turbines.



The problem of preventing lightning strike attachment to the wind turbine blade de-icing system is a problem that must be given extremely careful consideration. The finite element modelling has shown that the use of a standard internal lightning protection system would not be effective in protecting a de-icing system. It is recommended that a de-icing system be provided with some form of protective covering. This could involve placing a layer of metal above the de-icing system heating element. If this system was used, the voltages existing between the systems during a lightning strike would have to be carefully controlled.



It is perceived that should the risk of arc attachment and direct conduction damage be protected against, the problems of induced voltages and electromagnetic forces could be overcome. The results from this project phase belong to UMIST with Aerolaminates also having an interest. If Aerolaminates decide to install a de-icing system on wind turbine blades, the results from this project task will be directly applicable.



4.4 Earthing system site tests



The testing of two earthing systems in Greece and the UK has illustrated two methods for the testing of the transient response of an earthing system. The main findings are as follows:



A comparison of the test results with the computed values gives a level of agreement that is reasonable for this type of testing.



The differences between the test results and the computed values can be accounted for by the many non-linear factors found when testing an earthing system. An example of these factors would be:

The effect that the heavy rainfall (occurring during the testing in the UK) had on the surface soil resistivity in the short term 

The driving of the rod only a few hours before the test (therefore the whole of the rod may not have been in contact with the surrounding soil) 



The plot of the impedance of the rod in the time domain showed the effect of ionisation around the earthing system. To observe this ionisation, high currents must be injected into the earthing system.



The tests in Greece were conducted with a commercial high current generator suitable for use in testing electronic components such as surge diverters. The tests in the UK were carried out using a generator developed in the laboratory. The higher voltage of the UK generator, coupled with the lower earthing system impedance, gave rise to higher values of injected current. The commercial generator, operating at a lower voltage was however more portable in nature. 



Further research work will examine the possibilities of using a low voltage version of these generators to conduct transient earthing system analysis. The results of the tests in Greece belong to ICCS/NTUA while the results of the tests in the UK belong to UMIST.



4.5 SCADA systems



The work described in the annex to the designers guide states that SCADA systems constructed using metallic cable are subject to extremely high transient overvoltages that will certainly damage equipment should measures to mitigate them not be taken. It is clear that lightning striking a single wind turbine can produce damage in wind turbines connected with metallic data cable.



The first set of measures to mitigate high transient overvoltages should be as follows:



Ensure that wind turbine earthing system resistances are kept as low as possible

Bond the sheaths of any power cables running between wind turbines solidly to the turbine earthing systems

Install bare copper cables in the trenches carrying SCADA cables between wind turbines

Bond the shield of any SCADA cable solidly to earth at both ends

Use low resistivity and high permittivity shielding and twisted pair cable wherever possible



In addition to the measures described, additional protection should be provided at the junction of the SCADA system conductors and the controller interface. Typically, surge protective devices, with the capability of handling substantial energy levels, should be installed. Leads between surge protective devices and the earthing point should be kept as short as possible. While it would be easy to install surge protective devices and not carry out some of the additional measures described above, this would reduce the life of surge protective devices and increase the risk of damage at other locations such as in the middle of the SCADA system cable run where overvoltages may develop between the conductor shield and the conductors resulting in insulation breakdown. The results in this project phase belong to UMIST.



4.6 Ownership of results



The ownership of the results is as follows:



Project Task�Main Owner of Results��1. Reliability of wind turbine blade fitted with a lightning protection system���1.1 Finite element modelling�UMIST��1.2 Magnetic cards�Aerolaminates��1.3 High current / high voltage testing�Aerolaminates / UMIST��2. Use of high resistivity strips�UMIST��3. Evaluating the possibility for the combined use of a blade lightning protection and de-icing system�UMIST��4. Earthing system site tests���4.1 Tests in Greece�ICCS/NTUA��4.2 Tests in UK�UMIST��5. SCADA systems�UMIST��

The annex to the designers guide has been produced by UMIST but remains under the ownership of the consortium as a whole.



5. Exploitation Plans And Anticipated Benefits



The results of the project have been presented in the form of an annex to the designers guide produced during the previous associated Joule project. This will be made available to European industry. It is intended that the information it contains will make a contribution to the reduction in the level of lightning damage observed per wind turbine annually. All project results, apart from selected high voltage / high current test results are to be made public in the annex to the Designers Guide. It is intended that this annex to the Designers Guide will provide the following benefits:





Reduction in the annual repair bill resulting from lightning damage to wind turbines

Reduction in the annual lost energy production resulting from lightning damage to wind turbines and a consequent reduction of CO2 emissions

Improved public perception of wind power by increasing turbine availability which will benefit the wind energy industry as a whole

Better understanding of the mechanisms that cause lightning damage to a wind turbine. 



The information is of direct relevance to those wind turbine manufacturers wishing to improve the lightning protection systems used on new designs of wind turbines and to wind turbine owners wishing to retrospectively improve the lightning protection system used on older wind turbines.  It is hoped that the results will be used by the whole wind energy industry as a basis for the continual improvement of lightning protection system design. 



Certain segments of the work will be carried forward by Aerolaminates, ICCS/NTUA and UMIST. Aerolaminates will use results from Phase 1 to assist in the improvement of the long term reliability of their lightning protection system. UMIST will continue with the finite element modelling which is an innovative area and which should, in the longer term, answer the question of how many lightning receptors you need on a long wind turbine blade. They will also continue to work, in partnership with ICCS/NTUA, on developing an earthing system tester suitable for the assessment of transient response.



The work from this and the previous Joule project has contributed significantly to the IEC Technical Report on ‘Lightning Protection of Wind Turbines’ currently being circulated for comment. This Technical Report should eventually go forward to become an international standard.

�6. Photograph to illustrate potential applications of the project
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Wind turbine blade section undergoing high voltage testing to evaluate the interception efficiency of the lightning protection system
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