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Abstract


The present work is to study, using a Finite Element Modeling (FEM) tool, the feasibility of construction  of a device called as Static Field Converter, which is based on the principle of meissner effect of superconductors. It is designed to use a hemispherical superconductive material that rotates around either a permanent magnet or an electro-magnet. Magneto-Static analysis using an FEM tool was basically done for a situation when the superconductive material of the device is “Zero Field Cooled”. Voltage picked up by pick-up coil that is wound around a ferromagnetic material (which completes the magnetic path) of the device is calculated according to Faraday’s laws. 
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INTRODUCTION



Several laboratories around the world have been carrying out the Research and Development (R&D) activities to successfully use superconductors in power generation, power transmission and energy storage.



Superconductors are successfully used in the Static Field Converter (SFC). It converts, through the Meissner effect of superconductors, the energy stored in permanent magnets into electricity. The energy is ultimately derived from the energy state of the domain electrons. They are tapped to generate the power. In a power system the obvious benefits of a portable source of energy that dreives it’s power from permanent magnets rather than fossil fuels would have the triple benefits of invexpensive abundance, portability and safety.

 

Takeoka et al  [1] and Ishikawa et al  [2] built a motor that used the principle of meissner effect. They used a heater to make the SC material lose its superconductivity for easing the rotation of SC material into the magnetic field of a Permanent Magnet (PM) and used liquid nitrogen to take it back  into the superconductive state so that it may repel the flux lines of the PM when it is in the meissner state.
 A cycle changing the state of a superconductor is impractical because of the heat generated by the transition.


Camacho [3] opines that the development of applications based on the interaction between a PM and a high temperature superconductor has been limited due to lack of software tools that can simulate a superconductor under a wide range of conditions, in an adequate manner. This probably is because; a valid mathematical expression for phenomenon like flux pinning is still being investigated. 



In this paper, a description of the Static Field Converter (SFC) and it’s applicatons is presented and the principle of operation upon which it has been designed to be working is illustrated. A model was developed to study the SFC dynamic behavior.   After presenting the simulation results, the paper ends with the conclusion and suggestions on the future work. 

STATIC FIELD CONVERTER



Static Field Converter, which is protected by a U.S. patent is a device that has a superconductive material in the shape of a hemispherical shell , maintained below its critical temperature (Tc), rotating around a PM. Figure. 1. To ease the rotation of the superconducting hemisphere it is attached to another hemisphere of relative permeability of one to form a complete sphere. A pick up coil surrounds the upper hemisphere. The two hemispheres are rotated around the PM by an external mechanical means. The assembly is supported by non-conducting rods on a non conducting base in a glass Dewar (refrigeration tank), which is held below the critical temperature of the superconducting material. The pick up coil is periodically opened and closed by a switch during the operating cycle. This reduces some of the magnetic forces from hindering the motion of the hemispheres. As the hollow hemispheres rotate around the magnet, the flux from the permanent magnet is alternately interrupted by the superconductive material; thereby creating a rate of change in flux, hence inducing a voltage in the pick up coil according to Faraday’s law. 
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Figure 1. Static Filed Converter 

MODELING 


Some assumptions were made before carrying out the modeling. As the support means, rods, collars and base are proposed to be made of a non-conducting material, it was safely assumed that, these do not interfere with the electric/magnetic circuit and hence are not included in the model. Also, the second half of the hemisphere, which is intended to ease the rotation of the superconductive hemisphere, is not modeled for the same reason. Its relative permeability is assumed to be one, which is same as that of air. Figure 2. shows the simplified form of SFC that was modeled. While modeling the superconductor, its hysteresis effects observed by Hull [4] and also its critical magnetic field were not considered., For a cylinder of radius rm = 5.316 cm, and height hm = 11.14 cm with spherical pole faces, the magnetic properties of commercially available Alnico 5 series permanent magnet were assigned. Coercive force (Hc) of the PM was 50,400 A/m. Around the magnet a hemisphere with inner radius of 8.5 cm and outer radius of 9 cm was modeled to represent the superconducting material. According to Camacho, the meissner state can be constructed in two different ways: imposing a magnetic vector potential constant or canceling the magnetic permeability (μ). The second method was used, with μ = 10-18 H/m assigned to the superconducting entity as assigning zero value was not permitted by the software tool that was used. As the second half of the sphere is not modeled, the superconducting hemisphere is effectively surrounded by the air. To the entity that represented air, μ = μ0, permeability of free space was assigned. A ‘C’- shaped ferromagnetic flux guide, with µr = 65000 was used to complete the magnetic circuit.  Ly and Hy of the flux guide are 19.316 cm and 27 cm respectively. The air gap Lg and hence the distance between the PM and the SC is kept to a minimum to minimize the reluctance to the flux lines. The finite element modeling software tool, ANSYS [6] that was used, does not allow the simulation of continuous rotation of the sphere when a permanent magnet is involved in the design. Instead, the SC hemisphere position is changed in steps of 10º each and the simulation is carried out each time to compute the flux density for one complete rotation of 360º.  
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Figure 2. Simplified form of the Static Field Converter that was modeled 

SIMULATION RESULTS
The vision of a hydrogen based economy is possible with the proliferation of the (SFC). Abundant amounts of cheap electricity can be used to cheaply electrolyze water into it’s constituent elements producing hydrogen and oxygen. In a transportation system the hydrogen could be used to power a vehicle through the use of fuel cells. It could also be used in conventional internal combustion engines with an inexpensive retrofit.  The infrastructure that is in existence can be easily and cost effectively altered to manage liquid hydrogen rather than gasoline. The exhaust is warm water. 

Figure 3. shows the pattern of the flux density when the superconductor is at the position shown in Figure 2. Flux densities at the center of the ferromagnetic material and also at a point above the magnet are noted. Figure 4. gives the plot of the variation of the flux density for one complete rotation of the SC at the center of the ferromagnetic flux guide when superimposed over the straight lines that are obtained using the curve-fitting function of the MATLAB. This is also the shape of the variation of the flux density in a coil when it is wound at the center of the ferromagnetic flux guide. 
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Figure 3. Pattern of flux density for the shown position of SC.

The voltage that would be induced in the pick up coil, based on Faraday’s law, is
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A = area of cross section of the coil core

N = number of turns of the pick up coil

B = flux density produced by the PM
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Figure 4: Plot of flux density with respect to angle of rotation.

If the SC hemisphere was made to revolve at 60 rpm, then 
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 = 2π rev/sec. From Figure 4,
[image: image8.wmf]q

d

dB

, (which is the slope of the waveform) was obtained. This again is performed with the help of MATLAB. The pick up coil open circuit voltage is obtained for N = 600 turns using Eq. (1). Figure 5. shows the open circuit voltage plot that would be obtained at the terminals of the pick up coil. 
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Figure 5: Voltage induced in the secondary coil

DISCUSSION AND FUTURE WORK



As part of a wind power generation system advantages can be achieved through lower maintenance costs and simplified transmission of energy from the wind turbine. That is derived from the simplified mechanics of magnetic coupling and a duel source of energy to reduce the strain on the turbine. It can also enhance the energy system by using the principles of dynamic braking to ensure rotational limits are managed.





In the FC process, the temperature of the SC is brought down below its Tc in the presence of magnetic field. In the case of FC condition, it is assumed that all the flux lines that are inside the SC is perfectly pinned to the material defects in the SC [3]. In such a case, as suggested by Hull [4] and Lee [5] the SC material forms a ‘frozen image’ of the PM because of the trapped flux inside the SC. Hull observed that force between the SC and the PM was attractive i.e. the SC tried to pull the PM when it was moved laterally. On the other hand, in the case of ZFC condition, Hull observed that SC behaved as a diamagnet, and the lateral force was repulsive, when it was given a lateral displacement. Hence the SC in the above device (or in any device for a rotational motion around a PM) should be ZFC and the levitation force should be due to meissner effect rather than due to flux pinning. Hence impurities (like silver) that enhance flux pinning, should be avoided in the manufacturing process of superconducting materials.

Distributed generation is widely viewed as a solution to the strain on the electric grid during peak periods. Conventional DG technology does not have the  safety, energy density or lack of pollution necessary to introduce a dynamo in a highly populated area. Because the SFC can generate cheap electricity, cheap hydrogen can be produced for conventional internal combustion engines, or the electricity can be used directly or to power an electric motor to drive the dynamo. Once again the exhaust is simply warm water.



When the switch is opened (to open the pick up circuit), the flux due to the permanent magnet, according to the meissner effect, would repel and hence push the SC hemisphere away, when it is above and below the PM. On the other hand, to ease the rotation of the SC hemisphere into the region above the PM, the switch should be closed so that the counter flux from the pick up coil would decrease the flux from the PM and hence the effective repulsive force due to the magnetic flux lines on the SC material would be least. On the lines that we discussed, when the pick up coil was excited with the voltage (that was calculated before) when the switch is supposed to be kept closed, it was observed that the flux density above and below the PM is lower. The rotation of the SC hemisphere would be easiest if the switch is opened and closed at four times the frequency of rotation. When the SC is at the sides of the PM, the circuit of the pickup coil should be closed and when it is above and below the poles of the PM, it should be kept open. 



In military applications, because of it’s relatively low weight and high energy density the SFC can be brought closer to theatre very significantly reducing the cost of transporting energy to a war zone.  It can cost more than several hundred dollars per gallon to transport energy to theatre. The SFC can reduce that cost by orders of magnitude. It can minimize the supply delivery system enhancing mobility and flexibility in combat.





When the number of sectors of the SC material is increased, voltage induced in the secondary coil would increase as 
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 increases. But according to Yang [7], increasing the number of sectors of the SC, would in effect decrease the meissner repulsion force. The simulation results show that, the construction of the static field converter is feasible, but while modeling the superconductor, its hysteresis effects observed by Hull and also its critical magnetic field were not considered. Also, ANSYS, the software tool that was used, does not allow the simulation of continuous rotation of the sphere when a permanent magnet is involved in the design. Therefore an experiment has been designed to verify the above results. That experiment confirmed the efficacy of the SFC.
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