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Magnetic Induction Micromachine—Part I: Design and Analysis Hur Koser, Member, IEEE, and Jeffrey H. Lang, Fellow, IEEE



Abstract—Most microscale electric and magnetic machines studied in the last decade lack the power density to support many practical applications. This paper introduces a design for a magnetic induction machine that offers power densities in excess of 200 MW/m3 and efficiencies of up to 50%, while providing more than 10 W of mechanical power. This is a substantial performance increase in MEMS electromagnetic machines studied to date. [1435] Index Terms—Magnetic induction motor, micromotor, power MEMS, magnetic modeling.



I. INTRODUCTION



F



OR the last two decades, innovations in lightweight batteries have not kept pace with the ever rising demand for portable power. In most portable electronic devices, the limited power and life cycle of the battery are now the primary bottlenecks for system performance. Another practical problem with batteries is the need for careful and special handling, due to the high toxicity of their ingredient chemicals. In an attempt to address these shortcomings, a new branch of microelectromechanical systems research called Power MEMS has recently been defined. The idea underlying Power MEMS is to push the fabrication technologies inherited from the IC industry to new levels that will enable the production of microscale power generators. Different approaches are undertaken to address this challenge, such as vibration-to-electric converters [1], or micro fuel cells [2]. Such Power MEMS devices represent significant engineering breakthroughs; nevertheless, most still lack the power density required by state-of-the-art mobile electronics. An ambitious research effort is currently under way to develop a microscale gas turbine generator, capable of producing tens of watts of electrical power [3], [4]. The project to develop this engine envisions a high-speed rotating turbine that converts the chemical energy of its fuel into thrust and electricity. A critical component of the micro generator is the electromagnetic machine that both brings the turbine up to speed, and generates electricity once the gas turbine is operating. Given the high speeds of rotation and air bearings that rule out contact brushes and high operating temperatures that may preclude Manuscript received September 28, 2004; revised April 10, 2005. This work was supported by the Army Research Office under Research Grant DAAG55-98-1-0292 and DARPA under Research Grant DABT63-98-C-0004. Subject Editor O. Tabata. H. Koser is with the Electrical Engineering Department, Yale University, New Haven, CT 06520 USA (e-mail: [email protected]). J. H. Lang is with the Electrical Engineering and Computer Science Department, and the Laboratory for Electrical and Electronic Systems, Massachusetts Institute of Technology, Cambridge, MA 02139 USA (e-mail: [email protected]). Digital Object Identifier 10.1109/JMEMS.2006.872238



permanent electrets/magnets, induction machines and variable capacitance/reluctance machines are attractive electromagnetic components for the micro gas turbine generator. Compatibility with standard silicon fabrication schemes has been the main motivation leading to the fabrication and testing of an electric induction machine [6], [7] as part of the micro engine project. However, it was quickly realized that a high-performance electric induction machine requires a very small air gap between its rotor and stator, resulting in large viscous losses in the air gap. This restriction translates to reduced speed of operation, lower power output and lower efficiency. Moreover, the high voltage, high frequency power electronics required to operate the electrostatic induction machine also pose design and engineering challenges. In order to address these issues, a magnetic counterpart to the electric induction machine has been proposed. The initial design of the magnetic induction micromachine is the focus of this paper. A microscale magnetic induction machine offers two main advantages over an electric machine. First, power densities of magnetic fields obtainable in the microscale are much larger than those of electric fields across similar distances. Second, a magnetic induction machine can achieve a given power density with a much lower pole count, which translates into a much larger rotor-stator air gap compared to that inside an electric induction machine. A larger air gap results in negligible viscous losses and a higher efficiency. Magnetic induction micro machines are also better suited to working in moist or liquid environments, since there is no potential electrical breakdown issues with magnetic fields. The main concerns associated with magnetic machines are winding losses and performance reduction due to eddy-currents. Rotor integrity at high speeds is also a concern. The classical, macroscale architecture of a cylindrical rotor on a shaft inside a concentric stator is not practical for our purposes. This is partly because it is much easier to define extruded planar patterns using MEMS fabrication techniques than to create truly three-dimensional structures. Also, there is plenty of surface area to work with in the lithographic plane of the micro engine. Since torque and power output from a machine increase with the rotor surface area, maximizing power density requires designing the machine with an active area in the lithographic plane, which effectively rules out variable capacitance/reluctance machines, such as the ones reported in [5]. The magnetic induction micromachine chosen for implementation involves a planar, axially symmetric, circular geometry; unlike in the macroscale, the motoring action of this microscale machine takes place on the planar surfaces of the rotor and the stator (Fig. 1). This topology enables the device to be
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Fig. 1. The topology of the magnetic induction micro machine consists of planar surfaces extruded into the axial dimension. The rotor spins on top of the stator, supported by air bearings. Coupling to the mechanical domain is achieved via fan blades on the top side of the rotor (not shown here).



built using current MEMS fabrication techniques, mainly planar photolithography and electroplating [8], [9]. Both the rotor and the stator will be fabricated out of thick electroplated layers of nickel-iron (NiFe) and copper, with SU-8 epoxy used as a mold, structure material and insulating layer. In the micro engine architecture, the rotor is supported over the stator via two sets of air bearings [10]–[13]. A set of thrust bearings provide air flow on either side of the rotor to counterbalance against gravity and the attractive magnetic force between the rotor and the stator. Journal bearings, in turn, provide restoring forces on the sidewalls of the rotor for rotational stability. The active rotor surface area matches that of the stator for maximum power given the available real estate. The stator consists of two phases carrying currents in quadrature through electroplated copper windings. In motoring mode, input currents create a traveling flux on the stator surface, which induces and acts on currents in the rotor conductor, pulling the rotor with it. The mechanical rotation speed of the rotor lags the rate at which the input current waveforms travel around the stator by an amount called the slip frequency. In generation mode, the situation is reversed: it is the mechanical rotation of the rotor that induces stator currents, which lag behind the rotor. In order to reduce fabrication complexity, each phase contains a one-turn winding. Accordingly, very large current values are needed to achieve high-power densities and winding losses generate significant heat. Fortunately, the small scale of the magnetic induction micromachine, in conjunction with the good thermal contact between its electroplated stator layers, ensures an isothermal device which can be cooled very effectively. In the first of this three part series on magnetic induction micromachines, we show in detail how the performance of the magnetic induction micro machine can be predicted via a fast and accurate modeling methodology based on magnetic boundary layers and magnetic circuit analysis. The model presented here assumes laminated devices and operating flux densities below the saturation value for NiFe; hence, stator eddy currents and nonlinear material effects are not considered. The predicted performance of an initial design, which is significantly better than previously demonstrated MEMS motors [5], [7], [14], [15] is presented. The fabrication and



Fig. 2. The rotor and the stator of a typical magnetic induction micro machine that will be built. The dimensions given are representative for the induction motor designed here.



Fig. 3. The circular symmetry of the micromachine allows mapping the geometry into the Cartesian plane for a given radius.



testing of a prototype magnetic induction micro motor is discussed in the next part of this paper series [21]. Finally, Part III introduces a time-domain modeling methodology to explain for eddy currents and nonlinear material effects within the micromachine [22]. II. GEOMETRY AND ANALYSIS The magnetic induction micro machine is composed of planar structures, extruded in the axial dimension. Fig. 2 depicts a typical magnetic induction micromachine that could be built with current MEMS technology. In the following sections, we derive the relevant relationships for obtaining the output torque of the machine. Our approach involves mapping the circular geometry of the micro machine into the Cartesian plane at different radii (see Fig. 3) and integrating our results over the entire active region to obtain numerical predictions about machine performance. The periodicity of the winding pattern is used to enforce periodic boundary conditions on the computation space, thereby reducing the problem size. The inherent assumption in this two-dimensional (2-D) method is that the problem extends infinitely into the page. Analysis proceeds via a multimodal approach that incorporates magnetic diffusion in two-dimensions for the uniform spatial layers just above the stator, and coupling this physics to a magnetic circuit
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Fig. 4. Magnetic circuit analysis for the stator is coupled to a multimodal magnetic diffusion solution for the air gap and the rotor sections. The coupling is achieved through the flux values  entering the stator, and the tangential magnetic field just on the stator surface.



analysis for the stator, as shown in Fig. 4. Solutions to magnetic diffusion equations yield transfer relations at the interface of each layer of material above the stator [16]. Given the tangential magnetic field just outside the stator surface (Boundary 1 in Fig. 4), the continuum rotor model outputs the normal magnetic flux at each boundary. In turn, the magnetic circuit stator model takes the normal magnetic flux at the stator surface as input, and gives the tangential magnetic field on that surface as its output, and as the input to the upper continuum model. The two “half models” are combined to obtain the full magnetic induction micro machine model. The resulting equations are solved for each Fourier component (up to the first 20 nonzero modes for high accuracy), and the output torque is computed based on all the Fourier modes considered. III. THE ROTOR SECTION



Since



for any scalar



, we obtain (3)



Equation (3) is linear in , so for a given material, solutions for different Fourier modes can be superimposed. The term on the right-hand side of (3) corresponds to a “forcing term” that is independent of the vector potential . Note that within the volume of the rotor section, there is no externally applied sources of magnetic vector potential; hence, we are interested in the homogeneous solution to (3). Using (which follows from the definition ), the homogeneous solution of (3) is found to be the solution to (4)



A. Vector Potential Formulation Consider a conductor moving with constant velocity illustrated in Fig. 5. It can be shown that



, as



(1) is the governing magnetic diffusion equation if the slab is a linearly conducting and permeable material [16]. In order to derive relations used to calculate the forces acting on the rotor, it is more useful to express (1) in terms of the vector potential, and match the boundary conditions across different materials. and choosing , (1) within a given Using material becomes (2)



This vector potential equation will be used to determine the magnetic field that diffuses inside the rotor conductor. In solving this equation, the cylindrical symmetry of the rotor is helpful. In particular, (4) is solved for each incremental circular strip at a given radius from the rotor center, and the corresponding torque is then integrated along the radius. In this fashion, the problem essentially becomes two-dimensional and Cartesian. Fig. 5 shows a sketch of such a conductor strip, stretched out and moving at its corresponding tangential velocity, . Notice that due to planar symmetry, the variation in will be in the - plane, hence will point in the direction. With , (4) becomes (5)
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Fig. 5. A slab of rotor conductor thick, moving with constant velocity to be uniform across the conductor.



V in the x^ direction. The magnetic permeability and electrical conductivity are assumed



In anticipation of the next section in which a traveling sinusoidal drive is applied to the stator of an induction motor, let us take . Equation (5) then becomes



is the tangential field at the stator surface. Because Here, the stator and its excitation are periodic in space and time, can be expanded in the Fourier series (11)



(6) where



.



B. Diffusion Transfer Relations for a Planar Conductor Layer in Translation



where each term in (11) is an orthogonal, traveling wave mode. , where is the radius at which the Cartesian Note that slice resides and is the number of pole pairs of the machine. With this expansion, the rotor geometry can now be analyzed one mode at a time using the equations of magnetic diffusion in moving media [16]. Applying (9) to each layer in Fig. 6 yields



For the conductor in Fig. 5, the solutions to (6) are of the form



(12a) (12b)



(7) (12c) Using (7) and solving for and , one gets the desired transfer relations:



at



(12d)



(8) Inverting (8) and using



Here, and



, where is the layer index,



, we obtain



(9) coefficients are the complex amplitudes of the diHere, rected magnetic field at the surface indicated by the numeric subscript [16].



Finally, (10)–(12) are solved for each traveling wave mode to determine the complex magnetic field and flux density amplitudes at each boundary surface. In this formulation, each coefficient forms an input to the rotor model. The outputs of this rotor model are the complex amplitudes of the axial flux density on the stator surface. D. Time-Average Force



C. Rotor Model Fig. 6 shows a section of an induction machine air gap and rotor above the stator. For this geometry, the boundary conditions (for a given wavenumber ) at surfaces 1 through 8 are (10a) (10b) (10c) (10d)



With a temporally sinusoidal excitation, the time-average force per unit - area, , is independent of . We find by integrating the Maxwell Stress Tensor [16] over the surface through of Fig. 6. The location of and over the direction is arbitrary; as long as they extend a full wavelength cancels that in the direction, the time-average force over over . The average shear force on surfaces parallel to the page is zero, since, by symmetry, field lines lie entirely within is also zero if the the - plane. The force integrated over height of the top air boundary ( in Fig. 6) is taken to be large
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Fig. 6. Setup of the multilayered boundary problem for the rotor. The top air layer is taken thick enough to represent an infinite boundary.



enough. The relevant shear and pull-in forces acting on the surface1 rotor are then found using the field values on the (13) (14) Notice that, due to the orthogonality of the field components, cross-field terms involving two components with different wavenumbers integrate out to zero over a wavelength along , yielding the simplified expressions in (13) and (14). Equations (12a) through (12d) are solved for and in terms of . Once an expression for each is obtained from an analysis of the stator geometry (as described in the next section), these values are substituted into (13)–(14) to find the time-average shear and normal stresses on the rotor. IV. THE STATOR SECTION



Fig. 7. Setup for the reluctance model of the stator. The current, i, passing through the wire gap is the sum of the currents in both windings.



The stator geometry is spatially nonuniform, with structures such as pole teeth and wire slots. Hence, the modeling of the stator is more easily carried out using magnetic circuit models based on reluctance paths for the magnetic flux. Fig. 7 represents once such approach. In this model, we consider the stator in subsections, each with a certain magnetic reluctance. By analogy with the electrical resistor, those stator regions that correspond to rectangular patches in which flux lines travel straight correspond to a magnetic reluctance that is directly proportional to length and inversely to cross-sectional area. Those reluctance values in Fig. 7 corresponding to sections where flux travels straight are given by



transformation [18]. In Fig. 7, the magnetic reluctance values of these L-shaped regions where flux lines bend are given by and , respectively. The details of how the conformal mapping method is used to extract the magnetic reluctances are given in Appendix A. Solving for the resulting magnetic circuit proceeds just as solving KVL and KCL equations in an electrical circuit. With the definitions



(15a)



(16b)



(16a)



(16c)



(15b)



(16d) Those regions where flux lines bend are modeled using a conformal mapping technique known as the Schwarz–Christoffel 1Here



^ RefAe



we use the identity h



RefA^ B^ g



^ gRefBe



gi



= RefA^B^ g =



where



, we can solve for



to obtain (17)
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Fig. 8. Tangential magnetic field just over the stator surface. The magnitude of each contribution has been taken as unity for illustration purposes. The ripples in the waveforms are due to truncation of the Fourier series.



where the flux contributions entering the top surface of the stator in Fig. 7 can be expressed as (18a)



. This fact explains the ripples in the plot; components, they are due to truncation of the Fourier series. The height of each rectangle in Fig. 9 is proportional to the tangential ( -directed) magnetic field through the corresponding section of the stator tooth. Hence, we have



(18b)



(19a) (19b)



(18c) Ideally, , as given by (17), is the dominant factor that de. This is because air will have a much lower magtermines netic permeability than the stator steel; hence, the gap between the teeth will have the highest reluctance, resulting in the highest magnetomotive force (MMF) anywhere in the magnetic circuit. However, for configurations in which the stator steel has a relatively low magnetic permeability, MMF along the teeth conas well. Therefore, in the most general case, we tribute to must consider the -directed flux along each tooth surface as . well as Fig. 8 presents an example where the relative extent of each such contribution is shown along the x-axis over one wire slot. In general, each waveform in Fig. 8 has a different height (see Fig. 9). The approximation that the x-component of the flux decays linearly (as shown on along the corner reluctance either edge of the plot in Fig. 8) is a good one, as justified later with comparisons to FEA results. Notice that (12a)–(12d) are in terms of complex amplitudes of travelling waves of a given frequency and wavenumber. Howis composed of periodic rectangular ever, as Fig. 8 shows, and triangular waveforms. This means that the tangential field at the stator surface must be written as a weighed sum of Fourier



where is the magnetic permeability of the electroplated NiFe of the stator. Let us briefly consider the contributions to each amplitude for a two-pole machine (the simplest stator geometry), focusing on the rectangular and triangular waveforms separately. In the following discussion, we will make use of the dimensions and quantities shown in Fig. 9. A. Rectangular Contributions First, consider the contribution of the tangential magnetic field just over the tooth gap (through ) to each Fourier . There are four wire slots, hence four tooth amplitude gaps cover one wavelength. Given a mode number , the over these gaps corresponding Fourier coefficient of each is scaled with the appropriate phase, in accordance with the . In other coordinate system of Fig. 9, and added to find words, we have
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Fig. 9. Depiction of tangential magnetic field just over the stator along one wire slot.



(20)



whereas the ones on the left yield



where we have made use (18a) through (19). Following a similar algebra, the expressions for the remaining rectangular contributions in Fig. 9 are (21a) (21b) (21c)



(21d) where we defined and



as the winding gap width for brevity. (23)



B. Triangular Contributions In a similar fashion as above, the contribution to of the triangular shaped regions of tangential magnetic field in Fig. 9 may also be found. The triangular sections on the right of each wire gap yield the Fourier coefficients



is found via a summation of the indiFinally, the total vidual contributions according to (24) For completeness, over one period is shown in Fig. 10, where the magnitude of each contributing section is chosen as unity for illustration purposes. In summary, the modeling approach involves coupling the rotor and the stator models at the stator surface. The rotor model takes the tangential magnetic field at the stator surface as input and outputs the axial directed magnetic flux entering the stator surface [see (10)–(12), (18)]. The stator model, in turn, takes the axial magnetic flux on its surface [see (18)] and the excitation current as inputs, and produces the tangential magnetic field on its surface [through (15)–(24)] as the output. V. IMPLEMENTATION



(22)



The equations derived above, as well as other performance criteria such as heat dissipation in the windings, estimated hysteresis losses in the NiFe given the input frequency and amplitude, windage losses, safety margin for possible magnetic saturation, etc. were implemented in a software design engine
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Fig. 10. over one period in a two pole machine. Each neighboring section is 90 out of phase. Contributions to for simplicity.



written in MATLAB and C. The resulting design engine is fast and accurate, and it has been utilized to study various micro motor geometries. We have used a commercially available FEA software package (ANSOFT) for validating our model in every stage of its development. In the case of the micro motor geometry, where thin but long structures necessitate very fine meshing in an FEA environment, packages like ANSOFT require simply too long for simulations. Therefore, it is not practical to design the entire micro motor using ANSOFT. Our strategy, then, is to design and optimize with the model developed here, and then to validate a particular design using ANSOFT. This approach allows optimized designs to be completed in a matter of a few days, as opposed to up to many months on the ANSOFT package. The design engine based on the model presented above is not only very fast and practical, but also is robust to permeability and geometry variations. The agreement with the FEA and the design engine results is excellent. For the case of a very large NiFe magnetic permeability, the model and the FEA results are indistinguishable (largest difference in results is less than 1%). Measurements indicate that about the frequency ranges of interest, the relative permeability of NiFe is in excess of several



H



have been taken to have unity magnitude



thousand. Still, comparisons between results of the two tools have been made for relative permeabilities down to 50, and the worst case discrepancy was found to be less than 5% (see Fig. 11). A. Initial Designs Using the design tool described above, a first generation of micromotors, with 4, 6, and 8 poles, was designed. For these initial designs, care was taken to make sure the NiFe cores are safely far away from saturation.2 Fig. 12 presents some performance assessments based on our model, and what is achievable by using currently established fabrication techniques. It is important to emphasize that there are no eddy currents modeled in the stator of Fig. 12. The performance criteria listed in Fig. 12 are for a six-pole machine that can be constructed using established fabrication capabilities with the Micro-Molding and Electroplating (MIME) technique [8], [9]. The thicker the electroplated structures (especially within the stator), the more difficult it is to fabricate a functional device. However, thicker struc2The maximum allowed flux density within the micromachine is 0.86 T, j, the saturation magnetic flux density for the material used. which is j
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Fig. 11. Even for unrealistically low magnetic permeabilities, the model does an excellent job in performance estimation. The solid lines correspond to the model predictions, whereas the points are FEA results for the same geometry, for a relative magnetic permeability of 50. The top plot depicts the x-directed shear force, whereas the bottom plot shows the y-directed pull-in force on the rotor as a function of excitation frequency. The y-axis scale on both plots is arbitrary. The largest difference between the model and the FEA results over the frequencies of interest is about 5%.



tures (especially thicker teeth) enable more flux to pass through the stator before the onset of saturation, hence increasing the maximum output torque that can be achieved. The conduction losses within the copper in losses reported in Fig. 12 are the the stator (including end-turns) and in the rotor (assuming 10% slip). Performance can also be improved by increasing the wire heights (which will support a larger current with reduced stator heat losses, thereby increasing the efficiency). The magnetic permeability of electroplated NiFe here is taken , to be 3000 , and that of the NiFe wafer is taken as which are average values from the magnetization curves of these materials. In Fig. 2, the peak input current per phase is 17 A, which, given the wire cross-sections, corresponds to a current A/m . To put this number into perspective, density of A/m simultaneously through current densities over both phases were achieved in tests with stators. The windage loss and the output power level reported in Fig. 12 are valid for the rotational speed of 2.4 Mrpm. The windage loss is given by [19] (25) where is the viscosity of air, is the angular speed of rotation, and is the rotor-stator air gap. Here, the inner radius is 1 mm, and outer radius is 2 mm. Since the eventual micromachine will have thrust bearings at its center, the rotor-stator gap for will be much larger than 25 m, hence, windage losses need



. Notice that an to be considered only for air gap of 25 m for the magnetic micromachine is an order of magnitude larger than the design gap for the electric micro machine [6], which means the windage losses in our case are an order of magnitude less. The output mechanical power is calculated simply by multiplying the maximum torque from the machine with the angular speed of machine operation. For the machine parameters of Fig. 12, the maximum torque is 45.8 N.m. The output power is then found to be (26) The conductivity of the rotor NiFe in Fig. 12 is taken as S/m, which is the measured value for our electroplated NiFe [20]. The conductivity of the stator NiFe cannot be modeled due to the nature of the magnetic circuit model. This means that potential eddy current effects within the rotor core are included in our model, but eddy currents within the stator are ignored. Neglecting NiFe conductivity within the rotor in this model, for instance, results in a maximum power output of 14.5 W, which is a 20% difference from the results in Fig. 12 and (26). The design considered here is optimal given fabrication constraints and for a machine in which either laminations or magnetic materials with reduced conductivity deems stator eddy currents negligible. Since the eventual magnetic induction micromachine will be laminated, this is a good starting point for
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test device should also serve to further reveal the fabrication challenges and constraints associated with thick electroplated MEMS structures. An ideal candidate for this test bed is a motor in which the rotor is suspended on tethers, or springs, above the stator [20]. Torque can then be measured through the bending of the tethers. Fig. 13 illustrates the concept for such a magnetic induction tethered motor. Such a device has indeed been fabricated and tested. The details of the microfabrication and performance characterization of a magnetic induction tethered motor form the basis of Parts II and III of this paper series [21], [22]. VI. CONCLUSION



Fig. 12. Typical micromotor dimensions possible to achieve today, and the corresponding numbers for certain performance criteria. The radius of the machine is 2 mm. Input current is 17 A, corresponding to a current density 10 A/m (over 1 10 A/m has been achieved later in tests). of 6:9 Magnetic permeability of electroplated NiFe is taken to be an average value of 3000  .



2



2



Fig. 13. Rendered image of a side view of the tethered micro motor. The rotor-stator gap, and the vertical features of the stator are exaggerated for clarity; otherwise, the relative dimensions are accurate.



our design. Moreover, this design is still “optimal,” in the sense that it still yields a machine geometry that achieves the highest torque given eddy currents. In that case, however, the stator teeth or the backirons for both the stator and the rotor need not be as thick. B. Tethered Motor Concept The electromagnetic model and the associated design tool introduced here must be tested with a device that captures the underlying electromagnetic phenomena. It is desirable that this device allows the separation of the electromagnetic actuation from the complicating effects of high-speed rotary machine dynamics, such as viscous losses. The construction of such a



We have developed and described a linear model used for the analysis and design of the magnetic induction micro machine. First, the particular approach of mapping the circular geometry of the micromachine into the Cartesian plane was introduced. The magnetic micromachine was divided into two sections modeled separately: the stator, and the uniform layers above the stator. The stator was modeled using a magnetic circuit analysis, whereas the rotor and air gap portions were studied using transfer relations based on magnetic diffusion. A Schwarz–Christoffel transformation was used for those sections of the stator where flux lines bend. The two sections are coupled to each other through perpendicular magnetic flux entering the stator surface, and tangential magnetic field entering the air gap on the stator surface. High accuracy (with respect to FEA studies of the same geometry) is obtained by including up to the first tweny nonzero Fourier modes of the fields. The resulting model is implemented as a design tool via a combination of programming language for speed and MATLAB for ease and post-processing power. This design tool is used to study various machine geometries and material properties, and to define the parameters for a magnetic induction micro machine that is “optimal” within prespecified fabrication constraints. An example of such an optimal configuration is presented. It is found that with a laminated stator, the magnetic induction micromachine can produce over 10 W of mechanical power. In the context of the magnetic materials available for microfabrication, the model developed in this chapter has a particular shortcoming: it does not model the potential effects of eddy currents within the stator. Though eddy currents within the rotor core are considered within the model presented here and their effects are found small, they are likely to be much more significant within the stator. The stator must eventually be laminated to eliminate these eddy currents. APPENDIX A. Using the Schwarz–Christoffel Transformation for Magnetic Circuits According to the Schwarz–Christoffel theorem, any closed , can be transformed polygon in the complex plane [23]. onto the real axis of another complex plane This transformation is achieved by the equation (A1)
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A rectangle within the
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W -plane, with horizontal equipotential lines, is mapped into an L-shaped polygon in the z-plane.



where ’s are the internal angles of the closed polygon in the plane, and ’s are the points on the -line corresponding to the corners of the polygon in the -plane. In (A1), is a constant. and the streamline Consider the potential function , whose constant stream lines are perpendicular function to the equipotential lines of . Let stand for an analytical function of . If and both satisfy Laplace’s equation, as well as the Cauchy-Riemann conditions [24] given by (A2) then these functions in one plane can be mapped into a closed polygon in another plane, using the -plane as intermediary [17]. In this manner, horizontal equipotential lines within the -plane become the equipotential lines within the polygon in the -plane. Fig. 14 illustrates the concept. In Fig. 14, imagine that the rectangle on the left corresponds to a conducting material. It is assumed that the electric field is confined within this material. On the top and at the bottom edges, we apply V and V, respectively. Horizontal lines correspond to equipotentials (same values for points on the lines), whereas the vertical lines correspond to the electric field between the top and the bottom. Using the Schwarz–Christoffel transformation of (A1) twice, the configuration on the left of Fig. 14 is mapped onto the L-shaped polygon on the right. The new polygon is still the same material, with the top edge at V and the right edge at 0 V. The corresponding equipotential field lines are also shown. The power of this technique is that any physical phenomenon subject to Laplace’s equation (such as heat flow, electrical fields within a strip resistor on a chip, etc.) inside a polygon composed of an arbitrary number of straight segments can be analyzed in a similar manner. This means that high computational efficiencies can be achieved using this method, since it allows one to avoid lengthy finite element analysis studies of these shapes. A simple computer program could numerically integrate the ordinary differential equation resulting from the transformations. In certain cases, analytical solutions are even possible. Application of this technique to the calculation of magnetic reluctance in magnetic circuits is straightforward. In direct analogy to the electrical resistance example of Fig. 14, the



magnetic reluctance of the L-shaped polygon, from the top to the right edge, is given by (A3) where is the average magnetic path length, is the width, and is the depth of the magnetic slab. The average magnetic path is simply given by the height of the rectangular slab on the left of Fig. 14. Hence, calculating the magnetic reluctance of the L-shaped region on the right reduces to computing the height of the rectangle on the left. Within the context of the model described in this paper, the and ) has magnetic reluctance of the corner pieces (i.e., been calculated in exactly the manner outlined here. Since the design program based on our model is intended to be applicable to any stator geometry, a look-up table has been created to store the magnetic reluctance of L-shaped polygons of different relative sizes. The four dimensions that determine the size of the L-shaped region (see Fig. 14) are normalized such that one of them is always set to unity. In this fashion, the look-up table becomes three dimensional. Reluctance values for dimensions that fall between points on the look-up table are interpolated. This approach provides an accurate and extremely fast way to extract magnetic reluctance from a given stator geometry. ACKNOWLEDGMENT The authors would like to thank S. D. Senturia for helpful discussions. REFERENCES [1] S. Meninger et al., “Vibration-to-electric energy conversion,” IEEE Trans. VLSI Syst., vol. 9, no. 1, pp. 64–76, Feb. 2001. [2] A. R. Leonel et al., “A microfabricated suspended-tube chemical reactor for fuel processing,” in Proc. IEEE Int. Conf. MEMS, Las Vegas, NV, Jan. 2002, pp. 232–235. [3] A. H. Epstein et al., “Power MEMS and microengines,” in Proc. IEEE Int. Conf. Solid State Sensors and Actuators, vol. 2, Chicago, IL, June 1997, pp. 753–756. [4] A. H. Epstein and S. D. Senturia, “Macro power from micro machinery,” Science, vol. 276, p. 1211, May 1997. [5] H. Guckel et al., “Fabrication and testing of the planar magnetic micromotor,” Micromech. Microeng., vol. 1, pp. 135–138, 1991.
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