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   ABSTRACT
   A device is described for generating electrical power from mechanical
   energy in a vibrating environment. The design utilises an
   electromagnetic transducer and its operating principle is based on the
   relative movement of a magnet pole with respect to a coil. The
   approach is suitable for embedded remote microsystems structures with
   no physical links to the outside world. Simulation, modelling and test
   results following fabrication of a first prototype have demonstrated
   that generation of practical amounts of power within a reasonable
   space is possible. Power generation of more than 1mW within a volume
   of 240mm3 at a vibration frequency of 320 Hz has been obtained.
   Keywords: Self-powered, renewable power generation, Vibration.
   1 INTRODUCTION
   Over recent years, an interest has developed in microelectromechanical
   systems (MEMS) and the subject has matured to the point where its
   applications to a wide range of areas are now clearly feasible.
   Applications such as medical implants and embedded sensors in
   buildings and similar structures, are just a few of many examples. The
   supply of power to such systems has so far been through batteries.
   However, in long-lived systems where battery replacement is difficult
   and in applications consisting of completely embedded structures with
   no physical links to the outside world, generating power from ambient
   sources becomes imperative. Systems that depend on batteries have a
   limited operating life, while systems having their own self-powered
   supply unit have a potentially much longer life. A potential and
   promising alternative solution to batteries is the use of miniature
   renewable power supply units. Such devices convert energy from
   existing sources energy within their environment into electrical
   energy.
   Ambient energy may be available within the environment of a system and
   is not stored explicitly. The source of such energies, however,
   depends on the application. The most familiar ambient energy source is
   solar power (light energy from ambient light such as sunlight).
   Thermal energy is another ambient energy source (thermoelectric
   generators generate electricity when placed across a temperature
   gradient) [1]. Flow of liquids or gases, energy produced by the human
   body [2] and the action of gravitational fields [3] are other ambient
   energy source possibilities. Other examples which depend on injected
   energy rather than naturally occurring ambient energy fields include
   electromagnetic fields used in RF powered tags [4], inductively
   powered smart cards [5] and non-invasive pacemaker battery recharging
   [6]. Our approach uses mechanical vibration as the ambient energy
   source for generation of electrical power [7,8]. Therefore, in this
   paper a vibration-based magnet-coil power generator is described.
   The most important parameters influencing the design of such a system
   are its physical size and conversion efficiencies. The size is
   dependent on the energy requirement and must be as small as possible,
   to be compatible with the general design objectives of MEMS. However
   as the size of the device is reduced, mechanical resonances tend to
   increase in frequency and it is the challenge of generating power from
   comparatively low vibrational frequencies (hundreds of Hz rather than
   kHz) that is addressed in this work. The ambient energy may be at a
   premium in a particular environment so the conversion efficiency must
   be as high as possible. To analyse the transformation efficiency and
   to assess the input-output relationship of such a generator, full
   electromechanical and magnetic analyses have been carried out. Finite
   element (FE) techniques for the magnetic field distribution solution
   have been employed. Fabrication and test results of a first prototype
   based on simulation and modelling results are fully discussed.
   Practical amounts of power within reasonable space (quarter of a cubic
   centimetre) have been achieved.
   2 THE GENERATOR
   A schematic diagram of the proposed electromechanical power generator,
   illustrating dimensioned and labelled drawings of beam/magnet assembly
   is shown in figure 1. The system consists of a cantilever beam
   supported by the housing. The mass on the beam is made up of two
   magnets (one pole) mounted on a c-shaped core. Arranging the magnets
   in this way provides a uniform magnetic field in the air-gap. The main
   purpose of the core is to provide a path and guide the magnetic flux
   through it with a minimum of flux leakage. The coil is made up of a
   number of single solid core enamelled copper wires. It is placed in
   the air-gap between the magnets at right angles to the direction of
   the movement of the mass.
   The operating principle of the device is as follows. As the housing is
   vibrated, a mechanical input force feeds into a second order
   mechanical system, the mass moves relative to the housing and energy
   is stored in the mass-beam system. This relative displacement, which
   is sinusoidal in amplitude, causes the magnetic flux to cut the coil.
   This in turn induces a motional electromotive force on the coil due to
   Faraday’s law. The magnitude of this voltage is proportional to the
   rate of change of the coil position. The electrical system involved is
   simply a first-order LR circuit with the inductance of the coil in
   series with the load resistance and the parasitic resistance of the
   coil.
   2.1 Design analysis
   In order to determine and predict the practical performance of the
   device electromechanical and magnetic analyses have been undertaken.
   Consider the system shown in figure 1 to consist of a point mass (m)
   mounted on the end of a beam providing a spring stiffness k (the
   validity of this assumption will be discussed later). Variables x and
   y are the displacements of the effective mass and the vibration
   housing respectively. It is assumed that the mass of the housing is
   much greater than m and movement of the housing is unaffected by the
   movement of the generator. For a sinusoidal excitation  , where
   Y is the amplitude of vibration and  the angular frequency of
   vibration, the following differential equation of motion is obtained
   [9].
   
   (0)
   where z is the relative displacement of the mass with respect to the
   vibrating body,  , k is the beam stiffness and c is a damping
   coefficient. The solution to equation (0) is given by:
   
   (0)
   The instantaneous electrical power, Pi, generated by the system is
   
   (0)
   Where ce is the portion of the damping attributable to electrical
   power generation.
   Hence the magnitude of the generated power,  , is
   
   (0)
   and the generated power may be written as:
   
   (0)
   where  is the natural frequency of the system and  is
   the electromagnetic transducer damping factor. The overall damping
   factor of the system,  , includes losses due to friction, air
   resistance, etc.,  , and is given by:
   
   (0)
   The voltage, e, and current, i, generated within the system can be
   described by the following equations:
   
   (0)
   
   (0)
   where Fe is the force generated by the electromechanical coupling, Rc
   and Lc are the resistance and inductance of the coil respectively and
   the transformation factor  is:
   
   (0)
   Here, N is the number of turns, B is the average flux density in the
   air-gap and Nl is the effective length of coil.
   If the current is driving a load of resistance RL, the electrically
   generated force will be
   
   (0)
   Hence the electrically generated damping, ce, will be
   
   (0)
   and at frequencies where the inductive impedance is much lower than
   the resistive impedances, the electrically generated damping ratio
   will be
   
   (0)
   Operating the device at resonance, when  (as we’re considering
   relatively high Q systems), and substituting from equation (0) into
   equation (0) gives the total electrical power generated as:
   
   (0)
   2.2 Determination of design parameters
   For determination of the design parameters, both analytical and
   numerical techniques have been employed. Analytical design programmes
   implemented in MatLab environments are specifically tailored to
   calculate the physical parameters, dimensions and other functional
   requirements of the device. A general-purpose electromagnetic field
   analysis CAD software package (VF-OPERA) that uses finite element
   methods has been used to model and solve the magnetic field
   distribution in a range of design variants of the device [10]. The
   design parameters are iteratively refined, ultimately resulting in the
   optimum design.
   For convenience and ease of fabrication an arbitrary size (thickness
   and cross-section area) for the magnet and a relatively large air-gap
   of 3 mm has been chosen. The core thickness is determined by the need
   to carry the magnetic flux in the circuit without exceeding a nominal
   saturation flux density of 1.6 Tesla. The core and magnets are modeled
   in X-Y symmetry in OPERA-2d by drawing their exact geometry as a set
   of non-overlapping regions. Figure 2 shows the meshed diagram of the
   magnets and core geometry. Their B-H characteristics are defined by
   curve fitting and to calculate the flux density in the air-gap
   non-linear static solution of the system is performed. Figure 3 shows
   the variation in flux density along the magnet height through the
   centre of the air-gap. The non-linearity of flux density is due to
   fringing effect. The average flux density in the air-gap is calculated
   by computing the flux density along a number of paths and taking the
   average. Figure 4 clearly illustrates that the variation of flux in
   the core having a thickness of 1 mm is well maintained within the
   predefined level of flux saturation. The natural frequency of the beam
   is calculated using Rayleigh’s energy method, so as to allow for the
   distributed nature of the mass on the beam and for rotational inertia
   effects. Further details of the beam calculations are given in
   Appendix A. In order to keep the natural frequency of the beam low, a
   thickness of 0.2 mm and a total length of 10mm were chosen. The
   effective mass of the magnetic core assembly is about 500mg the beam
   width 3mm and the natural frequency of the beam is calculated to be
   327 Hz.
   3 THE PROTOTYPE
   Hard permanent magnet (PM) materials such as samarium-cobalt and
   neodymium-iron-boron (NdFeB) materials have straight demagnetization
   curves throughout the second quadrant of their B-H loop. The latter is
   more popular in high performance applications and is much cheaper than
   samarium cobalt. For this application, neodymium-iron-boron
   34KC1-grade material has been used. The remanence flux density (Br)
   and the recoil permeability (rec) of the magnet employed are 1.2
   Tesla and 1.04 respectively. The choice of material for the core once
   again is largely dependent on performance and, of course, the cost.
   High permeability is needed to ensure proper flux guidance and minimum
   absorption of MMF. In this application, mild steel with a nominal
   saturation flux density of 1.6 Tesla has been utilised. The coil has
   been made up of three layers each containing 9 single turn solid
   enameled copper wires. Each wire has a diameter of 0.2 mm. The
   cross-section of the coil has a nearly rectangular shape. There is a
   range of magnetic and non-magnetic materials that can be used for the
   beam. Electromagnetic field distribution analyses have shown that the
   average flux density in the air-gap is not affected by the choice for
   the beam material. Therefore, stainless steel is used for the beam.
   The core and the beam have been machined with a tolerance of 0.07mm
   while the magnets have been manufactured with a tolerance of 30m.
   These were mounted together using a suitable adhesive material.
   4 MEASUREMENTS
   4.1 Test arrangement
   A Goodman V.50 Mk.1 (model 390) Vibration Generator (shaker) is used
   to supply mechanical vibrations to the device under test. A Ling
   PA50VA amplifier is used to drive the shaker. The amplifier is driven
   from the frequency source incorporated into a Hewlett Packard HP35660A
   Dynamic Signal Analyser. The device is mounted on the shaker using a
   specially designed clamp. An accelerometer (Bruel & Kjaer Type 4369)
   is mounted axially above the spindle on a short thread. The
   accelerometer provides data on the amplitude of vibrations applied to
   the device, which can not be determined solely from the electrical
   drive to the shaker, due to the non-linear response of the shaker. The
   accelerometer has a first resonance at 36kHz, which is well above
   frequencies of interest in the experiments conducted for this
   application. The clamp consists of an aluminum plate on an aluminum
   base, held in place by a pair of bolts through each plate. The end
   surfaces are machined with the plates in position to ensure that the
   end surfaces of the plates and the base lie in the same plane. The
   clamp is designed to act as a former for the voice-coils, holding them
   securely in relation to the beam. Figure 5 shows the block
   representation of the experimental setup.
   4.2 Discussion of results
   Modelling the design parameters discussed above, the theoretical load
   voltage and maximum useful output generated power from the device were
   first calculated for a range of amplitudes of vibration. Figure 6
   illustrates the variation of load voltage with the amplitude of
   vibration. The dotted-line curve corresponds to the simulated results
   obtained at the resonant frequency of 327 Hz. Following the
   fabrication of the prototype and its assembly, the actual resonant
   frequency of the system was found to be 322 Hz. The solid line in Fig.
   6 demonstrates the calculated variation of the load voltage with
   increasing amplitude of vibration corresponding to the actual measured
   resonant frequency of 322 Hz. The same figure also shows the
   corresponding curve obtained from experimental results which is shown
   in broken line. It is clearly evident that as the amplitude of
   vibration increases causing an increase in the maximum deflection, the
   difference between the measured and calculated results becomes
   greater. One of the factors causing this is, of course, the difference
   between the simulated and fabricated design parameters. Other factors
   include the non-linearities associated with the system not considered
   in the modelling. For instance, the non-linearity of magnet movement
   with respect to the coil as it is deflected through a larger distance
   and the non-linear variation of the magnetic field in the air-gap as
   shown in Fig. 3. The former non-linearity effect can cause a maximum
   reduction of 7% in the magnitude of flux density acting on the coil
   and the latter can lead to a maximum reduction of almost 9% in the
   magnitude of flux density in the air-gap. Another factor contributing
   to the differences between the measured and calculated figures is the
   unwanted damping factor, which is extremely difficult to predict
   accurately. However, based on experimental data an unwanted damping
   factor of 0.013 has been used in these experiments.
   The comparison between the theoretical and the measured generated output
   electrical power corresponding to maximum power transfer (Load
   resistance matching the coil resistance of 0.28 ) is illustrated in
   figure 7. The results clearly indicate that a maximum useful output
   power of 0.53 mW with amplitude of vibration of 25m has been
   generated. This power corresponds to a maximum deflection of 0.94 mm
   at a resonant frequency of 322 Hz. It should be appreciated that the
   results do not represent the best-case estimate of the proposed
   scheme. The prototype fabricated has the potential to be optimised
   further to improve the performance. For example, it can easily
   accommodate a higher number of turns, which greatly increases the
   output voltage. With careful arrangement of the coil, making it
   shorter in length, losses are greatly reduced and the generated power
   increased. The air-gap can be further reduced and magnet thickness
   increased to improve the magnetic field in the system. The results
   generally show that the device is capable of generating a practical
   amount of power at relatively low frequencies. Such an amount of power
   can meet the requirement of a variety of systems such as low power
   very large-scale integrated (VLSI) circuits. The fabrication of the
   generator using a smaller geometry than that described above is
   currently being further investigated.
   CONCLUSIONS
   Generation of electrical power from mechanical vibration has been
   studied. An electromechanical power generator whose operating
   principle is based on the relative movement of a permanent magnet with
   respect to a coil has been designed and fabricated. The feasibility
   studies and experimental results have demonstrated the potential of
   such a device for self-powered systems. The prototype occupies a
   maximum space of 240 mm3 including the space required for the maximum
   deflection. Within this space, generation of useful electrical power
   of 0.53 mw has been practically achieved. This power corresponds to 25
   m amplitude of vibration at an excitation frequency of 322 Hz. The
   results have clearly shown that generation of practical amount of
   power within a small space is now possible and that the elimination of
   batteries for certain applications with modest frequencies looks
   feasible.
   The design has great potential for further improvements and
   optimisation studies with regards to improving its efficiency and
   minimizing its physical geometry are currently being undertaken. It is
   hoped and planned that this work will be the precursor towards
   micro-scale level design of electromechanical generators based on the
   same principle for use in self-powered microsystems.
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   Appendix A
   Figure 1 shows a cantilever beam on which is mounted a magnetic core
   and two magnets (hatched). Let the total length of the beam be l, the
   distance from the cantilever root to the centre of the core base be lc
   and the distance from the cantilever root to the left hand end of the
   core be lb. The beam thickness is t, its cross sectional area is A,
   and it has density, Young’s modulus and second moment of area , E and
   I respectively. The magnet, core assembly has a mass m and a polar
   moment of inertia around a perpendicular axis through centre of its
   base J. The natural frequency of free vibration of this system, n can
   be estimated using an approximation due to Rayleigh [11].
   Rayleigh’s energy method may be used to estimate the fundamental
   frequency of a system based on considerations of energy alone.
   The system can be modelled as:
     i. 
       a beam with flexural stiffness EI and mass per unit length A from
       0     ii. 
       a rigid distributed load of mass per unit length 
     iii. 
       the rotational inertia of the core.
   All the strain energy in the system, U, is held in the beam flexure,
   while kinetic energy (actually known as the reference kinetic energy
   [11] as it is divided by the  term) has contributions Tm, Tr
   and Tb, from the distributed mass, rotation of the core and the beam
   itself respectively. The natural frequency of the beam assembly can
   then be estimated from:
   
   (A1)
   Rayleigh’s method requires an assumed mode shape and a suitable choice
   is the shape of the beam under static deflection. Applying static
   bending theory (see [12] for example) gives the second derivative of
   the beam deflection v(x) with regard to x as:
   
   (A2)
   Integrating and applying boundary conditions:
   
   (A3)
   
   (A4)
   As the beam is rigid beyond x=lb, its gradient will be:
   
   (A5)
   and its displacement:
   
   (A6)
   These displacements can be used to calculate the terms in equation
   (A1) as follows
   
   (A7)
   
   (A8)
   
   (A9)
   
   (A10)
   Using the dimensions shown in figure 1, setting all densities to 7800
   kgm-3 and letting E=2x1011Nm-2 yields m=510mg, J=6.7x10-9kgm2 and n=2055rad.s-1.
   This corresponds to a natural frequency of 327Hz compared to the
   experimentally determined value of 322Hz.
   This frequency can then be used to generate equivalent stiffness and
   mass values for the beam, for the single degree of freedom dynamic
   model used in the paper. Using the above equations, the deflection at
   x=lc is:
   
   (A11)
   which corresponds to an effective stiffness
   
   (A12)
   This generates an effective mass (i.e. that allows for rotational
   inertia and mass distribution) of
   
   (A13)
   CAPTIONS
   Figure 1 (a) Dimensioned drawing of beam/magnet assembly.
   (b) Labelled drawing of beam/magnet assembly.
   Figure 2. Meshed representation of a portion of the generator.
   Figure 3. Variation of flux density in the centre of air-gap.
   Figure 4. Variation of flux density in the core.
   Figure 5. Block diagram of the experimental setup.
   Figure 6. Variation of load voltage with amplitude of vibration.
   Figure 7. Variation of generated output power with amplitude of
   vibration.
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