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Abstract

:

To sustainably power ocean sensors by harvesting ocean wave energy, an annular electromagnetic generator (A-EMG) based on the principle of Faraday electromagnetic induction is proposed in this paper. The specific structure and working principle of the generator are introduced. The distribution of the magnetic field in the coil, the variation in the induced voltage and the influence of the coil parameters on the output were simulated by the COMSOL Multiphysics software version 6.0. At the same time, an experimental platform was built to test the output characteristics of the generator. Through a comparative study of the capacitor’s charging characteristics, the optimal connection mode between the multiple groups of coils of the generator was preliminarily verified. Finally, the six-degree-of-freedom (6-DOF) platform was used to simulate various wave motion parameters, and the feasibility of the generator for supplying power to ocean sensors was verified.
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1. Introduction


Ocean environmental monitoring is very important for the exploitation and utilization of ocean resources. Various types of ocean sensors are used to collect ocean environmental data, but there is always a lack of a reliable power supply in this field. At present, batteries, wind energy, solar energy, etc., are the most common power supply methods applied to ocean sensors. However, battery replacement is difficult and is often polluted, and solar and wind energy are both seriously affected by weather factors and their reliability is poor [1]. The ocean itself is rich in energy. In order to solve the bottleneck problem of supplying power, the most ideal way of supplying power is undoubtedly to be able to use the energy in the ocean [2,3,4]. Many wave-energy-harvesting devices have already been proposed and designed, and the most widely used method of wave energy harvesting is based on rotating electromagnetic generators (EMG). In other words, in these generators, wave energy is converted into mechanical energy, pneumatic energy or potential energy by the power take-off (PTO) device. The PTO is then connected to a rotating generator, and the energy is converted into electrical energy [5]. However, in recent years, with the rapid development of microelectronics, micro-electro-mechanical systems (MEMS) and mobile internet technologies, more and more sensors have widely been used in ocean equipment such as ocean environmental monitoring and position tracking. The traditional wave-energy-harvesting devices have the disadvantages of having a complex mechanical structure, they are easily corroded and they have high costs. In addition, these devices always have a large volume and a low energy harvesting efficiency, which is not suitable for powering ocean sensors [6]. Providing sustainable, low-cost and easy-to-maintain power energy for ocean sensors has become a major challenge. The development of energy-harvesting devices with a small size and high output power is of great significance for the further development and application of various ocean devices [7].



As early as 2007, the American scholar Arnold, D.P. discussed the practical significance and feasibility of small electromagnetic generators, and he believes that small power supply devices are of great value for powering smart intelligent sensors, robots, wireless communication networks and other distributed microelectronic devices [8]. Harvesting energy from the environment is now increasingly becoming a promising method for powering small devices. Several studies have demonstrated the feasibility and superiority of small EMGs for harvesting energy from the surrounding environment [9]. Bowers et al. invented the rolling spherical magnet generator, which was used to harvest energy generated by human motion [10]. Samad et al. proposed a curved wearable electromagnetic energy harvesting system that can be used to harvest energy from the human body while walking or running from two directions [11]. Tu et al. invented a bistable vibration energy harvester based on spherical moving magnets for harvesting the vibration energy of a moving vehicle, which is applied to power safety detection equipment related to rail and road transportation [12]. Similarly, the research on the application of EMGs in wave energy harvesting is becoming more intensive, and more EMGs with different structures have been developed for wave energy harvesting. Wave energy harvesting is usually performed in an inertial pendulum structure [13,14], a gyroscopic structure or an eccentric structure [15,16]. Guo et al. proposed an eccentric pendulum structure consisting of a transmission gear and an electromagnetic power module, in which the pendulum converts low-frequency wave energy into mechanical rotational energy, and the transmission gear amplifies the low rotational speed of the pendulum. The electromagnetic power module is used to convert rotating mechanical energy into electrical energy. The maximum output power is 122 mW, and the output power density is 0.24 mW/cm3 [17].



However, the horizontal single-axis pendulum structure can only harvest wave energy from a specific direction, and the wave direction of wave motion is always random, so it is more advantageous to harvest wave energy from multiple directions [18]. Lou et al. proposed a novel two-axis pendulum vibration energy harvester. Harvesting vibration energy based on oscillation is a promising energy-harvesting technology for buoys and small ocean vehicles. However, energy harvesters with a single-axis pendulum require the vibration excitation by the waves to be generated in a specific direction. A new vibration energy harvester for a two-axis pendulum has been developed. The hemispherical pendulum can rotate around two axes simultaneously to match to the direction of the vibration excitation. In addition, the magnets and coils are distributed on the surface of the pendulum and the housing, respectively, to achieve a compact structure, and its output can reach a peak voltage of 14.25 V and a power of 2.03 W under certain conditions [19]. Wang et al. proposed an EMG that simulates the motion of a dual hula-hoop for wave energy harvesting and presented a two-degree-of-freedom wave energy converter (WEC), which is a biaxial toroidal and eccentric generator composed of a circular Halbach array disk and an iron core coil. This WEC can convert the pitching, rolling and rotating motions of an unmoored buoy into electrical energy, and the device can output 0.56 W of power when the buoy’s motion frequency is between 0.7 Hz and 1.0 Hz [20]. Carandell et al. proposed a kinetic energy harvester (KEH) applied to an ocean drifter, which combines a pendulum system with a gyroscope system. When waves act on the device, the relative motion is induced by an internal articulated arm, and it then drives a flywheel to drive a small generator via a gear system. When the external excitation reaches 1.5 Hz, its output power is 2 mW [21]. Pan et al. proposed a tumbler electromagnetic generator (T-EMG) with a Halbach array, in which coils, Halbach magnet units and magnetostrictive structures are installed in two hollow semi-elliptical enclosures. Under the conditions of adjusting the load to reach the optimal power matching point, a T-EMG has a maximum peak to peak voltage of 3 V and a maximum average output power of 65 mW under an external excitation of 2.6 Hz. In real wave environments of less than 1 Hz, its maximum peak power reaches 120 mW, and it can successfully drive wireless temperature and humidity sensors and LEDs [22].



In order to achieve efficient and reliable energy harvesting for powering small marine equipment or sensors, an annular electromagnetic generator (A-EMG) is proposed in this paper. Compared with the structure proposed herein, in other existing works, such as in [21], the structures are more complex and are formed by a combination of a plurality of mechanical structures or by the connection of mechanical devices. The structures are also still relatively complex, and the more complex the structure is, the higher the probability of it malfunctioning, which may reduce the reliability of the device and reduce the energy conversion efficiency of.



The A-EMG proposed in this study only consists of a magnetic ball, an annular shell and three coils without any other mechanical structures and devices. The energy conversion process is simple; the wave motion that drives the movement of the magnetic ball can be converted into electricity, which improves the reliability of the device and reduces the energy loss. References [12,23], which are similar to the principle of the A-EMG, involve linear or curved tubes with a rolling magnetic ball that generate an induced current in separate winding coils. They place the magnetic ball in curved and straight tubes, respectively. When the magnetic ball moves to one end, the speed of the moment is reduced to 0, which undoubtedly increases the speed loss and energy loss, whereas the annular shell of the A-EMG allows for the continuous movement of the spherical magnet without any obstruction, which avoids the speed loss and energy loss to the greatest extent. The structure and working principle of the A-EMG are explained in this paper. The principle was simulated using the COMSOL Multiphysics software version 6.0, and the influence of the coil parameters on the output was analyzed. Finally, an experimental prototype was built, and the experiment was verified by using the six-degree-of-freedom (6-DOF) platform.




2. Structure Principle


As shown in Figure 1, the A-EMG consists of an annular shell, a magnetic ball that can move inside the annular shell and three groups of coils wrapped around the outer part of the annular shell at equal intervals. When the device is placed in an ocean environment, due to the fluctuating fluctuations of the ocean waves, the device will shake with the waves, thereby driving the magnetic ball to move. And when the magnetic ball passes through the coil, the magnetic flux changes, generating an induced electromotive force in the coil.



Figure 2 shows the working principle of the A-EMG. After being excited by a wave, the magnetic ball moves inside the annular shell, and according to the law of electromagnetic induction, the expression of the induced electromotive force can be obtained by using V to denote the induced electromotive force produced by the coil and Φ to denote the magnetic flux in one turn of the coil:


  V = − N   d Φ   d t    



(1)







Assuming that the time for the spherical magnet to move inside the annular shell at the speed v is t and that the displacement of the movement is x, and denoting the magnetic flux density through the coil and the area of the coil by B(x) and S, respectively, the induced electromotive force can be further expressed as:


  V = − N   d Φ   d t   = − N S   d B ( x )   d x     d x   d t   = − N S   d B ( x )   d x   v  



(2)







The angular velocity ω of the motion of the magnet ball can be expressed as:


  ω =  v r   



(3)







The frequency f of the magnet ball moving around a ring can be expressed as:


  f =  1 T  =  1  2 π / ω   =  ω  2 π   =  v  2 π r    



(4)







Based on the above analysis, the relationship between the frequency and the induced electromotive force can be deduced:


  V = − N S   d B ( x )   d t   2 π r f  



(5)







According to Equation (2), it is clear that the magnitude of the induced voltage is related to the speed of motion of the magnetic ball through the coil; the faster the speed, the greater the induced voltage produced in the coil. From Equation (5), when the wave motion resonates with the ring generator, the magnetic ball will make a complete circular motion, and the induced voltage in the coil is related to the frequency of the circular motion, where the greater the frequency, the greater the induced electromotive force that is produced [24].




3. Principle Analysis and Parameter Effect Analysis Based on COMSOL


The working principle of the A-EMG was analyzed above. In order to further analyze and intuitively understand the working characteristics of the A-EMG, the COMSOL Multiphysics software was used to simulate and analyze the A-EMG. The parameter settings in the simulation are shown in Table 1. The A-EMG was modeled in a two-dimensional plane, and in the simulation, we set the outer diameter of the annular shell to 70 mm and the inner diameter to 35 mm. Considering that the larger the magnetic ball, the more favorable it is for the output power, and to ensure its movement in the annular shell, it was necessary to leave a certain air gap between the annular shell and the magnet ball. The diameter of the magnetic ball was set to 30 mm, the magnetic field module was selected as the simulation background and the number of coil turns was set to 1000 turns. The variation in the flux density, magnetic field and induced voltage in the coil of the EMG section was investigated.



In the above principal explanation, we only considered the movement of the magnetic ball around the annular shell as “sliding” (the magnetic ball only moves around the annular shell, and the magnetic ball itself does not rotate). However, in reality, the magnetic ball may move in a “rolling” (the magnetic ball itself rotates) manner or in a combination of “sliding” and “rolling” during the process of passing through the coils. Similar to the references [23,25], we simulated and analyzed the magnetic field changes caused by the magnetic ball rotating 360° at a fixed position and the flux density transformation at point 1 on coil 1, as shown in Figure 3a. The protrusion on the annular shell in the figure indicates the coils set in the simulation. The simulation range was set to 0–360°, and the simulation step size was 5°.



When the magnet ball rotates in the annular shell, it causes a change in the surrounding magnetic field and a change in the magnetic flux density at point 1 (same point as in Figure 3a). The simulation range was set to 0–360°, and the simulation step size was 5°. As shown in Figure 4, it can be seen that the motion of the magnet ball has an effect on the magnetic field and the flux produced.



Comparing Figure 3b with Figure 4b, it can be seen that the change in the magnetic flux density due to the rotation of the ball itself was not dominant compared to the movement of the ball around the annular shell, and considering that even if the ball passed through the coil in a “rolling” manner, the angle of rotation of the ball itself was difficult to determine. So, in the principle explanation and simulation, we simplified the motion form of the magnetic ball, ignored the rotation of the magnetic ball itself [26] and only considered the “sliding” motion of the magnetic ball.



The induced electric potential generated in the coil when the magnetic ball moves in the annular shell at an angular velocity of 2π rad/s was studied and analyzed by using COMSOL. The simulation time was set to 5 s with a step of 0.1 s so as to verify the rule of change and the trend of the induced voltage in the coil during the passage of the magnetic ball through the coil. Figure 5 shows the induced electromotive force of the magnetic ball moving through the annular shell for five cycles, and in conjunction with Figure 4, it is clear that during a cycle, the magnetic flux in the coil increased as the ball rolled toward the coil and decreased as the ball moved away from the coil, generating a concomitant change in the electromotive force [23].



The coil parameters have an important effect on the output of the coil. In addition to the number of turns of the coil, the difference in the width and thickness of the coil will also change the interaction of the coil with the magnetic field of the magnetic ball, so the magnetic flux change in the coil caused by the movement of the magnetic ball will be different, which will affect the power output [27,28]. The definitions of the coil width and thickness are shown in Figure 2. Using the control variable method, the effect of varying the thickness and width of the coil on the output was analyzed.



As shown in Figure 6, when the number of turns and the width of the coil were kept constant, the thickness of the coil was increased from 1 mm to 6 mm, and the peak value of the induced voltage was decreased from 2.57 V to 2.17 V. The results indicate that the thicker the coil, the more unfavorable it is for the output [11,29]. If the number of turns and the thickness of the coil were kept constant and the width of the coil was increased from 0.75 cm to 4.5 cm, the peak value of the induced voltage decreased from 2.18 V to 1.48 V. The wider the coil, the more unfavorable it is to the output [20].




4. Experiment


4.1. Motion Analysis of A-EMG under Wave Action


The motion of the A-EMG under wave action was analyzed in order to develop an experimental program. In fact, the motion of waves in the ocean is particularly complex and variable, and it is not a simple periodic movement. The generation of waves in the ocean is essentially a vibration process in the ocean, and its motion can be regarded as a combination of countless disordered regular fluctuations. Due to the complexity of the causes of wave motion and the difficulty of using accurate mathematical models to make a precise description, in the analysis and design of machinery related to ocean engineering, researchers have always simplified the motion of waves to simple harmonic motion or to the superposition of simple harmonic motion in their studies. And, they often use the Airy linear wave theory to characterize the wave motion law in a general steady state situation [30,31]. Here, we also used the Airy linear wave theory to explain the wave principle. The profile of a wave is described by a simple harmonic curve [32], as show in Figure 7.



According to the Airy linear wave theory, the motion of a wave can be described by Equation (6).


        η ( s , t ) =  H 2  cos ( k s − ω t )       k =   2 π  L        ω =   2 π  T         



(6)




where s is the displacement of the wave in the direction of horizontal motion, η is the elevation of the wave from the still water surface, H is the wave height, k is the wave number, t is the time, ω is the frequency of the wave and T and L are the period and wavelength, respectively.



When a floating body is on the water surface, it will move with the waves, and the floating body will produce different forms of motion with the change in the wave parameters. Taking the XOZ plane as an example, Figure 8 shows a schematic diagram of waves with different parameters acting on the A-EMG in the XOZ plane, where φ is the angle between the wave’s direction of action and the X-direction, so tanφ is the derivative of the line between the zero point and the position of the A-EMG. The wave will cause the A-EMG to produce different forms of motion, which are mainly manifested in the form of reciprocal displacement motion in the direction of wave action, so φ also denotes the direction of motion of the A-EMG, and the tilt motion around the Y-axis, producing a constantly changing tilt angle θ with respect to the X-axis, and tanθ is the derivative of the wave at this point [17,33].



Therefore, in this paper, a 6-DOF platform was used to simulate the motion of a floating body under the action of waves with different parameters. The control variable method was used to investigate the effects of the motion direction φ, amplitude, frequency and tilt angle θ of the A-EMG on the output and to explore the regular pattern.




4.2. Experimental Platform Construction


Based on the laws derived from the theoretical analysis and simulation results, an annular electromagnetic generator was fabricated. The specific parameters are shown in Table 2.



As shown in Figure 9, two identical semi-annular shells with an inner diameter of 70 mm and an outer diameter of 140 mm were fabricated by 3D printing. The annular shell needed to have sufficient hardness and to also leave room for the movement of the magnetic ball. The thickness of the shell was set to 1 mm in the 3D printing, so its internal space was 33 mm. After placing a 30 mm diameter N35 magnetic ball inside, three 0.1 mm enameled wire coils were wound along the radial direction of the annular shell, and the coils were equally spaced on the annular shell. With the coil width and number of turns set to 1.5 cm and 1000 turns, respectively, the thickness of the coil was approximately 3 mm. The volume of the A-EMG was calculated to be approximately 0.539 × 10−3 m3, which includes the inner diameter of the annular shell and is the volume of the actual space occupied by the A-EMG. A TH2690 electrostatic meter was used as the data acquisition device, and the 6-DOF platform was used as the external excitation device to simulate the wave motion. Figure 9 shows a schematic diagram of the overall experimental platform. The TH2690 electrometer is an integrated instrument that functions as a voltmeter, ammeter and electrometer, among other things. When measuring an open-circuit voltage and a short-circuit current, the probe of the instrument should simply be connected to the output terminal of the measured target, and the corresponding testing function should be selected.



The 6-DOF platform consisted of two parts: a motion platform and a software control platform. The software control platform controlled the displacement and frequency of six linear motors in the motion platform, which could achieve linear motion along the X, Y and Z axes, respectively, in three-dimensional coordinates as well as rotational motion around the X, Y and Z axes, are denoted by α, β, γ respectively. It could also couple individual motion into composite motion. In the output testing section of this article, the motion effect of the waves in different directions, φ, acting on the A-EMG in the XOZ plane was achieved by coupling the motion of the platform along the X and Z axes, and the tilt angle of θ was achieved by setting the rotation around the Y-axis on the control platform. The method in this paper is more accurate and convenient than the method in reference [25,34], which used a single linear motor and manually changed the excitation direction.




4.3. Output Performance of the A-EMG


It should be noted that since the parameters of each group of coils were the same, their outputs ere similar, and the output of coil 1 will be used as an example to illustrate this. Firstly, the influence of the tilt angle was neglected, and the tilt angle was set to 0 using the 6-DOF platform. Through the coupling of the X-direction and the Z-direction, the motion form of the waves acting on the A-EMG in different directions in the XOZ plane was simulated, and the reciprocal displacement motions in the different directions were generated.



We collected the wave parameters from a certain sea area in China, where most of the wave heights are higher than 5 cm and the wave frequency near 5 cm is 1.2 Hz. By verifying that the A-EMG is able to work with small vibrations, we can show that it is able to work under most sea conditions. So, the frequency was set to 1.2 Hz, and the amplitude was set to 5 cm. The variation in the A-EMG with an open-circuit voltage and a short-circuit current with the motion direction φ is shown in Figure 10. As φ increased, the open-circuit voltage and short-circuit current of the A-EMG gradually decreased. When the value of φ reached 60°, the A-EMG could not generate electrical energy because the test only considered the influence of the reciprocating displacement motion, but the larger the wave action, φ, the easier it is to generate a larger tilt angle, θ [34]. Therefore, we also conducted an experimental test on the influence of the tilt angle on the output.



If we want to make sure that the A-EMG can adapt to most wave conditions, we should first make sure that the A-EMG can work properly in a small angle range under smaller fluctuations. As shown in Figure 11, at a frequency of 1.2 Hz, when the tilt angle increased from 3° to 12°, there was no obvious effect on the output because the A-EMG is a centrosymmetric structure and the magnetic ball could easily resonate with the external excitation, making the magnetic ball perform a circular motion with the same frequency in the annular shell, which is in accordance with the theoretical derivation of Equation (5). However, it can be obviously observed in the experimental process that the larger the tilt angle, the more the ball in the A-EMG was stimulated to move, which compensated for the situation that the output of the reciprocating displacement motion was weakened when the wave action, φ, was increased; so, the device can collect wave energy from every direction.



The frequency and amplitude are the most fundamental elements of waves. We tested the influence of the frequency and amplitude on the output of the A-EMG in the X direction (φ and θ were zero). As shown in Figure 12, when the amplitude was fixed, the maximum open-circuit voltage increased from 1.52 V to 7.2 V; as the frequency was increased from 1.0 Hz to 1.8 Hz, the maximum short-circuit current increased from 10.08 mA to 21.2 mA. As shown in Figure 13, when the frequency was fixed, the open-circuit voltage and short-circuit current were almost unchanged in the test range of 60 mm–120 mm. This was for the same reason that θ affected the output, which was also due to resonance.



The optimum output power of the electromagnetic generator was found by impedance matching, where the output voltage was measured across various external resistors to study the optimum output power. Theoretically, when the load resistance is equal to the internal resistance of the electromagnetic generator, for the optimal output power, at this time, the relationship between the load voltage, VL, and the open-circuit voltage, VOC, is given by Equation (7).


   V L  =  1 2   V  O C    



(7)







In this paper, the voltage at different loads was tested to calculate the output power of the electromagnetic generator, as per Equation (8) [22,35].


   P  R M S   =    U  R M S      R L     



(8)




where URMS is the root mean square (RMS) voltage on different load resistors, RL is the load resistor and PRMS is the optimal output power.



Tested at frequencies of 1 Hz and 1.8 Hz, respectively, as shown in Figure 14, the value of URSM of the external load increased with the increase in the load resistance, and the value of PRSM first increased and then decreased with the increase in the load. Under both conditions, the maximum values of PRSM obtained at an external load resistance of 150 Ω were 3.42 mW and 80.87 mW, respectively.



The maximum power density of the A-EMG can reach 150.174 W/m3. Table 3 compares the performance of the A-EMG with existing wave energy harvesters [22]. Through comparison, it was found that the power density of the A-EMG has significant advantages.



Since the device generates AC power, which cannot directly power electronic devices, it must be rectified to DC power and stored in capacitors or batteries in order to provide stable power. The ability of energy harvesters to charge capacitors is an important index for evaluating their performance. At the same time, in order to verify the best connection mode between the coils, the output of each coil is rectified by a rectifier bridge and then connected in series or parallel to compare and study the effect of the two different connections on the charging characteristics of the capacitor. As shown in Figure 15, under the experimental conditions of the X direction and with 1.8 Hz excitation, the characteristics of charging the 22 μF capacitor were compared under three charging modes; one coil, three coils in series and three coils in parallel were compared. The circuit diagrams of the parallel and series charging modes of the three coils are shown in Figure 15a,b, respectively. Figure 15c. compares the three charging modes. It can be seen that multiple coils can charge the capacitor to a higher voltage in a relatively shorter time than a single coil, where three coils in parallel can charge the capacitor in the best way, being capable of charging the 22 μF capacitor to 8.6 V in 3.8 s.



To verify the application performance of the A-EMG, as shown in Figure 16, three coils were rectified and then connected in parallel to 25 parallel-connected commercial LED arrays, and single-degree-of-freedom wave motion modes, including the experimental conditions in this paper, and multiple-degree-of-freedom coupled wave motion modes, i.e., those shown in Table 4, were simulated by using a 6-DOF platform, and the LED arrays could be instantaneously lit under all these excitations.





5. Conclusions


In order to effectively harvest wave energy, this paper presents an annular electromagnetic generator for harvesting wave energy. The output performance of the three electromagnetic coil generating units was investigated. Under an external excitation of 1.8 Hz, the maximum open-circuit voltage of a single group of coils could reach 7.2 V, and the short-circuit current could reach 21.2 mA. An optimum output power of 80.87 mW was obtained when the external load was 150 Ω. The power density could reach 150.174 W/m3. The output performance is superior to most wave energy collectors in the same field. Comparing the characteristics of the three coils after rectifying them to charge the capacitor in series or parallel, it was found that the parallel connection mode was the best, and a capacitor of 22 μF could be charged to 8.6 V in 3.8 s. Finally, the 6-DOF platform was used to simulate the typical motion characteristics of a wave, such as single-degree-of-freedom and multi-degree-of-freedom coupling, and to simulate lighting up an LED array. In summary, the device is simple in structure, low in terms of fabrication cost, responds well to the external excitation of wave energy, can continuously charge the capacitor and supply power to LED loads and has good application prospects in supplying power to ocean sensors.
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Figure 1. Three-dimensional structure of the A-EMG. 
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Figure 2. Working principle of the A-EMG. 
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Figure 3. Magnetic field and flux density variations when magnetic ball is rotated in a fixed position. (a) The distribution of the magnetic field when the magnetic ball is in a different angle; (b) law of change in magnetic flux density at point 1 with the angle of the magnetic ball. 
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Figure 4. Magnetic field and flux density variations when magnetic ball is “sliding” around annular shell. (a) The distribution of the magnetic field when the magnetic ball is in different positions; (b) law of change in magnetic flux density at a point 1 with the position of the magnetic ball. 
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Figure 5. The law of change in the induced voltage in the coil. 
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Figure 6. Law of the effect of coil thickness and width on output. (a) Output voltage at different coil thicknesses; (b) output voltage at different coil widths. 






Figure 6. Law of the effect of coil thickness and width on output. (a) Output voltage at different coil thicknesses; (b) output voltage at different coil widths.



[image: Jmse 11 02266 g006]







[image: Jmse 11 02266 g007] 





Figure 7. Airy linear wave theory model. 
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Figure 8. Wave action on the A-EMG. 
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Figure 9. A-EMG production and experimental platform construction. (a) A-EMG physical object; (b) experimental platform. 
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Figure 10. Open-circuit voltage and short-circuit current under the influence of motion direction, φ. (a) Open-circuit voltage; (b) short-circuit current. 
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Figure 11. Open-circuit voltage and short-circuit current under the influence of tilt angle, θ. (a) Open-circuit voltage; (b) short-circuit current. 
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Figure 12. Open-circuit voltage and short-circuit current under the influence of frequency. (a) Open-circuit voltage; (b) short-circuit current. 
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Figure 13. Open-circuit voltage and short-circuit current under the influence of amplitude. (a) Open-circuit voltage; (b) short-circuit current. 
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Figure 14. URMS and PRMS at different external load resistances. (a) At 1.8 Hz excitation; (b) at 1 Hz excitation. 
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Figure 15. Capacitor charging with different connections between coils. (a) Series connection between coils; (b) parallel connection between coils; (c) comparison of different connections for capacitor charging. 
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Figure 16. Application performance verification: lighting LED arrays. 
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Table 1. Parameter settings in simulation.
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	Item
	Value





	Outer diameter × inner diameter of annular shell
	140 mm × 70 mm



	Magnetic ball diameter
	30 mm



	Turns of coil
	1000










 





Table 2. Parameters in fabrication.
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	Item
	Value





	Outer diameter × inner diameter of annular shell
	140 mm × 70 mm



	Annular shell thickness
	1 mm



	Magnetic ball (N35) diameter
	30 mm



	Turns of coil
	1000



	Thickness × width of coil
	3 mm × 15 mm



	Volume of A-EMG
	0.539 × 10−3 m3










 





Table 3. Comparison of different works.
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	Ref.
	Type
	Frequency (Hz)
	Output Power (mW)
	Power Density (W/m3)





	[32]
	EMG + TENG
	2.5
	1.25
	9



	[35]
	EMG + PZT
	1.8
	21.95
	3.914



	[22]
	EMG
	2.6
	65
	43.5



	This work
	EMG
	1.8
	80.87
	150.174










 





Table 4. Parameters of simulating wave.
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	Direction
	Frequency (Hz)
	Amplitude (mm)
	Tilt (°)





	X, β coupling
	1
	50
	3



	Z, β coupling
	1
	50
	3



	X, Y coupling
	1
	50
	-
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