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Abstract

:

The proposed energy harvesting system is based on a rotational pendulum-like electromagnetic device. Pendulum energy harvesting systems can be used to generate power for wearable devices such as smart watches and fitness trackers, by harnessing the energy from the human body motion. These systems can also be used to power low-energy-consuming sensors and monitoring devices in industrial settings where consistent ambient vibrations are present, enabling continuous operation without any need for frequent battery replacements. The pendulum-based energy harvester presented in this work was equipped with additional adjustable permanent magnets placed inside the induction coils, governing the movement of the pendulum. This research pioneers a novel electromagnetic energy harvester design that offers customizable potential configurations. Such a design was realized using the 3D printing method for enhanced precision, and analyzed using the finite element method (FEM). The reduced dynamic model was derived for a real-size device and FEM-based simulations were carried out to estimate the distribution and interaction of the magnetic field. Dynamic simulations were performed for the selected magnet configurations of the system. Power output analyses are presented for systems with and without the additional magnets inside the coils. The primary outcome of this research demonstrates the importance of optimization of geometric configuration. Such an optimization was exercised here by strategically choosing the size and positioning of the magnets, which significantly enhanced energy harvesting performance by facilitating easier passage of the pendulum through magnetic barriers.
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1. Introduction


Small- and micro-scale energy harvesting (EH) usually refers to the conversion of ambient energy from different sources, including mechanical vibration energy, into electrical energy, which can be further accumulated or used for powering up devices demanding low amounts of energy [1,2]. One of the main advantages of such energy harvesting systems is the capability of onsite energy transduction and power supply for the integrated operation of small- and microelectronic devices. EH systems can also be used for remote and inaccessible locations or maintenance-free applications [3,4]. Another advantage is the improvement in the efficiency of the parent process, which acts as an ambient energy source, due to recovery of energy which could be otherwise lost [x1]. These energy harvesting systems can readily contribute to the current industrial revolution called Industry 4.0 or the internet of things (IoT) [5,6], which demand independent sources of energy for powering up electronic units and sensors. In general, such EH systems are classified as per the source of ambient energy, i.e., mechanical vibrations, thermal, solar, wind, radio waves (RF), fluid motion, etc. (see Figure 1). Many devices have been developed by researchers based on the abovementioned energy sources. In this research work, we focused on energy conversion from ambient mechanical vibrations using a pendulum-like rotating body with modifications possible in the system’s potential [7].



It is worth mentioning that energy harvesting systems that are based on ambient mechanical vibrations are generally divided into electromagnetic [8,9], piezoelectric [10,11], and electrostatic [12,13] categories. In many scientific articles, they are called vibration energy harvesters (VEH) [14,15]. VEH systems have gained popularity because they provide the simplest transduction mechanism and highest efficiency of energy transduction [16,17]. Practical applications of VEH systems span diverse sectors. In the automotive industry, these systems can capture energy from vehicle vibrations to power tire pressure monitoring systems or onboard sensors [18]. Similarly, in structural health monitoring, they can be employed to generate power for sensors embedded in bridges or buildings while facilitating continuous monitoring. This eliminates the need for frequent battery replacements as well [19]. Furthermore, wearable devices [20] can utilize VEH system to extend battery life or even eliminate the need for batteries altogether, enhancing user convenience and sustainability.



Being a linear dynamic system, a simple VEH responds well only when excited near its resonance frequency. This is a major disadvantage because the harvested power from the device drops when excited at other non-resonant operational frequencies resulting from uncertain ambient conditions [21]. However, to overcome this problem, many current research works are focusing on the broadband frequency-response effect to build a flexible system adjusting to the wider range of operational frequencies [22,23,24]. Compared to a linear system, the broadband frequency effect causes a reduction in the mechanical quality factor (Q-factor). The highest power output obtained under resonant conditions also reduces because a nonlinear system may exhibit multiple low- and high-amplitude solutions [25,26,27]. However, as the nonlinear systems exhibit better performance at non-resonant conditions, overall harvesting efficiency is improved due to the broadband response. Such nonlinear behavior has been obtained by using nonlinear mechanical and magnetic springs with softening or hardening effects [28]. Some of the interesting proposals include energy harvesters with multi-stable mechanical or magnetic potential [29,30,31,32]. A few other approaches involve active and autonomous tuning of system parameters to sustain the resonance conditions [33,34].



Until now, many VEH systems have been explored based on their applications, source of excitation, and transduction methods, with the primary objective of improving efficiency and broadband response. One of the recent trends is to improve performance by introducing different types of nonlinearities into the system. Concurrently, studies to support experiments with mathematical modeling and numerical simulations are also being undertaken. Numerical simulations using finite element analysis (FEA) show potential for nonlinear modeling and are capable of revealing the future directions in this field.




2. The Concept of Pendulum-Based Electromagnetic Energy Harvesting Systems


In recent times, energy harvesting systems using rotational movement have been receiving attention to scavenge energy from the environment [34,35,36,37]. Very often, pendulums are used in electromagnetic energy harvesting systems because they allow versatility in their configuration. Electromagnetic transduction of vibration energy in the standard magnet–coil generators is based on the electromagnetic induction phenomena. In this, electromotive force is induced in an induction coil, which cuts the magnetic flux of a core during its relative displacement. For improving the electromagnetic coupling with the strongest flux density, permanent magnets made from an alloy of neodymium, iron, and boron (NdFeB) are most suitable. These magnets are also available in various configurations based on the direction of polarization, shapes, sizes, grades of neodymium, and thermal resistance.



Historically, many concepts of electromagnetic energy harvesting systems with pendulums have been proposed among the other types of low-frequency energy harvesting systems based on cantilevers, mechanical springs, magnetic springs, and spiral springs [38]. Electromagnetic pendulum-based harvesters can depict both oscillations and full rotation of the pendulum depending on the character of excitation. In real applications, a particular design faces challenges such as sustaining rotational motion under random excitations, and sizing of the system based on constraints or power supply requirements [39]. In order to overcome such challenges and optimize the system for a particular application, several modifications were introduced. These modifications were based on the research on mechanical couplings [40,41], using sub-harmonic resonance for the broadband power output [42], and using nonlinearities as an additional source of energy [43].



One of the analysis approaches used to study the dynamics of EH systems is comparing the experimental results with the results of mathematical modeling. Simplified mechanical models based on spring-mass systems have provided fairly good results in many studies [44,45,46]. Another approach is using the FEA for analyzing the electromagnetic interactions in such systems [47,48,49]. Currently, several commercial FEA software packages are available for analyzing electromagnetism problems including 2D axis-symmetric problems and advanced 3D problems. Some of the popular FEA programs are NEC (Numerical Electromagnetics Code), FEKO (Altair Engineering), COMSOL Multiphysics (COMSOL Inc.), and Momentum (Keysight EEsof EDA).



Referring to the study on electromagnetic energy harvesters using rotational movement [7], we propose a rotational pendulum concept with an improved approximation. The originality of this system is the variable potential introduced by the pairs of additional adjustable magnets whose strength can be changed. The dynamic response of this system, depending on the system’s configuration, provides full rotation or oscillations of the pendulum, which in turn influences the output power. In our analysis, we studied the magnetic interactions and the dynamics of a system using the FEA and mathematical models. In our previous work [7], the effect on performance was analyzed through magnetic interactions with a simplified FEA model. In this study, the effect of magnet positioning on potential modulation and on attaining complete rotational response is explored using numerical simulations. To avoid magnetic interaction with the housing, the system was realized using the 3D printing technique. The originality of the concept lies in the incorporation of adjustable additional magnets to modulate the magnetic potential, allowing a customizable system configuration that improves both pendulum dynamics and output power.



This article is organized in the following way. In the next section (Section 3), the proposed concept of the rotational VEH system with the pendulum is described. Mathematical models of the electromagnetic EH system, with inputs from the FEA, are introduced and described. Further, details about the experiment and measuring circuit are given. In Section 4, dynamics of the pendulum caused by different configurations of additional magnets are discussed and visualized with the results of numerical simulations. Lastly, Section 5 summarizes and provides conclusions of this analysis.




3. Design and Modeling of an Energy Harvesting System with a Rotational Pendulum


In electromagnetic energy harvesting systems, the voltage is induced in coils according to Faraday’s law by the changing of the magnetic flux in the coils. In this pendulum-based electromagnetic EH system, modulation of magnetic potential using the alignment of additional magnets is proposed. In the analyzed prototype, the adjustable potential is produced by two symmetrically mounted magnetic pairs (see Figure 2), changing the character of the system. This EH system was designed entirely with non-magnetic or weak magnetic materials using 3D printing (ABS—acrylonitrile butadiene styrene), plastic (nylon), and aluminum; the motivation was to avoid undesirable magnetic interaction with the system’s other parts. Optionally, external pendulums can also be attached to the system on its sides to increase the moment of inertia and to overcome potential barriers by full rotations. The magnetic-electrical circuit consisted of 12 magnetic coils connected in series and two types of permanent magnets, one in the form of the tip mass mounted at the end of the pendulum and two pairs of adjustable magnets placed inside the plastic housing tunnels (Figure 3).



A compact EH system was designed here by limiting the system’s dimensions to 10 cm in any direction from the center (see Figure 3a). The design allowed for versatile coil connections; for example, we connected six coils on a single wall of the system. Within these coils, we strategically placed four additional adjustable permanent magnets—two on each side of the system (Figure 3b). These magnets played a crucial role in electromagnetic induction within the system and influenced the movement of the pendulum by creating a double potential well.



Mechanical and electrical properties of this EH system are listed in Table 1. More information on the technical issues of such EH systems can be found in [49], in which experiments and the simplified FEA (2D planar) are described. As this study will combine two-stage modeling, i.e., a 3D FEM electromagnetic model and simulating the mathematical model using MATLAB (v2022b) software, the actual physical quantities of the system are specified in Table 1. Mechanical and electrical features were used for preparation of the 3D model in COMSOL (v5.3) Multiphysics software.



3.1. Electromagnetic FEM Model


In comparison to the previous FEA work in [7], the current system was analyzed in 3D space keeping the existing coil layout and the geometry of the energy harvester (Figure 4). The motivation behind achieving precise calculation using 3D FEA was to obtain the information about the magnetic force between magnets during rotation of the pendulum and its influence on the dynamics of the pendulum with magnet. Once this was obtained, the magnetic torque vector was utilized in the mathematical model. Such magnetic interactions strongly affected the dynamics and changed the energetic potential of the energy harvester [49]. In the finite element (FE) model, the influence of housing can be neglected as the entire housing is made of non-magnetic materials and there are no undesirable external magnetic interactions.



The current problem is a typical multi-body dynamics (MBD) problem dealing with the combination of the dynamics and electromagnetism. Additionally, an electrical circuit was added to analyze the power output of the system. Moreover, couplings between the magnet–magnet and magnet–coil pairs were investigated in the form of acting forces and torques. Thus, the obtained torque vector using FEA was crucial for the analysis of the pendulum’s dynamics. As the FEA model was linear, the system could be analyzed for one rotation of the pendulum. Hence, the results were obtained for one rotation per second of the pendulum.



In order to obtain magnetic force interaction between the pendulum magnet and the additional fixed magnet using FEA, a stationary model was considered, as shown by a meshed view in Figure 4a. In this view, the relative size and positions of the magnets as well as the surrounding air space considered for the magnetic interaction is shown. The linear position of the pendulum magnet relative to the additional magnet–coil pair was changed along the x-axis (see Figure 4b), from which the magnet force in terms of x-, y-, and z-axis components was computed. A detailed description of this procedure is mentioned in the attached Supplementary Materials to this article. Further, using these calculations, resultant magnet forces and torques for magnet–magnet and magnet–coil pairs were estimated. These force and torque quantities along with the electrical variables were then considered for the MBD analyses of the system shown Figure 4c. A top view of Figure 4b showing magnetic flux interaction between the magnets is shown in Figure 4d. Readers can find the geometric dimensions and other physical variables used for these FEM simulations in the Supplementary Materials attached with this article.




3.2. Reduced Mathematical Model


In Figure 5, the scheme of the mathematical model for the energy harvester with terms applied in the equation of motion is presented. Vertical excitation coming from the shaker initiated the movement of the rotational pendulum around the pivot in the form of oscillations or full rotations, depending on the applied strength of excitation and the strength of magnetic interactions in the system. The mentioned terms had significant influence on the system’s response, which is discussed in the next section. In Table 2, the values of the terms used in the mathematical model are listed.



In comparison with the previously derived mathematical model of the rotational pendulum [7], additional terms were added, which consider magnet–magnet and magnet–coil couplings. Relative displacement between the pendulum magnet and permanent magnet pair in its proximity created strong magnetic interactions in the form of two opposite potential wells, affecting the acting magnetic forces in the system, as can be observed in Figure 6a. During the relative displacement between magnets, the peak-to-peak amplitude of the pendulum’s torque changed drastically, creating a direct influence on its dynamics. The coupling between the pendulum’s magnet and the coils had a periodic response (Figure 6b) in each of the 12 coils, showing a relatively smaller impact on its dynamics. Thus, the governing equation of motion (Equation (1)) for the pendulum considering these additional forces can be expressed in the following form:
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where I—moment of inertia of the pendulum, m—mass of pendulum and additional inertial masses, g—gravitational acceleration, h—distance from center of gravity to pivot axis, Fmc—torque between magnet–coil couplings obtained with FEA, ω—angular velocity of the pendulum, A—amplitude of the vertical excitation, Fmm—torque between magnet–magnet couplings in the system obtained with FEA, c—coefficient of mechanical damping (in the calculations we assumed c = 0 for simplicity), α, β = 0 or 1—are the coefficients of magnetic force that are dependent on the distances between magnets and coils. We have neglected the macroscopic eddy currents in the magnets.



The output power of the system in time domain t is calculated using the following formula (Equation (2)):
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where U is the voltage output estimated on the resistor and λ = Rc/(Rl + Rc) is the coil resistivity part of the electrical circuit (Rc and Rl denote coil and load resistances, respectively).





4. Numerical Simulations


The analysis of the influence of magnetic forces on the dynamics of the rotational pendulum started with the FEM computations conducted in the COMSOL (v5.3) Software. In the system, there were two unstable equilibrium points where the axes of moving and additional magnets coincided. The amplitude and the distribution of the magnetic force with the angular position of the rotating pendulum depended on the geometry of the magnets and the distance of their alignment, which were considered in this research. It was observed in the prior work [7] during experiments that the system’s frame needed excitation in the specific range of frequencies, i.e., f = 10–15 Hz, in order to obtain a completely rotational solution of the pendulum to attain the highest voltage/power performance. Outside the mentioned range of frequencies, the pendulum became stuck at the equilibrium point and did not move. Additionally, it was observed that changing the distance between additional magnets mounted on the sides influenced the potential barrier at the equilibrium positions. In this work, the proposed model considers the influence of varying magnetic forces with the alignment distance on the magnetic pendulum. We also focused on solutions with complete rotation of the pendulum.



In the equation of motion, the magnet–magnet and magnet–coil interactions are important terms influencing significantly the dynamics of the pendulum. To estimate these interactions, the 3D model of the energy harvester was meshed for the FEA (Figure 4) and a series of torques was obtained, which are depicted in Figure 6. The FEA results showed the influence of the magnet–magnet interaction was significantly stronger than that of the coil–magnet coupling on the dynamics of the pendulum. Regarding the interactions between the magnet–magnet in the system (Figure 6a), mutually opposite areas with the strongest magnetic interactions were found. Such a repulsive configuration of magnets helps the pendulum to escape from this area if the potential energy is enough to go through the potential barrier created by the magnetic coupling. This is shown by the red dotted lines in Figure 7. For comparison, gravitational potential is also shown by black dotted lines in Figure 7. It had an almost 10 times weaker influence on the pendulum. The magnet–coil couplings (Figure 6b) had smaller amplitude than the magnet–magnet couplings; however, their influence on the pendulum was also considered in this study.



We considered the following distinct configurations of the harvester for revealing additional details about the dynamics:




	(a)

	
System without coils and without magnets, only pendulum with magnet (only gravitational acceleration): α = 0, β = 0.




	(b)

	
System with coils and pendulum with magnet (only magnet–coil coupling): α = 0, β = 1,




	(c)

	
System with all magnets and coils.









In Figure 8, the dynamic response of the system is illustrated with the change of angular position Φ and angular velocity ω for the abovementioned different configurations. In all considered cases, the transient state can be observed in the beginning of the system’s operation. The reason for this is that the pendulum must first synchronize with the external excitation, and then the steady state operation is observed. For energy harvesting studies, the steady state response is considered from which the highest output voltage/power is observed. In the first case, the system without additional magnets and without coils tended to maintain constant rotations after the synchronization of the pendulum and the vertical excitation. The variations in the angular velocity between positive and negative values depict the pendulum’s oscillations around the equilibrium point. Further, the pendulum was able to pass this equilibrium point after around 50 s. Adding induction coils (Figure 8b) established the coil–magnet coupling. The pendulum at first started oscillating, but later when its energy was dissipated by coils, the angular velocity was reduced to zero. Mounting additional magnets strongly influenced the dynamics of the pendulum, which can be seen in Figure 8c. The magnetic force was adjusted by adjusting the axial distance between one of the pair of magnets. Initially, the magnetic potential barrier could not be passed by the pendulum to perform a full rotation. However, after increasing the magnetic force, the repulsive force assisted in easier passing of the magnetic barrier and the pendulum oscillated between the two positions.



In cases b–c, the voltage in the coils was induced due to the electromagnetic transduction during the parallel passing of the magnet-pendulum around the vicinity of the coils. In Figure 9, the power generated by the pendulum’s movement is illustrated. The level of generated power increased as the magnetic force interaction became stronger. The mean value of power was estimated by the moving mean algorithm (see Figure 9—black line), whose value was in the range 0.01–0.02 [W] for case (b). For case (c), the mean harvester power was around 0.5 [W] because of larger and magnetic force-assisted oscillations.



The phase portraits of the considered three cases are shown in Figure 10, which illustrates the trajectories drawn by the excited pendulum. Excitation of pendulum without any source of damping caused free rotation under the influence of gravitational potential only (see Figure 10a). After adding coils into the system, its damping caused small amplitude oscillations around the central equilibrium point, as shown in Figure 10b. This was caused by the transduction of energy between the pendulum magnet and coils. Installation of additional magnets led to inter-well oscillations around the offset equilibrium point, where magnetic interactions had maximum impact (see Figure 10c). The phase portrait took a square-based shape and depicted the smaller potential well formed at the specific angular position. It was observed that, as the strength of magnets increased, it became easier to pass through the magnetic barrier at the offset pendulum. Figure 10c shows oscillation of the pendulum between the central and offset equilibrium positions.




5. Conclusions


This paper investigates the dynamic response of an electromagnetic energy harvester with a rotational pendulum with variable magnetic-force interactions. Based on the concept proposed in [7] with a simplified model, in this work a more rigorous two-stage mathematical model is proposed that includes FEM analysis of magnet–magnet and magnet–coil couplings. The governing equation of motion is presented, which includes the magnetic interaction terms from FEA from the first stage. Based on a physically realized model built using the 3D printing method, physical quantities and terms in the mathematical model were obtained. In this investigation, three majorly different cases were tested, which were configurations with and without coils and magnet couplings, and with adjustable magnet positions. The findings from the constant amplitude excitation experiments highlighted the significant impact of magnetic force on the pendulum’s traversal through the magnetic barriers. When larger magnets were employed in a repulsive setup, the pendulum more easily overcame the initial barrier. Furthermore, as the pendulum exited the magnetic field of additional magnets, it experienced a substantial acceleration, which contributed to the increased kinetic energy. This heightened energy level enabled the pendulum to navigate through the subsequent magnetic barriers more effectively.



The results suggest that optimization of the system should involve strategically adjusting the position and strength of repulsive or attractive magnets for a fine tuning of the potential landscape. By doing so, nonlinearities will dominate the dynamics of the pendulum and enhance energy harvesting efficiency. Additionally, a comprehensive understanding of the system’s behavior requires investigations on various initial conditions and excitation frequencies. Future works involving such analyses will reveal a spectrum of potential operating regimes, each offering advantages in terms of energy harvesting capabilities. By delving into these aspects, novel strategies for improving the rotational pendulum-based energy harvesting systems can be explored, thereby broadening the practical applications. In our next step, a comprehensive investigation of the model under different angular and axial positions of the side magnets is to be carried out.
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Figure 1. The energy conversion process in the energy harvesting systems. 
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Figure 2. Magnetic interaction in the energy harvester. The additional magnets are movable axially, which changes the magnetic force between permanent magnets. The maximum distance by which the additional magnet can be moved axially is x = 13 mm. 
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Figure 3. The physical concept of the electromagnetic energy harvesting system with rotational pendulum: (a) physical prototype view; (b) the scheme of the system (cross-section view). 
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Figure 4. The physical concept of the electromagnetic energy harvesting system with rotational pendulum modeled in COMSOL Multiphysics. (a) The entire domain considered for the analysis of magnetic force interaction between pendulum magnet and fixed additional magnet in meshed state. (b) Enlarged meshed view of the two interacting magnets mentioned above. (c) Meshed geometry considered for the MBD analysis of the system, and (d) the distribution of the magnetic field during interactions between the magnets shown in the top planer view of (b) (directly taken from the COMSOL results report). 
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Figure 5. Variables in the mathematical model are shown in the simplified configuration of the energy harvester with magnetic pendulum. 
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Figure 6. (a) The torque from magnet–magnet coupling Fmm [Nm] (see Equation (1)) calculated with the FEM model. (b) The torque from magnet–coil Fmc coupling [Nm] (see Equation (1)) during the clockwise rotation of the pendulum with a constant rotational velocity (1 revolution per second). The initial angle in FEM calculations was 0.25π. 
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Figure 7. The potential energy of the magnetic force interaction was obtained for one revolution of the pendulum and is shown by the red-dotted line. The potential of the gravity force is shown by a black-dotted line. 
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Figure 8. Selected solutions of the dynamic system in terms of the instantaneous rotation angle (left panel—black plots) and angular velocity (right panel—blue plots) of pendulum are shown here. Solutions for (a) a system without magnets and coils, (b) a system with coils but without additional magnets, and (c) a system with additional magnets and coils are presented. 
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Figure 9. Power output plots corresponding to the solutions of cases (a,b) (shown in Figure 8b,c, respectively) are shown here. Note, there is no power output in the case shown in Figure 8a, because no electromagnetic transduction occurred in the absence of coils. 
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