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Abstract

:

This paper presents a study on the impact of circuit parameters on the transmission of electrical energy in wireless power transfer systems designed for intelligent sensing devices within the urban electric power Internet of Things (IoT). Relying on the essential principles of resonant mutual inductance models, the paper conducts an analytical investigation into the phenomena of power-frequency splitting characteristics, efficiency-frequency splitting characteristics, and efficacy synchronization characteristics within wireless energy transmission technologies. The investigation includes a detailed analysis of a wireless power transfer system model operating at 100 kHz, delineating how varying circuit parameters influence the system’s efficiency. Via the utilization of graphical software and computational programming for simulation modeling, this research delved into the dynamics between key parameters such as equivalent load and coupling coefficient and their influence on distinct splitting phenomena. This rigorous approach substantiated the validity of the proposed power-frequency and efficiency-frequency splitting characteristics outlined in the study. Based on the analytical results, it is shown that selecting an appropriate equivalent load or utilizing impedance matching networks to adjust the equivalent load to a suitable size is crucial in consideration of the system’s output power, voltage withstand level, and transmission efficiency. The research findings provide a theoretical basis for the design of wireless power supply systems for non-directly buried cable front-end sensing devices.
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1. Introduction


As the prevalence of portable electronic products [1,2,3,4], high-performance electric vehicles (EVs) [5,6,7,8,9], and biomedically implanted sensors with rechargeable batteries [10,11,12] increases, the demand for periodic charging has emerged as a significant issue. Most devices continue to depend on traditional wired charging after battery depletion, a process often marked by inconvenience. Consequently, to enhance the portability of devices, there has been a growing shift towards wireless charging technologies. Wireless Power Transfer (WPT), as a form of contactless charging technology, not only offers safety and convenience but also contributes to the increased mobility and reliability of devices, all the while reducing costs. The operational mechanism of WPT is predicated upon the inductive coupling between two coils, wherein one coil functions as the transmitter and the other as the receiver. This principle is intricately linked to the phenomenon of electromagnetic induction. An alternating current (AC) flowing through the primary coil gives rise to a time-varying magnetic field. A fraction of this magnetic field from the primary coil permeates the adjacent secondary coil. The magnetic field emitted by the primary coil induces a voltage across the receiver coil, which, upon being connected to a load, results in a time-varying current.



In the process of constructing wireless cities, Wireless Power Transfer (WPT) technology, with its unique advantages, plays a pivotal role in advancing various aspects of sustainable urban development. Portable electronic devices, including laptops, mobile phones, and digital cameras, have become essential components of daily life [13]. In this context, Wireless Power Transfer (WPT) technology presents a solution to overcome the constraints of traditional wired charging and limited battery life by offering a wireless charging infrastructure [14]. Since its adoption in 2017, over 90 mobile phone models have incorporated this technology, demonstrating its widespread acceptance [15]. Within the realm of smart homes, the rapid development of smart city initiatives has leveraged WPT to enable more versatile and user-friendly positioning and power provision for household appliances, such as televisions and kitchen devices [16,17]. Xiaomi’s air charging technology, in particular, represents a significant advancement by facilitating long-distance charging for multiple devices simultaneously within a radius of several meters. In the robotics sector, WPT markedly enhances robots’ operational range and working hours, ensuring uninterrupted task execution and effectively addressing the constraints imposed by tethered charging solutions [18,19]. In the transportation industry, amid an ongoing energy transition, electric locomotives are swiftly supplanting conventional transportation methods. Here, WPT significantly contributes to reducing charging times and enhancing the flexibility of transportation systems [20,21]. Furthermore, in the power transmission field, WPT technologies, including far-field methods like Magnetic Power Transfer (MPT) and Optical Power Transfer (OPT), offer long-distance energy transmission capabilities. These advancements successfully tackle challenges associated with transmission distance, supply range limitations, and the complexities of power line installation and maintenance in both urban and remote locales [22,23]. Lastly, WPT technology proves to be invaluable in extreme environments, such as underwater or in mining operations, ensuring the safety and operational efficiency of power supplies and electrical equipment under such conditions [24].



Simultaneously, WPT offers a promising method for developing wireless power networks in urban areas. By promoting the integration of renewable energy sources, particularly solar power, into urban grids and combining distributed energy resources with controllable loads—including wind turbines, photovoltaic systems, diesel generators, and energy storage systems—within microgrid configurations, WPT technology speeds up the adoption of clean energy in urban planning. This helps mitigate the challenges posed by rapidly increasing energy demand [25,26]. Originating from the concept of Solar Power Satellites (SPS) introduced by Glaser in 1968, WPT has made the idea of transmitting electric power from space-based solar arrays to terrestrial grids possible. Techniques like Magnetic Power Transfer (MPT) and Optical Power Transfer (OPT) provide the technical foundation for such space-based photovoltaic power systems [27,28].



In the field of electric vehicle charging technology, ground-based photovoltaic power stations—the current primary form of solar power generation—are increasingly integrating with wireless charging technology, employing methods such as MCI-WPT, MCR-WPT, and MPT [29]. Additionally, because of land scarcity and increasing urbanization, rooftop photovoltaic installations have become crucial. WPT enables the efficient provision of energy to electric devices, including new-energy electric vehicles and intelligent Unmanned Aerial Vehicles (UAVs), prompting the development and implementation of charging infrastructure like vehicle charging stations and “charging highways”. This greatly improves the quality of life for residents and assists in reducing urban traffic congestion [30].



The rising deployment of electric vehicles supports the sustainability of energy systems and the environment at large. Simultaneously, WPT offers a secure and flexible method for energy transfer, effectively addressing safety concerns associated with charging electric vehicles [31]. Furthermore, WPT-enabled charging roads present an innovative solution to overcome the limitations of electric vehicle battery capacity and “range anxiety.” Thus, electric vehicles can recharge while in motion, maintaining continuous operation and alleviating concerns about extended charging times and restricted travel ranges, thereby paving the way for innovative developments in charging infrastructure [32]. The ongoing research into WPT solidifies its role as a key technology for the future of energy and transportation systems.



As urbanization progresses rapidly, the rate of cable deployment in non-direct buried urban distribution networks has also significantly increased, presenting substantial challenges to grid operation and maintenance (O&M). In the development of smart wireless cities, front-end monitoring technologies based on the Internet of Things (IoT) offer solutions for grid O&M. The energy supply for traditional distribution cable monitoring devices primarily relies on wired methods. However, this approach makes wired power systems vulnerable to external environmental threats due to challenges such as narrow and complex path environments, weak power and communication signals, high demands for economic viability, the need for precise timing in state control, and significant regional dispersion. This vulnerability hinders the timely detection and early warning of potential cable channel faults, posing a serious risk to network reliability [33]. Therefore, there is an urgent need to explore efficient and reliable wireless power transfer solutions to support the needs of future smart distribution grids.



In summary, the WPT system can be categorized into three concepts according to the technology, transmission, and applications: (1) near-contact or near-field WPT using electrical and/or magnetic induction, (2) mid-range WPT using coupled resonant circuits, and (3) far-field WPT using the microwave on RF rectifying circuits. Table 1 below gives a summary of the three WPT technologies [34,35,36,37,38].



In the complex underground environments of non-direct buried distribution cables, electromagnetic interference exists between the cables and the signals transmitted by front-end devices. Microwave power transmission is not considered due to its potential for electromagnetic interference and the excessive size of antennas. The main difference between inductive wireless charging and resonant wireless charging lies in the presence or absence of resonance between the coil’s inductance and capacitance. Inductive wireless charging, due to its non-resonant nature resulting in shorter charging distances, is also not considered [39,40,41,42,43]. Therefore, this paper focuses on the study of resonant wireless power transfer technology.



In resonant wireless power transfer (WPT) systems, coil resistance has a significant impact on the system’s power and efficiency. An increase in coil resistance can lead to a notable decrease in system efficiency, particularly when the coils are fabricated from materials with inferior conductivity [44]. The use of conductive materials with low resistivity, such as copper, for coil manufacturing can mitigate coil losses. Nonetheless, this mitigation is constrained by the skin effect, especially in coils of large dimensions, which markedly diminishes the system’s efficiency. However, the application of Litz wire can effectively lessen the skin effect; its thickness and rigidity render it unsuitable for small-sized coils, thus constraining its use in portable devices [45]. Innovations such as textile technologies and the deployment of metamaterials by optimizing coil structure design and material selection have paved new pathways for reducing coil resistance and improving efficiency [46]. Nevertheless, these approaches face their own set of challenges, including the electrical resistance of conductive materials used in textile technologies and complex manufacturing processes, alongside the necessity for further exploration into the practical applications of metamaterials [47,48,49]. Reference [50] delves into the influence of geometric parameters, such as coil dimensions, turn count, inter-planar spacing, and wire diameter, on the efficiency of periodic flat spiral coil WPT systems, with a particular focus on the skin effect’s impact. Analytical methods were promptly employed to ascertain critical parameters like system power and efficiency, whilst a parametric finite element model refined the computation process. This methodology streamlines modeling and hastens problem resolution, enabling straightforward parameter adjustments to yield novel outcomes, thus offering an effective resolution for designing WPT systems for the charging of mobile devices.



In the dynamics of systems, especially when resonance plays a crucial role, the emergence of chaos phenomena highlights the importance of temporal resolution. This led to the development of innovative techniques like SAC-DM, which diverge from traditional frequency-domain analysis to offer deep insights into the complex dynamics of fields such as nuclear physics and quantum transport via a focus on time-domain analysis [51,52,53]. Initially demonstrated in the research of Brushless DC motors, the utility of SAC-DM quickly expanded to areas like wireless power transfer and smart sensing, becoming a powerful tool for unveiling chaotic behaviors. Beyond SAC-DM, the field of time series analysis has evolved to incorporate various methods for exploring chaos within systems, including Phase Space Reconstruction, Mutual Information, False Nearest Neighbors, and Spectral Analysis. These approaches collectively enhance our understanding of chaotic phenomena in time series data, marking a significant shift towards employing chaos theory in the analysis of complex system dynamics.



This paper investigates wireless power supply technology for smart sensing devices attached to non-direct buried distribution cables. Based on the fundamental principles of resonant wireless power transfer (WPT) technology, a mutual inductance model of the wireless power supply device is established. Using theoretical analysis, the characteristics of power-frequency splitting characteristics and efficiency-frequency splitting characteristics of the wireless power supply technology are proposed. On this basis, a wireless power transfer system model at 100 kHz is constructed. By altering the system’s equivalent load and coupling coefficient and employing various signal analysis methodologies, the response curves of the system’s output power and transmission efficiency under different parameters were analyzed. This research utilized graphical software and computational programming for simulation modeling and calculation, validating the correctness of the discussed power-frequency splitting and efficiency-frequency splitting characteristics from multiple perspectives, thus providing theoretical support for system design.




2. Principle of WPT Technology


The front-end sensing devices are powered using a resonant energy transfer method. Based on the theory of mutual inductance in circuits, a series-series (S-S) resonant equivalent circuit for the wireless power transfer system is established with two coils, as shown in Figure 1:



In the above Figure 1, US is the ideal power electronic high-frequency power supply (no internal resistance), C1 and C2 are the primary and secondary side equivalent compensation capacitors, and L1 and L2 are the self-inductance of the transmitting and receiving coils, respectively. Define R1 as the primary-side coil resistance and R2 as the secondary-side coil resistance. i1 and i2 are the currents in the transmitting and receiving circuits, respectively; RL is the secondary-side equivalent load, and M is the mutual inductance between the two coils.



According to Figure 1, the loop equation for the series-series (s-s) resonant circuit is obtained.


     U ·   S  =    I 1   ·  (  R 1  + j  X 1  ) −    I 2   ·  j  X M   



(1)






  0 =    I 2   ·     R 2  +  R L  + j  X 2    −    I 1   ·  j  X M   



(2)







Among Equations (1) and (2), X1 = ωL1 − 1/ωC1 and X2 = ωL2 − 1/ωC2 are the series of the resonant reactance of the primary and secondary sides, respectively, hereafter referred to as resonant reactance. XM = ωM is the mutual inductive resistance between the two coils. By combining the equations, the primary and secondary circuit currents are, respectively, solved as


     I 1   ·  =      R 2  +  R L  + j  X 2       U S   ·       R 1  + j  X 1       R 2  +  R L  + j  X 2    +  X M 2     



(3)






     I 2   ·  =   j  X M     U S   ·       R 1  + j  X 1       R 2  +  R L  + j  X 2    +  X M 2     



(4)







Output power and transmission efficiency, respectively, is


   P  o u t   =    X M 2   U S 2   R L         R 1     R 2  +  R L    +  X M 2  −  X 1   X 2     2  +      R 1   X 2  +    R 2  +  R L     X 1     2     



(5)






  η =    X M 2   R L           R 1     R 2  +  R L    +  X M 2  −  X 1   X 2     2  +      R 1   X 2  +    R 2  +  R L     X 1     2           R 2  +  R L     2  +  X 2 2       



(6)







When R1 = R2 = R, L1 = L2 = L, the primary and secondary side circuit structures are symmetrical, Equations (5) and (6) become


   P  o u t   =    X M 2   U S 2   R L        R   R +  R L    +  X M 2  −  X  r e  2     2  +  X  r e  2      2 R +  R L     2     



(7)






  η =    X M 2   R L          R   R +  R L    +  X M 2  −  X  r e  2     2  +  X  r e  2      2 R +  R L     2          R +  R L     2  +  X  r e  2       



(8)







Among them, the resonant reactance Xre = ωL − 1/ωC. When the power source frequency is consistent with the system’s inherent resonant frequency, the resonant reactance Xre = 0, Equations (7) and (8) become


   P  o u t   =    X M 2   U S 2   R L        R   R +  R L    +  X M 2     2     



(9)






  η =    X M 2   R L      R   R +  R L    +  X M 2      R +  R L       



(10)







Based on the operating principles of the wireless power transmission system for cable detection and power supply in distribution networks, this paper will further explore key issues, including the power-frequency splitting characteristic and the efficiency-frequency splitting characteristic in the mutual inductance model.




3. Power and Efficiency Characterizations


3.1. Power-Frequency Splitting Characteristics


Simulating the resonant wireless energy transmission system revealed that frequency splitting occurs at the point of maximum power in the over-coupled region. This phenomenon is defined as the power-frequency splitting characteristic here. A theoretical analysis of this phenomenon will be conducted next.



To simplify the analysis, assume that the primary and secondary circuit structures are symmetrical. When the power source frequency matches the system’s natural resonant frequency, the resonant reactance Xre = 0, Equation (9) can be deformed to


   P  o u t   =    U S 2   R L          R   R +  R L       X M    +  X M     2     



(11)







According to the mean value inequality


   P  o u t   =    U S 2   R L          R   R +  R L       X M    +  X M     2    ≤    U S 2   R L    4 R   R +  R L       











The condition for the equality to hold is


   X M 2  = R   R +  R L     



(12)







At this time, the system output power Pout achieves the maximum value. When the resonant reactance Xre ≠ 0, the output power value Pout is shown as Equation (13). In the Equation (13), the resonant reactance Xre and mutual inductive resistance XM are functions of the resonant angular frequency ω. If the Equation (7) is directly differentiated with respect to the ω, the calculation becomes quite complex. An indirect derivation idea is given here, Equation (7) can be transformed into


   P  o u t   =    U S 2   R L          R   R +  R L    +  X M 2  −  X  r e  2     2     X M 2    +    X  r e  2      2 R +  R L     2     X M 2       



(13)







Assume that the binary function


   F P     X  r e   ,  X M    =       R   R +  R L    +  X M 2  −  X  r e  2     2     X M 2    +    X  r e  2      2 R +  R L     2     X M 2     



(14)







We have


  R   R +  R L    +  X M 2  −  X  r e  2  =       2 R +  R L     2   2   



(15)







After numerical calculations, it is found that the resonant frequency solved from the above equation satisfies the maximum power operating point under non-ideal resonance. Substituting the resonant reactance Xre and mutual inductive reactance XM into Equation (15) and simplifying the equation for the resonant angular frequency ωp satisfying the equation is obtained.


   ω p 4     L 2  −  M 2     C 2  +  ω p 2       R 2  + R  R L  + 0.5  R L 2     C 2  − 2 L C   + 1 = 0  



(16)







The above equation is called the power-frequency splitting equation under the non-ideal resonance. Solving this equation can get the two resonant angular frequencies ωp1 and ωp2, corresponding to the maximum value of the system’s output power under the non-ideal resonance state, where the power-frequency splitting equation has a solution provided that the equation


   Δ p  =        R 2  + R  R L  + 0.5  R L 2     C 2  − 2 L C    2  − 4    L 2  −  M 2     C 2  ≥ 0  



(17)







Solving Equation (17), it can be obtained


    2 −    1   Q 0 2    +  1   Q 0   Q L    +  1  2  Q L 2        ≥ 2   1 −  k 2     



(18)







Among them


   Q 0  =  1 R     L C    ,  Q L  =  1   R L       L C    , k =  M L   











The solution to the Equation (16) is


     ω  p i  2  =     2 L C −    R 2  + R  R L  + 0.5  R L 2     C 2    2    L 2  −  M 2     C 2         ±          R 2  + R  R L  + 0.5  R L 2     2   C 4  − 4 L  C 3     R 2  + R  R L  + 0.5  R L 2    + 4  M 2   C 2      2    L 2  −  M 2     C 2       



(19)







Among Equation (19), i = 1,2, ωp1 and ωp2 is the power-frequency splitting points under the non-ideal resonance of the resonant wireless energy transmission system, at which the maximum system output power can be achieved at this corner frequency. To represent the degree of power-frequency splitting of the system in the over coupling region, the power-frequency splitting bandwidth is defined as δωp. Let δωp = |ωp1 − ωp2|, from the Vedda’s theorem


   ω  p 1  2  +  ω  p 2  2  =   2 L C −    R 2  + R  R L  + 0.5  R L 2     C 2       L 2  −  M 2     C 2     



(20)






   ω  p 1  2   ω  p 2  2  =  1     L 2  −  M 2     C 2     



(21)






   δ  ω p   =    ω  p 1  2  +  ω  p 2  2  − 2  ω  p 1    ω  p 2     =     2 L C −    R 2  + R  R L  + 0.5  R L 2     C 2  − C    L 2  −  M 2         L 2  −  M 2     C 2       



(22)







When the parameters of the resonant wireless power transmission system satisfy Equation (18), the frequency splitting at the maximum power point occurs in the over-coupling region. From Equation (22), it can be seen that the degree of frequency splitting at the end of maximum power is related to the coil quality factor, the equivalent load resistance on the secondary side, and the coupling coefficient of the two coils.




3.2. Efficiency-Frequency Splitting Characteristics


Similarly, when the parameters of the resonant wireless power transmission system meet certain conditions, frequency splitting also occurs at the point of maximum efficiency. This phenomenon is defined as the efficiency-frequency splitting characteristic. A theoretical analysis of this phenomenon will be conducted next.



When the structures of the primary and secondary circuits are symmetrical, and the power source frequency is consistent with the system’s natural resonant frequency, the resonant reactance Xre = 0, Equation (10) can be deformed as:


  η =    X M 2    R  R L  +    R 3  + R  X M 2       R L    + 2  R 2  +  X M 2     



(23)







With the equivalent load resistance as the sole variable, according to the mean inequality, the point of maximum efficiency under ideal resonance is


   R L 2  =  R 2  +  X M 2   



(24)







When the resonant reactance Xre ≠ 0, the value of transmission efficiency η is shown in Equation (8). In the formula, the resonant reactance Xre and the mutual reactance XM are both functions of the resonant angular frequency ω. If Equation (8) is directly differentiated with respect to the resonant angular frequency ω, similar to Equation (7), the calculation is quite complex. To determine the point of maximum efficiency for the system under non-ideal resonance, the physical quantity of input impedance Zin is introduced. The expression for the input impedance Zin is


   Z  i n   =      U S   ·       I 1   ·    =  R 1  + j  X 1  +    X M 2     R 2  +  R L  + j  X 2     



(25)







Performing complex number operations on the above equation, we can obtained


   Z  i n   =  R 1  +    X M 2     R 2  +  R L           R 2  +  R L     2  +  X 2 2    + j    X 1  −    X M 2   X 2         R 2  +  R L     2  +  X 2 2       



(26)







When the imaginary part of the input impedance Zin is 0, the system is purely resistive, and the power supply only provides active power. At this time, the transmission efficiency can reach the maximum value. If the primary and secondary side structure is symmetrical so that the imaginary part of the input impedance Zin is 0, there are


   X  r e   −    X M 2   X  r e         R +  R L     2  +  X  r e  2    = 0  



(27)







Solving this equation involves two scenarios pertaining to the resonant reactance Xre = 0 and Xre ≠ 0. When the resonant reactance is Xre = 0, the power source frequency coincides with the system’s inherent resonant frequency, and the system operates in an ideal resonant state, achieving maximum transmission efficiency. In the case of resonant reactance Xre ≠ 0, there are


   X M 2  =     R +  R L     2  +  X  r e  2   



(28)







Equation (28) is the maximum efficiency operating point of the wireless energy transmission system at non-ideal resonance. Substituting the resonant reactance Xre = ωL − 1/ωC and the mutual inductive reactance XM = ωM into Equation (28) and simplifying, we can solve the equation for the resonant angular frequency ωη satisfying this equation:


   ω η 4     L 2  −  M 2     C 2  +  ω η 2        R +  R L     2   C 2  − 2 L C   + 1 = 0  



(29)







Called the above equation for the non-ideal resonance of the efficiency-frequency Splitting equation, the equation can be solved for the system’s non-ideal resonance state under the maximum transmission efficiency value corresponding to the two resonance angular frequencies ωη1 and ωη2. Where the efficiency-frequency splitting equation has a solution provided that equation


   Δ η  =         R +  R L     2   C 2  − 2 L C    2  − 4    L 2  −  M 2     C 2  ≥ 0  



(30)




It can be obtained


    2 −    1   Q 0 2    +  2   Q 0   Q L    +  1   Q L 2        ≥ 2   1 −  k 2     



(31)







The solution to the Equation (29) is


   ω  η i   =     2 L C −     R +  R L     2   C 2  ±       R +  R L     4   C 4  − 4 L  C 3      R +  R L     2  + 4  M 2   C 2      2    L 2  −  M 2     C 2       



(32)







Among them, i = 1,2, ωη1 and ωη2 is the frequency splitting point of the resonant wireless energy transmission system under the non-ideal resonance, and the system transmission efficiency can be maximized at this angular frequency. To represent the degree of effect frequency splitting of the system in the over-coupling region, the effect frequency splitting bandwidth is defined here as δωη. Let δωη = |ωη1 − ωη2|, from the Vedda’s theorem


   ω  η 1  2  +  ω  η 2  2  =   2 L C −     R +  R L     2   C 2       L 2  −  M 2     C 2     



(33)






   ω  η 1  2   ω  η 2  2  =  1     L 2  −  M 2     C 2     



(34)






   δ  ω η   =    ω  η 1  2  +  ω  η 2  2  − 2  ω  η 1    ω  η 2     =     2 L C −     R +  R L     2   C 2  − C    L 2  −  M 2         L 2  −  M 2     C 2       



(35)







Frequency splitting at maximum efficiency occurs when the parameters of the system satisfy Equation (4). From Equation (35), it can be seen that the degree of frequency splitting at maximum efficiency is related to the coil quality factor, the equivalent load resistance on the secondary side, and the coupling coefficient of the two coils.




3.3. Synchronous Power-Efficiency Characteristics


As previously mentioned, in a resonant wireless power transmission system, frequency splitting occurs at the points of maximum power and maximum efficiency under conditions meeting the criteria of Equations (18) and (31), respectively. Importantly, the conditions for these two types of frequency splitting do not coincide with the same coupling coefficient. The extent of power-frequency and efficiency-frequency splitting can be quantified by the bandwidths (a) and (b), respectively, with wider bandwidths indicating a greater degree of frequency splitting.



Evidently, by examining Equations (19) and (32), it can be seen that the solutions for the points of power-frequency splitting and efficiency-frequency splitting share similarities, yet they are not identical; that is, the points of power-frequency splitting and efficiency-frequency splitting do not occur at the same angular frequency. To explore the consistency of the resonant angular frequencies at the system’s power-frequency splitting and efficiency-frequency splitting points, a power-efficiency synchronization coefficient ξ is introduced. In conjunction with the previous discussion, the power-efficiency synchronization coefficient can be expressed as


  ξ =     2 −    1   Q 0 2    +  2   Q 0   Q L    +  1   Q L 2      −   1 −  k 2      2 −    1   Q 0 2    +  1   Q 0   Q L    +  1  2  Q L 2      −   1 −  k 2         



(36)







From the above expression, it is apparent that the power-efficiency synchronization coefficient is related to the equivalent load on the secondary side, the quality factor of the coil, and the coupling coefficient between the two coils. An increase in the coupling coefficient and coil quality factor, as well as a decrease in the equivalent load, will all lead to an increase in the power-efficiency synchronization coefficient. This means that the points of power-frequency splitting and efficiency-frequency splitting are becoming increasingly “closer” to each other.





4. Parameter Analysis and Calculation of WPT Systems


4.1. Modeling and Simulation of WPT Systems


This study presents a resonant circuit model developed using MATLAB’s RF Toolbox (version 23.2.0.2365128 (R2023b)) to simulate wireless power delivery to sensors aimed at non-directly buried electrical distribution cables. Our model evaluates how changes in load resistance and coupling coefficients affect the output power and transmission efficiency, with the goal of optimizing the system.



The physical parameters of the simulation were established by assigning specific values to the circuit’s components, and the parameters of the wireless electric power transmission system for the sensing device are shown in Table 2. The ‘ode45’ solver in MATLAB (version 23.2.0.2365128 (R2023b)), with its adaptive step-size feature, effectively tackled the differential equations capturing the circuit’s dynamics, aligning the model’s degrees of freedom with the circuit’s electrical attributes for a detailed depiction. To preserve computational efficiency, we simplified the model by assuming ideal performance for components and overlooking minor losses, which do not substantially impact the key performance indicators. With the RF Toolbox, detailed modeling and parametric studies were conducted, focusing on the implications of varying load resistance and coupling coefficients. Utilizing the ‘rfparam’ function enabled the extraction of parameters and facilitated the analysis of the network’s response across different operational states. We presented the simulation outcomes, including the output power (Pout) and transmission efficiency (η), as functions of the supply frequency (f) using MATLAB’s plotting capabilities (version 23.2.0.2365128 (R2023b)). The Signal Processing Toolbox was also employed for filtering and noise analysis, underscoring the importance of signal integrity in practical environments. Integrating the evaluation of Lyapunov exponents into the analysis of frequency solution stability significantly enhances the reliability of research, especially in exploring chaotic behavior. Lyapunov exponents serve as a critical indicator of a system’s responsiveness to initial conditions by revealing its chaotic characteristics using the analysis of responses to slight disturbances. Implementing this analysis in MATLAB (version 23.2.0.2365128 (R2023b)) requires the use of the ode45 solver to numerically solve the system’s dynamic equations, thereby tracking the evolution of system states over time. Subsequently, when Lyapunov exponents are calculated from the obtained data, a positive exponent indicates the system’s chaotic dynamics, which is crucial for identifying its nonlinear dynamic behaviors. This method not only improves the representation of signal integrity in the model but also delves deeper into the system’s performance under specific chaotic conditions. Combining Lyapunov exponents with the ode45 solver for chaos analysis allows for more accurate capture of circuit dynamics, further investigating critical shifts in system performance and its underlying nonlinear dynamics, significantly enhancing the stability of frequency solutions in chaos analysis.



With an equivalent load resistance of RL = 2.3 Ω and coupling coefficient k = 0.35, the response curves of output power Pout and transmission efficiency η to the power supply frequency f are shown in Figure 2.



In Figure 2, the occurrence of frequency splitting is evident in both the output power and the transmission efficiency. The response curve of the output power to the power source frequency exhibits two peaks and one trough, where the peaks represent two distinct power-frequency splitting points, and the trough corresponds to the system’s inherent resonant frequency. The transmission’s efficiency response curve presents three peaks and two troughs, where the frequencies 86.9 kHz and 123.2 kHz represent two separate efficiency-frequency splitting points. The characteristic resonant frequency at 100.0 kHz corresponds to a transmission efficiency marginally higher than that at the efficiency-frequency splitting frequencies of 86.9 kHz and 123.2 kHz. Moreover, upon a comparison of graphs (a) and (b), it is evident that with a fixed equivalent load and coupling coefficient, the power-frequency splitting bandwidth δωp is broader than the efficiency-frequency splitting bandwidth δωη, signifying that the extent of power-frequency splitting is more pronounced than that of efficiency-frequency splitting. This observation holds significant implications for the design and optimization of wireless power transmission systems in scientific and engineering applications.



To investigate the relationship between the degree of power-frequency splitting, efficiency-frequency splitting, and the equivalent load coupling coefficient, the response curves of the output power and transmission efficiency to the power supply frequency are made for the fixed load, the variable coupling coefficient, and the fixed coupling coefficient and the variable load, respectively.




4.2. Effect of Equivalent Loads


4.2.1. Simulation Results for Variable Equivalent Loads


At the coupling coefficient k = 0.35 and equivalent load resistance RL = 1.3 Ω, RL = 3.3 Ω, RL = 6.5 Ω, RL = 20 Ω, the output power and transmission efficiency response curves to the power supply frequency are shown in Figure 3, Figure 4, Figure 5, and Figure 6, respectively.




4.2.2. Analysis of Simulation Results


Changes in several physical quantities can be observed in Figure 2, Figure 3 and Figure 4, and the critical data from the above three figures are summarized in Table 3 for ease of analysis.



In the above table, it can be seen that the power-frequency splitting bandwidth gradually decreases with the increase in the equivalent load, while the output power at the power-frequency splitting point also decreases with the rise of the equal load. Correspondingly, the efficiency-frequency splitting bandwidth decreases with the increase in the equivalent load, while the transmission efficiency at the efficiency-frequency splitting point increases with the rise of the equal load. In addition, as the equivalent load increases, the power-frequency splitting bandwidth and the efficiency-frequency splitting bandwidth decrease simultaneously, and the efficiency-frequency splitting bandwidth decreases faster than the power-frequency splitting bandwidth decreases. As defined in Section 3.3, the power-efficiency synchronization coefficient reveals that, within the system, a smaller equivalent load results in a larger degree of power-efficiency frequency splitting and a higher power-frequency synchronization coefficient, given a constant coupling coefficient.



In order to further explore the conditions and patterns of power-frequency splitting points and efficiency-frequency splitting points, the coupling coefficient is kept constant while increasing the equivalent load. When k = 0.35, RL = 6.5 Ω, the obtained output power, transmission efficiency response curve to the power supply frequency is shown in Figure 5. At this time, the effect frequency splitting point disappears, the response of transmission efficiency to the power supply frequency is a single-peak curve, but the reaction of output power to the power supply frequency is a double-peak curve, and the frequency splitting phenomenon of output power still exists.



If we continue to increase the equivalent load, when k = 0.35, RL = 20 Ω, the obtained output power, transmission efficiency response curve to the power supply frequency is shown in Figure 6. Currently, the output power is 99.6 kHz to get the maximum value, and the transmission efficiency is 100.0 kHz to obtain the maximum value; the two curves are in a single-peak state, and the output power frequency splitting phenomenon disappears. In Figure 6, regarding (a) and (b), the maximum points of the two curves exhibit a slight deviation, indicating they do not occur at the same frequency for maximum output power and maximum transmission efficiency. This paper attributes such deviation to a slight asymmetry in the structural parameters between the primary and secondary sides of the wireless power transmission system.





4.3. Effect of Coupling Coefficients


4.3.1. Simulation Results for Variable Coupling Coefficients


The response curves of output power and transmission efficiency to the power supply frequency are shown in Figure 7, Figure 8, Figure 9 and Figure 10 for the equivalent load resistance RL = 2.3 Ω and coupling coefficients k = 0.25, k = 0.45, k = 0.14 and k = 0.08, respectively:




4.3.2. Analysis of Simulation Results


Similarly, for ease of analysis, the critical data from Figure 2, Figure 7, and Figure 8 are summarised in Table 4.



It can be observed that the power-frequency splitting bandwidth gradually increases with the increase in the coupling coefficient, while the output power at the power-frequency splitting point decreases with the increase in the coupling coefficient. Correspondingly, the efficiency-frequency splitting bandwidth increases with the rise of the coupling coefficient. Furthermore, with an increase in the coupling coefficient, both the power-frequency splitting bandwidth and the efficiency-frequency splitting bandwidth expand simultaneously, growing at the same rate. From the power-efficiency synchronization coefficient defined in Section 3.3, the system has the characteristics that the larger the coupling coefficient, the larger the degree of power-frequency frequency splitting, and the higher the power-efficiency synchronization coefficient at a constant equivalent load.



To investigate the conditions and laws of the power-frequency splitting point and the efficiency-frequency splitting point in the process of the fixed equivalent load, reducing the coupling coefficient, when RL = 2.3 Ω, k = 0.14, the output power, transmission efficiency response curve to the power supply frequency is shown in Figure 9. At this time, the efficiency-frequency splitting point disappears, the response of transmission efficiency to the power supply frequency is a single-peak curve, but the reaction of output power to the power supply frequency is a double-peak curve, and the frequency splitting phenomenon of output power still exists. If we continue to reduce the coupling coefficient, when k = 0.08, RL = 2.3 Ω, the output power and transmission efficiency of the power supply frequency response curve are shown in Figure 10. At this point, the output power reaches its maximum value at 99.5 kHz, and the transmission efficiency peaks at 100.0 kHz; both curves exhibit a single-peak state, and the phenomenon of output power frequency splitting vanishes. As for (a) and (b) in Figure 10, the maximum point of the two curves is slightly off, not at the same frequency to achieve the maximum output power and maximum transmission efficiency, similar to Figure 6, this paper believes that it is due to a slight asymmetry of the primary and secondary structural parameters of the wireless energy transmission system.





4.4. Validation of the Efficacy Property Equation


4.4.1. Computer Calculation Verification


To verify the correctness of the power-frequency splitting equation and efficiency-frequency splitting equation derived in Section 3.1 and Section 3.2 of this paper under the condition of symmetric primary and secondary structures, the parameters in Table 2 are adjusted to the symmetrical structure as shown in Table 5.



Employing graphical methods through computer software and computational programming to identify the power and efficiency frequency splitting points, as defined in Equations (16) and (29), validates the accuracy of the discussions in Section 3.1 and Section 3.2 of this paper. The calculated results, presented in Table 6, show that the discrepancy between the two solving methods falls within a 0.1% error margin.




4.4.2. Three-Dimensional Image Verification


To more clearly illustrate the impact of variations in the coupling coefficient and equivalent load on power-frequency and efficiency-frequency splitting, three-dimensional frequency response images of the output power and transmission efficiency are provided. These images are displayed for equivalent resistances (RL) of 1.3 Ω, 2.3 Ω, and 3.3 Ω, illustrating the impact of changes in the coupling coefficient on these parameters. The respective response images are displayed in Figure 11, Figure 12 and Figure 13. A thorough analysis of Figure 11, Figure 12 and Figure 13 reveals that reductions in equivalent load, together with increases in the coupling coefficient, result in more pronounced power-efficiency frequency splitting. In over-coupled regions, augmenting the equivalent load can mitigate this effect. Data from Table 5 indicates that increasing the equivalent load may boost the transmission efficiency at the efficiency-frequency splitting point, but this comes with a significant trade-off in output power at the power-frequency splitting point, where increased efficiency is attained at the expense of output power.






5. Conclusions


This paper provides a thorough investigation into an innovative wireless power supply method for intelligent sensing devices within the urban electric Internet of Things. Using a precise formula derivation grounded in the resonant mutual inductance model, this paper not only clarifies the phenomena of power-frequency splitting and efficiency-frequency splitting within wireless power supply technology but also further reveals the deep interrelation between these characteristics and crucial factors like equivalent load and coupling coefficient, achieved via simulation modeling and calculations. The findings of this research confirm the presence of two significant characteristics, power-frequency splitting and efficiency-frequency splitting, offering a new theoretical foundation for the design of wireless power transmission systems.



The analysis shows that the size of the equivalent load in wireless power transmission systems has a decisive impact on the stability and safety of the system. Specifically, an overly small equivalent load can result in power efficiency frequency splitting, which threatens the stability of the system; on the other hand, an excessively large equivalent load demands the acquisition of a higher voltage from the high-frequency power source. This requirement entails incorporating components in the magnetic coupling elements that can endure high voltages, which not only escalates costs but may also compromise system safety. Therefore, optimizing the selection of equivalent load or finely adjusting it to an ideal size using an impedance-matching network is crucial for crafting efficient and safe wireless power transmission systems.



For the wireless power transmission (WPT) field, this study emphasizes the importance of balancing equivalent loads in system design. Appropriately understanding and applying the characteristics of power-frequency splitting and efficiency-frequency splitting can guarantee system stability and safety during design, as well as optimize performance and cost-efficiency. Moreover, by strategically using an impedance-matching network to fine-tune the equivalent load, it is possible to achieve the best balance between output power, withstand voltage level, and transmission efficiency, thereby promoting the widespread application and development of wireless power transmission technology in the urban electric Internet of Things.



Moreover, the continuous optimization of the performance of wireless power transmission systems plays a critical role in the advancement of smart city infrastructure. Especially for the wireless charging capabilities of front-end sensing devices connected to non-buried power distribution cables, advancements in these technologies are expected to greatly accelerate the development and expansion of smart cities. With the support of WPT technology, the urban IoT power network system is poised to become more intelligent, significantly strengthening urban infrastructure connectivity, enhancing energy efficiency, and further driving the digital transformation of urban environments. Consequently, the findings of this study not only provide valuable guidance for practitioners of WPT technology but also contribute innovative momentum to comprehensive electrical solutions for smart cities, driving urban development toward a future that is more intelligent, interconnected, and sustainable.
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Figure 1. Equivalent circuit of two coils in series-series (s-s) resonance. 
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Figure 2. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω, k = 0.35). 
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Figure 3. Output power, transfer efficiency response curve to power supply frequency (RL = 1.3 Ω, k = 0.35). 
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Figure 4. Output power, transfer efficiency response curve to power supply frequency (RL = 3.3 Ω, k = 0.35). 
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Figure 5. Output power, transfer efficiency response curve to power supply frequency (RL = 6.5 Ω, k = 0.35). 
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Figure 6. Output power, transfer efficiency response curve to power supply frequency (RL = 20 Ω, k = 0.35). 
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Figure 7. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω, k = 0.25). 
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Figure 8. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω, k = 0.45). 
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Figure 9. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω, k = 0.14). 
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Figure 10. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω, k = 0.08). 
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Figure 11. Output power, transfer efficiency response curve to power supply frequency (RL = 1.3 Ω). 
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Figure 12. Output power, transfer efficiency response curve to power supply frequency (RL = 2.3 Ω). 
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Figure 13. Output power, transfer efficiency response curve to power supply frequency (RL = 3.3 Ω). 
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Table 1. Comparison of WPT technologies.
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WPT Technologies

	
Advantages

	
Disadvantages

	
Applications






	
EM

radiation

	
Uni-directional

(microwave/laser)

	
Achieving high-efficiency power transmission over long distances (in the kilometer range).

	
Requires LOS with advanced tracking and alignment, typically involving large devices.

	
SHARP unmanned aircraft.




	
Omni-directional

	
A compact receiver is needed that ensures stable RF-to-DC conversion efficiency under varying input power and load resistance conditions.

	
Energy transfer efficiency significantly reduces with increased distance and is suitable only for ultra-low power sensors.

	
Supplying power to a WSN for tracking environmental parameters such as temperature, humidity, and light.




	
EM induction coupling

	
Non-radiative, high-efficiency, simple energy transfer over centimeters.

	
Short-range transmission with precise alignment needed for charging.

	
Charging mats for smartphones, laptops, electric toothbrushes.




	
Magnetic resonant coupling

	
High-efficiency, omnidirectional transfer over several meters, independent of line-of-sight and weather conditions.

	
Efficiency loss from misalignment, axial mismatch, and interference.

	
Charging for mobile devices, EVs, implants, and sensors.











 





Table 2. Parameters of the wireless power transmission system (asymmetrical structure).
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	Parameters
	R1 (mΩ)
	L1 (μH)
	C1 (nF)
	R2 (mΩ)



	value
	46.1
	29.5
	85.86
	47.9



	Parameters
	R1 (mΩ)
	L1 (μH)
	C1 (nF)
	R2 (mΩ)



	value
	30.3
	83.60
	2.3 Ω
	100










 





Table 3. Parameters with Fixed Coupling Coefficient and Variable Equivalent Load.
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k

	
RL (Ω)

	
δωp (kHz)

	
δωη (kHz)

	
Pout (W)

	
η

	
ξ






	
0.35

	
1.3

	
38.1

	
37.7

	
1600

	
1590

	
0.9311

	
0.9317

	
0.9895




	
2.3

	
37.3

	
36.3

	
987

	
967

	
0.9603

	
0.9602

	
0.9732




	
3.3

	
36.2

	
33.5

	
736

	
705

	
0.9720

	
0.9720

	
0.9254











 





Table 4. Parameters with Fixed Equivalent Load and Variable Coupling Coefficient.
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RL (Ω)

	
k

	
δωp (kHz)

	
δωη (kHz)

	
Pout (W)

	
η

	
ξ






	
2.3

	
0.25

	
24.5

	
22.6

	
1022

	
993

	
0.9602

	
0.9317

	
0.9224




	
0.35

	
37.3

	
36.3

	
987

	
967

	
0.9603

	
0.9602

	
0.9732




	
0.45

	
50.9

	
49.9

	
974

	
958

	
0.9602

	
0.9602

	
0.9804











 





Table 5. Parameters of the wireless power transmission system (symmetrical structure).






Table 5. Parameters of the wireless power transmission system (symmetrical structure).





	Parameters
	R1 (mΩ)
	L1 (μH)
	C1 (nF)
	R2 (mΩ)



	value
	47
	30
	84.43
	47



	Parameters
	L2 (μH)
	C2 (nF)
	RL (mΩ)
	f (kHz)



	value
	30
	84.43
	2.3Ω
	100










 





Table 6. Results of the power-frequency splitting point calculation.






Table 6. Results of the power-frequency splitting point calculation.





	
k

	
RL (Ω)

	
Graphical Methods

	
ξ

	
Computational Programming Methods

	
ξ




	
ωp1

	
ωp2

	
ωη1

	
ωη2

	
ωp1

	
ωp2

	
ωη1

	
ωη2






	
0.25

	
1.3

	
89.67

	
115.17

	
89.93

	
114.85

	
0.9773

	
89.67

	
115.17

	
89.91

	
114.87

	
0.9788




	
0.35

	
1.3

	
86.22

	
123.81

	
86.40

	
123.56

	
0.9886

	
86.22

	
123.81

	
86.39

	
123.58

	
0.9894




	
0.45

	
1.3

	
83.16

	
134.65

	
83.29

	
134.44

	
0.9934

	
83.16

	
134.65

	
83.28

	
134.45

	
0.9938




	
0.25

	
2.3

	
90.16

	
114.54

	
90.99

	
113.52

	
0.9241

	
90.16

	
114.55

	
90.94

	
113.57

	
0.9278




	
0.35

	
2.3

	
86.55

	
123.33

	
87.08

	
122.59

	
0.9655

	
86.55

	
123.34

	
87.06

	
122.62

	
0.9666




	
0.45

	
2.3

	
83.41

	
134.25

	
83.80

	
133.64

	
0.9803

	
83.41

	
134.25

	
83.78

	
133.66

	
0.9811




	
0.25

	
3.3

	
90.94

	
113.50

	
92.97

	
111.16

	
0.8063

	
90.97

	
113.53

	
92.81

	
111.28

	
0.8187




	
0.35

	
3.3

	
87.06

	
122.58

	
88.22

	
121.02

	
0.9234

	
87.07

	
122.60

	
88.17

	
121.07

	
0.9260




	
0.45

	
3.3

	
83.78

	
133.63

	
84.60

	
132.36

	
0.9581

	
83.79

	
133.64

	
84.57

	
132.40

	
0.9595
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