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Abstract

:

We propose an induction link based on overlapping arrays to eliminate blank spots on the electromagnetic field for moving object applications. We use two arrays of four aligned coils that have a 50% overlap between the two plates. This mechanism compensates for the internal coil power drop at positions in the boundaries between two adjacent external coils. We showed that if these plates are excited, a uniform electromagnetic field is created in the movement direction of the moving object. This uniform electromagnetic field distribution will result in a constant receiving power at all points in the path of the moving internal coil with the same power consumption of one coil excitation. Power delivery to the moving object tolerance reaches 10% at most, while, in non-overlapped scenarios, it is approximately 50%. In addition, according to the theoretical calculations, printed circuit coils (PCB) for the array are designed for maximum efficiency. We found that the change in distance and dimensions of the receiver coil has a linear effect on power and efficiency. Moreover, a Specific Absorption Rate (SAR) simulation was performed for biocompatibility. In this paper, we investigate and record a 68% electrical power efficiency for the fabricated system. The array consists of eight transmitters coils of the same size and shape and a receiver coil at a distance of 4 cm. Furthermore, the fabricated coil has shown improved efficiency compared to similar studies in the literature and introduces a promising structure for bio-test applications.
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1. Introduction


The technology that enables transmitting energy to an electric load wirelessly is known as Wireless Power Transfer (WPT) [1]. WPT has found many applications in various scientific fields such as bioelectronics [2,3,4] and the study of living animal behavior [5]. Inductive WPT is an alternative to replace the tethering cable with power implants in the human body [6]. WPT can also be a suitable alternative to existing traditional charging systems. For example, in bio-implants, rechargeable batteries with a smaller capacity, size, and more stability can be used instead of non-rechargeable batteries to reduce the number of surgeries for battery replacement [7].



The inductive WPT system consists of three main parts. The first part consists of a pulse generator and a Power Amplifier (PA) that converts DC to AC power and delivers it to the power transmission coil on the primary side. The second part is called the induction link, which is composed of two coils for power transmission, as well as magnetic coupling between them. Typically, there are two coils in the second part of the inductive WPT technique: Implanted and external coils. The implanted coil often has a small size and is placed in the body to receive power from an external coil. Finally, the third part is an AC-to-DC converter (rectifier) that delivers the AC power received from the induction link as DC power to the system load [8,9].



Power transmission uniformity is necessary to avoid interruption of the moving load during its operation [10]. Thus, the moving internal coil (as load) requires a free positioning area wherein it can move freely and receive the required power. In free-moving applications, there are two methods to deliver power to a moving target: First, using a single transmitter coil that is big enough to cover the moving internal coil route [5]; second, using a transmitter array [11]. Using a big coil is not a solution to creating uniform fields in the moving internal coil (receiver). The resultant field distribution is strong at the coil center and drops at the borders [12]. Therefore, the technique is not reasonably efficient. The second idea, i.e., using array coils, has the advantage of higher Power Transfer Efficiency (PTE); it can also track the receiver coil position so as to deliver power, particularly to the coil at the position with optimal PTE [13]. However, the presence of black spots causes a non-uniform electromagnetic field in the coil array. The interaction of the vector fields in the neighboring borders of the two adjacent transmitter coils causes the minimization of the resultant fields at these points. Therefore, the power delivered to the moving object decreases dramatically at these points. These points are defined as power blank spots. Extending the charge time or disconnecting the charging is the result of power transmission non-uniformity and blank spots [14].



Figure 1 shows the schematic of the moving load, which is extensively used in biomedical applications ranging from capsule endoscopy [15] to optogenetics [16]. A big single coil with a moving coil shown in Figure 1a causes misalignment between the external and moving internal coils. Moreover, the Gaussian distribution of this field creates blank spots at bigger coil borders. It can significantly impact both the charging efficiency and time. Therefore, by using smaller-sized external array coils, the Gaussian field distribution is broken into several Gaussian fields and creates a more uniform field distribution. The multi-coils shown in Figure 1b are in the form of an array to create a uniform field for the application of free-moving objects, as discussed earlier.



Extensive research has been performed to study inductive WPT devices with three, four [17], and even more external coils [18]. Different topologies in array structures have been able to cover a large area, and various methods have been proposed for power transmission uniformity and the elimination of blank spots [19,20]. The most important ideas in the literature concern proposing models for the electrical excitement of external coils via a power supply [21]. Although these methods are effective in eliminating blank spots, the uniformity of the power transmission still remains a major challenge. In addition, by tracking the internal coil, only the neighboring external arrays can be turned on, and this increases the PTE and reduces power consumption. The tracking mechanism of internal coils has received less attention from researchers.



In this paper, we design and characterize a transmitter array composed of eight coils that are excited separately as an inductive WPT source for a moving coil. These eight coils are placed on top of each other in two layers with 50% overlap. We show the superior performance of the structure over other solutions to achieve uniformity of power transmission. Eliminating black spots and creating a uniform field for the application of a free-moving object while maintaining high efficiency is the main achievement of this research.



Optimal coils and links are designed using theoretical equations in Section 2 based on the circuit model of the inductive link. Then the array structure for these designed coils in free-moving objects is used. The field distributions of overlapped and non-overlapped array structures are compared over the movement direction of the internal coil in Section 3. Furthermore, a tracking mechanism based on feedback is applied for moving objects to increase the efficiency of the system. The simulations and measurement results of fabricated circuits and systems are compared and demonstrated in Section 4 via theoretical analysis. The conclusions drawn about the overlapping array are presented in Section 5.




2. Theoretical Model of Inductive Power Transmission


Figure 2a presents the three main parts of an inductive power transmission system. It consists of an oscillator controlled by a Microcontroller Unite (MCU), power amplifier, inductive link, rectifier, and load [22,23,24]. Optimization of the induction link requires making several trade-offs on the size aspect ratio, the distance between coils, and the coordinating misalignment between coils. Key elements of this optimization are coil parameters including size, width, and quality factors, as well as inductive link factors such as using intermediate resonator coils, connecting the external coil configuration, and reducing misalignment techniques [25]. To obtain a better view of efficiency optimization, the circuit model of the link is observed. For inductive WPT applications where the coil size is much smaller than the wavelength of the fields, distributed-element models are not required. Therefore, the induction coil is modeled according to Figure 2b. Parasitic and other elements in this model are derived from PCB coils. In this model, inductance (Ls) indicates the ability of the coil to store electromagnetic energy and is obtained by Equation (1) [26].


   L s  =   0.8  a 2   n 2    6 a + 9 b + 10 c    



(1)




where a is the average internal and external radius, b is the height, c is the thickness of the coil along the radius, and n is the number of revolutions per layer. The intrinsic parallel capacitor (Cp) is determined by the spacing between planar conductive traces and their surrounding materials. PCBs are implemented on organic, ceramic, or silicon substrates and coated by an insulator, such as Perylene or silicone. In bioelectronic applications, coils are surrounded by tissue and fluids that have high permittivity. This causes an increase in the parasitic capacitance of the PSCs compared to when coils are in free air. The intrinsic parallel capacitor can be expressed by Equation (2) [27].


   C P  =  C  e x t  ′   l c   



(2)




where lc is the PCB conductor length and C’ext is the capacity per-unit length obtained for the PCB coil and the surrounding materials such as tissues, the PCB substrate, the PCB coating, and air. The frequency at which the inductance (Ls) and intrinsic parallel capacitor (Cp) cause resonance is called the Self-Resonant Frequency (SRF) and is found by:


  S R F =  1  2 π    L s   C p       



(3)







In inductive design, the SRF frequency is usually higher than the ISM band (Industrial, Scientific, and Medical band), and to avoid interference, the resonance frequency of the circuit must be much smaller or equal to SRF [28,29]. The series resistance (RS) is a model of the losses that occur in the conductor of the coil. The skin and proximity effect at higher frequencies cause the conductor resistance and losses to increase with frequency. The skin effect increases the AC resistance of the coil at high frequencies [27]. At a frequency of zero, a uniform current density flows through the conductor, but as the frequency increases, the current density is large near the surface of the conductor and decreases exponentially with greater depths in the conductor. The current flows mostly in the skin of the conductor. The skin is the outer surface of the conductor and its depth, which depends on the current frequency. In other words, as the frequency increases, the effective current decreases and the conductor resistances increase [30]. The series resistance RS is calculated by applying Lenz’s law and considering the Eddy Current according to Equation (4).


     R s  =  R  D C    (     t 0    δ  (  1 −  e  −    t 0   δ     )    ×  1  1 +    t 0   w    +  1  10      (   ω   ω  c r i t      )   2   )   



(4)




where t0 and w are the conductor thickness and width, respectively. RDC is the zero-frequency conductor resistor, δ denotes the skin thickness, and ωcrit is the critical frequency of the proximity effect. The parallel resistor (Rp) models the loss of dielectric layers occurring at the power transmission site. Dielectric losses can be described by the loss tangent of each material’s tan (δ), which is related to its conductivity   σ =  ε 0   ε r  ω  tan     ( δ )   .    ε 0    and    ε r    are the permeability of the free space and material, respectively. Rp is the sum of material conductivity in the multilayer material such as in Figure 2d. In the model introduced in Figure 2b, the quality factor (Q) of a coil defines the ratio of energy stored to energy lost. To achieve a high-quality factor coil, the RS must be kept as low as possible.



Considering the quality coefficient as a result of the series resistance (QS) and the quality coefficient as a result of the parallel resistance (QP), the total quality coefficient can be calculated by Equation (5) [31].


  Q =    (   1   Q s    +  1   Q P     )    − 1   =    (     R s     L s  ω   +    L s  ω    R P     )    − 1    



(5)







In the induction link, the external coil produces a time-variant magnetic flux. Part of this flux passes through the space occupied by the internal coil and generates the voltage according to Faraday’s first law. Mutual Inductance (M) represents the ratio of the flux passing through the internal coil to the excitation current of the external coil. Mutual Inductance for the two coils with one wire loop can be calculated by Equation (6) [28]. Note that for coils with a high number of turns (i.e., n > 1), the sum of the M values at each turn must be calculated.


  M =    μ 0  π  a 2   b 2    2    (   a 2  +  b 2  +  z 2   )    3 / 2      



(6)




where μ0 is the vacuum permeability and a and b are the coils’ radius. Furthermore, z is the coil spacing parameter. According to [28], the induction link voltage gain PTE is calculated by Equation (7).


    P T E =   K . n .  Q 1   Q 2     α 2  + 1     α  K 2   Q 1   Q 2  + α +  Q 2     



(7)




where K is the coupling factor, n is the number of coil turns, and Q1 and Q2 are quality factors due to the external and internal coils, respectively. In Equation (7), α is a dimensionless parameter and depends on Cp as well as the load resistance. To obtain the maximum power transfer, we extract the alpha value for which Equation (7) is maximized. Therefore, to gain the maximum efficiency, the term K.Q1.Q2 must reach the maximum value [28]. The coupling factor is related to the mutual inductance by M = K sqrt (L1L2). Thus, provided that L1 and L2 remain unchanged, K reaches the maximum when M takes its highest value. As mentioned in Equation (6), M is dependent on the coil geometry. A crucial parameter of the M value is the distance between two coils, which reduces the M proportional to 1/z2. With regard to Q1 and Q2, a key factor in their values is the parasitic resistance Rs and p of both coils in the link, which should be kept as low as possible to preserve high Q as shown in Equation (5). To obtain a low RS, according to Equation (4), the wire thickness (c) with respect to the width (b) must remain low. With all these considerations, the coils with high-efficiency power transfer are designed in Section 3.2.




3. System Design


In this section, we use the relations for the coil parameters mentioned in Section 2 to design and optimize an array of coils. Two configurations of an array, a non-overlapped array and an overlapped array, are designed for maximum power transfer over a large area of an internal moving coil. According to the schematic presented in Figure 2a, first, a Class D amplifier is used to achieve low input impedance and high efficiency. In addition, there exists a microcontroller in this part that is responsible for determining the reference voltage of the Class D amplifier. It also is responsible for directing and controlling the current generated by the amplifier and excitation of the nearest transmitter coil to the receiver with a square pulse of an appropriate frequency. This frequency is selected to detect the maximum movement speed of a moving object and control the transmitter’s external coils’ excitation. This technique eliminates the need to transfer power to all external transmitter coils at the same time and thus leads to a reduction in power consumption. In part II (inductive link), eight array coils were designed in the external transmitter and one coil in the internal receiver. In part III, a full-wave diode rectifier and a smoothing capacitor are used to combat fluctuations in the voltage signal. An ohmic load on the rectifier output was used to evaluate the system performance.



3.1. System Performance Algorithm


The inductive WPT system operating mechanism is as follows: First, the amplifier is turned on by connecting it to the DC power supply. Second, by using the feedback mechanism, the position of the moving object is determined. The mechanism is such that when the internal coil is in the vicinity of an external coil in the array, it creates mutual coupling between the two coils. As a result, the current drawn from the amplifier connected to the external coil increases. By detecting this current and comparing it with the previous state, the microcontroller detects the current position of the internal coil. Therefore, MCU stops positioning the internal coil and excites the aforementioned external coil. This algorithm continues until the object moves to another position and the current drawn from the PA decreases. Therefore, the positioning algorithm starts again. After tracking the internal coil, the neighboring external coil(s) must be excited. A weak signal of the oscillator at the interested ISM frequency is generated for the amplifier transistor (i.e., part 2 in Figure 2a). Then, this weak signal is amplified by PA and excites the aforementioned coil(s). Third, after a time interval of approximately 1 ms, the algorithm repeats the second step to track the internal coil. Fourth, the link transfers the power to the moving object. Finally, the received power is rectified and converted to DC for the ohmic load. The PTE is measured at the load with uniformly received power versus an un-stationary internal coil.




3.2. Coil Design


According to Equation (7), improving the coil’s quality efficiency and amplifying the coupling factor cause an improvement in link efficiency. The inner (ID) and outer (OD) diameters, which are two of the most fundamental geometry parameters of coils, were examined. Six different coils with different IDs and turns were fabricated, and their parameters were measured. Measurements were performed using the GW INSTEK LRC meter 8000G series. According to Equation (4), the size of the coils has an impact on Rs, and according to Equation (5), Rs reduces the coil quality factor. There is a tradeoff between ID, turn number (n), spacing between turns (S), and the number of wires in the coil to achieve maximum quality factor and PTE. The measurement results are presented in Table 1. Based on the quality factor (Q) calculated in Table 1, the second coil was selected. The coil wire width was increased from 17.5 µm to 70 µm to achieve maximum Q (Equation (5)). In the coil wire with a width of approximately 70 µm, Q = 50.13 was recorded. So, this coil was tested in this research as the final coil, and 9 coils were fabricated with the mentioned specifications. Eight of them were used as external coil arrays in the transmitter and one of them was used as an internal coil in the receiver. The coils were implemented on a printed circuit board (PCB) to avoid a mismatch in the array coils.



To obtain matching impedance between the PA output and the input of the inductive link, a matching network is used with a lumped element LC network. To measure the input impedance of the coil, a Network Analyzer was used, and the impedance component, Z11, which indicates the input impedance of the coil array, is measured. The phase and magnitude of Z11 are shown as a function of frequency in Figure 3. Figure 3 shows the amplitude and phase of the input impedance of the inductive link Z11 with the frequency sweep. As shown in Figure 3, the ANSYS simulation and Network Analyzer measurement (inset image in Figure 3) results are consistent and show impedance of 48.5 Ω ∠ 86.3° at a working frequency of 900 kHz. By adding the matching network (a serial 27 pF capacitor and a 450 nH parallel inductance), the input impedance matches, and at a working frequency, 50 Ω impedance is observed. It can be seen that the coil input impedance at the working frequency reaches the maximum when its input reactance almost vanishes.



As the external and internal coils are the same size, the coupling factor is stronger rather than in the case where the coils have different sizes. That is because, in larger external coils, as the internal coil is displaced from the center of the external coil (see Figure 1), the electromagnetic field distribution at bigger coil borders drops sharply. Here we use an array composed of four coils as external power transmitter coils. In this case, the electromagnetic field vector at the border of two neighboring coils is the result vector consisting of two horizontal and vertical field vectors. The horizontal field is canceled out because the external coils are the same size, and the direction of the field is opposite at the boundaries. So, only the field remains in the vertical direction. Therefore, the resulting magnetic field at the borders is much weaker than the fields at the center of each coil. The amplitude of the magnetic field above the center of the transmitter coil is greater than in the other positions. This change in the number of fields in the vertical direction is due to the change in angle (the angle between the center line of the transmitter coil and the receiver position). In blank spots, the angle increases and the field amplitude is reduced (cosine relation) until it is re-amplified via the next transmitter. Therefore, to obtain a uniform field distribution for the application of a free-moving object, we investigate the 50% overlap of coils for a uniform field distribution.



Figure 4a shows the fabricated coil arrays’ configuration. The external array with eight coils consists of two sets of four-coil-plate arrays, which are placed with 50% overlap by shifting one plate in the x-direction. The second four coils are placed at an identical distance along the z-axis as the first plate is. However, the former is displaced by 25 mm along the x-direction (half of the square width) with respect to the first array. In each four-coil array plate, the coils are placed with no overlap. Furthermore, a multilayer capacitor is used for each coil for tuning at the resonance frequency.



This overlapped array coil structure removes blank spots created at the border of two neighboring coils. As shown in Figure 4b, in case coil arrays are on the same plate, points X1, X2, and X3 are considered blank spots. However, if the coil array is placed on two plates of an array that is shifted relative to each other, it causes the blank spots to disappear due to additional fields. Therefore, this causes a more uniform H field distribution along the direction of the internal coil, as depicted in Figure 4c.



In Figure 4b, the resultant fields of all coils in X1 are mainly due to the contribution of coils 1 and 2. This is because other coil fields drop sharply at the outer-center points. Additionally, for coils 1 and 2, point X1 is assumed to be an off-centered point and the fields drop sharply. When an overlapped plate is added to another array plate (see Figure 4c), the blue middle coil increases the field in the X1 position in a way that the overall fields are equal to the fields on top of coils 1 and 2. This provides more uniform fields above the array as the internal coil moves.




3.3. System Operation


The MCU shown in Figure 2a is an STM32F103 microcontroller that is used in the transmitter part. This microcontroller issues control signals. A square pulse with a frequency of 900 kHz and a Pulse Width Modulation (PWM) of 50% is generated by the microcontroller and gate driver to excite the PA switch. The dead time of the gate driver for PA switches is 13.8 ns as the microcontroller works with a 72 MHz oscillator.



An important application of the microcontroller is to find the position of the moving internal coil. The microcontroller first connects to each external array coil sequentially and measures the current flowing through them. The external coil with the larger current drawn shows that it is in the vicinity of the internal coil. This current is caused by mutual inductance between them. This mechanism is connected to each external coil and measures the coil current and then switches the PA to another coil in the array, and again, the current is repeated every 1 ms by the microcontroller. This time is chosen according to the clock of the microcontroller and the fact that the moving object, here the internal coil, cannot change positions between the transmitter coils faster than this. Moreover, the value of the power of the Class D amplifier can be adjusted by the microcontroller. This is performed by changing the VDD voltage and using feedback from the internal coil.




3.4. Class D Amplifier and Rectifier Design


A Class D amplifier circuit was used to excite the external coils. It is composed of a half-bridge circuit as shown schematically in Figure 5a. A Dual-Power MOSFET Transistor IRF7106 was used for transistors Q1 and Q2. The voltage regulator produces a voltage between 5 and 12 volts by tuning R. R is a resistive divider at the output of the voltage regulator that varies with a digital potentiometer (MCP41010) to produce a regulated voltage. The amount of the potentiometer is determined digitally via a Microprocessor. LM2596 IC is used for the voltage regulator. The relation to the LM2596 IC output is given as Equation (8).


   V  o u t   =  V  r e f    (  1 + R  )   



(8)







In the receiver circuit, a full-wave rectifier with a PMEG2010 diode and a 22 µF smoothing capacitor for ripple cancelation is adapted. Furthermore, a 100 Ω resistive load is used as RL, which is in accordance with the datasheet of CREE LEDs for optogenetic applications [5]. The PA Class D output impedance matches 100 Ω and remains unchanged at the input. The actual loading for transmitter coils is, however, much higher than 100 Ω.



When the internal coil couples to the external coil, the current sink from the PA transistors in Figure 5a is increased. This current is measured using a resistor in a series with PA transistors. This mechanism detects the position of the internal coil with respect to the external coil(s) with simple feedback. The microcontroller uses the switching mechanism and puts each one of the external coils at the PA output. Then it measures the current of NMOS transistors and feeds it back to the microcontroller. Based on the position of the internal coil and coupling mechanism, the microcontroller keeps one of the external coils in the circuit until the internal coil is displaced.





4. Results and Discussion


The two proposed overlapped array coils in the inductive WPT system are shown in Figure 6a. The microcontroller excites each external coil by the PA. The internal coil receives power from one of the external coils and transfers it to the rectifier. The rectifier converts the received signal from the internal coil to DC power and transmits it to the load. The two-layer PCB (double-sided PCB) is fabricated for the transmitted circuit as shown in Figure 6b. As can be seen, the main area of the PCB is dedicated to the NMOS Switch parts. Moreover, other parts of the transmitter circuit including the PA, gate drivers, gain, filters, and microcontroller are marked. The transmitter circuit is connected to the transmitter-tuned array via blue terminals on top of the PCB board. Furthermore, the micrograph of the PCB is shown in Figure 6b. The transmitter circuit area is 7.5 × 16 cm.



The voltage and current of fabricated circuits are recorded to measure the PTE of the inductive WPT system. The fabricated system shown in Figure 6b was connected to the designed external coil array (Figure 4a). The internal coil was connected to the ohmic load via a rectifier. The signal waveforms of the circuit were measured and examined using an oscilloscope.



The waveform voltage was measured at different nodes to investigate the performance operation of the circuit by a digital oscilloscope (GW Instek GDS-3000). Figure 7a indicates the PA voltages. The blue line shows the input voltage waveform of PA in the presence of an 82 Ω load in the receiver coil. The orange line shows the eight-volt voltage regulator (VDD). The RMS input current of the circuit was measured to be approximately 80 mA. The input of the PA is a pulse with an amplitude of approximately 10 V from peak to peak. To evaluate the performance of the output rectifier, the voltage waveform was measured at the input and output nodes of the rectifier. Figure 7b,c shows the input and output voltage of the rectifier in the no-load mode and with a load of 82 Ω. The blue line shows the input signal sent to the rectifier and the orange line shows the DC voltage delivered to the load. In the presence of an 82 Ω load, the output voltage was measured at approximately 6 V. The output current was recorded in the presence of 73 mA. By calculating the power at the regulator output and load input, an efficiency of 68% was obtained for the proposed inductive WPT.



Figure 8 shows the electromagnetic field distribution and power transfer efficiency for both overlapped and non-overlapped structures. Simulation is verified by the Ansys HFSS 3D electromagnetic (EM) simulator at the working frequency (900 kHz). The moving internal coil moves at a distance of Z = 4 cm above the external array coils. Based on the top plot of Figure 8a, the electromagnetic field for moving the internal coil at blank spots (such as the X1 point) is cyan, which is in the range of 39–43 dB according to the color bar. Meanwhile, in the top plot of Figure 8b, it increased to lawn green color showing a range of 55–59 dB at both blank and other spots and maintained uniformity of the field distribution. Furthermore, PTE distributions are shown for overlapped and non-overlapped structures in Figure 8. As shown in the bottom plot of Figure 8a, the power measurement for non-overlapped structure variation is approximately 50% on top of the first external coil to the blank spot (X1) while the internal coil moves along the x-direction. When the internal coil starts to move, the internal and external coils are not necessarily co-axial. The coupling factor decreases when the receiver coil moves away from the center of the transmitter coil. Decreasing the coupling factor affects the system performance in three ways: (1) Load matching conditions are disruptive, (2) the link voltage gain changes, and (3) the load seen from the initial side of inductive WPT changes and reduces the efficiency of PA and changes the voltage of the coil.



PTE for the overlapped structure is measured in the bottom plot of Figure 8b with more uniform PTE distribution variations of approximately 10% along the x-axis. This change led to a uniform distribution of the electromagnetic field at the junction of the coils. This helps deliver constant power to the internal coil along the entire x-axis.



The effect of height changes in the range of 30 to 60 mm on the received power as well as the efficiency of the system was investigated. As shown in Figure 9, by increasing the distance between the internal and external coils, the delivered power and, consequently, the circuit efficiency decrease linearly. As depicted in Figure 9, point X was equal to 25 mm (X = X1 = 25 mm, the boundary between two coils on the first plate, see Figure 4). Changing the height of the moving coil in the overlapped configuration leads to a change in the received power, but as shown in the PTE distribution in Figure 8b, it does not disturb the uniform electromagnetic field in the x-direction.



To evaluate the coding mechanism for tracking a moving object (internal coil), a test based on the movement of the coil was performed. In this test, the field distribution with internal coil movement from the top of the first external coil (Xp1) to the next coil (Xp2) was tracked as shown in Figure 10. The field intensity at each point indicates which external coil(s) is excited. This excited zone is shifted by the movement of the internal coil. As is shown in Figure 10, by changing the position of the internal coil from Xp1 to Xp2, only the external coils in the moving object’s neighborhood are excited. Therefore, they are coupled to the internal coil and the current flow in it. Furthermore, other external coils are in sleep mode. This mechanism helps to preserve some power consumption.



Furthermore, the power-saving mechanism does not affect the uniformity of the field distribution as depicted in Figure 10a–c. Even in the blank spot positions for the internal coil (X1) shown in Figure 10b, 68–72 dB was recorded for field distributions, the same as in Xp1 and Xp2.



Specific Absorption Rate (SAR) simulation results for biostability are shown in Figure 11. The simulation employed the ANSYS HFSSTM human model at 900 kHz (ISM band), for 1 W of input power. The SAR obtained at the working frequency, 0.115 mW/kg, is lower than the IEEE standard of 2 W/kg for 10 g of tissue [32].



Table 2 shows the main specifications of the proposed system. Moreover, this table provides the specifications of similar systems reported in the literature. It is clear that the power delivered to the load (PDL) as well as the power efficiency in this research is very significant. Meanwhile, the uniform electromagnetic field distribution and the removal of black spots were obtained in the present study. It should be noted that reducing the size of the coil decreases the system’s efficiency. Coils with smaller sizes can operate and deliver lower power because the smaller coil is exposed to fewer lines of the electromagnetic field. For internal coils with dimensions of 10 × 10 cm, the delivered power and efficiency were recorded as 266 mW and 41%, respectively. Table 2 summarizes the performance of the WPT system compared with the state of the art using the FOM introduced in [33], which uses the following parameters: The separation distance between the external and internal coils (d); the size of the external excitation coil array; the size of the internal coil; and the PDL and the PTE of the system. As shown in Table 2, the performance of the presented system is among the best-reported results. Using non-overlapped and overlapped coils in this system improves the PTE uniformity and illuminates blank spots. Furthermore, the tracking feedback mechanism improves PTE.



With the increasing use and tendency of wireless applications, the need to create a uniform field along the path of the moving receiver is increased. For free-moving transmitter coil applications, especially in biomedical or other applications such as electric vehicles, having a uniform field distribution among all the variations in the target position with respect to transmitter coils is a challenge.



In this research, we proposed a uniform field distribution for a moving object by using an overlapped-coils array. We presented a tracking mechanism to reduce the power consumption by avoiding all external coils’ excitation simultaneously. This tracking is performed using feedback from the moving coil position. Moreover, to remove the blank spots created by array coil borders and the field’s non-uniformity, overlapping mechanics are proposed.



For further investigation of this research, designing a high-efficiency link using a high-quality coil design and adding a matching circuit for the internal coil are suggested. Moreover, it is expected that by expanding the array into two or three dimensions, the proposed WPT system becomes more practical. Furthermore, by using the optimal positioning technique with the MCU algorithm or using the camera, the system speed and efficiency will increase.




5. Conclusions


We introduced a novel, multi-resonator array structure for an inductive WPT configuration. We analyzed and compared two types of coil arrays for wireless charging including one plate array and two overlapped arrays. Experimental measurement and simulation results confirmed that the overlapped array approached a uniform electromagnetic field. The parallel overlapped array is simple to implement and provides full power transmission uniformity when used in a 25 mm structure shifting along the moving coil path. Furthermore, we examined the effect of the height and size of the internal coil on the delivered power and efficiency. Comparing this research with other studies, we were able to create a uniform field distribution for a moving object in addition to increasing the PTE.
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Figure 1. Schematic of inductive WPT system for (a) single external coil and (b) array external coil for free-moving object. 
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Figure 2. (a) Schematic of inductive power transmission system. (b) Compact circuit model of a coil. (c) Coil size cross-section. (d) Multilayer model of PCB for parasitic elements. 
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Figure 3. Impedance response of real and imaginary parts of Z11 of the fabricated coil vs. frequency. 
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Figure 4. (a) Fabricated coil arrays. (b) Schematic of one plate array coil vs. electromagnetic field distribution. (c) Schematic of two overlapped plate array coils vs. electromagnetic field distribution. 
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Figure 5. (a) Schematic of Class D amplifier. (b) Circuit designed to run the LM2596 IC. 
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Figure 6. (a) The proposed inductive WPT setup using the two overlapped external coils with PA and rectifier. (b) Fabricated PCB and PCB layout of transmitter board. 
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Figure 7. (a) Voltage regulator and PA waveform. (b) Input and no-load output voltage of rectifier. (c) Input and output voltage to the 82 Ω load of rectifier (shown in the schematic of Figure 6a). 
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Figure 8. Electromagnetic field distribution and power transfer efficiency for (a) non-overlapped and (b) overlapped structures. 
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Figure 9. Variation of delivered power to internal coil and system efficiency vs. height changes of internal coil (X position is fixed to 25 mm for all experimental). 
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Figure 10. Electromagnetic field distribution over internal coil movement from (a) top of first external coil, (b) border of two neighborhood coils with a 50% overlapped coil, and (c) top of next neighboring external coil. 






Figure 10. Electromagnetic field distribution over internal coil movement from (a) top of first external coil, (b) border of two neighborhood coils with a 50% overlapped coil, and (c) top of next neighboring external coil.



[image: Electronics 11 01204 g010]







[image: Electronics 11 01204 g011 550] 





Figure 11. 3D SAR for human head at 13.56 MHz For internal coil excited by overlapped external coil array. (a) SAR side view. (b) SAR top view. 






Figure 11. 3D SAR for human head at 13.56 MHz For internal coil excited by overlapped external coil array. (a) SAR side view. (b) SAR top view.



[image: Electronics 11 01204 g011]







[image: Table] 





Table 1. Specifications of fabricated coils (OD is 50 mm, W is 1 mm, and Ctank is fixed to 680 pF).
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	ID (mm)
	28
	15
	15
	15
	15
	28



	N
	8
	12
	13
	14
	13
	8



	S (mm)
	0.35
	0.25
	0.35
	0.25
	0.35
	0.35



	Layer
	2
	2
	2
	2
	1
	1



	L (μH)
	14.7
	14.5
	23
	26.7
	6.4
	4.1



	RT (Ω)
	6
	8
	9
	10.5
	3
	22.5



	SRF (MHz)
	14.57
	14.4
	14.23
	14.17
	15.36
	15.83



	Q
	24.17
	14.7
	19.77
	18.69
	31.6
	3.24
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Table 2. A comparison between the proposed system and similar studies based on the main specifications of the system.
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	Specific
	This Study
	[34]
	[35]
	[33]
	[36]





	Transmitter coil(s) size (cm)
	5 × 5
	28.5 × 18
	20.7 × 14
	24 × 46
	50 × 60



	Receiver coil size (cm)
	5 × 5
	2.6 × 3.5
	1.4 × 1.1
	1.5 × 1.5
	4 × 4



	Array Structure
	YES
	NO
	YES
	YES
	YES



	d (cm)
	4
	5
	3
	0–20
	12



	PDL (mW)
	439
	13
	316
	74
	20



	PTE (%)
	68
	41.7
	49
	29.4
	19



	Power transmission environment
	air
	air
	air
	air
	air



	FOM *
	298
	12
	20
	108
	218







* FOM = d × PTE × PDL × Size.
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