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Abstract: Wireless power transfer scheme has become quite popular in recent times and used in various applications including
consumer electronics, and electrical vehicle chargers. Although the power transfer scheme based on magnetic induction is
knowledge, the relationship between efficiency of power transfer scheme with the ferrite core cross sectional area is not well
understood. Surfaces with symmetrical ferrite core cross section area, will have good magnetic coupling while unsymmetrical
cross-sectional surfaces with smaller overlap of magnetic flux, will suffer from high leakage inductance and excessive losses.
Since majority of the wireless charging applications use non-uniform magnetic surfaces, the efficiency of real power transfer
across primary and secondary windings tends to be lower and will require additional compensating circuitry or complex control
algorithm. Unless a thorough understanding of leakage inductance is performed, wireless power topology will suffer from
excessive resonant power circulation and output regulation will become unstable. Compensating circuit added at the secondary
output can decrease overall reliability and increase BOM (Bill of material) cost. In this paper, wireless power transfer scheme is
reviewed, and a theoretical model is provided. Analysis will be presented for various leakage inductances including the impact of
operating frequency and line/load conditions.
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I. INTRODUCTION

The objective of this paper is to review wireless power transfer schemes and highlight the impact of leakage inductance due to
varying cross-sectional area of magnetic material. Analysis is presented to analyse closely coupled magnetic assembly and contrast
against non-uniform cross-sectional surfaces. As wireless power transfer mechanism is adopted into various applications starting
from simple electronic chargers to electrical vehicles, it is important to understand various applications and differentiate wireless
power transfer mechanisms adopted in each application. Efficiency of wireless power transfer scheme is severely impacted by the
changing leakage inductances and additional regulating circuit may be needed to compensate for magnetic coupling loss between
various ferrite core shapes. In this paper, analysis of magnetic coupling between two leakage inductance values is provided and
methods to regulate output voltage are discussed. Mathematical model with analytical results is provided.

Il. POWER TRANSFER TOPOLOGY AND LITERATURE SURVEY

Inductive wireless power transfer systems tend to be expensive, bulky and have physical limitations [3]. Dynamic wireless power
transfer systems are particularly problematic as the magnetic path shifts both in time and distance. Two coils based wireless power
transfer studies shows efficacy of power transmission is higher with symmetrical coils and for unsymmetrical shaped coils, largest
transmission will ensure increased efficiency [1]. Magnetic flux distribution area of the ferrite determines the power transfer
efficiency. As discussed in [2], the larger the size to gap ratio of the coupler is, the higher the k is; the thicker the wire and the larger
the ferrite section area is, the higher the efficiency.

The Magnetic induction based wireless power transfer scheme is quite popular and used in many applications namely, phone
charges, electrical vehicle charger and commercial LED lighting. This technology is best suited to transmit power between short
distances with complicated geometrical structures like electrical car chargers. Although the implementation of power circuit can get
extremely difficult, the magnetic resonance is able to transfer 60 W power is transferred at a 2-m distance [3]. Several theoretical
models for wireless power transfer scheme exists and most of them are based on the resonant mode between primary and secondary
side of magnetic transformer. The high-frequency primary current will induce magnetic field, on the receiving coil and by
resonating with the secondary compensation network, the transferred power and efficiency are significantly improved [5]. With
ultrahigh frequency of operation, split-ring loop design is shown to significantly reduce resistance and increase the Q-factor, thereby
maximizing efficiency [9]. Studies show that inductive magnetic coupling devices when the operating frequencies are not the
resonant frequency are still able to achieve higher efficiency over long transmission distances [10].
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To maintain higher power transfer efficiency throughout load conditions, a compact planar & low-cost wireless power transfer link
using matching circuit is presented [11]. Use of coupled capacitor based wireless power transfer topology was verified through a
separation distance of 16mm at 500MHz [12]. Several theoretical models are also presented in literature like the leakage length
models for E-core and U-core transformers with concentric windings [13]. Given the sensitivity of leakage inductance and its impact
on operational frequency, precise leakage models are developed using Finite element analysis [14].

IIL,THEORETICAL MODEL AND SIMULATION MODEL
Figure 1. shows a theoretical model for a wireless power transfer circuit with a transmitting section and a receiver side. Below
analysis will refer to transmitting section as primary coil or winding, and receiver section as secondary coil or winding. Leakage
inductance (Lleak) is dependent on airgap between transmission and receiver windings while magnetizing inductance (Lm) is
dependent on core material.

Fig. 1 Theoretical Model

Magnetizing inductance is directly proportional to core (relative) permeability value, ranging from a value of several thousands
(Ferrite core) to 1.0 (coreless or air). As air gap is introduced between ferrite core material, leakage tends to increase. Leakage
inductance can be optimally controlled by adjusting the orientation of primary winding, with respect to secondary winding [7].
Similarly, if the primary and secondary side windings are spaced apart and the distance varied due to relative motion (like vehicle
charger), leakage inductance will increase and can reach a value several order greater than magnetizing inductance (Lm) [8].
Following analysis shows the power gain equation and effects of leakage inductance.

Figure 1. shows a capacitor (Cr), which represents a resonant element, chosen to maximize resonant power transfer scheme. Primary
and secondary windings are assigned N1 and N2 turns. Turns ratio (N) is dependent on the output voltage and load conditions.
Figure 2. shows resonant impedance (Z), as transferred to primary side and equations developed to determine output gain (voltage
and current).
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described above was used to calculate gain and plot against operating frequency in Figure 3 (Frequency on X-axis and Voltage gain
on Y-axis). Primary and secondary windings were assumed to have equal number of turns and with fixed load resistance (R)
adjusted from light load to full load. Note that Lm1 and Lm2 used in calculation was kept several orders higher than Lleak, based on
the assumption that magnetic flux is concentrated within ferrite core and leakage is quite low.
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Fig. 3 Theoretical Model

Linear region of the plot indicates stable operating frequency range and limiting operation within this region will ensure highest
power transfer efficiency. For operating frequencies outside the linear region, a small perturbation in load will result in large output
voltage swing and circuit could be unstable. Additional regulatory circuit will be necessary to ensure output voltage will not
overshoot at light loads. Efficiency can be increased by choosing appropriate size of Cr, turns ratio and limiting operating frequency
within the linear region of operation.

As explained previously, ferrite core without airgap provides a linear operating region and control scheme can be easily tuned to
achieve maximum efficiency. This is primarily due to the low ratio between leakage inductance and magnetizing inductance. When
air gap is introduced between primary and secondary windings or if the gap tends to vary both in magnitude and direction, leakage
inductance tends to dominate and power topology becomes complex to deliver power transfer at maximum efficiency. Using the
reluctance equation [4], we know that larger air gap length (Ic) is directly proportional to the leakage inductance and an increase in
air gap will reduce magnetic flux lines that would normally cross the secondary winding, thereby decreasing overall power transfer
efficiency. For a given capacitance (Cr), turns ratio and fixed output power, rapidly changing Lleak will shift LC resonant circuit,
and this will result in excessive primary current (for a given load). This is illustrated in Table 1, which shows Voltage gain analysis
(equation 6) while leakage Lleak is changed from 0.5milliHenry (mH) to 1milliHenry (mH). Since the gain has changed
significantly, output voltage tends to vary a lot. Hence an external regulator is needed to ensure output voltage is kept constant, both
at no load and at full load conditions. This analysis was performed using excel calculation and results were plotted for load from
10watt (light load) to 500watt (full load).

TABLE 1. ANALYTICAL RESULTS

Leakage 1mH 0.5mH

Poutput 500 10 500 10

Rout 180.0 9000 180.0 9000
50000 1.00 1.00 0.68 1.02

Fre 55000 0.93 0.9 0.79 101
60000 0.79 0.9 0.89 101
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With frequency of operation set between 50KHz to 60KHz, voltage gain will drastically shift from unity gain to a much lower value.
For this analysis, we use equal magnetising inductance (Lm1 = Lm2) of 30.17mH with unity turns ration (N = 1), resonant capacitor
of 0.01UF (Cr) and input voltage of 400Vdc.
Based on the analysis performed at various frequencies, light load tends to have higher gain and will drop as load is increased and
operating frequency is shifted. This change gets exaggerated with different leakage inductances. If circuit operates close to resonant
frequency, there is also a propensity for overvoltage and other stability issues at light load. This is partly due to unity gain and less
immunity to circuit tolerances. To prevent overshoot, a pre-load resistor, with complex control loop may be needed. Such
mitigations could help prevent the over voltage condition and provides additional safety measures, at the expense of increased cost,
reduced efficiency and reliability. Alternatively, impedance matching transformer can help improve resonant waveform and achieve
better output regulation. This approach will require additional a secondary side resonant tank designed with high quality factor and
ensure near sinusoidal waveform [6]. This impedance matching technique will however result in a higher primary current, for a
given output load condition. Since the component stress is directly proportional to the amount of circulating current, component
losses will rise and will likely degrade overall power transfer efficiency. Therefore, overall analysis shows that a large leakage
inductance resulting from a shifting air gap can complicate power system design and result in excessive product cost and reduce
reliability.

IV.CONCLUSIONS
With complex geometrical surfaces like Electric vehicle charger, leakage inductance is going to be a dominating factor and such
applications will suffer due to ever changing leakage inductance. Hence complex control mechanism is needed to address the need
to regulate output voltage, reduce switching loss, and improve overall power transfer efficiency. In this paper, theoretical model for
closely coupled magnetic surfaces was presented and was further analyzed to determine leakage inductance effect. Analysis was
performance using theoretical equations and data presented as evidence. Voltage gain variation over a range of operating
frequencies was also compared and it was found to result in a rapid shift the output voltage. This makes the implementation of
Analog based control loop extremely difficult and using adequate safety mechanism could result in catastrophic conditions like
overvoltage and circuit shutdown. This is evidence by 10% drop in voltage gain for 0.5mH variation in leakage inductance. This
issue can be partly addressed by using Digital controllers, which present an ease of implementation. Closed loop control using
digital means are best suited for applications with large inductance change. In some cases, impedance matching circuit may be
necessary to ensure control loop stability. For future work, analysis presented in this paper will be extended to different cross-
sectional surfaces and resulting leakage inductance will be analyzed for its impact on transfer efficiency.
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