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Abstract: Electronic devices usually operate in a variable loading condition and the power transfer
efficiency of the accompanying wireless power transfer (WPT) method should be optimizable to
a variable load. In this paper, a reconfigurable WPT technique is introduced to maximize power
transfer efficiency in a weakly coupled, variable load wireless power transfer application. A series-
series two-coil wireless power network with resonators at a frequency of 150 kHz is presented
and, under a variable loading condition, a shunt capacitor element is added to compensate for
a maximum efficiency state. The series capacitance element of the secondary resonator is tuned
to form a resonance at 150 kHz for maximum power transfer. All the capacitive elements for the
secondary resonators are equipped with reconfigurability. Regardless of the load resistance, this
proposed approach is able to achieve maximum efficiency with constant power delivery and the
power present at the load is only dependent on the input voltage at a fixed operating frequency. A
comprehensive circuit model, calculation and experiment is presented to show that optimized power
transfer efficiency can be met. A 50 W WPT demonstration is established to verify the effectiveness
of this proposed approach.

Keywords: magnetic resonant couple; optimization; reconfigurable wireless power transfer; variable
load; wireless power transfer

1. Introduction

Wireless power transfer (WPT) technique is an enabling technology for many con-
sumer electronics and industrial applications [1]. WPT has been an emerging topic since the
1990s and the progress of WPT technology has led commercialization of wireless chargers
for toothbrushes, cellphones and medical implants. Further research activities are pursued
to expand WPT technology to power applications, such as continuous power delivery
to electronics with dynamic power consumption, while preserving an acceptable power
transfer efficiency [2,3].

Energy transfer efficiency is one of the important characteristics in WPT. When the
coils are far away from each other or loosely coupled, an optimum condition must be
established for maximum power transfer efficiency. This particular condition includes size
of inductance, coupling coefficient, resonate frequency and load resistance. Among these
conditions, load resistance is often considered variable since most of today’s electronic
devices have a dynamic loading condition (e.g., brightness change in TV, constant current,
constant voltage battery charger, etc.) which indicates that load resistance should be
rearranged to the optimum value to achieve maximum energy efficiency. Also, the resistive
load under consideration should include electronic appliances with equivalent resistance
value higher than 100 Q2.

Typically, there are two different approaches for efficiency optimization in a load-
varying application:
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(1) impedance transformation;
(2) direct current (DC)-DC power converters.

The “maximum power transfer” approach has a limited output power, usually less
than 10 W, due to the capacity of a power amplifier and the conjugate matching method
loses half of its system power efficiency at the source impedance [4-9]. In order to maximize
system energy efficiency while delivering high power, a “maximum energy efficiency”
approach is pursed in this work. The impedance transformation network typically includes
tuning the inductance of the secondary coil [7,10,11], introducing high order compensation
network [12-14] or employing intermediate resonator [10,15-17] to transform the load
impedance seen by the source for optimization. Employing an impedance transforma-
tion network approach in the previous work is effective for fixed load applications but
inductance adjustment is usually difficult, and the overall system size becomes bulky for
physical implementation of reconfigurable magnetic coupled coil inductance. Moreover,
introducing higher order compensation circuit or intermediate resonator demands an
increased overall system size and loss. Some researchers utilize a DC-DC converter to
regulate the effective load [18,19]. This approach can effectively handle dynamic loading
condition, but additional converter loss and complicated control circuit is inevitable.

In this paper, a simple but effective impedance transformation technique that requires
only one additional capacitor element with reconfigurability is presented. Maximum ef-
ficiency over a wide range of loading condition can be achieved without using a DC-DC
converter or any complicated compensation network. Unlike the other impedance transfor-
mation networks, the proposed approach does not require inductance reconfigurability,
which makes the system feasible for practical application. This work only uses reconfig-
urable capacitors, and the inductance of the magnetic coupled coil remains unchanged,
which significantly simplifies the system design and implementation. The additional ca-
pacitor is placed parallel to the load and when the resistance of the load increases, the
impedance of the load can be transformed to a lower value, placing the system at optimized
efficiency. Although, a maximum efficiency is achieved, the resonant frequency of the
secondary resonator is altered due to the additional capacitance. Hence, the frequency
mismatch is resolved by introducing tunable series capacitance of the secondary side. This
proposed approach establishes an optimum efficiency over a wide range of load conditions
without introducing complicated circuit and the transferred power is independent of the
load resistance.

This paper is organized as follows. The conventional compensation techniques for a
variable-load WPT system are discussed. Then the proposed approach with reconfigurable
capacitor network is presented. Mathematical derivation and calculation are used to show
that maximum efficiency and constant power transfer is achieved at the same time. A
prototype of the proposed system is fabricated and measured for verification.

2. Conventional Impedance Transformation Technique

The conventional series-series magnetic coupled wireless power transfer system is
shown in Figure 1. The parasitic resistance of the resonators is denoted by R,. Assuming
the resonant frequency is equal (fp = 1/27/L1C; = 1/27m/L2C3), we can express the
secondary circuitry to a reflected impedance, Z,. ¢, and the power transfer efficiency as
Equations (1) and (2).
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Figure 1. (a) The circuit model of a conventional wireless power transfer (WPT) system. (b) Equivalent circuit model of the

secondary resonator represented by a reflected impedance, Z,,.

It is known that there exists a specific load resistance that can maximize the power
transfer efficiency [20]. Assuming the resonate frequency of the resonators are equally
150 kHz and the two coils are identical with an inductance of 100 pH, quality factor of 460,
the optimum load can be expressed by the following equations. The coupling coefficient
between the coils is assumed as 0.02.

o _
R, =0 3)

w3 M?
R =R 1+ 4
L_opt p2 RlepZ ( )

The power transfer efficiency with respect to the load, Ry, is illustrated as Figure 2.
When the two coils are strongly coupled, the transfer efficiency is close to the maximum
at a very wide range of loading condition. As the coupling strength becomes weaker, the
transfer efficiency drops dramatically, and the performance is highly dependent on the
load resistance. It can be seen that, given the parameters in this design, the optimum
efficiency occurs at a load resistance of 1.9 (). In order to establish a maximum efficiency at
a higher resistive load, the inductance of the secondary resonator has to increase. Using
the following equations, (1) and (2) can be solved as (6) and (7).
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Figure 2. The power transfer efficiency of a conventional WPT system with a variable loading
condition at different coupling coefficient values.
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By rearranging Equation (7), following equation can be obtained.
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The optimum inductance can be thus obtained as Equation (11).
Q2Ry
LZ?opt = (11)

wov/14+k2Q1Q

Solving (9) for Ly, we can obtain Figure 3.
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Figure 3. WPT characteristics respect to load resistance. (a) The required inductance of the secondary
resonator for maximum efficiency. (b) Power transfer efficiency is displayed for different secondary
inductance values.

It can be seen as an example that when the load resistance is 50 (), the optimal required
inductance has to be more than 10 times the original value. Implementation of a coil with
inductance in this range usually requires ferrite material and results in a bulky system.
There are other matching techniques in existing literatures to maximize power transfer
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efficiency, but these techniques are based on radio frequency power amplifiers, in which
the maximum deliverable power is typically below 10 W [5,7].

3. Proposed WPT System Design

In order to optimize the transfer efficiency under various loading condition, we
propose a tunable capacitor network in the secondary resonator (Figure 4).

Inverter Ly

Figure 4. Schematic of the proposed WPT system.

Addition of a capacitive element parallel to R} can reduce the resistance of the
impedance Z;,;. From Figure 2, we know that the efficiency can be maximized if we can
convert the impedance, Z;;,1, to an optimum value. Assuming that C, is fixed, satisfying
the resonant condition, fo = 1/27/L,C>, the following equations can be derived.

1 R;, . (UR%Cp
Zim = Re||= = -] (12)
" jwCp 1+ w?RiCZ "1+ w?RC3
Ry
Re(Zjy) = —————=19Q) 13
( lnl) 1 —|—(,L)2C’27R% ( )
R2C
In(Zip) = — —22LP ! =00 (14)

14 wZR%C% WG

When the coil has inductance and quality factor of 100 uH and 460, respectively, the
transfer efficiency is maximized when the resistance and reactance of Z;;,; becomes 1.9 ()
and 0 (), respectively. Note that as the load resistance increases, the required C;, decreases.
Figure 5 illustrates the calculated power transfer efficiency respect to frequency. Without
the use of any complicated compensation circuit or DC-DC converter system, the capacitive
loading technique can significantly increase the power transfer efficiency.
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Figure 5. Power transfer efficiency as a function of frequency with different C, condition. (a) R; = 100 Q, (b) R, = 500 Q).
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Even though the transfer efficiency can be maximized by employing C,, the resonant
frequency of the secondary coil network increases due to the additional parallel capacitance.
The frequency shift can be calculated by the following equation.

C w?R32C?
2 P L>p
WLCp— L - — L P 9 15
PTG 1+ w?RC 15)

Assuming that the third term can be approximated to 1, (15) can be reduced to (16).

1/1 1

2

==+ = 1
«“ L2<C2+Cp> (6)

Since there is a noticeable frequency detuning at the secondary resonator, the output
power available to R is significantly decreased [21]. The amount of power delivered
to the load when the maximum power transfer efficiency occurs at 161 kHz is shown in
Figure 6. Although the efficiency is maximized at 161 kHz, the available power to the load
is very small. On the other hand, considerable power can be delivered when the system is
operated at 150 kHz, but the power transfer efficiency is less than 15%, suggesting that this
design is not suitable for practical use.
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Figure 6. Calculated efficiency and normalized output power (w.r.t. its maximum value) as a function
of frequency when C, is optimized to a 100 Q) load.

In order to simultaneously coordinate the transfer efficiency and power delivery, the
resonant frequency of the primary and secondary resonators should be designed at an equal
frequency, fo = wo/2m = 150 kHz. The resonant frequency of the secondary resonator
can be tuned back to 150 kHz by manipulating the series capacitance C;. Solving for the
reactance of the secondary resonator, the required C; and Cy, can be obtained by (17)-(19).
The detailed design process flow chart is shown in Figure 7.
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Design magnetic coupler according to the physical requirements

v

Determine the inductance, coupling coefficient and quality factor

v <

Determine the actual load resistance of the application

v

Calculate the optimum C, C,, by (18), (19)

v

Simulate circuit performance using software

v

Determine the closest capacitor value in capacitor network
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No

Verify power and efficiency

Finalize all parameters and MCU proccess

Figure 7. Design process of the proposed work.
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4. Experimental Verification

In this work, the coils were implemented using a 360-strand AWG-42 Litz-wire and
both were constructed identically. The coil was made up of two stacks of 12-turn circular
coils. The inner and outer diameters of the coil were 100 mm and 150 mm, respectively.
The coils were installed on acrylic sheets and the distance between the coils was arranged
at 180 mm so that it could represent a loosely coupled scenario. The inductance, coupling
coefficient and quality factor of the coils was measured at 150 kHz, with results identical
to Section 3. An LCR (inductance, capacitance and resistance) meter (E4980AL, Keysight,
Santa Rosa, CA, USA) was utilized to characterize all passive elements. A half-bridge
inverter, digital signal processor (TM28335, Texas Instrument, Dallas, TX, USA) and a
DC power supply (PWR041ML, Kikusui, Yokohama, Japan) were utilized to generate
the 150 kHz power source. Series and parallel connected power resistors were used to
realize the various load resistance. The input power was obtained by measuring the power
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consumption of the inverter using a power analyzer (WT333E, Yokogawa, Tokyo, Japan)
and the output power was determined by measuring the voltage present at the load. Power
and efficiency measurements were taken by manually varying the load resistance and
configuring the capacitance values to the optimum values.

The measured transfer efficiency of the proposed system by capacitance tuning is
shown in Figure 8. The power transfer efficiency was determined by considering the DC
input power supplied to the inverter and the output power delivered to the load. Even
as the load resistance changed, the power transfer efficiency was maintained close to
the theoretical maximum. Most of the values closely followed the calculated value from
MATLAB at values near 150 kHz but there existed some discrepancy at higher frequencies
(Figure 5). The main reason for such discrepancy is due to the fact that the frequency depen-
dency characteristics of passive elements (inductance, quality factor, coupling coefficients,
etc.) and the switching loss associated with the power transistors in the inverter circuit
were not taken into account in the calculation. The switching loss at the inverter is usually
very small compared to the transferred power when dealing with more than 10 W but
when the operating frequency is much larger than the resonant frequency of the primary
resonator, the total output power becomes so small that the switching power loss becomes
significant, further reducing the transfer efficiency. The power delivered to the load was
verified up to 50 W. It can be seen from Figure 9 that as long as the coupling coefficient and
input voltage remain the same, regardless of the load resistance, the output power is kept
at a constant level.

To construct an adaptive reconfigurable system, we used a network of single-pole
single-throw relays (SRD-5VDC-SL-C, Ningbo Songle Relay, Yuyao, China) and a micro-
controller platform (ATmega328P, Microchip, Chandler, AZ, USA), as shown in Figure 10.
As an effort to reduce the voltage stress across C,, the capacitor element was divided
into two separate series capacitors. Although the 4-channel capacitance network was not
able to implement the optimum capacitance with high accuracy, the discrepancy in the
measured efficiency was less than 5%. Table 1 shows a comparison of the calculated ideal
capacitance and the actual measured capacitance used in this experiment. A photograph of
the experimental demonstration is shown in Figure 11.

100

Conventional method (no C,,)

Calculated efficiency
® Measured efficiency

This work

= Calculated efficiency
®  Measured manual cap.
O Measured relay cap.

Efficiency (%)

0 T T L4 T ?
0 200 400 600 800 1000
Load (£2)

Figure 8. A plot of the transfer efficiency as a function of load. Solid line and the dot represent
calculation and measurement, respectively. Note that the solid black dot is measured using manually
optimized capacitors and the empty black dot is measured using 4-channel relay capacitor network.
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Figure 9. The output power at the load respect to load variation with different direct current (DC)
voltage at inverter. The solid and empty dot denotes measurement using manually optimized
capacitor and 4-channel relay capacitor network, respectively. Note that the amount of power
delivered to the load does not depend on the load resistance.

Inverter

Figure 10. Proposed reconfigurable WPT system in this work.

Table 1. Capacitance of C; and Cp used in this work.

. Manually Implemented Capacitance Implemented
Calculated Ideal Capacitance (nF) Capacitance (nF) with Relay Network (nF)
Load Resistance () G Cy Gy Cy G Cy
200 54.2 14.2 55.0 14.3 54.6 14.1
400 38.4 15.9 38.6 16.0 37.1 16.1
600 314 17.5 31.7 17.3 30.8 17.3
800 27.2 19.2 27.3 19.2 249 20.2

1000 243 20.9 243 20.9 249 20.2
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Figure 11. Photograph of the measurement setup.

5. Conclusions

In this work, a simple WPT solution for a loosely coupled, variable-load application is
presented. A circuit model was first used to derive the optimal condition for a load variable
environment. By adding an impedance transformation capacitance to the conventional
series-series WPT system and following the design process, a power transfer efficiency close
to the theoretical maximum was obtained. A detailed numerical derivation is provided
to show the process to determine the optimal capacitive values. Calculation results show
that maximum efficiency is achieved for a variable load condition. Experiments were
carried out to verify the numerical analysis and the proposed approach. The proposed
approach is simple, and the design is easily accessible for potential engineers in the wireless
power transfer field. Further system miniaturization and precise value can be met by
replacing the relays with bidirectional power switches. This proposed work suggests that
applications with higher resistive load and distant power transfer range can effectively be
wirelessly powered.
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