This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 7
100 ~ 100 - 100
80 - 80 80 0s
60 - 60 _
[%] [%0] L 60 06
40 - 40 g
20 - 20 40 0.4
0 (T a— 0 356 0.2
Frequency[MHz] Frequency[MHz] 020 40 80 100
(i) Before matching (ii) After matching (b) k=0.12(medium gap)

(b)) Gap=31lcm, (d/D=1.03) (L=1.43uH,C=102pF,C,=440pF)

Fig. 12.Experimental results. Frequency characteristics of the system before
and after matching. L-matching circuit is used for Gap=9cm and Inversed
L-matching is used for 31cm. The d/D in the first bracket represents the
distance/diameter, which is the normalized value of the gap to the diameter of
the resonator. The parameters in the second bracket is describes the IM
parameters after matching is conducted.

B. Simulation on Characteristics of S,; versus Matching
Parameters (C,,C,)

We have verified that the efficiency of the resonators can be
improved using an IM circuit. Before automation can be done,
it is vital to know how the transmission and reflection ratio
changes as the matching parameters change so that a suitable
matching algorithm and hardware design can be chosen. For
example, in the event that local peaks exists, a more
sophisticated matching algorithm such as particle swarm
optimization will need to be implemented instead of simple two
dimensional optimization algorithms such as the steepest
gradient method. The sharpness of the peak will also determine
the precision of the tuning parameters and optimization
algorithm required. Therefore, a simulation was conducted
using MATLAB to study the characteristics of S, as
capacitance used to set the matching parameters (C;, C,)
change.
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Fig. 13.Simulation results.S,; ofthe resonators when C and C, are varied.
L~=5pH in this simulation.

Fig. 13 shows the simulation results of S;; in the equivalent
circuit in Fig. 7(a) when the matching parameters (C,, C,) are
varied from 10pF to 100pF.The inductor L, used in the
matching circuit is set to be 5000nH, and the coupling
coefficient & is varied from 0.05 (large gap) to 0.25 (small gap).
Based on the figure, we can observe that there is only a single
peak with relatively gentle slopes at strong couplings and
steeper slopes at weaker coupling. This means that almost any
optimizing algorithm can be used to tune the system as long as
the precision of the tuning parameters are sufficiently high. In
this case, 1-2pF for Csand 5pF for C, will be sufficient to tune
the system. Another issue that has to be dealt with is the parts
where the gradient are too slight as the change in signal to noise
ratio of the directional coupler as the parameters change
becomes too small. One way to deal with this issue is by
measuring the S;; from parameters further apart so that the Sy,
signal difference of will be larger.

C. Experiment Il Results: Viability of Automation of Proposed
IM System

The results above verified the effect of IM on MRC, and
showed that the parameter needed to match the resonators to
maximum efficiency has only one global peak, with no local
peaks. To make the WPT system robust towards positional
displacements, an automated IM system is proposed. This
section shows the results of the experiments conducted to test
the viability of automation for the proposed system. These
experiments were conducted at gaps 6cm to 30cm. For gaps
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6cm to 20cm, the L-type IM network is used with Lg of
approximately 4uH. The inversed L-type IM network is used
with L; of 1.4uH for gaps 21cm to 30cm. The automation
experiment is conducted at approximately 8W from the power
source, and the efficiency before and after the matching is
measured with the VNA. The efficiency of the system is not
affected by the input power according to [18] (from mW to
100W) as long as the resonator coils are not overloaded.
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Fig. 14.Experimental results. Efficiency versus normalized transfer distance

(gap) to the resonator diameter (Efficiency vs Distance/Diameter) graph of
WPT using proposed automated impedance matching system. In this
experiment, the diameter of the resonators is 30cm. Here, L-type IM network is
used for gaps 6cm to 20cm, and the Inversed L-type IM network is used for
gaps 21cm to 43cm.
Before(VNA) represents the efficiency (at 13.56MHz) of the resonators without
the IM circuit. After (Experiment I: Ideal, Manual) represents the efficiency (at
13.56MHz) of the system after it is manually matched using the method and
circuit introduced in Experiment I(Section IV.A). After (Experiment II:
Proposed, Auto) is the efficiency (at 13.56MHz) of the system after it is
automatically matched using the system proposed in Section IV.B.

Fig. 14 shows the efficiency versus gap graph of the
experimental results. After(Experiment I Ideal, Manual) can be
considered the maximum efficiency that can be achieved as the
size of the circuit is minimized, reducing all possible losses
through ohm loss and stray reactance. The results show that the
efficiency of the proposed IM circuit (Experiment II) can reach
85%, only 5% lower than the ideal case (Experiment I).The 5%
loss is mainly due to the ohm loss caused by the bigger size of
the automated IM circuit used in Experiment II. Moreover, by
increasing the efficiency of the system, the IM circuit also
increased the range where energy can be transmitted at
maximum efficiency.
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Fig. 15. Experimental results of WPT with proposed automated IM system.
Frequency characteristics before and after matching. L-matching circuit is used
for gap=6cm and 12c¢m, while inversed L-matching is used for gap=30cm. The
d/D in the first bracket represents the distance/diameter, which is the
normalized value of the gap to the diameter of the resonator. The parameters in
the second bracket is describes the IM parameters after matching is conducted.
(Note: the results for (a)(i), (b)(i), (c)(i), (d)(i) are the frequency characteristics
of the resonators when the IM circuit is not inserted)

Fig. 15 shows the frequency characteristics of the system
before and after the automated matching is conducted. Fig.
15(b) and (d) shows the typical response of the experiments on
L-type and inverted L-type matching network respectively,
while Fig. 15(c) shows the results when the IM circuit is
bypassed. The results in Fig. 15 verify that efficiency is
increased by matching the resonators as in section III.B. This
can be confirmed by noting that the S;; at 13.56MHz is very
low, almost zero is most cases (Fig. 15(b) and (d)). As the IM
circuit is bypassed in 24cm, the frequency characteristic does
not significantly change as in Fig. 15(c). The 5% increase in
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efficiency at Fig. 15(c) is not due to the matching process, but
the change in frequency characteristics when the IM circuit is
inserted before the transmitting resonator. The reason the Sy in
Fig. 15(a)(ii) and (c)(ii) will be explained in the observation
below.

Fig. 16 is the graph of the S); versus the time as the
experiment is conducted for gap 6cm, 12cm, 24cm and 30cm.
The systems generally takes 0.25s to 1s to reach a wave
reflection ratio of less than 10% and it takes up to 1.5s to
completely settle. The results show that the simple algorithm
tested can decrease the S;; to less than 10%, meaning the
reflected power 7, is reduced to less than 1% (from equation
(5)).This means that all the resonators were successfully
matched. While the S}, for most experiments ended at almost
0%, the experiments for 6cm and 24cm show a final of
approximately 8%. The S}; for 24cm stop at 8% because the IM
circuit is bypassed as the reflection ratio is evaluated to be
sufficient low. On the other hand, the result in the 6cm
experiment could be due to the error in the S;; sensor reading
caused by the non-linearity and the cutoff voltage of the diode
used to rectify the AC signal from the directional coupler. (Note
that the S); reading at the computer’s AD board is slightly
different from that of the directional coupler due to the
non-linearity and cutoff voltage of the diode.) This problem can
be solved by improving the analog circuit used as the rectifier
for the AD input, and enhancing the search algorithm.

Even with a simple matching algorithm that is not optimized
for speed, the matching time is still significantly higher than
regular IM systems that use variable condensers that are
controlled by motors due to the fast switching speeds of the
relays and the fast response of the 13.56MHz system. The
matching speed is an important factor when dealing with
moving objects and changing loads. To cope with these fast
changing impedances, a more sophisticated matching control
need to be applied. The options include improving the
optimization search algorithm [25]- [28], and measuring the
voltage and current at the transmission resonator to calculate
the impedance so that a better set of initial parameters can be
chosen.
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Fig. 16.Experimental results.S);versus Time graph of automated impedance
matching.

VI. CONCLUSION

As a conclusion, an automated IM circuit has been created to
test its effects in maintaining resonance in a MRC wireless
power transfer system with a fixed frequency (13.56MHz). The
IM system uses a directional coupler to measure the reflected
wave ratio at the transmitting end of the system, and high
frequency relays to select the matching parameters needed to
minimize the reflected wave.

Experiment results show that the proposed system increases
the efficiency and extends the range of the wireless power
transfer system. The efficiency increases to up to 85% (almost
ideal) within 0.5s to 1.5s using a simple best-step steepest
descent method search algorithm. The results also verified the
validity of the automation of the IM system. It shows that
automation can be easily achieved to make the system more
robust towards changes in the gap and displacement of the
receiving resonator.
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