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Abstract: When the distance between resonators is low enough for the coupling condition to be greater than the critical
coupling, the single resonant peak at the load splits to form double peaks. This frequency-splitting phenomenon results in a
reduction in the power transferred. In this study, an adaptive frequency-tracking control (AFTC) approach based on a closed-
loop control scheme is implemented to overcome this problem. An improved ant colony algorithm (IACA) was proposed in AFTC
to track the maximum power point in real time. Then, simulations were performed to test the real-time characteristics of IACA.
Finally, a wireless power transfer system with AFTC is demonstrated experimentally to validate the IACA results and the

tracking of the optimal frequency.

1 Introduction

In recent years, wireless power transfer (WPT) technique via
coupled magnetic resonances has been widely researched, and
scientists at the Massachusetts Institute of Technology have
exhibited middle-distance WPT using magnetic resonant coupling
[1]. The advantages of increased coverage, high power, good
penetrability, and high efficiency make WPT useful in the
automotive industry [2, 3]. However, research into WPT systems
that use coupled magnetic resonances is still in the initial stages,
and there have been few theoretical and experimental analyses. In
addition, there remain many problems that need to be solved, e.g.
the decrease in transferred power decreases as the distance
decreases. The reason for this phenomenon is that the resonance
frequency of WPT systems is divided. The maximum transfer
power is obtained only when WPT systems are resonant, and it is
therefore necessary that the operation frequency of power sources
and resonance frequency of resonators be the same.

There are two approaches to satisfy the resonance requirements
[4, 5]. One is to match the resonance frequency of resonators to the
operation frequency of the power source, while the other approach
is to match the operation frequency of a power source to the
resonance frequency of resonators. In [6], an impedance-matching
network is used to vary the resonance frequency of resonators at a
certain distance to 13.56 MHz using the former approach. To
improve the transfer power in cases that involve varying distances
between resonators, the method that achieves adaptive matching by
tuning the receiver circuit and matching network was introduced
[7]. However, with this approach, there is some difficulty in
realising the matching of the input and output impedances, and it
also increases the power loss of the system. Therefore, the latter
approach needs to be considered, and a frequency-tracking method
is used to satisfy the criteria. In [8], the frequency tracking of the
load current using phase-locked loop (PLL) was implemented. In
[9], a resonant-frequency-tracking method is presented using a
digital signal processor based software PLL. In [10], the frequency-
tracking method based on an integrated PLL is presented. Note that
the above studies are based on inductively coupled power transfer
systems, and the frequency tracked by the PLL does not exceed 1
MHz; therefore, the frequency-tracking method based on PLL is
not suitable for WPT systems using coupled magnetic resonances.
In [11], the resonant-frequency-tracking method based on the
conventional perturbation and observation algorithm is presented
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by analysing the relationship between the operation frequency and
output power. In [12], a multi-objective genetic algorithm is
proposed for a WPT. The proposed algorithm maximises the
transfer power by optimising the switching frequency of the full-
bridge series-resonant inverter and the synchronous full-bridge
rectifier output voltage, subject to their respective design
constraints. These studies have made much progress towards
frequency tracking. However, real-time frequency tracking has not
been considered, which is key for moving devices.

In this paper, an improved ant colony algorithm (IACA) that
adaptively adjusts the path pheromones is proposed to implement
adaptive frequency-tracking control (AFTC) in WPT systems. The
TACA can track the maximum power point in real time. Moreover,
AFTC is based on a closed-loop control scheme that provides
feedback regarding the required frequency, thus improving the
transfer power significantly.

The rest of this paper is organised as follows: Section 2
analyses a WPT system with AFTC. In Section 3, the IACA is
proposed. In Section 4, the characteristics of the AFTC based on
IACA are analysed using simulation results. The experimental
setup is described, and the results presented to verify the validity of
TIACA. Finally, Section 5 presents the conclusion.

2 Adaptive frequency-tracking (AFT) WPT system

The proposed AFT WPT system is illustrated in Fig. 1. A
monolithic integrated direct digital synthesiser (DDS) is used to
produce a high-frequency sinusoidal signal that is amplified by a
power amplifier. Then, the power signal is transferred to the
receiver via resonators. The high-frequency alternating current is
rectified through the full-wave bridge rectified filter, and the
voltage is stabilised using stabilised voltage circuit. Finally, the
power is supplied to the load. Meanwhile, the voltage and current
signals are processed by the power-detection module, and the
results are transferred to a digital signal processor (DSP) using a
ZigBee transceiver module. The I[ACA embedded in the DSP is
triggered by the results, and it then outputs an optimal frequency to
the DDS. The DDS then generates a sinusoidal signal having an
optimal frequency, which can maximise the transfer power.

The AFTC system needs to achieve real-time adjustment of the
source frequency, so it requires that the frequency can be
accurately controlled in various scenarios. However, existing
frequency-tracking systems need to be improved to be able to work
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in real time, and thus an improved algorithm is proposed to adjust
the source frequency in real time.

3 Improved ant colony algorithm

Compared with the ant colony algorithm, generic algorithms can
effectively avoid local optimal solutions, but they have the defect
of precocity [13]. Owing to better parallelism and self-organisation,
the ant colony algorithm is a more mature and effective method
that can reduce the time to initialise the population and calculate
the maximum and minimum of the fitting function [14].

During the optimisation process, a single ant's behaviour is
simple, but the behaviour of the entire ant colony can achieve a
high level of cooperation using pheromones, and ants communicate
via the pheromones indirectly; finally, they determine the optimal
path through the collective behaviour of the ant colony. However,
the traditional ant colony algorithm has a longer search time, and
easily falls into local optimum owing to search stagnation. In other
words, when the search has reached a certain point, all individuals
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will find the same solution, so they will not go further to determine
the best solution in the solution space. Therefore, in this paper, an
TIACA that adaptively adjusts pheromones is proposed. The
pheromones are adjusted by the intensity coefficient of
pheromones, which varies with the number of iterations.
Meanwhile, according to the states of the optimal and worst
individual, the degree of positive feedback and negative feedback
of pheromones is adjusted to avoid the prematurity of the algorithm
in the early searching and latter converging stages. Thus, the
proposed algorithm can be eliminated from the local optimum. In
addition, to further avoid falling into the local optimum, the
proposed algorithm expands the search space to meet the real-time
requirements simultaneously.

The TACA process is shown in Fig. 2. The IACA is
implemented by performing the following steps: (i) determine the
initial distribution of the ant colony, (ii) determine the transition
rules of the ant colony, (iii) update the pheromones, and (iv) reduce
the search space of the ant colony. During the population
initialisation, the effect of pheromones is not obvious, especially
because of the discrepancy in the pheromone distribution at each
point. However, the advantage of the point whose pheromone is
better will appear only after a long time. To shorten the time, the
following strategies are applied.

First, a heuristic function is considered to establish the initial
search distribution of the ant colony in the initial stage of the
algorithm. J denotes the interval length and ¢ denotes the stop
threshold. To increase the speed of the algorithm, the frequency
interval is limited in 3.5-5.5 MHz according to the experimental
results. When & > ¢, the frequency interval is divided into N equal
subintervals, where one subinterval is defined as follows:

L=[35+ (G- 1)5,3.5+id], (1
where x; is the midpoint of I;, which is as follows:
X =35+(—1/2)8 2)

Each x; value corresponds to a function f(x;). 7; denotes the number
of pheromones in subinterval [, and the initial value of the
pheromone is estimated by 7{0) = const, and the pheromone
increment for each subinterval is set to zero (Az; = 0). Then, the
neighbour (/;) is on behalf of the interval set near I;, shown as
follows, for one-dimensional function:

{I[+l}’ i=1
neighbour(ly)) = {{li-1, Iis,}, i=2...(n—1) 3)
{Ii—l}, i=n

Assuming that there is a virtual edge e(I;, I;) between subinterval J;
and subinterval [;, and that the weight of the edge is
| f(x) = f(x;), the heuristic function is represented as follows:

mij=| o) = f(x))| 4)

If f(x)— f(x)>0, ants in subinterval I; will transfer to

subinterval /;; otherwise, they will not transfer. P,(}() denotes the

probability that ant g, can transfer to the next subinterval, which is
calculated using the following equation:

(¢t B
© _Hom; )'7’{1 7> J € enabley
Pii (1) = | Xohc enable, Th (D1, )
0, otherwise

Here, a is the relative influence of the pheromone trail, § denotes
the relative influence of heuristic information, enable; denotes the

set of feasible nodes, and 7; denotes the number of pheromones in
subinterval I;. If the ant @ transfers from subinterval I; to
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subinterval I; according to some probability, ant g, will be in
subinterval /; and its deposited pheromone is designed as follows:

A1) = Co' (O f(x) = f(x))], (6)

where C, is a constant that denotes the number of deposited
pheromones; the larger the value of f(x;) — f(xj), the greater the
number of pheromones left by ants, so other ants are attracted to
transfer to subinterval /;, When the number of iterations is ¢, there
are ¢ ants transferring to subinterval ;. These ants are a;, a;,...a;,
and the number of pheromones left by the ants is calculated as

9
At = ) 70 (7

p=1

When all of the transfers are finished, the total number of
pheromones is determined by the evaporation rate of pheromones,
which satisfies the following formula:

Tj(l + 1) = (1 - p)TJ(f) + ATj(t), (8)

where p is the volatile coefficient of pheromones. To increase the
search range and reduce the number of pheromones for the best and
worst paths, the positive feedback of the algorithm is inhibited in
the early search. Specifically, the value of p increases by 0.00015
more than for other individuals. In the latter search, the positive
feedback of better individuals needs to be strengthened, so the
strength coefficient C, of pheromones left by M individuals that
have better fitness is o times that of other individuals, and the value
of p decreases by 0.0001 simultaneously. In addition, the value of
M is one-sixth times that of the number of ants.

The search period is determined by the number of iterations as
shown in the following equation:

0.6, 0<¢<0.15
, —25¢+12, 0.15<¢<03
o) = )
2+0.1, 03<¢<07
1.5, 07<¢<1

Here, ¢ denotes the evolutionary time and o'({) represents the
pheromone changing coefficient. From (9), a large number of
pheromones promote the population search. When 0.15 < ¢ < 0.3,
the intensity coefficient of the pheromones gradually decreases. To
avoid falling into a local optimum, the positive feedback should be
suppressed. When 0.3 < { <0.7, the intensity coefficient of
pheromones that belongs to optimal individuals should be
increased so that it has a good advantage in terms of the number of
pheromone elements. In the last stage of convergence, the intensity
coefficient of the pheromones is maximum to ensure that the ants
gather in the region of the optimal solution. Generally, pheromones
distributed within the range where the function value is smaller,
and thus, the ability of the interval to attract ants is greater.

When the iterations are stopped, the distribution of ants will
exhibit the characteristics: all ants are distributed within the
interval of the larger extreme point, and there are no ants in other
intervals. Then, the interval is further subdivided to allow a search.
When the interval is sufficiently small, the ants will be distributed
near the larger extreme point. In addition, the middle position of
the subinterval at which ants are distributed is the position of the
extreme point.

4 Simulation and experiment results

During the TACA simulation, a large number of power points are
sampled within the range of 3.5-5.5 MHz, corresponding to a fixed
distance of 10 cm (critical coupling distance: 15 cm). Then, the
frequency—power curve is fitted using the Gaussian function. The
fitting formula is expressed as follows: (see (10)) Here f represents
the load power and x represents the operation frequency. In the
simulation, the number of ants in IACA is 19, the number of
iterations is 10, a = 2, # = 3, and p = 0.6. The pheromones of the
interval are adaptively selected using (5)—(7). The simulation
results are shown in Fig. 3.

The black point in Fig. 3 represents the maximum value of an
individual ant and the local optimisation value. In addition, the
power is 30.45 W at a distance of 10 cm between resonators at an
operation frequency of 4.453 MHz (resonance frequency: 4.525
MHz).

Based on the simulation, the proposed frequency-tracking
system based on IACA is implemented. A photograph of the
system is shown in Fig. 4, and is composed of a power supply,
DSP, DDS, power amplifier, resonators, rectifier circuit, power
detection, and wireless communication modules. The coil
parameters and frequencies of the transmitter and receiver are
shown in Table 1, see the Appendix for the table of results.

To further illustrate the performance of the proposed algorithm,
some experiments were carried out. The voltage waveforms of the
transmitter and receiver are obtained when the distance between
the transmitter and receiver is varied from 15 cm (critical coupling)
to 10 cm (over coupling), as shown in Fig. 5a (without AFT) and
Fig. 5b (with AFT). Then, the voltage waveforms of the transmitter
and receiver are obtained when the distance between the
transmitter and receiver is varied from 10 cm (over coupling) to 15
cm (critical coupling), as shown in Fig. 5¢ (without AFT) and
Fig. 5d (with AFT).

The upper curve represents the voltage waveform of the
transmitter (peak-to-peak: 72 V), and the lower curve represents
the voltage waveform of the receiver (peak-to-peak: 23.2 V) in

f= 8.753e-(x- 4.497)/0.8898% +2.653e-(- 4.993)/0.1007% __ 403.5¢-(- 4.965)/0.2937%

+31.65e-(r-461 8)/0.45052 +129.7e-G- 4.86)/0.2482 + 310e-(x-s.021 1/0.2767°
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Fig. 5a, which works at a central resonance frequency f;. The
upper curve represents the voltage waveform of the receiver (peak-
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to-peak: 82V), and the lower curve represents the voltage
waveform of the receiver (peak-to-peak: 40 V) in Fig. 5b, which
works at a deflected resonance frequency f].

A comparison of Fig. 5a with Fig. 5b, shows that the AFT
system changes the operation frequency of DDS from f; to f; when
the distance changes from 15 to 10 cm, which improves the power
of the receiver coil.

The upper curve represents the voltage waveform of the
transmitter (peak-to-peak: 68 V) and the lower curve represents the
voltage waveform of the receiver (peak-to-peak: 26 V) in Fig. 5S¢,
which works at a deflected resonance frequency f;. The upper
curve represents the voltage waveform of the transmitter (peak-to-
peak: 84 V), and the lower curve represents the voltage waveform
of the receiver (peak-to-peak: 41.4 V) in Fig. 5d, which works at a
central resonance frequency f.

A comparison of Fig. 5S¢ with Fig. 5d, shows that the AFT
system changes the operation frequency of DDS from f] to f; when
the distance changes from 10 to 15 cm, which also improves the
power of the receiver coil.

In conclusion, a higher transfer power can be achieved by
making a real-time adjustment to the operation frequency when the
system works at varying distances. Therefore, real-time frequency
tracking is effective in avoiding a decrease in the transfer power.

To illustrate the advantages of IACA, three sets of experiments
were conducted. Without frequency tracking (WFT), the power
values are captured at a frequency of 4.525 MHz in increments of
1 cm from 6 to 28 cm. With AFT, the corresponding power values
are captured in increments of 1 cm from 6 to 28 cm. in addition,
the corresponding manual frequency tracking (MFT) results are
obtained by adjusting the frequency under the same condition. The
experimental results are shown in Fig. 6. The upper line shows the
result for manual-control frequency tracking, the middle line shows
the result for adaptive frequency control, and the lower line shows
the result without frequency tracking. The results show that the
result for AFT is obviously better than the result without frequency
tracking, and the former can basically achieve the effect of manual-
control frequency tracking.

Statistical results for MFT and AFT are listed in Table 2 (see
the Appendix for the table of results). The mean value for the
manual-control data and frequency-control data are 26.5817 and
26.2004, respectively. The mean deviation is 1.45%. By calculating
the error of the manual-control data and frequency-control data, the
maximum error is found to be less than 5.00%.

The test results of the variance homogeneity with AFT based on
IACA are listed in Table 3 (see the Appendix for the table of
results). The F value is 0.008, and the significance probability is
0.931, indicating that there is no significant difference between the
variances of AFT and MFT. The double-tailed significant test is
0.843, which is greater than 0.05, indicating that there is no
significant difference between the means of MFT and AFT under
the 95% confidence interval for the mean difference. In summary,
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the above data analysis shows that the AFT based on IACA can
alleviate the attenuation of power against distance variations in the
case of over coupling, which is the same as MFT.

5 Conclusion

In this paper, an IACA has been proposed, and the pheromones of
the path are adaptively adjusted to avoid the local optimum.
Simulation results based on MATLAB verified the feasibility of the
proposed algorithm. The IACA has good robustness, and can be
used in an AFTC system, which varies its operating frequency to
enable real-time tracking of a maximum power point. The
experimental analysis of three tracking approaches verifies that
AFT based on IACA can achieve the results that are similar to
MFT. Therefore, frequency-tracking control based on IACA can
improve transfer power in the case of over coupling.
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Table 1 Coil parameters and frequencies of transmitter and

Table 2 Statistical description of results

receiver Header Sample Mean Standard Stand
Parameter Transmitter Receiver Primary Secondary capacity value deviation  error of
coil coil oscillator  oscillator mean
inductance, yH 1.850 1.850 70.00 70.00 manual 23 26.5817 6.5157 1.3586
capacitance, 685.2 685.2 78.50 78.50 frequency
pF tracking
resistance, Q 1.800 2.100 50.00 50.00 adaptive 23 26.2004 6.4639 1.3478
turns (coil) 1.000 1.000 10.00 10.00 frequency
wire diameter, 2.100 2.100 2.100 2.100 tracking
mm
diameter, cm 17.05 17.05 17.05 17.05 Table 3 Test results of variance homogeneity with AFT
resonance 4,525 4,525 4,525 4.525 - —
frequency, Hyp_othesns F- Significance T- Douple- .Mean Standard
MHz testing value value . t.a'll difference error
significant values
set-equal 0.008 0.931 0.199 0.843 0.3813  1.91375
variance
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