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Abstract—Nonideal frequency problems can occur in a wireless
power transfer system due to multiple soft-switching frequencies
and frequency bifurcation. To make the system work at an ideal
frequency with high-power transfer capability and efficiency, a
method based on waveform identification is proposed. First, the
space state model of a SP type WPT system is built, and the
waveforms at ideal and nonideal working frequencies are obtained
based on the stroboscopic mapping theory. Second, according to
the characteristics of these waveforms, the swing door algorithm
is improved by waveform distortion rate and fast Fourier trans-
formation, which is used to recognize nonideal waveforms. Then, a
control strategy based on ‘““online self-determined optimization” is
proposed to deal with the problem. Finally, the results of simula-
tion and experiments show that the method proposed in this paper
can identify the waveforms at nonideal frequency and find an ideal
working frequency for the WPT system.

Index Terms—Improved swing door algorithm (SDA), non-
ideal frequency recognition, online self-determined optimization,
wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology is mainly

based on the principle of electromagnetic induction,
transforming power from power supply to electrical equipment
through air gap [1], [2]. It is safe, flexible, convenient, and artis-
tic. Nowadays, WPT systems are widely used in electric ve-
hicles’ wireless charging, implantable biomedical equipment’s
wireless supplying, the rotating mechanism’s wireless power
supplying, tailless kitchen, mobile robots’ wireless power sup-
plying, etc. [3]-[6].
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Because a WPT system transmits power through the loose
coupling magnetic field between coupling coils, compensation
tank is usually used to make the system work at resonant state
[7]. Thus, its power transfer capability and efficiency can be im-
proved. However, this also makes it a high-order circuit system
due to the storage elements exist in it [8]-[10]. A high-order
circuit may have more than one soft-switching frequencies, but
a soft-switching frequency is not always the resonant frequency,
and not all the resonant frequencies make the system work well
due to frequency bifurcation [11]. These frequencies are called
nonideal frequencies in this paper. If a WPT system works at a
nonideal frequency, the power transfer capability and efficiency
of the system is low which makes the system cannot work nor-
mally. It may also cause some other problems such as high
electromagnetic interference (EMI).

People have researched on the nonideal frequency problem of
WPT systems. However, the existing literature mainly focus on
frequency problem caused by illegal load and foreign subjects
in the coupling mechanism [12]—[14]. Furthermore, the existing
control methods are mainly concentrated on tuning by using
capacitor array and controllable inductors [15], [16]. These two
kinds of tuning methods work under hard-switching conditions,
and cannot solve the nonideal frequency problem caused by
multiple soft-switching frequencies and frequency bifurcation,
either.

Therefore, it is meaningful to find a method to judge whether
a WPT system works at a frequency which is not only soft-
switching frequency, but also resonant frequency. Furthermore,
at this resonant frequency, the system has high-power transfer
capability and efficiency. We call it an ideal working frequency.

This paper proposed an improved swing door algorithm
(SDA) to recognize the nonideal working frequency problem
caused by multiple soft-switching frequencies and frequency
bifurcation in a WPT system, and a control strategy based on
“online self-determined optimization™ is proposed to make the
system work at an ideal frequency with high-power transfer
capability and efficiency.

This paper is organized as follows. In Section II, a series-
parallel (SP) type WPT system is taken to show the wave-
form characteristics at different soft-switching frequencies. In
Section III, the traditional SDA is improved to recognize the
nonideal frequency problem. In Section IV, the control method
which can find an ideal frequency for the system is described.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Main circuit topology of a SP type WPT system.

The simulation and experimental results are shown in Section V,
and conclusion of this paper is presented in Section VI.

II. ANALYSIS OF WAVEFORMS AT DIFFERENT FREQUENCIES
IN A WPT SYSTEM

A. Topology of the Main Circuit

The waveforms at different soft-switching frequencies are
different. To show the differences, a WPT system with SP type
compensation structure is taken, and its circuit is shown in
Fig. 1.

Considering the input source of the system is dc voltage,
which will become square-wave voltage after high-frequency
inverter. When the system is working at an ideal soft-switching
point, the current in the primary coil has the same frequency
with the square-wave voltage, and it should be standard sine
waveform due to the filtering function of the resonant network.
This current can satisfy the resonant frequency of primary and
secondary side at the same time. So, the WPT system can trans-
fer more power, and the efficiency is high. What’s more, it can
also decrease EMI, skin effect, and damage to the devices.

Taking use of ac impedance method to analyze the circuit
in Fig. 1, and considering the fundamental component of the
inverter voltage only, the system can work at resonant state on
condition that the parameters are configured as

1
Cs = ——
§ WQLS

Cp = Ls
P W2 (LpLs — M?)

ey

where w is the working angular frequency of the system, and M
is the mutual inductance.

According to this method, the parameters of the system are
measured and configured, at 40 kHz, as follows: the inductance
of primary energy transmitting coil Lp = 28.68 H, whose
equivalent series resistance rp = 0.17€) and the compensat-
ing capacitor Cp = 0.588 pF; the inductance of secondary
energy pickup coil Lg = 44.18 uH, whose equivalent series
resistance rg = 0.19 Q and the compensating capacitor C'g =
0.358 pF; and the mutual inductance M between the two coils is
8.7 uH.
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According to the analysis above, the soft-switching frequency
of the system should be f = w/2m = 40 kHz. At this frequency
point, the WPT system works well.

B. Stroboscopic Mapping Theory

In order to explore whether the actual frequency is consistent
with the theory or not, the state-space model of the system is
established as
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In (2), x is the state vector of the system. It comes from the
current flowing through the energy coils and the voltage of the
compensating capacitors, respectively. The input of the system
is £Fpc in Fig. 1, which can be considered as linear within
half acycle. A = M? — LpLg.

According to the stroboscopic mapping and periodic fixed
point theory proposed in the literature [9], [10], the stroboscopic
mapping model of nth steady period can be obtained as
Tp+1 = f'n, + l(fn(l')) - eATxn + (6

AT
2

— I)QAilBED(j.
3)
When the system is steady, z,,+1 = x,,. Making the period T
a variable, so the periodic fixed point z*(¢) can be represented
as

()= (I+e7) " (I—e?)A'BEpc. (4

Because the current in the primary coil is needed, let the state
selection matrix Y =1[0 1 0 0], so that the current can be obtained.
The periodic fixed function f{#) can be described as (5), where
the nonzero solution of f{) = 0 is the soft-switching cycle

fO) =Y (I +e?) ' (I-e¥)A " 'BEpe.  (5)

The analysis above does not take the parasitic and stray pa-
rameters into consideration, because their values are relatively
too small at tens of kilohertz. The parasitic self-capacitances
of the coils are much smaller than compensation capacitors’.
As for equivalent series resistances of the coils, they get bigger
when the frequency gets higher. However, they mainly bring in
power loss, and make a little impact on the resonant frequency,
according to (1). When a WPT system works at less than 1 MHz,
the effect of these parameters can be ignored [17], and they do
not put big influences on the control method below.
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Fig. 2. Curve of the fixed point function.

C. Analysis of Soft-Switching Frequency Points

According to the analysis above, the periodic fixed function
curve of the output current after the inverter bridge in SP type
WPT system can be plotted as Fig. 2. At this time, the load
resistor R;, = 20 Q.

There are more than one soft-switching points in Fig. 2, only
the former four points are taken to analyze, that is point A, point
B, point C, and point D. The working period of these four points
is 25.17, 49.88, 75.52, and 100.32 us, and the corresponding
working frequency is 39.73, 20.25, 13.24, and 9.97 kHz. Obvi-
ously, point A, 39.73 kHz is the ideal working frequency of the
system, which is also the frequency by configuring parameters
according to (1).

In order to observe the working status at the four soft-
switching points, the voltage and current waveforms of the in-
verter at every point are drawn in Fig. 3.

In Fig. 3, the abscissa represents time, and ordinate represents
the amplitude of inverting voltage wi, and current iy,,. The
square waveform with some distortion is inverting voltage w;y,,
while the other waveform is inverting current i7,,,. They are also
the voltage and current injected into the resonant network.

As shown in Fig. 3, the WPT system does work under soft-
switching conditions at all of the four points. However, current
waveforms at point B, point C, and point D distort seriously.
Their frequencies deviate from the expected frequency and res-
onant frequency of the system. The effective value of the current
is small too. So the system is unable to work normally. Only at
point A, the system works at soft-switching state, the amplitude
of the current is large, the frequency is consistent with the reso-
nant frequency, and the waveform of current is quasi-sinusoidal.
Therefore, point A is the ideal working frequency point of the
system.

III. METHOD TO RECOGNIZE NONIDEAL
FREQUENCY PROBLEM

A. Theory of Basic SDA

According to the analysis in Section II, in a WPT system,
there are more than one soft-switching frequencies due to the
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characteristics of a high-order circuit. When the system works
at a nonideal soft-switching point, the total harmonic distortion
is large which will make the devices heat seriously, the coupling
mechanism damage, and some other issues. Furthermore, it will
generate large EMI. The most serious problem is that the energy
picked up by secondary side will decrease rapidly which may
not satisfy the requirements of secondary side.

Only taking use of a simple soft-switching follower may make
a WPT system work at a nonideal frequency. For such problems,
judging whether the phase difference between input voltage wu;,
and current ¢;;, is zero makes no sense. The working frequency
of a WPT system is usually tens of kilohertz, and the current
data in primary energy coil are numerous. Therefore, sampling
data simply make it impossible to store such a huge amount
of data, and it is likely to cause a great delay for the process-
ing speed is too slow. Therefore, a recognition method based
on improved SDA is proposed. The basic criterion is to judge
whether the current flowing through the primary energy coil is
quasi-sinusoidal and some other limiting conditions are added
too.

The basic principle of the SDA is described below. SDA is a
kind of fast algorithm for linear fitting [18], [19]. It is usually
used to compress data in real-time database, and it makes the
storage capacity greatly reduce. The basic idea is constructing
many parallelograms with fixed height (height is the threshold of
lossy compression) to “trap” data, and storing the former point
when it cannot “trap” anymore. This algorithm is widely used in
data compression and real-time storage of numerous data. Now,
it is improved to recognize the nonideal frequency problem of
WPT systems. The basic principle of SDA is shown in Fig. 4.

As shown in Fig. 4, SDA picks up the first point on vertical
axis, sets threshold points above and below the first point, and
the height of the threshold is Ae. Now, assuming that there is
a door beginning with the upper threshold point whose slope is
negative infinity. Meanwhile, there is also a door beginning with
the lower threshold point whose slope is positive infinity. That
means the algorithm is at its initial state and the door is closed.

Now, taking point ¢; and connecting this point with two
threshold points, as shown in Fig. 4. It can be seen that the
absolute values of slope from point ¢; to threshold points are
getting smaller. That means the slope of the two closed doors is
changing and the doors are opening. After that points ¢; and ¢3
are handled just like ¢, . Until point ¢4, the two doors are parallel.
At this time, stop opening the door, store the starting and ending
points, and begin a new round of algorithm.

B. Theory of Improved SDA

Traditional SDA mainly plays the role of data compressing,
and it cannot be directly used to recognize the nonideal fre-
quency problem in WPT systems. Therefore, three measures
are proposed to improve it.

First, on basis of the results of traditional SDA, calculating
the standard sine-wave function that should be approximated.
The standard sine function is given as

y(t) = Asin(wt + ¢). (6)
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In (6), there are three unknown variables. So, three points
are needed to calculate its specific expression. It is useless to
consider the phase of the sine wave in the proposed method, so
phase variable ¢ is neglected. According to the analysis above,
the standard sine wave has two zero-crossing points within a
cycle, and their time difference is half cycle. So, the angular
frequency w can be determined. As for the amplitude, any other
data can be used.

Second, the waveform distortion rate (WDR) is proposed.
With its help, the degree of waveform distortion can be judged.
Considering the actual circuit, the current in primary energy
emission coil may not be absolutely standard sine wave. There-
fore, by setting the margin of distortion rate, it is possible to
allow slight distortion of the waveforms.

The basic idea of the recognition method is to judge whether
the current waveform is quasi-sinusoidal, therefore, just defining

processing of SDA. Taking use of total harmonics distortion
(THD), that is the percentage of fundamental wave and high-
order harmonics to judge whether the waveform is normal or
not.

Adding these limits into traditional SDA, setting the WDR
u, and threshold of THD properly to determine whether the
nonideal frequency problem exists in the system.

C. Identify the Waveforms by Improved SDA

According to the improvement measures mentioned above,
the current waveforms in Fig. 3 are extracted separately, and
the improved SDA is used to process it. The waveforms after
identification are shown in Fig. 5.

Fig. 5(a)—(d) shows the primary resonant current i, at the
four soft-switching points. The solid line is the actual current
waveform. That is the original data processed by improved SDA.
The symbol “x” on the solid line represents the output of tra-
ditional SDA. The dotted line is the standard sine wave getting
from improved SDA.
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From the comparison of Figs. 3 and 5, it can be seen that con-
sidering each small current cycle, the waveforms are very likely
to standard sine wave when seeing with naked eyes. However,
by using the proposed method to recognize the waveform, as
can be seen, the WDR of Fig. 5(a) is extremely low, while the
WDR of Fig. 5(b)—(d) is relatively high. Furthermore, compared
with standard sine wave, the difference is obvious.

In order to highlight the distortion of waveforms at the four
frequencies, the data of current waveforms are processed by
FFT. The results are shown in Fig. 6, where the abscissa repre-
sents nth harmonic at different frequencies, and ordinate repre-
sents their percentage among all the harmonics.
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According to Figs. 5 and 6, both “WDR” and “THD” can
be separately used as a judgement to determine whether the
waveform is standard sine. However, they are used together in
this paper, because “WDR” takes less time and is easy to realize,
“THD” of different waveforms has a big difference, while it
takes more time to operate compared with “WDR.” Therefore,
“WDR?” is used to save time, and “THD” is used to improve
accuracy.

IV. CONTROL METHOD

According to the previous description, a WPT system should
satisfy several conditions at the same time if it works normally.
First, current flowing through the energy emission coil should
be quasi-sinusoidal. Second, the frequency of this sinusoidal
current should be identical with the inverter voltage. Third, the
phase difference of the sinusoidal current and inverter voltage
should be zero. Finally, if the parameters are configured cor-
rectly, the frequency will not be too different from the setting
frequency under normal circumstances.

Therefore, the control target in this paper is to find a frequency
which can satisfy all the conditions above. When it satisfies
the conditions, the WPT system operates well. The primary
and secondary sides are all working at resonant state. That is
good for the power transferring while the EMI, skin effect, and
damage to the devices are limited.

Considering the needs above, a method based on “online
self-determined optimization” is proposed to control the non-
ideal frequency problem. The core idea is to make the working
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Fig. 7. Flowchart of the system.

frequency of the system varies within a certain range. At the
same time, taking use of improved SDA to identify the wave-
forms. When the identified waveform satisfies all of the above
requirements, it means the ideal working frequency is found.
The control flowchart of the system is shown in Fig. 7.

The control method works at the basis of soft switching, so
the beginning step is to find a soft-switching frequency. There
are mainly four judgment conditions in Fig. 7. The first one
is to judge whether the working frequency is a soft-switching
frequency, the second one is to judge whether the soft-switching
frequency is a resonant frequency, while the other two are used to
determine whether the resonant frequency is an ideal frequency.

Now, the working principle of control logic will be discussed
carefully. First of all, the system has an initial frequency, and
works at hard-switching state. Then, it starts to follow the zero-
crossing points of inverter current until the phase difference of
inverter current and voltage is zero.

That means a soft-switching frequency is found. So, the next
step is to judge whether this soft-switching frequency is also
a resonant frequency of the system. If it is, the recognition
program will identify the waveforms of inverter current, and
judge whether this resonant frequency is an ideal frequency
according to WDR and THD. If all the conditions are satisfied,
the system is working at an ideal frequency.

If a soft-switching frequency cannot meet all of the above
conditions, the system gets into control program of nonideal
frequency problem. That is, “online self-determined optimiza-
tion” state.
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In this state, the working frequency of the system is changing
from current frequency until it reaches to the threshold. The di-
rection will be determined by the phase between inverter current
and voltage. If a soft-switching point is met, the program starts
to recognize again.

If none of the frequencies are soft-switching frequencies, they
are not the resonant frequencies either. So the system will ignore
them directly and change the direction.

If no frequency point is found in the process above, it means
there is serious fault in the system. Maybe the compensating
capacitor or the inductance of the coupling coil has changed
seriously. Anyway, the WPT system cannot solve the problem
itself, and needs manual help.

At the whole recognition and control process, the working
frequency of the system will change only when the judgment
is clear. If not, the system will keep working in soft-switching
state. The recognition part is always running even the ideal
frequency is found, because the ideal frequency may change
when the system is subject to interference. Of course, if there is
no interference, the control part does not response.

According to the control method above, the schematic dia-
gram of the WPT system can be drawn as Fig. 8. As can be
seen, the upper part is main circuit, and the lower shows the
measurement unit and controller. According to the recognition
method in Section III, the lower part takes use of the inverter
voltage and current to judge the working state of the system,
and then outputs the driving signal based on the control method
in this section.

The fault discussed above is caused by the characteristics of a
high-order circuit, and without external interference. Actually,
there are some other factors that may affect the system, such
as the change of load resistance. This can bring the problem of
bifurcation, and will be described below.
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Fig. 9. Simulation waveforms of the control process.

V. SIMULATION AND EXPERIMENTAL STUDY

In this paper, a nonideal frequency problem in WPT systems
is described. To recognize and solve the problem, improved SDA
and control method based on “self-determined optimization” are
proposed. In order to prove the methods, the simulation model
and experimental platform are built according to Figs. 1, 7,
and 8.

A. Simulation Study

The simulation model is built under MATLAB/Simulink, ac-
cording to Figs. 1, 7, and 8. The input dc voltage is 24 V, the
load resistance is 20 €2, and other parameters are shown in the
end of Section II-A.

The key part is the control part, which consists of several
functions. The inputs of these functions are the data of inverter
current and voltage. According to the process in Figs. 7 and 8,
these data are judged and processed. Based on the results, the
controller outputs driving signal with different frequency, and
find an ideal one to make the WPT system work well.

Fig. 9 is the results of simulation. It shows the control wave-
forms based on “online self-determined optimization”. Fig. 9(a)
is the waveforms of the entire control process. Fig. 9(b) is the
local amplification when the control begins. Fig. 9(c) is the
local amplification of “online self-determined optimization”.
Fig. 9(d) is the local amplification of steady state when the
control ends.

As can be seen, the WPT system works at nonideal soft-
switching frequency at first. When the control method starts
working, the frequency of the system is changed gradually, and
the ideal soft-switching frequency is found finally. So, the con-
trol of the nonideal frequency problem is realized.

The recognition of simulation waveforms has been given in
Figs. 5, 6, and 9. Some readers may think the four frequency
points in Fig. 2 have significant difference. They can be distin-
guished just by frequency limits. To solve this doubt, we use
the SP type WPT system and the parameters in this paper, and
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just change the resistance of load from 20 to 80 €2. The periodic
fixed point function is shown in Fig. 10.

As can be seen, the former two points are closed to each
other, and they are both resonant frequencies, i.e., frequency
bifurcation. If we only rely on frequency restriction, it is impos-
sible to recognize or control this kind of problem. Therefore, it
is necessary to find a new method to solve this problem. The
recognition waveforms of Fig. 10 can be obtained according
to the method proposed in this paper. We do not repeat them
due to the space limitations. The former two points A’ and B in
Fig. 10 are taken as an example, whose frequencies are 43.92 and
40.79 kHz, respectively. For the space limits, the control
waveforms will be given in experimental part directly, and the
simulation waveforms are omitted.

The theoretical analysis section above mainly considers the
load as purely resistive. To verify the validity of the control
method, the load is set under four different conditions, and the
control results are shown in Fig. 11. The first is pure resistor
Ry, the second is Ry with a rectifier bridge, the third is Ry,
series with an inductor L; = 10 pH, and the last is Ry, series
with a capacitor Cp = 0.1 uF.
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In Fig. 11, the horizontal axis shows the numerical values
of the load resistor resistance R, and the vertical axis shows
the ideal working frequency. As can be seen, if the influences
caused by the reactive or nonlinear parts are limited, the work-
ing frequency would not go beyond the searching threshold
of the algorithm, and the proposed control method can always
find the ideal frequency. However, if the influences are great,
the working frequency will go beyond the searching threshold,
and the system cannot work normally with present parameters.
At this time, the compensation network should be changed to
make the resonant frequency close to the design one (40 kHz in
this paper), and then the control method can be taken to find the
specific value of the ideal frequency. The influences of different
loads can be found in the literature [20], [21]. The threshold
of frequency is set based on the practical requirements. For
example, we can set 40 £ 5 kHz in Fig. 11.

B. Experimental Study

The experimental platform is built and shown in Fig. 12, aims
to realize the recognition and control of nonideal frequency
problem in a WPT system. The input dc voltage is 12 V, the
load resistance is 20 €2, and other parameters are shown in
Section II-A. The main control chip in Fig. 12 is STM32F765IG,
and the transistors are STP30NF20.

As can be seen, there are eight parts in Fig. 12, 1) the dc
voltage source; 2) the auxiliary power and inverter bridge; 3) the
primary compensation; 4) the coupling coils; 5) the secondary
compensation; 6) the load resistor; 7) the measurement; 8) and
the controller. The experimental waveforms are all tested on this
practical circuit.
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Fig. 13.  Waveforms of ideal soft-switching frequency A.

To verify the method proposed in this paper, Figs. 13-Fig. 15
are given below. In these figures, u;, is the output voltage of
inverter, iz, is the output current of inverter, which is also the
current in the primary coil. Fig. 13 shows the waveforms when
the system is working at an ideal frequency, while Fig. 14 is
working at a nonideal frequency. Fig. 15 is the recognition and
control process when the nonideal frequency problem appears.

As can be seen, when the system works well, the current is
quasi-sinusoidal and the magnitude is high. On the contrast,
when it works at a nonideal frequency, the waveforms distort
seriously, and the magnitude is very low, which cannot meet the
requests of the system. When the nonideal frequency problem
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Fig. 15.  Process of problem control.

occurs, the recognition program can pick it up and the control
program takes action very quickly. So the problem can be solved.

As can be seen, the waveforms of the inverter voltage in
Figs. 13 —15 are depressed, also in some other experimental and
simulation figures. That is mainly caused by the characteristics
of the system, whose voltage is low, while the current is high.
Therefore, the inner resistor of the dc voltage source and the
on-state resistor of the switching devices make some impacts.
When the transient value of the inverter current 47, gets higher,
the voltage lost on them increases too.

There are some spikes in Fig. 14, they are caused by the
nonideal characteristics of detection and switching devices, and
the ZVS state is not 100%. Actually, it is difficult to make the
spikes disappear, but the spikes can be greatly suppressed.

As for the amplitude fluctuation in lower frequency in Fig. 15,
it is caused by the characteristics of oscilloscope, and the system
itself is stable.

In order to verify the frequency bifurcation problem proposed
in the beginning of this section, Fig. 16 is given above. It is the
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Fig. 16.  Process of problem control after load switched.
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Fig. 17. Nonideal frequency waveform after load switched.

control process when the load is changed, and, thus, the resonant
frequency is changed. As can be seen, under this condition, the
recognition and control program can solve this problem too.

To make it clearly, the waveforms at nonideal and ideal soft-
switching frequencies after the load switched are given below.
Fig. 17 shows the nonideal soft-switching frequency waveforms,
while Fig. 18 shows the ideal. The working frequency in Fig. 17
is 40.79 kHz (at point B), and it is 43.92 kHz (at point A’) in
Fig. 18.

Readers may think the current waveforms in Figs. 17 and
18 are both good sine, so the proposed method cannot work.
Actually, it can be seen that the current waveform in Fig. 17 is
vertically asymmetric, and it is distorted at the switching points.
Therefore, THD in Fig. 17 is beyond the threshold, and the
control method can distinguish it. One more kind of situation is
that A’ and B’ in Fig. 10 are very close to each other. At this
time, the two frequencies are both ideal and stable, their “WDR”
and “THD” are both within the threshold, and the system can
work well at each one of them [9], [10].

Fig. 19 shows the power transfer efficiency versus load re-
sistor with and without the proposed control method, the input
voltage remain 12 V, while the load resistor changes from 10 to
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Fig. 20.  Waveforms without the proposed control method.

100 2. As can be seen, the efficiency of the WPT system gets
higher when R gets bigger. After the control method is taken,
the maximum efficiency improvement can reach to 14.4%, when
Ry is 40 Q. That proved the advantage of the control method.
Fig. 20 shows the waveforms without the control method. Its
experimental condition is the same as Fig. 13, while the only
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difference is that the control method is taken in Fig. 13. As canbe
seen, if there is no control method, lots of spikes appear when the
switching devices turn on and off. However, in Fig. 13, the spikes
are much fewer. According to Fig. 6, the ratio of harmonics in
Fig. 13 is much lower than that in Fig. 14, and the quality of
waveforms with control is much better than that without control.
All in all, when the control method is taken, the harmonics and
spikes are greatly depressed. Therefore, conducted and radiated
EMI can be reduced too.

VI. CONCLUSION

This paper proposed a novel method based on waveform iden-
tification to recognize and control the nonideal soft-switching
frequency problem in WPT systems. This problem is caused by
multiple soft-switching frequencies and frequency bifurcation.
First of all, the state-space model of a SP type WPT system
is established, and the waveforms at different soft-switching
frequencies are given based on stroboscopic mapping and peri-
odic fixed point theory. Then, the traditional SDA is improved
mainly by WDR and FFT to recognize whether there is a non-
ideal frequency problem in the system. After that the control
method based on “self-determined optimization” is proposed to
make the system works at an ideal frequency. Its basic idea is to
change the frequency within the threshold and find one that can
make the system works well. Finally, the methods are verified
by MATLAB/Simulink simulation and practical experiments.

The proposed methods can be used to recognize the nonideal
soft-switching frequency problem of the WPT system, and make
the system works at an ideal frequency.
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