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Abstract

Wireless power transfer (WPT) technology is now recognized as an efficient means of transferring power without physical contact.
However, frequency detuning will greatly reduce the transmission power and efficiency of a WPT system. To overcome the

difficulties associated with the traditional frequency-tracking methods, this paper proposes a Direct Phase Control (DPC) approach,
based on the Second-Order Generalized Integrator Phase-Locked Loop (SOGI-PLL), to provide accurate frequency-tracking for
WPT systems. The DPC determines the phase difference between the output voltage and current of the inverter in WPT systems, and

the SOGI-PLL provides the phase of the resonant current for dynamically adjusting the output voltage frequency of the inverter.
Further, the stability of this control method is analyzed using the linear system theory. The performance of the proposed
frequency-tracking method is investigated under various operating conditions. Simulation and experimental results convincingly

demonstrate that the proposed technique will track the quasi-resonant frequency automatically, and that the ZVS operation can be

achieved.
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1. INTRODUCTION

Wireless Power Transfer (WPT) technology is a promising
technique for use in our daily lives. It gets rid of various
problems, such as friction and aging. The sparks produced in
power transfer are eliminated. This is advantageous since
they negatively impact the lifespan of electrical equipment
and pose a hazard to human safety. Furthermore, WPT can
meet the requirements of some special cases, like mining and
underwater operations. It also proves to be convenient in such
fields as portable electronics, implanted medical instruments,
sensor networks and electric vehicles [1]-[3]. However, for a
typical WPT system, the inherent parameters of the resonant
tank may dynamically drift away from the designed
parameters due to load variations and mutual coefficient
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changes [4], [5]. This often results in frequency detuning.
This is a problem since frequency detuning greatly reduces
the transmission power and efficiency of WPT systems.
Obviously, the topics of the transmission power and
efficiency are crucial for WPT systems, since they are
necessary for safety and energy preservation [6], [7].
Accordingly, for the sake of large transmission power and
high power-delivery efficiency, resonant frequency-tracking
for WPT systems is of great significance [8]. A typical
method of adaptive impedance matching is proposed in [9],
which is regarded as a kind of passive tracking method. In
this method, an adaptive impedance matching network based
on a capacitor-matrix is introduced. This can dynamically
change the impedance values to maintain a reasonable level
of maximum power transfer. However, this kind of method is
difficult in terms of hardware implementation. In addition,
this method cannot accurately realize impedance matching.
Meanwhile, various frequency-tracking methods have been
proposed in the past to assure operation in the resonant state
for WPT systems. The most popular among these methods is
the PLL method [10]. To track the resonant frequency, the
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method of a PLL with zero-crossing detection is widely used.
Unfortunately, it is sensitive to distortions and disturbances
of the input signal [11], [12]. The Second-Order Generalized
Integrator Phase-Locked Loop (SOGI-PLL) based on an
adaptive filter is widely used in grid connected converters
synchronization techniques. Compared with the traditional
Phase-Locked Loop (PLL), the SOGI-PLL is less-sensitive to
distortions and disturbances of the input signal [13], [14].
However, it is impossible to accurately regulate the phase
difference between the output voltage and current of an
inverter in WPT systems, which is not conducive to the
operation of Soft-Switching. Therefore, to overcome the
difficulties associated with the traditional frequency-tracking
methods, this paper proposes a Direct Phase Control (DPC)
approach, based on the SOGI-PLL, to provide accurate
frequency-tracking for WPT systems. The DPC determines
the phase difference between the output voltage and current
of an inverter in WPT systems, and the SOGI-PLL provides
the phase of the resonant current for dynamically adjusting
the output voltage frequency of the inverter. Thus, the phase
of the resonant current can be accurately detected regardless
of distortions and disturbances, and the dead time imposed by
the drivers can be regulated precisely. Moreover, the
necessary dead time imposed by the drivers can be
compatible with the resonant current phase lag control [15],
[16]. With the proposed method a WPT system can track the
quasi-resonant frequency automatically and the ZVS
operation can be achieved.

This paper is organized in six sections. After the
introduction, the resonance principle is analyzed, which
mainly investigates the importance of resonance to improve
transmission power and efficiency. In Section III, the
frequency-tracking method is presented. The linearization
and stability analysis are discussed in Section IV. In Section
V, the performance of the proposed method is presented, and
some conclusions and suggestions for future work are given
in Section VI.

II. WPT SYSTEM AND ANALYSIS

Apart from the power source and load, as shown in Fig. 1,
the WPT system is mainly composed of the following three
parts: the inverter, the coupler and the rectifier. Unlike
traditional transformers, the primary and secondary sides of
the coupler are separate from each other. The WPT system is
divided into the following two parts by the coupler: the
transmitting terminal and the receiving terminal. The
introduction of the transmitting terminal, which consists of a
DC source and a high-frequency inverter, makes it possible to
provide a high-frequency AC current for the primary side of
the coupler. At the receiving terminal, the rectifier and
circuits of the filter are applied. With this the AC voltage that
comes out of the coupler is converted into a DC voltage.

Fig. 2 shows an equivalent circuit model of the WPT
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Fig. 1. Main circuit of the WPT system.
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Fig. 2. Equivalent circuit model of the WPT system.

system as shown in Fig. 1. According to this model, the WPT
system can be expressed by the following equations.
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Substituting (2) into (1), the input impedance of the WPT
system is:
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According to (3), the value of the input impedance can be
expressed as:
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According to (3) and the principle of the inverter circuit,
the RMS value of the fundamental current on the primary
side can be expressed as:

_ Ugc _ 2V2Ujp
W=, T, )
1Zinl 7| Zinl

where U, is the input DC voltage. Overlooking the loss of
the rectifier bridge, according to (2) and (5), the output power
can be expressed as:
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With the help of (3), the input power factor of the
equivalent circuit presented in Fig.2 is:
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By analyzing equations (4)-(7), the relationships between
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Fig. 3. (a) Output power according to R; and w; (b) Input
power factor according to R; and w.

TABLE
SPECIFICATIONS OF THE SYSTEM

Var. Value Description

Ui /V 36 input DC-link voltage
C,/nF 10.95 transmitter-side resonant

capacitor
C,/nF 10.95 receiver-side resonant
capacitor

L,/uH 63.33 transmitter-side inductance
Ly/uH 63.33 receiver-side inductance
M /uH 12.67 mutual inductance

d/cm 10 Distance between two coils
R,/Q (2,100)  load

w/krad/s  (5,3000) central frequency of PLL

the output power and other factors which include the
frequency and load, and the relationships between the input
power factor and these factors can be depicted as Fig. 3 (a)-(b)
respectively. The specifications of the system are displayed in
Table I.

Fig. 3 shows that the output power and the input power
factor vary with respect to the factors of frequency and load.
In addition, the output power obtains its maximum value at
those points where the input power factor is close to one, and
the WPT system works in the resonant state. Thus, for the
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Fig. 4. Phase difference according to R; and wj; the zero- plane.

sake of the maximum output power and high transmission
efficiency, an effectively control approach should be taken to
assure that the WPT system is automatically working in
resonant state.

According to equation (3), the phase difference ¢ between
the output voltage U,, and current in of the inverter can
be expressed as:

2
1 2 202 1
(wLs—g;) +RE 1 WMYwls—5e)

X [wL
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D

®

By analyzing (8), the relationship between the phase
difference and the factors, which include the frequency and
load, can be depicted as in Fig. 4. When the WPT system
works in the resonant state, the phase difference is zero.

w?M2Ry, P wc, (mLS—wLCS)HRf

Accordingly, the resonant points are located in the junctions
of the phase-difference plane and the zero-plane.

It is evident from (8) that the WPT system works in the
resonant state when the output voltage and current of the
inverter have the same phase angle. This can be realized by
controlling the switching frequency of the inverter according
to the resonant frequency.

III. FREQUENCY-TRACKING METHOD

In order to keep the WPT system working in the resonant
state, a DPC approach, as shown in the shaded area of Fig. 5,
based on the SOGI-PLL, is proposed to provide
frequency-tracking. By sensing the primary side current, the
output phase angle 8 of the SOGI-PLL acts as a control
signal for the PWM driver. According to the cosine value of
6’ the PWM driver signals V;; are obtained as presented in
Fig. 6. In addition, the dead angle 8, between the two sets
of gate signals V;s,4 and V.3 can be regulated precisely.
Where d is a constant whose value is close to zero and the
dead angle 6, is expressed as:

0, =2sin"td 9)
With the help of the proposed frequency-tracking method,
the output voltage frequency of the inverter in the WPT
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Fig. 6. Regulation of the PWM driver signals.

system can track the resonant frequency automatically if the
parameter AB* is set to zero, so that the phase difference
between the output voltage and current of the inverter will be
zero correspondingly. Furthermore, the phase difference can
be accurately regulated by the parameter A8™.

To realize the above control strategy, the key is to obtain
an accurate phase angle 6 . The proposed frequency-
tracking method, as shown in Fig. 7, is composed of five
parts as follows, the Second-Order Generalized Integrator
Quadrature  Signal Generator (SOGI-QSG), the Park
transformation, the DPC, the Low-pass Filter (LF), and the
Frequency/Phase-Angle Generator (FPG). The proposed
method has two feedback loops, where the FPG provides the
phase and central frequency for the Park transformation and
the SOGI-QSG, respectively [17], [18]. The introduction of
the SOGI-QSG improves the phase detection performance.

A. SOGI-0SG

The SOGI-QSG is a kind of Adaptive Filter (AF). A
traditional filter can only deal with signals that lie in the fixed
frequency range. What is worse, the parameters of this kind
of filter are static and their values are assigned during the
design progress of the filter. However, an AF can adapt its
parameters automatically according to the optimization

algorithm. In addition, during the design process of an AF,
information on the signal to be filtered is not needed [19],
[20]. The SOGI-QSG can deal with signals that lie in any
frequency range. Moreover, it can be used in occasions with
distortions and disturbances.

According to Fig. 7, the transfer functions of the
SOGI-QSG can be expressed as:

D(s) = %(s) - kels (10)

s2+kw's+w'?

’ 2
_ v’ _ kw
Q(S) - v (S) - S2+kw's+w'? (11)
where w’ represents the central frequency of the SOGI and
k 1is the gain of the SOGI-QSG.

Suppose that the input signal with distortion is:

m m
v= Z v, = Z V, cos(nwt + @) (12)
n=1 n=1

where V,,, nw, and @, represents the amplitude, angular
frequency and initial phase angle of the nth harmonic v, of
the input signal v, respectively. As a result, the nth harmonic
can be indicated as a phasor v,, and the amplitude, angular
frequency and initial phase angle are V,, nw and @,,
respectively. With the help of (10) and (11), the outputs of
the SOGI-QSG can be expressed as:

|17'| _ knw' wVy
. . " J(knw’w)2+((nw)2—w’z)2
v, = D, , (13a)
. 12_ 2
2v) = tan™! (—w kns::)) ) + 0,
| al =2 ]
quy = QU e (13b)

2qV), = L) — >
Once the value of the angular frequency w is equal to the
central frequency w’, equation (13) can be calculated as:

|va] = —=2—
. R nl = 2_ 2, 1
vl = Dy, AT (14a)
. —m2
2y = tan‘l(lk: )+ 0,
. 1 -
S qun| = |
qv} = OV, lasi] =3 ”ln (14b)

Lq‘li,’l = LU,’1 -3

For a critically-damped response k =2 is chosen as
shown in the bode diagram presented in Fig. 8. This value
presents a valuable selection in terms of the setting time and
overshoot limitation [17], [18]. It can be observed that the
SOGI-QSG possesses the band-pass filtering property. The
bandwidth of the SOGI-QSG relies on the gain k rather than
the central frequency w'. As a result, it is suitable for
occasions with frequency variations.

From (14), it can be observed that the input signal has the
same angular frequency as the central frequency atn =1,
and that the amplitudes of the outputs share the same values
with the input signal. Otherwise, the amplitudes will decay
obviously atn # 1. In addition, there is a phase difference of
m/2 between the signals v, and qv,. Furthermore, the two
orthogonal signals have the same amplitudes as v, while the
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Fig. 8. Bode plot of SOGI-QSG (k = V2, ' = 4000007).

input frequency is equal to the central frequency w’. Thus, the
outputs of the SOGI-QSG can be expressed as:
v’ cos 6 cos(wt + @
[QV'] =V [sin9 N [singcut + (253 (135)
where V and 6 are the amplitude and phase of the input
signal, respectively. They are equal to the values of the
fundamental component of the input signal, whose amplitude,
angular frequency and initial phase angle are V; ,w and
@, respectively.

The dynamic response of the SOGI-QSG is presented in
Fig. 9, where v =5cos(wt—m/2)+ 0.8cos(3wt —
7/2) + 0.3 cos(5wt —m/2), and a disturbance of m/4
leading phase hits is applied at 19.4 ps. It is evident that the
SOGI-QSG can work well regardless of distortions and
disturbances.

B. Park Transformation

Fig. 10 shows the Park transformation schematic diagram.
There are two coordinates, including the stationary
coordinates and the rotating coordinates, where 6 represents
the phase angle of the input signal and 8’ is the output phase
angle of the SOGI-PLL.

Va v’
[Vﬁ] B [qv’] (16)
According to the Park transformation principle, the dq
components are obtained by:

bl =[mer conerllig] a7

Time(us)

Fig. 9. Waveforms of the input signal v and the two outputs
v’ and qv’ of SOGI-QSG, where v =5cos(wt —mw/2) +
0.8 cos(3wt — m/2) + 0.3 cos(Swt — 1/2) , w=w'=
4000007 rad/s and k = 2.
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Fig. 10. The schematic diagram of Park transformation.

Substitute (15), (16) into (17) and the dq components are:
v cos(6'—6
[UZ] - [—sin((B’ - 9)) (18)

By analyzing (18), the value of v, reveals the difference
between the output phase 6’ and the input phase 6 of the
PLL. According to Fig. 10 it can be seen that:

(I)At the moment when v, < 0, the axis d is ahead of v,
and the frequency of the PLL should be reduced.

(2)At the moment when v, > 0, the axis d lags behind v,
and the frequency of the PLL should be increased.

(3)At the moment when v, = 0, the axis d is collinear
with v.

C. DPC

For the high-frequency applications in WPT systems, in
order to decrease the switching losses, it is essential to assure
operation in the Soft-Switching mode. In addition, a dead
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time in the voltage source bridge inverter is required to
prevent shoot-through current [15], [16]. The inverter of
WPT system is presented in Fig. 11(a), and the ZVS
operation is introduced as shown in Fig. 11(b).

Fig. 11(b) shows that a resonant current phase lag 6, is
introduced where Vps and ipg represent the voltage across
the MOSFET and the current through the MOSFET,
respectively, and i;p repesents the output resonant current of
the inverter. The phase lag 6; refers to the difference
between the zero-crossing point of the current ipg and the
falling edge of the voltage Vpg. The voltage across the
MOSFET is zero if the MOSFET turn on during the phase lag
0,, and then the ZVS operation is achieved.

In a real circuit, the phase lag 6, is redefined as the
difference between the zero-crossing point of the output
resonant current I;p and the falling edge of the driver signal
of the MOSFET as shown in Fig. 12. In order to assure the
ZVS operation, it is very important that the phase lag 6,
should be greater than the dead angle 6.

In this paper, the Adaptive Gain (AG) is used and it can be
expressed as:

cos(A6%)
g # 0
AG =] '@ (19)
1 yVag = 0

where AG* is the reference value of the phase difference
between the output and input signal of the SOGI-PLL, and
v, is one of the dq components of the Park transformation.

In addition, the component of Vg, as shown in Fig.7,
can be expressed as:

Vaunit = VgAG (20)

According to (18)-(20), the actual phase difference A0 is:

— 0 — 0 = tan-1[— taunit_
A6 = 6"~ 0 = tan™ [~ - L2 Q1)

At the moment when the SOGI-PLL operates steadily, as
shown in Fig. 7, the condition of Vg, = —sin(A8”) is
satisfied. With equation (21), A@ = A@*. Thus, it is possible
to regulate the actual phase difference A8 by setting the
parameter A8*, as presented in Fig. 13.

The DPC makes it possible for the resonant current phase
lag angle 6; to have the same value as the parameter A6”.
Once the dead angle has been assigned, the parameter of AG*
should be set so that it is greater than ;. On the other hand,
for the sake of resonant frequency-tracking, the minimum
input power factor p,,;,, which is close to one, is introduced.
Therefore, the parameter of A8* should be given by:

2sin™td < A8* < cos™ (Pmin) (22)

Thus, the dead time imposed by the drivers is compatible
with that of the resonant current phase lag control. In this
case, the WPT system operates in a quasi-resonant state and
the ZVS operation is achieved.

IV. LINEARIZATION AND STABILITY ANALYSIS

According to Fig. 13, some relationships can be depicted
as the following equations.

£ = —Vgynie = —Sin(0 — 0") (23)

Once the component Vg, as shown in (23), is small
enough the equation can be depicted as:

e=—(0-0" (24)

As for the FPG component, which works as the voltage

controlled oscillator (VCO) of a PLL, the output frequency is:

kvcovf (25)

where w, is the central frequency of the VCO and its

value relies on the frequency range of the signal to be

w'=w,—Av=w,—

detected. Aw represents the frequency compensation, which
achievs robust operation for frequency variations. ki, is
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Fig. 14. Linear PLL loop.

the gain of the VCO and it works as an input sensitivity
parameter. The parameter scales the input voltage. Thus, it
controls the shift from the central frequency. The unit of the
parameter is in radians per volt.

Therefore, a small fluctuation of the output frequency is:

@' = —kyeoUf (26)
Thus, a small fluctuation of the phase angle is:
0'(t) = [@'dt = — [ kyeoDpdt 27

With the introduction of the Laplace Transform, equations
(24) and (27) can be respectively converted as:
E(s) =—(0(s) —0'(s)) (28)
0'(s) = _kvcon(S)i (29)
In addition, another relationship in terms of the component
of the LF can be expressed as:
Vi(s) = k, (1 + Ti) E(s) (30)
Accordingly, the linearization for the SOGI-PLL, as shown
in Fig.13, can be presented in Fig. 14. In Fig. 14 the
combination of the SOGI-QSG, the Park transformation and
the AG works as a special Phase Detector (PD). A PI
controller ~works as a  Low-pass Filter. The
Frequency/Phase-Angle Generator (FPG) works as the
voltage controlled oscillator (VCO).
The closed-loop transfer function of the linearized PLL can
be expressed as:

Ks+T£i
G(s) = 52+Ks+% (1)
K = kpkyco (32)

where k,, is the proportional gain and T; is the integral
time constant of the PI controller.
The natural frequency and the damping ratio are:

= £ (33)

JKT;

§= (34)

2

Magnitude (dB)
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Fig. 15. Bode plot of the PLL system.
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Fig. 16. Step response of the PLL system.

For a good transient response, a damping ratio £ = 0.7 is
advisable. Allow for the lock range of the PLL as depicted in
(35). The natural frequency w,, should not be too low.

Aw; = 28w, (35)

In addition, the lock time, as presented in (36), is another

issue that needs to be taken into account.
21

T~ (36)

According to the criteria in the previous analysis, a natural

frequency of w, = 113140rad/s is chosen. According to

(35), (36) Aw, = 160000rad/s, T, = 54us, the bode plot

and the step response are displayed in Fig. 15 and Fig. 16,
respectively.

With the help of Fig. 15 it is possible to obtain some

information about the PLL system. Firstly, the low-frequency
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gain of the closed-loop PLL is nearly 0. As a result, when it
works under steady working conditions, the PLL system is
extremely accurate. Secondly, it has a peak value of 2.3dB at
the resonant point. This indicates that the PLL system shows
a low overshoot. Thirdly, because of its wide bandwidth a
good transient response is obtained. In addition, the system
has a large lock range indicating that the PLL can get locked
in a single beat with a high initial frequency deviation. As
shown in Fig. 16, the system shows a good transient response
and a low overshoot.

V. PERFORMANCES AND RESULTS ANALYSIS

A.  Simulation Results Analysis

In order to verify the proposed method discussed above,
simulations have been done according to Fig. 5. The main
parameters for the simulated system are presented in Table I.
In this experiment the load is R, = 16Q and the central
frequency of PLL is f, = 200kHz.

The WPT system, which operates with the DPC approach,
works in a quasi-resonant state after setting the parameters as
discussed above. As a result, the current out of the inverter is
approximately in phase with the voltage as shown in Fig. 17.
The waveforms of the voltage and current of the MOSFET
are displayed at the bottom of Fig. 17. It is obvious that the
ZVS operation for the inverter of the WPT system is
achieved.

The load R, changes from 16 Q to 8 2 at 6ms. Fig. 18(a)
provides the waveforms of the WPT system without the DPC.
As shown in Fig. 18(a), the transmitter-side voltage u,. is
not synchronized with the transmitter-side current i;,, when
the load R, changes. Fig. 18(b), (c), and (d) display some
simulation performances of the WPT system operating with
the DPC. Fig. 18(b) and (c) show that the phase difference
between the voltage ug,,

and the current i, of the
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Fig. 18. Waveforms when R; changes from 16Q to 8Q(a)
Waveforms of u,, and i, (without DPC); (b) Waveforms of
Uge and iy, (with DPC); (c) Magnification of one segment of
waveforms of ug, and i, (with DPC); (d) Frequency
variations behavior.
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Fig. 20. Waveforms of u,. and i;, when R, changes from
16Q to 8Q (a) without DPC; (b) with DPC.

transmitter-side returns approximately to zero at the end of
the transition during which the load R; changes from 16 Q
to 8 Q. Fig. 18(d) shows that at the end of the transition, the
frequency can be tracked automatically.

Changes in the load R; and its effect on the input power
factor p expressed in (6) are displayed in Fig. 19.

Fig. 19 shows that the factor p is approximately equal to
one and stabilized enough. This indicates that the WPT
system works in a quasi-resonant state steadily with a stable
phase difference between the output voltage and current of
the inverter. This is essential for the implementation of the
ZVS operation.
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Fig. 21. Waveforms of u,. and i, with DPC (a) waveforms
without any parameter variations; (b) waveforms with distance
variation between primary-side and secondary-side; (c)
waveforms with misalignment between primary-side and
secondary-side.

B.  Experimental Results Analysis

In order to further verify the validity of the proposed
technique, a hardware implementation has been done and the
obtained experimental results are presented in this paper.
The load R; changes from 16Q to 8. Fig. 20(a) shows
waveforms of the frequency-tracking system without the
DPC. As shown in Fig. 20(a), the transmitter-side voltage
Ug 1s not synchronized with the transmitter-side current iy,
at the moment when the load R; changes. What is worse,
when the voltage swings back and forth, the ZVS operation is
doomed to fail. Fig. 20(b) displays the waveforms of the
system operating with the DPC. Fig. 20(b) shows that the
phase difference between the voltage u,. and the current
i, remains approximately zero when the load R, changes.
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In addition, a stable and slight phase lag-angle 6, is
introduced, which results in successful ZVS operation. It is
obvious that the system can track the frequency automatically
at the moment when the load changes.

Fig. 21(a) shows waveforms of the proposed
frequency-tracking system without any parameter changes.
By analyzing these waveforms it can be seen that the system
can track the frequency automatically, and that the ZVS
operation can be achieved simultaneously.

In addition, the performance of the proposed algorithm
under both distance variations and source-target
misalignment has been presented.

The distance between the two coils changes from 10cm to
Scm and the waveforms are presented in Fig. 21(b). Fig. 21(b)
shows that the phase difference between the voltage u,. and
the current i;, remains approximately zero when the
distance between the two coils changes. In addition, a stable
and slight phase lag-angle 6, is introduced, which results in
successful ZVS operation.

Secondly, the receiving coil deviated from the central axis
of the two coils by about 5cm and the waveforms are
presented in Fig. 21(c). Similarly, Fig. 21(c) shows that the
phase difference between the voltage u,. and the current
i;, remains approximately zero when the receiving coil
deviated from its best position. In addition, a stable and slight
phase lag-angle 6, is introduced, resulting in successful ZVS
operation.

It is obvious that with the proposed method, the system can
track the frequency automatically when the distance between
the two coils changes and when the receiving coil deviates
from its best position. The ZVS operation can be achieved
simultaneously.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper, the resonant
frequency-tracking to a WPT system has been discussed and
a DPC approach, based on the SOGI-PLL, to provide

accurate frequency-tracking for WPT systems is proposed.

importance  of

The DPC determines the phase difference between the output
voltage and current of the inverter in a WPT system, and the
SOGI-PLL provides the phase of the resonant current for
dynamically adjusting the output voltage frequency of the
inverter. The phase of the resonant current can be detected
accurately regardless of distortions or disturbances. The
phase difference of a WPT system and the dead angle
imposed by the drivers can be regulated precisely. Moreover,
the necessary dead time imposed by the drivers is compatible
with the resonant current phase lag control. With the
proposed method a WPT system can track the quasi-resonant
frequency automatically and the ZVS operation can be
achieved. This method can be used on occasions when the
load has changed and when the resonant parameters have
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changed. With the proposed frequency-tracking method the
maximum transmission power and power-delivery efficiency
of a WPT system can be obtained. This is of significance for
the research and application of WPT systems.

The wvalidity of the proposed technique has been
demonstrated with simulation and experimental results.
However, there is still something to do to improve the
performances during the experimental process. Firstly, the
switching frequency can be promoted if a much more
efficient processor, such as a FPGA, is applied. Secondly,
with the proposed DPC method, phase compensation can be
achieved exactly and it will need to be exploited in the future.
It is significant to deal with the phase delay derived from the
hardware implementation. In the future, the switching
frequency of the inverter will be improved in the
frequency-tracking system and the phase compensation will
be implemented.

The proposed method has many advantages for the WPT
applications. However, there are still some possible
limitations in the proposed method. Firstly, the SOGI-PLL is
a computationally expensive and time-consuming algorithm.
In order to apply it to WPT applications whose operating
frequency is high, a much more efficient processor has to be
applied which will increase the cost of the WPT system.
Secondly, protective measures have to be taken to prevent
damage to the processor and other control circuit during the
hardware implementation. Thirdly, the proposed method can
be applied on occasions when the output current is sinusoidal.
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