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Abstract

Wireless power transfer (WPT) technology, renowned for its reliability and flexibility, is utilized in numerous fields. This article addresses the synchronization
of the active rectifier in WPT systems. Traditional methods for synchronization, such as auxiliary coil-based techniques, current sampling approaches, and
perturbation observation methods, often suffer from limitations such as communication delays and sensitivity to noise. Meanwhile, they also assume the
switch frequency is known. To overcome these flaws, this article proposes a frequency estimation method based on the sampled values of the rectifier
bridge's input current. The method accurately estimates the frequency and initial phase angle, thus improving the synchronization performance.
Additionally, dynamic clock interpolation technology is introduced to improve synchronization accuracy by compensating for quantization errors in pulse
width modulation frequency generation. Simulation and experimental results demonstrate that the proposed method enhances both synchronization

performance and stability, even if the realistic frequency is unknown.
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Introduction

With the advancement of technology, wireless power transfer
(WPT) has garnered significant attention from academic and indus-
trial communities due to its remarkable reliability and flexibility. The
advantages of WPT have enabled its extensive application across
various fields, notably including electric vehicles, oil exploration,
biomedical engineering, aerospace, and marine engineering!'-71, For
WPT systems, the existing control methods can be categorized into
two main types: primary-side control and secondary-side control.
Primary-side control requires the reception of load information
from the secondary side through a wireless communication module.
However, wireless communication inevitably introduces an issue of
communication delay, which affects the system's response speed
and even causes instability!®l. Secondary-side control can avoid the
drawback of primary-side control, but it requires the synchroniza-
tion of the phases of the input voltage and current of the active
rectifier. This is a challenging problem, especially when there is a
discrepancy between the clock periods of the primary and secon-
dary side controllers®'%, This necessitates further investigation into
mitigating such issues. Several typical methods for achieving phase
synchronization between the primary and secondary sides can be
summarized as follows.

A synchronization technique is proposed for bidirectional WPT
systems that employs an auxiliary winding to sense the magnetic
field generated by the primary current, and utilizes a compensation
winding to cancel out the effect of the pickup current, thereby pro-
ducing an accurate synchronization signal that is used to synchro-
nize the voltages of the primary and secondary convertersl''l. The
active single-phase rectifier (ASPR) with an auxiliary coil achieves
synchronization based on zero-crossing detection. The current
sensor is used to detect the current waveform of the rectifier input
current, and then processes it through the band-pass filter and
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phase shift circuit to correct any phase error caused by the detec-
tion circuitl'2, However, the accuracy of synchronization depends
on the design of the signal processing circuit and is very sensitive to
system parameters. Auxiliary driving coils are added on the primary
side to achieve phase synchronization between the primary and
secondary sides without directly affecting the power transmission
process('314. By controlling the phase difference of these windings,
the system can adjust the phase relationship between the primary
and secondary power windings, but this leads to increased system
complexity and cost!'s],

Based on the detection and sampling of the ac current at the
secondary side, synchronization can be achieved without an auxi-
liary coil. Synchronization is achieved through a controlled approach
that relies on the measurement of both active and reactive
powerl1617] These techniques leverage the real and reactive power
generated by the rectifier to either directly achieve synchronization
or estimate the phase of the primary voltage, enabling the secon-
dary side to synchronize with the primary side. However, both
approaches rely on accurate power calculation and control. By
detecting the zero crossing of the secondary resonant current or
voltage, the synchronization signall'8-2' is triggered, and the phase
difference is locked to achieve real-time frequency tracking, thereby
avoiding the time-delay issues associated with wireless communica-
tion. However, the synchronization method based on detecting
rectifier input current is sensitive to noise and harmonic interfe-
rence, and requires complex filtering and algorithms, which limits its
application in high-precision or fast tracking scenarios?2,

To overcome the shortcomings of the above synchronization
methods, a strategy based on perturbation and observation is
proposed2324], The controller detects the input power, load voltage,
and current from the power amplifier, and dynamically adjusts the
equivalent load resistance of the rectifier. The latest research adopts
perturbation and observation technology to track the extreme
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value of the output current?>, achieve phase synchronization, and
decouple the relative phase shift angle from the internal phase shift
angle, thereby ensuring synchronization during the power regula-
tion process. However, the primary and secondary sides always
have different clock frequencies, which may cause failures in
synchronization'3],

In existing methods, it is often assumed that the frequency of the
pulse width modulation (PWM) module is known, and then the
initial phase angle is estimated as the basis for synchronization. In
case of a primary and secondary frequency mismatch, the initial
becomes time varying, and the rate of variation will be proportional
to the frequency error, significantly reducing the synchronization
performance. To avoid this problem, a new method is proposed,
which estimates simultaneously the frequency and initial phase
angle of the rectifier input current, so as to reduce the demand for
real-time performance of the synchronization algorithm.

The main contributions of this article are as follows: a method is
proposed to simultaneously estimate the frequency and initial
phase based on the sampling data of the rectifier input current.
When the frequency is accurately estimated, the synchronization
angle becomes constant, which greatly improves the accuracy of
synchronization. These improvements not only improve the syn-
chronization performance of the system but also reduce the require-
ments for the real-time processing ability of the algorithm, provid-
ing a new perspective and technical means for further research in
related fields.

Problem statement

System description

This article report on series-series (SS), and dual-side LCC WPT
systems. The dual-side LCC WPT system is investigated in this and
the simulation verification sections, while the SS WPT system will be
investigated in the experimental verification section. The circuit
topology of the dual-side LCC WPT system is depicted in Fig. 1. Here,
V4e denotes the dc input voltage. The primary and secondary coils,
L, and L,, are connected in series with their compensation capa-
citors C, and C, to compensate for the leakage inductance. Addi-
tionally, Ly and Cy represent the primary-side compensation
inductance and capacitance, while Lp and Cp correspond to the
secondary-side compensation inductance and capacitance. The
output filter capacitor is denoted as Cr.

To simplify the analysis, the equivalent series resistances of the
resonant components are neglected. The resulting simplified
equivalent circuit is presented in Fig. 2. In this diagram, v, repre-
sents the output voltage of is inverter, i; denotes the output current
of the inverter, i, is the current flowing through the transmitting coil
L,, is is the current in the receiving coil Ls, and ip corresponds to
the current fed to the rectifier.

The fundamental approximation is assumed in the following
analysis. The phasor of v; is denoted as:
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Fig.1 Dual-side LCC WPT system with an active rectifier.
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2V2V,
v, = \/; dCLOD (1)
while the equivalent resistance of the rectifier load with zero phase

shift is approximated as:
8
Req = TE_2RL (2)

The input impedance Z;,, secondary impedance Z;, and reflected
impedance Z; are, respectively, expressed as follows:

1
Zin = joLp +| jolp + —— +Zr) //

JwCy JwCri
. 1 1 .
Zs = joLs+ ———+ ———//(joLp +Ry) (3)
JwCs  jwCr
7 - M)’
Zs

and mutual inductance M is expressed as:

M = kAJL,L; @
The resonance conditions of the system are:
LiCr = LpCr = (Ly — L) )Cpy = (Ls — Lp)Cs )
Substituting Eq. (5) into Eq. (3), it can be shown that:
L
in MZRL s L5 szRL
The currents in the system have the following expressions:
MR,
WLi L,

(6

j1=V1' ,0°
Iy= Vi ——/-90°
el ™
MCpR
2Ry oo
Le L
M
wLg Lp

=V

[2=V1- £-90°

The output power under resonance is:
Pout = Req . If22 (8)
Through the above analysis, it is found that the dual-side LCC
resonant compensation network has the following characteristics:
When the system works in the resonant state, the impedance of
the primary and secondary circuits is pure resistive, so the output
voltage and current of the full bridge inverter on the primary side
are in phase. The resonant inductor Ly, on the secondary side has a
constant current independent of the load. Therefore, the dual-side
LCC WPT system has a constant current output, and it is easy to
achieve constant current control. In the rectifier bridge of this topo-
logy, a semi-active rectification approach is adopted, where D, and
D3 are diodes, and the driving signals for D, and D, are shown in
Fig. 3.

Frequency mismatch problem

In practical applications, due to manufacturing tolerances in crys-
tal oscillators and other factors, the secondary controller of a system
often fails to generate a frequency identical to that of the primary
controller. When there is a frequency mismatch between the

Ls Cs Lfl

JoMi, =Cp w Req

i] ip i\ iZ
Fig.2 Equivalent circuit of the dual-side LCC WPT system.
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primary and secondary sides, this frequency difference can lead to
inaccuracies in the estimation of the initial phase angle of the recti-
fier input current. This may affect the synchronization between the
primary and secondary sides. In addition, this may cause fluctua-
tions in the output dc voltage and current. Such issues pose signifi-
cant challenges to the stability and control accuracy of the system,
necessitating appropriate compensation or correction to mitigate
the effects of frequency mismatch.

This is because when the primary and secondary side frequencies
are inconsistent, if the actual frequency of the secondary controller
is ws and the frequency of the primary controller is ws + Aw, the esti-
mated real-time phase of the rectifier input current should be:

¥ = (ws+Aw)t+b = wt + (Awt + b) )

The PQ method is a technique based on the calculation of active
power (P) and reactive power (Q) to estimate the phase angle
between voltage and current. By leveraging these power compo-
nents, the method enables accurate phase estimation. Specifically,
for the rectifier input current i, = asin(wr+b), the signal i, is
decomposed into two orthogonal components through multiplica-
tion with cos(wr) and sin(wr). This process is illustrated in Fig. 4,
where:

iy = i cos(wr) = g [sin(b) + sinwt + b)]

(10)

iy = rsin(wt) = g [cos(b) — cos(Rwt + b)]

It is evident that any signal can be regarded as the superposition
of a dc component and an ac component. After being processed by
a low-pass filter, the ac component is effectively attenuated, leaving
only the dc component:

iy = %sin(b), i = %‘cos(b) (11)

from which the amplitude a and initial phase b can be computed
as:

arctan (ip/iq), iq >0, (12)
- { arctan(ip/iq) +m, ig<O0.

In this process, a low-pass filter is used to remove high-frequency
noise and high-order harmonics, so as to improve the accuracy of
phase angle estimation. However, the time constant of the low-pass
filter directly affects its rate of tracking a time-varying initial phase. A
larger time constant can more effectively suppress high-frequency
interference, but it will significantly reduce the dynamic response
speed of the system. On the contrary, a smaller time constant
improves real-time performance, but due to insufficient attenuation
of high-frequency components, unfiltered high-frequency harmon-
ics and noise will enter the phase detection stage, thereby affecting
estimation accuracy. Specifically, when the synchronization angle
changes rapidly, the delay effect of the low-pass filter will cause the
estimated phase angle to deviate from the true value. This devia-
tion is not only related to the time constant of the low-pass filter,
but also affected by the signal change rate. Therefore, when design-
ing filter parameters, we must find a balance between real-time
performance and filtering effect to meet the needs of practical
applications.

In addition to the real-time performance, the low-pass filter
parameters also directly affect the variance of the phase angle
detection results. A large time constant can effectively smooth the
random noise and reduce the detection variance, but it will also
enlarge the delay effect. On the contrary, although a small time
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Fig. 3 Generation of the driving signals for D, and D,. PRD is the
period of the PWM counter, CMPA is the counter value to switch on D,,
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Fig. 4 Schematic diagram of active and reactive current decompo-
sition for phase angle estimation.

constant reduces the lag error, the detection variance may increase
due to the high-frequency noise, which has not been significantly
attenuated.

Proposed frequency estimation method

Frequency estimation based on secondary bridge
current

In the system operation process, optimal frequency estimation
often encounters the challenge of local convergence. The primary
cause of this issue lies in the non-convexity of the objective func-
tion during the optimization process. When iterative optimization
algorithms are employed for frequency estimation, the algorithm
could be trapped by local optima rather than converging to the
global optimum. This phenomenon becomes particularly pronoun-
ced when the initial parameters are poorly selected.

To address this issue, during the initialization phase, the two
lower switches of the active rectifier bridge can be shorted simulta-
neously to obtain more stable and reliable sampling data of the
rectifier bridge input current. Based on these sampling data, the
Gauss-Newton (GN) iterative algorithm can be applied to accurately
estimate the frequency and initial phase angle of the rectifier bridge
input current. The flowchart of the recursive algorithm is presented
in Fig. 5.

It is necessary to estimate the amplitude q, the frequency f, and
the initial phase b in real-time based on the sampled data {i;g}ﬁil-
Here, (-)* denotes the sampled version of (-), and the subscript ¢
represents the sampling time index. The three parameters to be
estimated are gathered in the vector 6 = [q, f,b]", so the parameter
estimation problem can be defined as follows:

0= arg myin J(0)

y (13)
16)=3 3 (i)
(=1
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The GN iterative algorithm can be employed to obtain a solution,
in which the gradient vector and the Hessian matrix are defined as:

N
VIO) == $eO)(i5,~in0)
=1

N (14)
\RUOEDWAOAC)
(=1
where,
oi»  8ir o T sin(wt; + b)
$e(6) = [ a—l; 0_1; £ ] li=r, = | 2mteacos(wi;+b) (15)

acos(wt; +b)

The cost function can be approximated by Taylor series
expansion.

JO) = J(@-1) + VI@r)(O - B+
1 ~ ~ - N
5O=80)" [V 0-bi0) (16)

where, 61 is an estimate of 6 at the (k—1)th iteration. Consequently,
by differentiating both sides of the equation with respect to 6, the
solution that minimizes J(6) can be obtained via an iterative proce-
dure as follows:

~ A~ A A N -1 A
B = 1 — sy = By — [ V2T O] VIB) 7

where, yy is the scaling factor. It serves to prevent divergence caused
by excessively large step sizes when the Hessian matrix is near singular
and provides controllable convergence speed in highly nonlinear
regions.

Frequency estimation based on the secondary bridge
current

In multi-modal optimization problems, the characteristics of the
loss function are usually manifested as the existence of a global
optimal solution and multiple local optimal solutions. This complex
structure can be described as: the objective function J(6) has non
convex characteristics within its domain, resulting in a multi-modal
distribution of its solution space. Specifically, the global optimal

( Start )

¥
| Tnitialization: k=1 6 = [a, £, ] |

Set the maximum number of iterations M.

Set the convergence threshold ¢.
¥

| Predict i, (f) and compute the cost function J(6y - ) |<—
i
| Compute the gradient vector and Hessian matrix by (14) |
¥
| Set ;=1 and compute the increment Af; by (17) |
v
Update the parameter vector: 8(k + 1) = 6(k) + 14,A6
!

| Construct #(¢,6;) and compute J(6y) |

= W2
J(00) < SO 1) and k < I sl ”I‘\I
o]
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W=
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| Output the final parameter vector 6 |

¢ E;d )

Fig. 5 Flowchart of parameter estimation for amplitude, frequency,
and phase using the GN iterative algorithm.
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solution 6" is defined as satisfying J(6*) < J(0) for all points where
6 € D, where D represents the domain of the function. At the same
time, there may exist multiple local optima {Hi}f‘il within the same
domain, which satisfy J(6;) <J(6), for any neighboring point
6 € N(6;), but do not guarantee reaching the global minimum. This
multimodal nature poses a challenge to the optimization process, as
algorithms may easily fall into local optima and fail to find the global
optimum.

The length of data N is one of the critical factors influencing the
shape of the loss function curve. In practical applications, the size of
N directly determines the richness of information available during
parameter estimation, which in turn significantly impacts the smoo-
thness of the loss function, the convergence rate, and the final opti-
mization results. Figure 6 is generated through numerical simula-
tion, showing the variation of the loss function J(#) with frequency
f under different data lengths N. The true parameters are: signal
amplitude a =2, frequency f =80 kHz, initial phase ¢ =-r rad,
sampling rate 200 kS/s, with 30 dB Gaussian white noise added in
the sampling process. In generating Fig. 6, it is assumed that a and
¢ are known while f is tried from a set of values in [60 100] kHz. It
illustrates the impact of different data length N on the loss function
curve and displays three curves corresponding to different values of
N:26,76,and 152. When N = 26, the loss function curve is relatively
smooth, with a broad global minimum around 80 kHz. This indi-
cates that for shorter data lengths, the loss function is less sensitive
to variations in the input data, leading to a smoother optimization
landscape. When N =76, the curve becomes more oscillatory, with
several local minima emerging. This increased oscillation suggests
that the loss function is more sensitive to the input data, making it
harder for optimization algorithms to converge to the global mini-
mum. When N =152, the curve exhibits even more pronounced
oscillations, with multiple local minima becoming more distinct. The
increasing complexity of the loss function curve demonstrates that
longer data lengths introduce additional local optima, further com-
plicating the optimization process.

These observations highlight the trade-off between data length
and the complexity of the loss function. Shorter data lengths result
in smoother loss functions but may fail to capture all relevant infor-
mation. In contrast, longer data lengths provide more detailed infor-
mation but introduce additional complexity in the form of multiple
local optima. Careful consideration of data length is therefore essen-
tial to achieve an optimal balance between model precision and
computational efficiency.

In addressing problems where the loss function exhibits multi-
modal characteristics, i.e., the presence of a global optimum and
numerous local optima, a parameter estimation algorithm based
on the GN iterative algorithm is proposed. The core idea of this
algorithm is to dynamically adjust the data length N to enhance the
convergence range and ultimately improve the accuracy of parame-
ter estimation. The algorithm flowchart is shown in Fig. 7. Initially,
the parameter vector 6 to be estimated is initialized as the starting
point for the first iteration, and the basic parameters of the signal,
such as frequency and sampling period, are defined. At the same
time, N is set to Ny, as the initial data length. Throughout the opti-
mization process, N is incrementally increased by a step size AN
until it reaches Np... The GN iterative solution is performed using
the initial parameter values of the current stage to obtain a new
parameter estimate 6. To ensure that the optimization process effec-
tively avoids being trapped in local optima, the parameter esti-
mates obtained from the previous stage are used as the initial values
for the next stage. In this way, the smaller data length N at the early
stages allows the algorithm to search for possible solutions over a
wider range, while the gradual increase in N enables the algorithm

Zhang et al. Wireless Power Transfer 2025, 12: €022
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Fig.6 Waveforms of the loss function under different data lengths.
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Fig. 7 Flowchart of iterative parameter estimation using the GN
iterative algorithm with increasing data length.

to refine the parameter estimates on a more precise data basis,
thereby achieving higher estimation accuracy. As shown in Fig. 8,
when the data length N is set to the array [26, 72, 96, 152], for each
value of N, 20 iterations of the GN iterative algorithm are performed
to estimate the parameters 6 of a sine curve with noise and third-
harmonic distortion. This approach not only improves the selection
of initial parameters but also effectively enhances the accuracy and
stability of frequency estimation, thereby mitigating the impact of
local convergence problems. The expression for this sine curve is as
follows:

y=a-sin(2r ft+b)+0.1rand - n(f) + 0.3a - sin(67 f1) (18)
where the amplitude a = 2, the frequency f =80 kHz, and the initial
phase angle b = .

Figure 8 presents a comparison between the waveform esti-
mated using the algorithm shown in Fig. 7 and the actual sine wave-
form with noise and harmonics. It also illustrates the gradual conver-
gence of three parameters to their steady-state estimated values as
the number of iterations increases from Ny, t0 Npay, indicating that
the fundamental component of the original waveform can be
largely reconstructed. The variances between the three estimated
parameters and their true values are presented in Table 1.

It can be observed that as the value of N gradually increases, the
variances of the three estimated parameters all decrease, becoming
increasingly closer to their true values.

Zhang et al. Wireless Power Transfer 2025, 12: e022
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In practical systems, measurement data are often affected by
various noise sources, which can directly impact the performance
and accuracy of parameter estimation algorithms. Specifically, when
measurement data contain noise, the estimation algorithm may
mistakenly treat the noise as part of the signal, causing the estima-
tion results to deviate from the true values. To investigate this effect,
we conducted Monte-Carlo simulation experiments by comparing
the signal under different signal-to-noise ratio (SNR) conditions,
analyzing the differences between the true parameters and the
estimated parameters. The simulation results shown in Fig. 8 pre-
sent the mean and standard deviation curves of the proposed
algorithm's estimates for the amplitude, frequency, and period of
a sine wave over an SNR range from 0 to 30 dB. Additionally, the
figure includes a comparison between the waveform generated
from the estimated parameters and the original sine wave. Simulta-
neously, Table 2 presents the specific values of the mean and stan-
dard deviation for the three estimated parameters.

Simulation verification

This section presents the validation of the proposed algorithm's
effectiveness based on Simulink simulations. The parameters of the
model used in the simulation are shown in Table 3. The low-pass
filter for the PQ method is designed with a natural frequency of
wy = 3,000 rad/s, which corresponds to approximately 477 Hz. The
filter is implemented as a second-order Butterworth filter, which
ensures minimal distortion of the signal within the desired fre-
quency range. The transfer function of the filter takes the form:

9% 10°

H(s)= 19
® 52 +4242.65+9x 10° (19
and its discrete-time version is given by:
Y(2) = Cyl - Ay 'BaU@) +DU () (20)

where:

Adz[ 0.9705 0.00485 ] de[ 0.00485 ]

-43379  0.7831 43379
Ci=[1 0], Dy=0 @0

When the primary and secondary sides operate at inconsistent
frequencies, directly estimating the initial phase angle after the
rectifier input is in the steady state, without performing frequency
estimation, can lead to the estimation of a time-varying initial phase
angle as shown in Fig. 9. In Figs 10 and 11, with a frequency diffe-
rence of 0.5% between the primary and secondary sides and
Ry, =6Q, it can be observed that the resonant current waveform
and the dc output waveform exhibit multiple spikes throughout the
simulation time, such as those at time pointst;, t,, and #;. These
spikes occur when the estimated b on the secondary side umps
from 27 to 0, generating false driving signals for the switches.

When estimating the frequency of the resonant current i, we
account for the potential influence of harmonics. As shown in
Fig. 12, the performance of the proposed frequency estimation
algorithm is evaluated under different levels of harmonic distortion
(R =20,40,60 Q). In this case, the frequency difference between
the primary and secondary sides is 1.25%. It can be observed that
the frequency estimation value (represented by the number of PWM
counter cycles) converges from an initial value of 405 clock cycles
(corresponding to a switching frequency of 50.625 kHz) to a nomi-
nal value of 400 clock cycles (corresponding to a design frequency
of 50 kHz), indicating that the algorithm can still quickly track the
true frequency under 1.25% frequency mismatch conditions.

The following section demonstrates the effect of PQ synchroniza-
tion based on frequency estimation. As shown in Fig. 13, during the

Page5of11



Wireless Power
Transfer

a Amplitude mean
@
2.005
g
i | 0/9/6——9_(
0 10 20 30
SNR (dB)
Frequency mean (kHz)
80.02
g
S 80.00 |
2 D
79.98 & . . .
0 10 20 30
SNR (dB)
Phase mean
=3.130( T T -
-3.135
=
B
= -3.140
9 0 20 30
SNR (dB)
b Waveform comparison (SNR = 0 dB)
© r : . .
!
2
£
< I I i
0 2 4 6 8
Time (s) x107°

Waveform comparison (SNR = 10 dB)

Amplitude

0 2 4 6 8
Time (s) x107°
Waveform comparison (SNR =20 dB)

Amplitude

Time (s) x107°

Waveform comparison (SNR = 30 dB)

Amplitude

0 2 4 6 8
Time (s) x107°

Optimal frequency estimation for WPT systems

Amplitude Std
® :
0.05 :
9
7
0 : : D
0 10 20 30
SNR (dB)
Frequency Std (kHz)
0.3 T -
02Ff 1
]
Z
0.1 1
0 : D
0 10 20 30
SNR (dB)
Phase Std
0.1 . . .
q
= 0.05 ]
2]
0 |
0 10 20 30 o
SNR (dB)
Waveform comparison (SNR =5 dB)
3 2f ' ' :
2
£
< 1 I i
0 2 4 6 8
Time (s) %107
Waveform comparison (SNR = 15 dB)
Q
<
2
£
<
Time (s) %107
Waveform comparison (SNR = 25 dB)
o
ks
2
=
g
<
Time (s) %1073
Waveform comparison (SNR = 35 dB)
3 2f ' ' :
2
=
g
<

Time (s) %107

Fig. 8 Parameter estimates obtained under different SNRs. (a) Parameter estimates under different SNRs. (b) Comparion of the sampled noisy data and

the estimated ones.

time interval 1y to f;, the two lower switches of the rectifier bridge
are short-circuited simultaneously to obtain stable sampling data of
the resonant current, and no parameter estimation is performed
during this period. From ¢, to t,, only precise frequency estimation
is carried out to allow the frequency to converge stably to its actual
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value. In the subsequent phase starting from r,, frequency estima-
tion is stopped, and the initial phase angle is estimated instead to
achieve synchronization. It can be seen that the situation where the
initial phase angle estimate becomes time-varying due to the fre-
quency difference no longer occurs. Additionally, the input current
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Table 1. Variance and mean of estimated parameters for different data
lengths.
N Var () Var (f) Var (b)
26 1.06 x 107" 1.25 x 108 2.96
72 6.20x 107* 3.73x 103 5.95x 1074
96 4.66x 107 1.57 x 103 452x10™
152 2.88x 107 3.86 x 102 2.81x 107
N Mean (&) Mean (f) Mean (b)
26 0.377565 77.886872 —2.727483
72 1.997164 80.044921 -3.157094
96 1.998176 80.008205 -3.141797
152 2.005136 80.003889 —-3.143130
Table2. Estimated parameters.
SNR (dB) Parameter Ture value Mean Std
0 Amplitude 2 1.9937 8.13x 1072
5 Amplitude 2 1.9940 3.86 x 1072
10 Amplitude 2 2.0012 2.62x 1072
15 Amplitude 2 2.0022 1.54x 1072
20 Amplitude 2 1.9994 7.29%x 1073
25 Amplitude 2 2.0006 4.73x1073
30 Amplitude 2 2.0001 236x 1073
35 Amplitude 2 2.0002 1.29x 1073
0 Frequency 80 80.022 267.36
5 Frequency 80 79.984 150.09
10 Frequency 80 80.014 82.733
15 Frequency 80 79.995 52.128
20 Frequency 80 79.999 26.779
25 Frequency 80 79.999 13.707
30 Frequency 80 80.000 8.5463
35 Frequency 80 80.000 44373
0 Phase - -3.1518 7.95%x 1072
5 Phase - -3.137 416 x 1072
10 Phase - —3.1463 247 x 1072
15 Phase -n -3.1412 1.55x 1072
20 Phase -n -3.1411 7.65x 1073
25 Phase - -3.1411 3.99% 1073
30 Phase - -3.1416 2.67x1073
35 Phase - -3.1416 1.33x 1073
Table3. Main parameters of the LCC-LCC WPT system.
Symbol Item Value
G Primary side compensation capacitor 80 nF
Ch Primary side parallel capacitor 120 nF
G Secondary side compensation capacitor 80 nF
G Secondary side parallel capacitor 120 nF
G Output filter capacitor 50 nF
L, Primary side coil self-inductance 200 pH
Ly Secondary side coil self-inductance 200 pH
L Primary side compensation inductance 80 uH
Lt Secondary side compensation 80 uH
inductance
M Mutual inductance 55 puH
R Load resistance 6 (default)/20/40/60 Q
Ve DC power supply 200V

of the rectifier bridge and the dc output no longer experience fluc-

tuations caused by the loss of driving waveforms.

Experimental verification

In this section, the effectiveness of the proposed method is vali-
dated by experimental results. The prototype is shown in Fig. 14,

Zhang et al. Wireless Power Transfer 2025, 12: e022

Wireless Power
Transfer

Output value

----- True value
Estimated value

0 1 3 4 5
Time (s) %1075
b ‘ ‘ ‘ ‘ ‘
2 -
Q
o
]
a1t 1
g
<
0 ‘ ‘ ‘ ‘ ‘
S T T T T T
80}
=1
AL 1
=
270+ .
o
o
i 65 Il L L L I
0 . ‘ ‘ ‘ ‘
2
g1 1
o
E21 1
Eaf |
0 20 40 60 80 100 120

Iteration count

Fig. 9 Estimation results when the data length increases progressively.
(a) Comparison of the sine waveform based on the final parameter
estimates with the original waveform. (b) Variance and mean of

estimated parameters.

Amplitude
o M B o ®

N
=
@

402

Period

n

01

Initial phase

(=IO

i

I 1 1 I

(=]

Fig. 10
mismatch.

0.005 0.01

0.015

0.02 0.025 0.03 0.035 0.04
Time (s)

Parameter estimates under primary-secondary frequency

which has a series-series compensation topology, with the main cir-
cuit parameters given in Table 4. The primary and secondary digital
signal processors (DSPs) in the experiment are both TMS320f28377d,
and the clock frequency of the ePWM module is 100 MHz. The
resonant frequency is originally designed as 50 kHz, so the nominal
counter period of the ePWM module is 2,000. The data used for
frequency estimation is sampled at the rate of 200 kS/s.
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Fig. 12 Parameter estimates obtained under different levels of harmonic distortions. (a), (b): Ry, =20 Q. (c), (d): R, =40 Q. (e), (f): R, = 60 Q.

The frequency estimation procedure is slightly different to the e Estimate f;, based on the sampled data of i;, which is accurate
one presented in the previous section. The main steps of the experi-  since i, will have the frequency of f;, once the system has reached a
ment are as follows: stationary state.

o Switch off the four MOSFETSs of the active rectifier to enable the As another option in the first step of the above procedure, we can

diode bridge mode. When the system enters a stationary state, i, is  also specify an initial PWM frequency f; for the secondary DSP, and
sampled at the rate of 200 kHz to generate the data for frequency  then implement the PQ method to achieve active rectification.
estimation. Theoretically, the initial phase estimated by PQ should be:
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Table4. Main parameters of the SS WPT system.
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Fig. 14 SS compensated WPT system. (a) Prototype. (b) Circuit

topology.

b=2r(fi— fo)t (22)

which will be time varying if f; is different from the primary PWM
frequency f;, or constant if f; = f;,.

The oscilloscope data i, obtained in the diode bridge mode is
given in Fig. 15, while the data sampled at the rate of 200 kS/s are
presented in Fig. 16. Based on a set of 150 data points of i, the
secondary frequency is estimated as:

Zhang et al. Wireless Power Transfer 2025, 12: e022

Symbol Item Value
G Primary side compensation capacitor 50.1 nF
G Secondary side parallel capacitor 50.2 nF
G Output filter capacitor 504.4 pF
L, Primary coil self-inductance 209.2 pH
L Secondary coil self-inductance 204.4 pH
M Mutual inductance 66.5 uH
R Load resistance 10Q
7% DC power supply 74V

f =49.998 kHz

(23)

Then, by using the estimated frequency as the basis to configure
the PWM module of the secondary DSP, the waveform of vy, iy, v,,
and i, are shown in Fig. 17, while the estimated parameters are plot-
ted in Fig. 18, where it can be seen that the estimated initial phase b
becomes constant when the estimated frequency f; in Eq. (20) is
used to configure the PWM module.

By contrast, if the secondary frequency is not estimated, for exam-
ple we just specify a coarse initial guess, e.g. f; = 50.5 kHz, then the
waveform of vy, i1, v2, and i take the form of Fig. 19. As shown
therein, v, and i, do not perfectly aligned (their phase difference is
not exactly = rad), this is due to the time varying initial phase,
as shown in Fig. 20, which limits the real-time performance of
synchronization.

Discussion

The method proposed in this article provides a data-based solu-
tion to accurately estimate the switching frequency of the primary
side on the secondary side based on the sampled data of the
rectifier input current, without the need for real-time wireless
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Fig. 17 Waveform of vy, i;, v,, and i, in the active bridge mode, where
the estimated secondary PWM frequency f, = 49.998 kHz is used.

communication between the two sides. This method can be applied
to conventional synchronization methods such as the PQ method to
improve synchronization performance when the clock period of the
primary-side controller is not equal to that of the secondary-side
controller. The data-based mechanism has the merit of robustness
to measurement noise, low hardware dependency, and high accu-
racy. These merit enables the proposed method to be easily inte-
grated into the existing synchronization methods.

Conclusions

This article presents a resonant current-based frequency estima-
tion method for phase synchronization in wireless power transfer
systems. The method reduces real-time computational demands by
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accurately estimating frequency and phase parameters through the
Gauss-Newton method. Key innovations include adaptive data win-
dow adjustment for improved convergence. Finally, the experimen-
tal results have validated the feasibility of the proposed method.
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