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Synchronous Switching and Control of WPT Systems
With an Active Rectifier Based on Recursive

Current Tracking
Fengwei Chen , Chanzhen Duan, Zhenxing Xu, Danli Chen, Lei Zhao , Jie Hou , and Udaya K. Madawala

Abstract—The control of wireless power transfer systems with
an active rectifier can be implemented on the secondary side, which
avoids the need for real-time wireless communication between the
primary and secondary sides to construct the feedback loop, thus
facilitating the control design. However, in secondary control we
encounter the challenge of synchronous switching. In this article, a
data-based approach is proposed to address this challenge, which
first applies a recursive algorithm to estimate in real time the
amplitude and phase of the input current of the active rectifier
from sampled data, then generates the driving signals based on the
estimated phase for the active rectifier to control the relative phase
angle between the input voltage and current of the active rectifier,
and finally performs secondary phase-shift control to regulate the
load power. The recursive algorithm for current tracking has the
merits of relying on data only, so it requires less peripheral circuit
components, and shows high accuracy in current phase detection
and synchronous switching because the current parameters are op-
timized in a minimal prediction error sense. Moreover, it also shows
good tracking ability under conditions, such as system detuning,
harmonic distortion, primary–secondary frequency mismatch, etc.
At the same time, it has a moderate computational burden, each
recursion consuming about 416 clock periods when implemented
on the 200-MHz digital signal processor TMS320F28377D. To facil-
itate control design, a low-order model is identified from sampled
data to characterize the dominant dynamic behavior of the system
and, then, used to tune the proportional–integral–derivative con-
trol parameters. The effectiveness of the proposed control method
is validated on a 1.5-kW level prototype.

Index Terms—Active rectifier, fundamental tracking, secondary-
side control, wireless power transfer (WPT).
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I. INTRODUCTION

W IRELESS power transfer (WPT) has received
widespread attention due to its physical isolation

characteristics that enable power transmission without contact,
effectively improving the safety, reliability, and flexibility of
power supply [1], [2], [3], [4]. The WPT technology has been
widely applied in consumer electronics [5], [6], electric vehi-
cles [7], [8], underwater equipment [9], [10], biomedical [11],
[12], and other fields [13], [14]. Closed-loop control is a common
approach to improve the performance of power electronic sys-
tems [15], [16], [17]. Existing control methods for WPT systems
can be divided into two categories: primary-side control [17],
[18] and secondary-side control [19], [20]. Primary-side control
has been widely investigated due to its simplicity, but in WPT
systems it requires wireless communication to exchange data
between the primary and secondary sides, where issues such
as communication delay and package losses will impair the
feedback performance [18]. Secondary-side control replaces the
diode bridge by an active bridge and uses active rectification to
regulate the load power on the secondary side, which avoids the
problems encountered in primary-side control, thus improving
the control system performance. Therefore, this article focuses
on the secondary-side control scheme.

A prerequisite for the secondary-side control is to align the
input voltage and current of the rectifier in opposite phase. If
this is not satisfied, reactive power will circulate in the system,
which may reduce system efficiency, or even cause instability
problems [19], [20], [21], [22], [23]. This issue is also called
synchronization in bidirectional WPT systems, where the aim
is to adjust the relative phase angle between the inverter output
voltage and rectifier input voltage and the available methods
are categorized as follows. 1) Introducing an additional com-
munication link to transmit the primary-side phase information
to the secondary side [24], [25], [26]. However, in practical
applications, complete decoupling between the auxiliary coil
and the power transfer coils is sometimes difficult to achieve,
which may result in reduced synchronization accuracy. A pulse
synchronization scheme based on wireless power and data si-
multaneous transmission technology is proposed in [27], where
a phase lock technique is introduced to mitigate the false trig-
gering problem originating from the interference of the power
channel on the data channel. 2) Directly detecting the phase
of the rectifier input current and aligning it with the rectifier
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input voltage [28], [29], [30]. As such, the relative phase angle
between the voltages generated by the inverter and rectifier
is adjusted to the desired value. In [29] and [30], the phase
of the rectifier input current is determined via zero-crossing
detection. This method has the merit of fast response and ease
of implementation, but it requires a filtering circuit to attenuate
the harmonics and measurement noise in the rectifier input
current, which inevitably introduces time delays and inaccuracy.
In [31] and [32], the synchronization angle is solved as the
inverse tangent function constructed from the active and reactive
power flowing through the active rectifier. This method is less
sensitive to harmonics and measurement noise, but the hardware
implementation could be more complicated. In [33], a fully
digital synchronization method is proposed, which performs
active and reactive current decomposition based on sampled
resonant current data to accurately extract the phase difference
between the fundamental components of rectifier input voltage
and current, achieving higher accuracy. However, this method
requires high sampling rate and field programmable gate array
for high-speed digital signal processing, which significantly
increases the hardware complexity and computational burden.
Similarly, in [27] and [34], an in-phase/quadrature detection
method, which utilizes a multiplexer-based phase detection cir-
cuit to generate a pair of orthogonal virtual five-level piecewise
constant signals, is developed for phase synchronization. This
approach not only eliminates influence of harmonic distortions
but also avoids the use of analog multipliers or complex digital
signal processing. As a result, it achieves fast transient response
while maintaining low phase-locking error.

In [35], a lock-in amplifier is used to convert the voltage
vector into a sinusoidal signal without harmonics which, to-
gether with a compensation technique to address the delays
caused by signal processing, achieves better synchronization
performance. In [36], considering the variation of the operating
point parameters, the transfer function between the controlled
output and the phase detector in the phase synchronization loop
is derived, and the phase synchronization controller is designed
to ensure the stability of the system within a wide range of
operating point parameters. In [37], by introducing an equivalent
sensor inductor (a magnetic ring with multiturn wires) in series
with the resonant network on the secondary side, sudden changes
in the output voltage of the inverter can cause voltage transients
in the sensor inductor. Through the detection and tracking of the
voltage transient process, frequency and phase synchronization
on both sides can be achieved. In [38], a pulse voltage injection
method is proposed. Voltage pulses are injected on the primary
side and detected on the secondary side to generate synchronous
signals. By capturing the synchronization signal, the frequency
and phase of the primary side can be locked. Although this
method has high accuracy and a fast response speed, it is greatly
affected by the disturbance on the resonant current. Furthermore,
when the transmission power increases, the total cost of the
system will also rise.

One of the objectives of this article is to develop a robust
method to detect the phase of the rectifier input current in real
time. The developed method performs the following: first, the
rectifier input current is sampled at a rate that is sufficient to

recover its fundamental from sampled data; then, a recursive
algorithm is applied to estimate the amplitude and initial phase
of the fundamental from the sampled data; finally, based on
the estimated initial phase, the voltage of the active rectifier is
generated to realize active rectification. For closed-loop control
of the load voltage, it would be more efficient if a model of the
system is established and then used to help tune the control
parameters. Traditional modeling methods for WPT systems
include the generalized state space averaging method [41], the
extended describing function method [42], and the ac impedance
analysis method [43], etc. These methods normally require to
know the system topology and circuit component parameters,
and they always result in complex models which cannot be
directly used for control design. As an alternative, this arti-
cle adopts the system identification (or data-driven modeling)
method to build simple yet accurate models, which are more
preferred for control system design [44], [45], [46], [47]. In
primary-side phase-shift (PS) control, the Hammerstein model,
composed of a static input nonlinearity function followed by a
linear transfer model, has been used not only to describe the
dynamic behavior of a WPT system, but also to describe the
static nonlinearity of the inverter. After compensating for the
static input nonlinearity, the system can be viewed as a linear
system and linear control design methods can be applied [18]. In
this article, a Hammerstein model will be established for WPT
systems with secondary-side PS control, and further used to
tune the proportional–integral–derivative (PID) controller. The
contributions of this article are as follows.

1) A recursive algorithm is proposed to track the fundamental
of the rectifier input current. Since the recursive algorithm
finds out the optimal parameters by minimizing a quadratic
cost function constructed from the historical data, en-
hanced robustness against harmonic distortions can be
achieved. Moreover, the proposed method can directly
handle the case where both the amplitude and phase of the
rectifier input current are time varying, which occurs when
the primary and secondary clock frequencies are not com-
pletely the same, or when the system is in a transient state.

2) A Hammerstein model is used to describe the dynamic
behavior of a WPT system with secondary-side PS con-
trol. The parameters of the Hammerstein model are es-
timated using a system identification method from the
sampled PS angle and load voltage data. Then, a PID
controller is designed based on the identified Hammerstein
model. The proposed methodology is a general procedure
that improves the efficiency of control design for WPT
systems.

The rest of this article is organized as follows. In Section II,
a recursive tracking algorithm is presented and the synchronous
switching control of the active rectifier is discussed. In Section
III, the proposed method is compared with an existing method
to show its superiority. In Section IV, a data-driven modeling
method is used to build a Hammerstein model for the system,
and a PID controller is designed based on this model. Sections V
and VI present experimental results to demonstrate the effective-
ness of the proposed method. Finally, Section VII concludes this
article.
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Fig. 1. Circuit topologies. (a) SS WPT system with an active rectifier.
(b) LCC–LCC WPT system with an active rectifier.

II. RECURSIVE CURRENT PARAMETER TRACKING

A. System Description

In this section, we begin with a series–series (SS) WPT system
with an active rectifier sketched in Fig. 1(a). Note that the
method proposed in this article can be directly applied to other
topologies, such as the LCC–LCC topology shown in Fig. 1(b).
The dc voltage Vd is converted to the ac voltage v1 through
a full-bridge inverter composed of S1–S4 and then fed to the
resonant tank. Since the coilsLp andLs are loosely coupled with
mutual inductance M being small, appropriate compensation is
required on both sides to compensate for the leakage inductance.
After that, the ac current i2 induced in the secondary coil is
converted to the dc load current Io through the active rectifier
composed ofD1–D4 and output capacitorCf . Note that a switch
is cascaded to the rectifier bridge to block reactive power flowing
through the rectifier bridge.

The load voltage Vo or current Io of the system is regulated
by the active rectifier on the secondary side, so the control
variables are chosen as σ, which is the PS between two legs
of the active rectifier, and δ, which is the relative phase angle
between the rectifier input voltage v2 and current i2 (see Fig. 2
for the definitions of σ and δ). Under the assumption of first
harmonic approximation, the phasors of v2 and i2 are expressed
as

V̇2 = V2e
jωt, İ2 = I2e

j(ωt−δ) (1)

Fig. 2. Waveform in the active rectifier.

whereω is the angular switching frequency; the capital lettersV2
and I2 denote the amplitudes of v2 and i2, respectively. Moreover

v2 ≈ Re{V̇2} = V2 cos(ωt) (2a)

i2 ≈ Re{İ2} = I2 cos(ωt− δ). (2b)

Since v2 is a square wave, it can be shown that

V2 =
4

π
Vo cos(σ/2). (3)

By the law of energy conservation, the relationship between
I2 and Io is established as

VoIo = − 1

T0

∫ T0

0

v2i2dt

= − 1

T0

∫ T0

0

V2I2 cos(ωt) cos(ωt− δ)dt

= −1

2
V2I2 cos(δ) (4)

where T0 is switching period. Substitution of (3) into (4) yields

Io = − 2

π
I2 cos(σ/2) cos(δ). (5)

Then, based on (1)–(5), the ac equivalent impedance of the
rectifier Zeq is derived as

Zeq =
V̇2

İ2
=
V2
I2

ejδ

= − 4

π
Vo cos(σ/2) · 2

πIo
cos(σ/2) cos(δ)ejδ

= − 8

π2
Ro cos

2(σ/2) cos(δ)ejδ. (6)

If δ = π − σ/2 rad, the rectifier will be operated in the zero
voltage switching (ZVS) state

Zeq = − 8

π2
Ro cos

3(σ/2)e−jσ/2 (7a)

Ir = Io =
2

π
I2 cos

2(σ/2) (7b)

where Ir is the average rectified current, while when δ = π rad,
the rectifier will be operated in the zero-phase angle (ZPA) state

Zeq = − 8

π2
Ro cos

2(σ/2) (8a)

Ir = Io =
2

π
I2 cos(σ/2) (8b)
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where it can be seen thatZeq is purely resistive. In the rest of this
section, it is assumed that the system is operated at the ZPA state.
It is further assumed that the primary and secondary resonators
have the same frequency, i.e., ω2 = 1/(LpCp) = 1/(LsCs).
When the equivalent series resistances of coils are negligible
and the switches and diodes are considered as ideal, we have

Zp(jω) = jωLp +
1

jωCp
= 0 (9a)

Zs(jω) = jωLs +
1

jωCs
+Req = Req (9b)

in which we have usedReq instead of Zeq to emphasize that the
equivalent impedance is resistive. Under the above-mentioned
assumptions, according to Kirchoff’s voltage law, we have

Zp(jω)İ1 + jωMİ2 = V̇1 (10a)

Zs(jω)İ2 + jωMİ1 = 0 (10b)

from which İ2 can be solved as

İ2 = − jωM

Zp(jω)Zs(jω) + ω2M2
V̇1 =

1

jωM
V̇1. (11)

The result in (11) indicates that İ2 is decoupled with the load,
and so the system behaves like a current source. This property
will be used in Section IV-A to derive the model structure used
for dynamic modeling and control design of the system.

B. Fundamental Current Tracking

The input current of rectifier i2 can be written as the sum of
harmonics via Fourier series expansion as follows:

i2 =

∞∑
n=1

an sin (nωt+ τn) (12)

where an and τn are the amplitude and initial phase of the nth
harmonic, respectively. Since the resonant network is highly
frequency selective, it is reasonable to perform the following
fundamental approximation:

i2 ≈ a sin (ωt+ τ) . (13)

It is assumed that ω is known a priori, while the amplitude
a and initial phase angle τ are unknown parameters to be
estimated. Letting θ = [a, τ ]T be the vector of parameters of
the fundamental, we propose to estimate θ in real time from the
sampled data{i∗2,�}k�=1, where (·)∗ denote the sampled version of
(·) and the subscript � is the time index of sample. The parameter
estimation problem is defined as

θ̂ = argmin
θ

1

2
Jk(θ) (14a)

Jk(θ) = argmin
θ

k∑
�=1

(
i∗2,� − i2,�

)2
. (14b)

The Gauss–Newton (GN) method can be used to solve
the above-mentioned problem [45], [46]. Define the gradient

∇Jk(θ) and Hessian matrix ∇2Jk(θ) as

∇Jk(θ) = −
k∑

�=1

φ�(θ)
(
i∗2,� − i2,�

)
(15a)

∇2Jk(θ) =

k∑
�=1

φ�(θ)φ
T
� (θ) (15b)

where

φT� (θ) =
[
∂i2
∂a

∂i2
∂τ

] ∣∣∣∣
t=t�

=
[
sin (ωt� + τ) a cos (ωt� + τ)

]
. (16)

Since the cost function Jk(θ) is nonlinear in θ, it should
be linearized as follows before proceeding to the parameter
estimation stage:

Jk(θ) ≈ Jk(θ̂k−1) +∇Jk(θ̂k−1)(θ − θ̂k−1)

+
1

2
(θ − θ̂k−1)

T∇2Jk(θ̂k−1)(θ − θ̂k−1) (17)

where θ̂k−1 is an estimate of θ that minimizes Jk−1(θ) obtained
at the (k − 1)th instant. Then, the solution that minimizes Jk(θ)
is obtained as

θ̂k = θ̂k−1 −
[
∇2Jk(θ̂k−1)

]−1

∇Jk(θ̂k−1). (18)

Note that (18) is in a batch form, where the historical data up
to the kth instant are used to update the parameter vector, which
leads to high computational burden and large data storage each
time a new estimate of θ is required. To avoid this problem,
we further derive a recursive version of (18) which do not need
to record historical data and is more computationally efficient.
Letting P−1

k = ∇2Jk(θ̂k−1), it is direct that

P−1
k = P−1

k−1 + φ̂kφ̂
T
k (19)

where φ̂k = φk(θ̂k−1).
Lemma 1: Let A, B, C, and D be matrices of appropriate

dimension. If A and C are invertible, then

(A+BCD)−1 = A−1 −A−1B
(
DA−1B + C−1

)
DA−1.

(20)

Applying Lemma 1 to (19), we obtain

Pk =
(
P−1
k−1 + φ̂kφ̂

T
k

)−1

= Pk−1 − Pk−1φ̂k

1 + φ̂Tk Pk−1φ̂k︸ ︷︷ ︸
Lk

φ̂Tk Pk−1

= Pk−1 − Lkφ̂
T
k Pk−1. (21)

Since θ̂k−1 minimizes Jk−1(θ), i.e., ∇Jk−1(θ̂k−1) = 0, then
(15a) becomes

∇Jk(θ̂k−1) = ∇Jk−1(θ̂k−1)− φ̂kêk = −φ̂kêk (22)
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where êk = i∗2,k − î2,k and î2,k is a prediction of i2 generated

by using θ̂k−1. Substituting (21) and (22) into (18) yields

θ̂k = θ̂k−1 + Pkφ̂kêk

= θ̂k−1 +
(
Pk−1φ̂k − Lkφ̂

T
k Pk−1φ̂k

)
êk

= θ̂k−1 + Lkêk. (23)

The equations in (21) and (23) form the recursive GN algo-
rithm for the estimation of θ. However, this algorithm may have
poor tracking performance if θ is time varying. To improve the
tracking performance for time-varying parameters, the forget-
ting factor algorithm can be employed, leading to the following
algorithm:

Lk =
Pk−1φ̂k

λ + φ̂Tk Pk−1φ̂k
(24a)

θ̂k = θ̂k−1 + Lkêk (24b)

Pk =
1

λ

(
Pk−1 − Lkφ̂

T
k Pk−1

)
(24c)

where λ � 1 is the forgetting factor.
Some algorithmic issues are discussed in the following re-

mark.
Remark 1: The initial value forP can be selected asP0 = εI ,

where I is an identity matrix of appropriate dimension and ε
is a sufficiently large number, while θ̂0 can be set as a very
small value. It should be aware that when i∗2,k is corrupted by
measurement noise, since the partial derivative φk(θ) defined
in (16) is statistically independent of measurement noise, it can
be inferred that the gradient ∇Jk(θ) will not be affected by
measurement noise and, so, the resulting parameter estimates
are unbiased. As regards the sampling frequency, the Shannon
sampling theorem shows that the sampling frequency must be
at least twice higher than the target frequency. While a faster
sampling rate can enhance parameter estimation accuracy, it
is also important to consider the computational burden of the
algorithm. Here, we suggest to set the sampling frequency to be
three or four times the switching frequency to tradeoff between
computational burden and tracking performance.

Remark 2: In real applications, the secondary controller can
always not generate the same frequency as the primary con-
troller, due to reasons such as manufacture errors in crystal
oscillators. In this case, by reformulating the phase of i2 as

ψ = (ωs +Δω) t+ τ = ωst+ (Δωt+ τ) (25)

where ωs is the actual frequency generated by the secondary
controller, while Δω is the bias, it can be seen that Δω is now
absorbed to form a time-varying initial phase Δωt+ τ . Fortu-
nately, the proposed recursive algorithm (24) is able to track
this time-varying parameter, thanks to the use of the forgetting
algorithm. Moreover, by adjusting the values of the forgetting
factor λ, we can balance between the stability and speed in the
tracking process.

Remark 3: In order to improve the tracking accuracy of when
τΔΩt, in (25) is not zero we can add an integration in (24) to

TABLE I
CONFIGURATION REGISTERS OF A PWM MODULE

Fig. 3. Implementation of the proposed algorithm in the first recursion.
(a) Predict î2,1 based on the initial parameters â0 and n̂ip,0 (here n̂ip,0 = 0

is assumed). (b) Update â1 and n̂ip,1 using the measurement i∗2,1, and then
compute the new predictions of i2, as well as the counter-compare registers
ncmpa,1 and ncmpb,1. ncmpa,k , ncmpb,k , ncnt,k , and nip,k denote the
register values obtained at time instant tk .

capture this error term as follows:

μ̂k = μ̂k−1 + γΔθ̂k(2) (26a)

θ̂k(2) = θ̂k−1(2) + Δθ̂k(2) + μ̂k (26b)

where γ is the integration coefficient, θ̂k(2) denotes the second
entry of θ̂k, and Δθk = Lkêk.

C. Implementation in Digital Signal Processors (DSPs)

In DSPs, the timing of a control procedure is normally pro-
vided by a pulsewidth modulation (PWM) module. Therefore,
the phase of (13) should be reformulated in terms of the config-
uration registers of a PWM module listed in Table I, where ZVS
operation is configured, before the proposed recursive algorithm,
as well as the synchronous switching control to be introduced
later, can be implemented. With these notations, (13) can be
rewritten as

i2 = a sin [(ncnt + nip) Λ] (27)

where, for the sake of clarity, it is imposed that ncnt ∈ [0, nprd)
and nip ∈ (0, nprd].
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The variables listed in Table I are also annotated in Fig. 3.
When nip is available, in the following we explain how to
configure the counter-compare registers of the PWM module
to generate the driving signals for D1 to D4. Note that only the
driving signals for D2 and D4 are shown in Fig. 3, because
the driving signal for D1 (D3) is complementary to that of
D2 (D4). The driving signal for D2 has the same sign than
i2. Since the phase of i2 is ncnt + nip, and nip ∈ (0, nprd] as
imposed in (27), it is clear thatD2 should be switched ON when
ncnt + nip = nprd, or OFF when ncnt + nip = nprd ± nprd/2.
Here, we use two counter-compare registers A and B to trigger
the ON and OFF states of D2, respectively. Under the ZVS
operation, the values for the two registers are computed as

ncmpa = nprd − nip (28a)

ncmpb =

{
ncmpa + nprd/2 if ncmpa < nprd/2

ncmpa − nprd/2 otherwise.
(28b)

By taking into account the PS nps, the driving signals for D4

can be generated in a similar way using another two counter-
compare registers ncmpc and ncmpd

ncmpc = rem(ncmpa + nps, nprd) (29a)

ncmpd =

{
ncmpc + nprd/2 if ncmpc < nprd/2

ncmpc − nprd/2 otherwise
(29b)

where rem is the remainder operator. The main steps in each
recursion are summarized in the following.
� Prediction: At some time instant, for example t1, compute

the prediction of i2 (denoted by î2,1) by using the param-
eters at time instant t0, denoted by â0 and n̂ip,0, as

î2,1 = â0 sin [(ncnt,1 + n̂ip,0) Λ] . (30)

It is possible to generate the prediction of i2 at any future
instant in the same way; see the dash dot line in Fig. 3.

� Correction: When a measurement i∗2,1 becomes available
at time instant t1, we update the parameters â1 and n̂ip,1
according to (24) using the innovation i∗2,1 − î2,1. At the
same time, the counter-compare register values ncmpa,1

and ncmpb,1 are also updated based on n̂ip,1 according to
(28).

By repeating the above-mentioned two steps, recursive track-
ing of i2 and synchronous switching control can be achieved;
see Fig. 4 for a snapshot of the initial ten recursions of the
tracking process. In Fig. 4, the counter-compare register val-
ues are updated immediately when new parameter estimates
become available. Optionally, one can choose to update these
registers only once per PWM period at a certain instant, such
as the time when reloading the counter. Finally, the proposed
recursive tracking and synchronous control (RTSC) algorithm
is summarized as Algorithm 1.

III. COMPARISON WITH EXISTING METHOD

In this section, the proposed RTSC method is compared
with the active and reactive current decomposing (ARCD)
method [33] to show its merits. Fig. 5 shows the schematic

Fig. 4. Tracking and synchronous control in two PWM cycles.

Fig. 5. Schematic diagram of active and reactive current decomposition
method.

diagram of the ARCD method. Since i2 = a sin(ωt+ τ), the
intermediate signals ipt and iqt are then computed as

ipt = i2 cos(ωt) =
a

2
[sin(τ) + sin(2ωt+ τ)] (31a)

iqt = i2 sin(ωt) =
a

2
[cos(τ)− cos(2ωt+ τ)] (31b)

where it can be seen that each signal is composed of a dc term
plus or minus an ac term. By passing these through a low-pass
filter (LPF), then the ac term is filtered out, and we obtain

ip =
a

2
sin(τ), iq =

a

2
cos(τ) (32)

from which a and τ can be obtained as

â = 2
√
i2p + i2q (33a)

τ̂ =

{
arctan (ip/iq) iq > 0

arctan (ip/iq) + π iq < 0.
(33b)

Similar to Algorithm 1, an ARCD routine has been developed,
but is not shown here due to space constraints. Below, the LPF
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Algorithm 1: RTSC.

used in ARCD takes a Butterworth filter form

G(p) =
ω2
n

p2 + 1.414ωnp+ ω2
n

(34)

in which p is the differentiation operator and ωn is the natural
frequency.

TABLE II
MAIN PARAMETERS OF THE SS WPT SYSTEM

Fig. 6. Simulation results for the normal test using ARCD. (a) Envelopes
of the rectifier input voltage v2 and current i2. (b) Estimated initial phase τ
and amplitude a. (c) Zooming-in part of v2 and i2 before synchronization.
(d) Zooming-in part of v2 and i2 after synchronization.

A. Comparison of Tracking Performance

Here, the proposed method is validated in Simscape of MAT-
LAB. The convergence rates of a and τ are determined by the
natural frequency ωn in the ACRD method. For comparison
purposes, two values forωn are tested, i.e., 2000 and 20 000 rad/s.
The data-generating system is chosen as the SS system shown
in Fig. 1(a), and the main parameters of this system is listed in
Table II. Three tests under the following conditions are con-
ducted to verify the performance of the ARCD method (assum-
ing ZPA operation with δ = π rad).

1) Normal test: The primary and secondary PWM frequen-
cies are the same, i.e., f1 = f2 = 50 kHz, the PS angle
σ = 0 rad/s, and ωn = 20 000 rad/s. The initial phase τ is
set to zero at beginning, and the active bridge is operated
at the diode bridge mode when t < 15 ms by setting the
driving signals of the switches to zero. The ACRD method
starts to operate after t = 15 ms. The results are presented
in Fig. 6, which shows that the ARCD finally achieves
ZPA operation.

2) Envelope oscillation test: The conditions in this test are
the same as in the first test, except for the PS angle
which is changed as σ = 0.4π rad. It has been found
that envelope oscillation in i2 is always encountered in
synchronous switching, particularly when the estimated τ
is not so smooth. Forωn = 20 000 rad/s which is relatively
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Fig. 7. Simulation results for the envelope oscillation test using ARCD.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

large, the LPF provides poor attenuation of the high-order
harmonics originating from the last terms of (31) on the
right sides, so the estimated τ possibly suffers from har-
monic distortions, leading to envelope oscillation. This is
confirmed by Fig. 7(a) and (d), where a clear oscillation in
the envelope of i2 can be observed. It can be inferred that
the most effective way to suppress envelope oscillation is
to reduce ωn.

3) Frequency mismatch test: In real applications, the clock
periods of the primary and secondary DSPs are always not
the same, due to factors such as the manufacture errors in
crystal oscillators, or the use of variable frequency control
on the primary side. When a mismatch between primary
and secondary frequencies occurs, the power transferred to
the load would fluctuate if no synchronous switching con-
trol is performed. The conditions in this test are the same
as in the second test, except for the secondary frequency
which is changed as f2 = 50.25 kHz (0.5% deviation),
and ωn which is changed as 2000 rad/s to suppress the
envelope oscillation in i2. The results are shown in Fig. 8.
Interestingly, the estimated τ varies with respect to time
because f1 �= f2, which coincides with the analysis in
Remark 2. However, as evidenced from Fig. 8(d), v2 and
i2 are not ZPA, because the value of ωn is too small, and
the delay introduced by the filter dynamics greatly slows
down the tracking rate for τ .

Next, we proceed to evaluate the performance of the RTSC
method. We only consider the third test which is the most
challenging one among the three tests. The rectifier input current
i2 is sampled at the rate of 278 kS/s to obtain the data for RTSC.
To improve the convergence of recursive parameter estimation,
the forgetting factor is set as λ = 0.999, and initial parameter
vector and covariance matrix are

θ̂0 =

[
0.01

0

]
, P0 =

[
103 0

0 103

]
. (35)

The results are shown in Fig. 9. Clearly, the RTSC method
successfully achieves the ZPA operation irrespective the pres-

Fig. 8. Simulation results for the frequency mismatch test using ARCD.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

Fig. 9. Simulation results for the frequency mismatch test using RTSC.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

mismatch. The simulation results demonstrate that the proposed
RTSC method can perform as good as, or even better than the
conventional ARCD method.

B. Comparison Under Harmonic Distortions

In a WPT system with high-order compensation, the input
current of the active rectifier may contain a significant amount
of high-order harmonic components, making the fundamental
more challenging to track. In this section, we compare the
robustness of the RTSC and ARCD methods in the presence of
harmonic distortions. The LCC–LCC WPT system in Fig. 1(b)
is considered and its parameters are illustrated in Table III.
In this simulation, we assume ZPA operation, σ = 0 rad/s,
f1 = 50 kHz, and f2 = 50.25 kHz. The initial parameters of
RTSC are chosen as (35), the data sampling rate for i2 is 278 kS/s,
while the natural frequency of the LPF for ARCD is ωn = 2000
rad/s. The simulation results are shown in Figs. 10 and 11. Note
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TABLE III
MAIN PARAMETERS OF THE LCC–LCC WPT SYSTEM

Fig. 10. Simulation results for the harmonic distortion test under frequency
mismatch using RTSC. (a) Envelopes v2 and i2. (b) Estimated τ and a.
(c) Zooming-in part of v2 and i2 before synchronization. (d) Zooming-in part
of v2, i2, and î2 after synchronization.

Fig. 11. Simulation results for the harmonic distortion test under frequency
mismatch using ARCD. (a) Envelopes of v2 and i2. (b) Estimated τ and a.
(c) Zooming-in part of v2 and i2 before synchronization. (d) Zooming-in part
of v2, i2, and î2 after synchronization.

Fig. 12. Control structure. (a) Block diagram of the Hammerstein model.
(b) Control diagram of based on the Hammerstein model.

panels of Figs. 10 and 11 have been scaled to better show the
distortions in i2. The simulations results illustrate that even if the
current distortion is quite significant, the RTSC method provides
satisfactory synchronization performance and outperforms the
ARCD method, as evidenced from Figs. 10(d) and 11(d) that the
prediction î2 generated from the estimated â and τ̂ fits better the
measurement data in the RTSC case.

IV. CONTROL DESIGN

In this section, a PID controller will be designed to regulate
the load power on the secondary side for the SS WPT system.
A mathematical model that relates the PS angle of the active
rectifier and the load voltage will be established, and then used
as for control parameter tuning.

A. Model Identification

According to (11), i2 is constant and decoupled with the load,
so the power flowing through the rectifier can be controlled by
σ. As shown in (7b), the rectified current Ir has a static nonlinear
dependence on |I2|, i.e., fσ = cos(σ/2) in the ZPA state, while
Cf and Ro after the rectifier form a linear network, so it is
reasonable to use the following Hammerstein model to describe
the relationship between σ and Vo [see also Fig. 12(a)]:{

x(t) = G(p, ϑ)fσ(t) =
B(p,ϑ)
A(p,ϑ)fσ(t)

Vo(tk) = x(tk) + e(tk)
(36)

in which e(tk) is measurement noise, tk = kT is sampling in-
stant, T is the sampling period, and p is the differential operator.
A(p, ϑ) and B(p, ϑ) are the following polynomials:

A(p, ϑ) = pnα + α1p
nα−1 + · · ·+ αnα

(37a)

B(p, ϑ) = β0p
nβ + β1p

nβ−1 + · · ·+ βnβ
(37b)

whereϑ = [α1, · · ·αnα
, β0, . . . , βnβ

]T is the vector of unknown
parameters, with nα and nβ (nα ≥ nβ) being polynomial de-
grees. ϑ can be estimated from sampled input–output data
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Fig. 13. Laboratory prototype.

{σ(tk), Vo(tk)}Nk=1, by minimizing the following cost function:

ϑ̂ = argmin
ϑ

1

2N

N∑
k=1

[Vo(tk)− x(tk)]
2 . (38)

The above-mentioned parameter estimation problem can be
solved by using the refined instrumental variable method. To
save space, this method will not be reproduced here, and the
reader is directed to [46] and the references therein for more
details. Note that the Hammerstein model (36) could not be so
accurate if the load varies in a wide range. When the load is
time varying, the linear parameter varying Hammerstein model
presented in [47] could be a better choice. Another option is
to track online the Hammerstein model parameters using a
recursive algorithm presented in [46], but this approach is only
effective when the load is slowly varying.

B. Control Parameter Tuning

The model structure analysis implies that if the input non-
linearity fσ(t) has been compensated for, the rest of the system
consisting ofCf andRo is a linear network and, therefore, linear
control such as PID can be applied to regulate the load voltage.
The control diagram is illustrated in Fig. 12(b), where Q(p) is
the PID controller. Denoting byKp the proportional gain,Ki the
integral gain, and Kd the differential gain, Q(p) is expressed as

Q(p) = Kp +Ki
1

p
+Kdp (39)

where the three parameters Kp, Ki, and Kd can be tuned either
by experience or based on the linear transfer function of (36).
The latter option is adopted because it is easier to implement and
several mature tool are available, such as the pidtune routine in
the control system toolbox of MATLAB.

V. VALIDATION OF ACTIVE RECTIFICATION

The proposed method is validated on a prototype with SS
topology shown in Fig. 13 and a prototype with LCC–LCC topol-
ogy (photo not shown here). The algorithm is implemented on
DSP TMS320F28377D, and data are sampled by AD9226. The
SiC MOSFETs C3M0021120 K from Wolfspeed are selected as
the switches. The main parameters of the circuit components and
coupler under 20 cm coil distance are listed in Table II for the
SS topology and Table III for the LCC–LCC topology, except
for the dc voltage supply which is changed as 100 V.

Fig. 14. Oscilloscope screen shots for the detuning to resonance test.
(a) Waveform in the detuning state. (b) Waveform in the resonance state.

There are five experiments having been conducted, and the
results are presented in the following subsections. Except for the
experiment in Section V-D, the rectifier input current is sampled
at 278 kS/s, which corresponds to a 3.6 μs sampling interval, the
forgetting factor is set as λ = 0.99, and the integration parameter
is set as γ = 0.01. θ̂0 and P0 are selected as

θ̂0 =

[
1

0

]
, P0 =

[
103 0

0 103

]
. (40)

In all experiments, the ZVS operation is configured, and the
counter-compare registers of the PWM module parameters are
only refreshed once per each PWM period when the counter
reaches zero.

A. Detuning to Resonance Test

In this experiment, the tracking performance of the RTSC
method is verified based on the SS WPT system considering a
detuning to resonance state transition. More exactly, the primary
PWM frequency is initially set as f1 = 48.08 kHz, and then
changed to 49.9 kHz at some instant, while the secondary PWM
frequency is fixed as f2 = 50 kHz. The PS angle is σ = 0 during
the whole process.

The oscilloscope screen shots of this process are shown in
Fig. 14, and the parameter estimation results are shown in
Fig. 15. Clearly, the amplitude of i2 after the change of f1
restores to its steady-state value in about 1.3 ms, as shown in
Fig. 15(b), which indicates that the proposed method maintains
good synchronization capability even when the resonant state of
the system changes.

B. Coil Spacing Test

In real applications, coupling distance variation is commonly
encountered. To emulate this, the tracking performance of the
proposed method is verified when the coupling distance of the
SS WPT system deviates from the nominal 20 to 10 cm. When
the distance between the primary and secondary coils is adjusted
from 20 to 10 cm, we haveLp = 214.8μH,Ls = 216.8μH, and
M = 98.5μH. Fig. 16 presents the voltage and current wave-
forms before and after synchronization when the coil distance
changes along the vertical direction, and Fig. 17 shows that the
proposed method performs very well in this situation.
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Fig. 15. Experimental results for the detuning to resonance test (f1 =
48.08 → 49.9 kHz, f2 = 50 kHz). (a) Envelopes of v2 and i2. (b) Estimated τ
and a. (c) Zooming-in part of v2 and i2 in detuning state. (d) Zooming-in part
of v2 and i2 in resonance state.

Fig. 16. Oscilloscope screen shots after the coil spacing changes from 20 to
10 cm. (a) Waveform before synchronization. (b) Waveform after synchroniza-
tion.

C. Abrupt PS Angle Variation Test

The PS control is a widely used technique to regulate the
load power of the system. Here, let us consider the LCC–LCC
WPT system. As shown in Figs. 18 and 19, the good synchro-
nization performance in the dynamic process of increasing and
decreasing PS angles can be observed. These results indicate
that the proposed method can maintain good synchronization
ability even with changes in the PS angle.

D. Sampling Frequency Test

To further evaluate the effect of sampling rate on the pro-
posed synchronization method, we reduce the sampling rate
of the secondary current i2 of the LCC–LCC WPT system to
fs = 167 and 125 kS/s. With the system load fixed at 20 Ω, the
forgetting factor values are configured as 0.9835 (fs = 167 kS/s)
and 0.9781 (fs = 125 kS/s). The synchronization performance
under these different sampling conditions is presented in Fig. 20,
while the parameter estimation results are presented in Figs. 21
and 22, which corresponds to the sampling rate of 167 and
125 kS/s, respectively. It can be observed that the proposed
method achieves satisfactory synchronization performance for
both sampling rates.

Fig. 17. Experimental results for the coil spacing variation test when the coil
distance is 10 cm. (a) Envelopes ofv2 and i2. (b) Estimated τ anda. (c) Zooming-
in part of v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2
after synchronization.

Fig. 18. Oscilloscope screen shots for the PS angle variation test. (a)σ = 0 →
0.4π rad. (b) σ = 0.4π → 0 rad.

Fig. 19. Experimental results for the PS angle variation test (σ = 0 → 0.4π
rad). (a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before the change of PS angle. (d) Zooming-in part of v2 and i2 after
the change of PS angle.

For both sampling rates, the convergence times are both lower
than 1 ms. While higher sampling frequencies allow for faster
parameter updates, it inevitably increases the computational
load. Therefore, we need to balance between sampling rate
selection and software processing time.
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Fig. 20. Oscilloscope screen shots for the sampling rate test. (a) Waveform
before synchronization with fs = 167 kS/s. (b) Waveform after synchronization
with fs = 167 kS/s. (c) Waveform before synchronization with fs = 125 kS/s.
(d) Waveform after synchronization with fs = 125 kS/s.

Fig. 21. Experimental results for the sampling rate test with fs = 167 kS/s.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

E. Harmonic Distortion Test

For the LCC–LCC WPT system, the distortion of i2 is de-
pendent on the load resistance. Here, we test the load resistance
of 20 and 30 Ω to obtain different harmonic distortions in i2.
The corresponding waveforms are shown in Fig. 23, and the
experimental results are presented in Figs. 24 and 25, which
demonstrate that the proposed method is insensitive to harmonic
distortions.

The power and efficiency measured by HIOKI PW8001 are
shown in Fig. 26, where Udc1, Idc1, and Pdc1 represent, respec-
tively, the voltage, current, and power of the dc power supply,
while Udc2, Idc2, and Pdc2 represent, respectively, the voltage,
current, and power of the load.

As regards the computational burden in implementation using
TMS320F28377D, each recursion of RTSC consumes about 416

Fig. 22. Experimental results for the sampling rate test with fs = 125 kS/s.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

Fig. 23. Oscilloscope screen shots for the harmonic distortion test. (a) Before
synchronization with Ro = 20 Ω. (b) After synchronization with Ro = 20 Ω.
(c) Before synchronization for Ro = 30 Ω. (d) After synchronization for Ro =
30 Ω.

Fig. 24. Experimental results for the harmonic distortion test withRo = 20Ω.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.
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Fig. 25. Experimental results for the harmonic distortion test withRo = 30Ω.
(a) Envelopes of v2 and i2. (b) Estimated τ and a. (c) Zooming-in part of
v2 and i2 before synchronization. (d) Zooming-in part of v2 and i2 after
synchronization.

Fig. 26. Power and efficiency of the LCC–LCC WPT system for the harmonic
distortion test. (a) Ro = 20 Ω. (b) Ro = 30 Ω.

Fig. 27. Oscillation during switching. (a) ZPA operation. (b) ZVS operation.

Fig. 28. Input and output data for model identification.

Fig. 29. Oscilloscope screenshot of the data for model identification.

clocks (2.0 μs), and the details are as follows: the data acqui-
sition from AD9226 consumes 97 clocks, the recursive param-
eter estimation (24) consumes 194 clocks, the computation of
counter-compare register values for the enhanced PWM module
consumes 99 clocks, and the update of the counter-compare
registers consumes 26 clocks. The sampling period of i2 is
3.6 μs, which is enough to complete all the computation.

Finally, Fig. 27 shows two zooming-in parts of the voltage os-
cillation during switching. When the system is in the ZPA state,
high-frequency oscillation caused by hard switching occurs at
both the rising and falling edges of the voltage. However, in the
ZVS state, the voltage oscillation only occurs at the positive
rising edge. Fortunately, the oscillations are not so obvious
because SiC MOSFETs are used.

VI. VALIDATION OF LOAD VOLTAGE CONTROL

A. Model Identification

To generate informative data for model identification, a ran-
dom PS angle is chosen to excite the SS WPT system. The
input–output data for model identification are shown in Fig. 28,
where the load voltage is subsampled from the oscilloscope
data shown in Fig. 29 at the rate of 10 kS/s. In the oscillo-
scope screenshot, Ch1 and Ch2 represent, respectively, the input
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Fig. 30. PID control results. (a) Fast PID controller tuning. (b) Slow PID controller tuning. (c) Controlled load voltage with the fast controller. (d) Controlled
load voltage with the slow controller.

TABLE IV
ESTIMATED MODEL PARAMETERS

voltage v2 and current i2 of the active rectifier, and Ch3 repre-
sents the load voltage Vo. Based on the sampled input–output
data, the parameters of the following first- and second-order
models

G(p, ϑ) =
β0

p+ α1
, G(p, ϑ) =

β0p+ β1
p2 + α1p+ α2

(41)

are estimated by the tfrivc routine in [46] and listed in Table IV.
The accuracy of the model is evaluated by the fitness ratio,

which is defined in the following:

fit = 1− ‖V ∗
o − V̂o‖

‖V ∗
o −mean{V ∗

o }‖
(42)

where V ∗
o is the measured version of Vo, and V̂o is the prediction

of Vo using an identified model. As can be seen from Table IV,
both models are very accurate (fit � 0.96), indicating that a first-
order model is fairly enough to describe the dominant dynamic
behavior of the system. Furthermore, a comparison between the
measured output and the estimated model output is shown in the
bottom panel of Fig. 28.

Fig. 31. Simulink model used for PID tuning.

B. PID Control

Based on the identified first-order model

G(p, ϑ) =
2.751 · 104
p+ 209.4

(43)

discrete-time PID controllers of the form

Q(z) = Kp +Ki
Tc
z − 1

+Kd
z − 1

zTc
(44)

where Tc = 1 ms is the control period, are designed to regulate
the load voltage. The control parameters are tuned using the
pidtune routine from the MATLAB control system toolbox,
which requires to provide two performance indexes, i.e., re-
sponse time and transient behavior shown in the top panels of
Fig. 30, and the closed-loop Simulink model shown in Fig. 31.
Two PID controllers are designed (see Table V for the tuned
parameters), the first one pursuing tracking performance and
the second one pursuing robustness. The transient behavior
parameter for both controllers is fixed as 0.8, while the response
time parameter is set as 0.02 for the fast controller and 0.05 for



1326 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

TABLE V
PID CONTROLLER PARAMETERS

the slow controller, which corresponds to settling time of 28 and
80 ms.

The reference inputs of the closed-loop systems are chosen as
a square wave alternating between 120 and 80 V, with a switching
period of 1.0 s. Fig. 30(c) and 30(d) show the controlled load
voltage of the two closed-loop systems. Clearly, the settling time
(Tsett) of the rising edge is approximately 28 ms for the fast
controller, while this value increases to about 80 ms for the
slow controller, with no overshoot. These results confirm that the
reference tracking performance is in agreement with the design
objective.

VII. CONCLUSION

This article has proposed a secondary-side control method
for SS and LCC–LCC WPT systems with an active rectifier.
The proposed method consists of three steps. First, a recursive
algorithm was used to track in real time the amplitude and
phase of the rectifier input current from sampled data and,
on this basis, the switches of the active rectifier were con-
trolled to adjust amplitude and angle of the equivalent load
impedance. Afterward, a Hammerstein model was identified
to characterize the relationship between the PS and the load
voltage. Finally, PID controllers were designed based on the
identified model to regulate the load voltage. A 1.5-kW level
prototype was built to verify the effectiveness of the proposed
control method. The proposed method is computationally ef-
ficient: when using TMS320F28377D as the controller, the
recursive tracking algorithm can run at 278 kS/s without any
problem.
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