
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023 13231

Research and Improvement of Oscillation Problems
Caused by Active Rectifier Circuits in

EV-WPT Systems
Haoze Li , Student Member, IEEE, Linlin Tan , Member, IEEE, Ruoyin Wang , Student Member, IEEE,

and Xueliang Huang , Member, IEEE

Abstract—In the secondary side of the wireless power transfer
system, the active rectifier helps increase efficiency and adjust
output characteristics. However, there is a certain probability that
oscillation problems will occur, especially in an LCC-LCC system. A
closed loop that causes oscillations in the circuit is figured out. And
with the established discrete system mode, the dynamic oscillation
conditions are presented in a wide operating range. The theory and
simulation show that the proposed improved control method based
on the resonant filter breaks the original oscillation closed loop and
effectively suppresses oscillations. Finally, the proposed method
is applied in an experimental prototype, and the stable operating
range of the improved prototype is significantly expanded.

Index Terms—Active rectifier, current oscillation, reflected
current, synchronous modulation, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has re-
ceived a lot of attention as a noncontact charging

method. The great advantages in terms of safety, convenience,
and flexibility have led to the rapid development of research
and applications of WPT technology in recent years in smart-
phones [1], mobile cloud computing [2], implantable medical
devices [3], autonomous guided vehicles [4], [5], and electric
vehicles [6], [7]. In magnetically coupled WPT systems, energy
is transferred from the primary side to the secondary side through
the high-frequency magnetic field between the coupling coils.
The resonant compensation network in this kind of system
greatly improves the efficiency of the WPT system by providing
reactive power to the coupling coils [8], [9]. Among several
types of compensation topologies (e.g., S-S, LCC-S, LCC-LCC),
the LCC-LCC resonant network is widely used because the
characteristics of constant primary-side coil current and constant
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secondary-side output current make it safe and easy to control
[10], [11].

In addition, active rectifiers are receiving more and more at-
tention in the secondary side circuit to achieve higher efficiency
and good dynamic performance in WPT systems. Compared to
diode rectifier bridges, active rectifiers not only reduce losses
[12], but also enable output characteristic control (constant
voltage, constant current, or power control) and impedance
matching by operating the conduction angle, thus saving ad-
ditional dc–dc converters [13]. Literature [14], [15], [16], [17],
[18] give research works on controlled rectification in terms of
circuit topology, control logic of switching tubes, and closed-
loop control strategies, which have achieved good experimental
results. Accurate control of the conduction angle is a prerequisite
for the stable and efficient operation of the active rectifier, for
which an accurate synchronization signal of the output current
of the resonant network on the secondary side is required as a
reference. The conventional method is to use a current sensor
and a comparator to generate the synchronization signal, and the
literature [17], [19], [20] have made some explorations for the
synchronization signal acquisition and phase locking methods.

It was found that in a WPT system using an LCC-LCC
network, the input current of the active rectifier system oscillates
when the active rectifier operates within a specific conduction
angle and load range if a conventional synchronous control
strategy is used [21]. Oscillations limit the effective operating
range, make the switching timing of power devices invalid, cause
peak misalignment of the current, and drastically reduce the
lifetime of the device [22]. Severe oscillations can lead to a
complete loss of circuit control.

At present, there are few studies in the field of WPT for the
oscillation problem, mostly focusing on synchronization tech-
niques. For example, Thrimawithana et al. [23], Liu et al. [24],
and Tang et al. [25] proposed novel accurate synchronization
methods to avoid the appearance of oscillations. In [26], the
current distortion caused by harmonics in the LCC-LCC system
is analyzed and an improved method is proposed. However, the
relationship between distortion and oscillation is not mentioned.
Only in [21], the oscillation problem is mentioned and the law
of circuit conductance and harmonics of the oscillation current
is analyzed, but the mechanism of oscillation occurrence is not
given. Currently, the cause of oscillation generation has not been
clarified and this is the problem that this article is dedicated to.
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Fig. 1. Schematic of the LCC-LCC wireless charging system.

To fill this research gap, in this article, the generation of
oscillations in the LCC-LCC system is reasoned in terms of the
reflected current on the secondary side. A closed-loop model
for the formation of oscillations is established. The mechanism
of the continuous interaction of current and voltage within the
closed loop is specifically elucidated, and the factors affecting
the intensity of oscillations are analyzed. On this basis, an
improved method of adding a resonant filter after the current
sensor is proposed, which can change the original closed loop
and, thus, suppress oscillations, effectively avoiding additional
losses and heat generation caused by adding filter components in
the power loop. Thanks to the improved method, the operating
range of the active rectifier is greatly extended. This innovative
measure helps to realize a wider application of active rectifiers
in WPT systems. Finally, a prototype was built to verify the
practical effect of the added resonant filter. With the improved
method, the oscillation phenomenon was extensively eliminated
and the operation in CV mode with higher voltage was possible.

The rest of this article is organized as follows. Section II
describes the operation mode of the active rectifier in the
WPT system and the conventional synchronous control method.
Section III exposes the effect of reflected current and the forma-
tion of oscillation loops, and further gives the oscillations over
a wide operating range using a discrete model established. In
Section IV, an improved control method based on an additional
resonant filter is proposed and its feasibility is confirmed by con-
trol group simulations. In Section V, experimental results from
a prototype verify the improved effectiveness of the proposed
method. Finally, Section VI concludes this article.

II. ACTIVE RECTIFIER IN A WPT SYSTEM

To explain the oscillation problem in the WPT system, the
application of an active rectifier in the WPT system is explained
first. In this section, the schematic and parameters of the circuit
are shown in Fig. 1, and the working principle of the conventional
synchronous control method of the active rectifier circuit is
explained in detail.

A. Schematic and Parameters

Fig. 1 shows the schematic diagram of the wireless charg-
ing system with the LCC-LCC compensation network. On the
primary side of the system, a full-bridge inverter consisting of
four MOSFETS (S1 –S4) converts the supply voltage Vs to an ac
square wave voltage uA with frequency f0. The active rectifier
consisting of two diodes (D1, D2) and two MOSFETS (S5, S6) is

Fig. 2. Switch timings of S5 and S6.

Fig. 3. Four working states of the active rectifier.

used on the secondary side of the system. ia and ua are the input
current and voltage of the active rectifier, respectively.

B. Conventional Synchronous Control Method

The timing of the drive signals (G5, G6) of S5 and S6 under
the conventional synchronous control method is shown in Fig. 2.
And their operating states can be divided into four time periods
within one cycle, as shown in Fig. 3.

t0-t1: ia is positive, S5 turns ON, and the current flows from the
drain to the source, while S6 makes synchronous rectification,
as shown in Fig. 3(a).

t1-t2: ia is positive, S5 is turned OFF, S6 makes synchronous
rectification, and the current flows through RL, as shown in
Fig. 3(b).

t2-t3: ia is negative, S5 makes synchronous rectification, while
S6 turns ON, and the current flows from the drain to the source,
as shown in Fig. 3(c).

t3-t0”: ia is negative, S5 makes synchronous rectification, S6

turns OFF, and the current flows through RL, as shown in
Fig. 3(d).

The active rectifier circuit transfers the secondary-side input
power to the load only during the periods t1-t2 and t3-t0”. In
Fig. 2, the shaded area represents the amount of charge Q
transferred during this period, and it is easy to conclude that
the filtered output current IR is

IR = 2f0

∫ t2

t1

iadt. (1)
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Fig. 4. Method of synchronous PWM modulation.

Fig. 5. Waveforms of synchronous PWM modulation.

Equation (1) illustrates that the value of IR can be adjusted
by changing the moment of t1. To achieve this, a synchronous
PWM modulation method is commonly used in active rectifiers
to generate G5 and G6, as shown in Fig. 4. The process of this
method is as follows.

1) Use a current sensing chip to detect ia in real-time and
convert it to the corresponding voltage signal uia.

2) Perform a zero-crossing comparison of uia to obtain the
square wave signal cmp.

3) Use edge detection to obtain the signal rst1 that triggers
the pulse on the falling edge of cmp and the signal rst2
that triggers the pulse on the rising edge of cmp.

4) Two counters with initial value N, step size -1 and counting
frequency fs with high reset are reset by rst1 and rst2,
respectively, and the corresponding output signals are cnt1
and cnt2.

5) Cnt1 and cnt2 are modulated by two comparators with a
given value D to obtain G5 and G6, where 0 ≤ D ≤ N/2.

The waveforms and timings of each signal in the abovemen-
tioned process are shown in Fig. 5 where the counter should
satisfy

N = fs/f0. (2)

Under the constraint of (2), both cnt1 and cnt2 are sawtooth
waves, and it can be derived that

t1 = t′2 + (N −D)/Nf0. (3)

Set the current ia as a sine wave, and the instantaneous
expression is

ia (t) = Ia sin (ω0t+ ϕ0) (4)

where Ia is the amplitude, ω0 = 2πf0, and ϕ0 is the initial phase.

Fig. 6. Equivalent circuit when only ua is applied.

Then, the relationship between IR and D is obtained by
combining (1), (3), and (4) as follows:

IR =
Ia
π

(
1− cos

2πD

N

)
. (5)

At this point, the principle of synchronous PWM modulation
of active rectifiers has been completely introduced and it is
clearly illustrated how the IR can be regulated by controlling D.

III. ANALYSIS OF OSCILLATION PROBLEMS

A. Effect of Reflected Current

In a WPT system with a rectifier circuit on the secondary side,
ia is not an ideal sine wave. The reflected current generated by the
rectifier distorts ia, which is a key prerequisite for the formation
of oscillations. In this part, the steady-state waveform of ia will
be analyzed with the help of the Fourier series.

According to the superposition theorem, ia is excited by uA
and ua together. The contribution of which uA is denoted as
ia1 and the reflected current of the rectifier contributed by ua is
denoted as ia2. And so there is

ia = ia1 + ia2. (6)

First, the contribution of uA is analyzed. As a square wave
voltage, uA contains harmonic components. However, since the
LCC-LCC network exhibits the characteristics of a high-order
filter from the primary to the secondary side, the effect of
harmonic components can be neglected, making ia1 contain only
fundamental components [10]. Thus, the phasor expression of
ia1 is

İa1 = −j
MU̇

(1)
A

ω0L1L2
. (7)

Second, the contribution of ua is analyzed. The prestage
circuit of the active rectifier is equated to a single-port network,
as shown in Fig. 6, and the conduction Ya of this network is
deduced as⎧⎪⎪⎪⎨

⎪⎪⎪⎩

Z1 = RT + jωLT + 1
jωCT

+ 1
jωC1+1/jωL1

Z12 = ω2M2
/
Z1

Za = jωL2 +
1

jωC2+
1

RR+jωLR+1/jωCR+Z12

Ya = 1/Za.

(8)

Then, because of the large capacitance of Cb2 on the output
side of the active rectifier, and the clamping effect of the diode
and MOSFET during conduction, ua is presented as a step wave
with amplitude approximating IRRL, as shown in Fig. 2. Thus,
ua can be expanded in the interval [−T/2, T/2] with t0 as the
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Fig. 7. Waveforms when the active rectifier is applied in the LCC-LCC system.

coordinate origin by the Fourier series as

ua (t) ∼ −4IRRL

π

∞∑
n=1

1

n
sin

nDπ

N
cos

(
nω0t+

nDπ

N

)
(9)

where n = 1, 3, 5 ….
Further derivation of ia2(t) with t0 as the origin is

ia2 (t) ∼ 4IRRL

π

∞∑
n=1

Y
(n)
a

n
sin

nDπ

N
cos

(
nω0t+

nDπ

N

)

(10)
where Y

(n)
a is Ya when the frequency is nf0, and n = 1, 3, 5 ….

And according to (7), ia1(t) with t0 as the origin is derived

ia1 (t) =

√
2MU

(1)
A

ω0L1L2
sinω0 (t− Td) (11)

where Td is the time at which the zero-crossing moment (tc) of
ia1 lags behind t0.

Since t0 is a zero-crossing moment of ia, the sum of ia1(t0)
and ia2(t0) is 0. And the expression about Td can be derived
according to (10), (11)

sin (ω0Td) =

√
2ω0IRRLL1L2

πMU
(1)
A

∞∑
n=1

Y
(n)
a

n
sin

2nDπ

N
. (12)

It can be seen by (12) that t0 coincides with tc when D = 0;
t0 overruns tc when D > 0. This indicates that when the active
rectifier outputs current, the zero-crossing point of ia must be
offset from the zero-crossing point of ia1 due to the presence
of ia2, as shown in Fig. 7. And the offset Td is determined by
several variables together, including uA, ua, and the parameters
of the resonant network.

B. Oscillation Loop

The phenomenon of zero-crossing shift makes the conven-
tional synchronous control method lack a stable reference phase,
which in turn makes it impossible to output accurate PWM
signals. This makes a closed loop in the circuit that makes ua and
ia interact with each other. According to the analysis abovemen-
tioned, ia2 is the sum of the higher harmonics in the frequency
domain. However, the waveform during oscillations is difficult
to analyze in the frequency domain. Therefore, this section will
explain it specifically in conjunction with the transient response
of the system.

Consider the circuit shown in Fig. 6 as a linear system with
ua as input and ia2 as output. In the time domain, ia2 should be
considered as an alternation of step response and free response,
since ua is an intermittent step input. Specifically, in Fig. 5, the
periods of free response are t0-t1 and t2-t3, and the periods of
step response are t1-t2 and t3-t0”.

Fig. 8. Closed loop between ua and ia.

Fig. 9. Frequency characteristics of Ya with different M.

On the other hand, the conventional modulation makes all ris-
ing and falling edges of ua depend directly on the zero-crossing
phase of ia. Taking the moments t1 and t2 as examples. First,
t2 is the moment when ia2 drops under the step input from the
moment t1 to the moment when ia drops to zero, as shown in
Fig. 7. The zero-crossing of ia makes ua fall back naturally with
the cutoff of D1. Second, according to (3), it is clear that the
moment of t1 is determined by the moment of t2’, and similarly,
the moment of t1” is determined by the moment of t2. Therefore,
ia2 determines both the moment of fallback of ua in the current
cycle (t2) and the moment of ua stepping toward positive voltage
in the next cycle (t1”). It is similar for the negative half-cycle
of ia.

Fig. 8 visualizes the mathematical model of the secondary
side circuit, and it is clear that a closed loop is formed in the sys-
tem where ua and ia interact periodically. This closed loop allows
the fluctuations of the system to be continuously conducted with
the cycle, resulting in a weaker convergence to the steady state.
Moreover, with a constant primary-side voltage uA, the larger
the value of the load RL, the larger the ua, and the larger the
percentage of the reflected current in ia. And, then, the more
significant the effect of the closed loop. Therefore, in practice,
as the load increases, the more difficult it is for the system to
maintain a steady state, and distinct periodic oscillations occur
when the load is greater than a specific threshold.

In addition, the magnetic coupling condition is variable when
the coil position is shifted or it is in dynamic WPT systems.
This brings about a change in the mutual inductance between
the primary and secondary side coils and Ya also changes ac-
cording to (8). Since Ya affects ia2 in the oscillation loop, it is
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TABLE I
PARAMETERS OF THE RESONANT NETWORK

possible that the oscillation situation also changes accordingly.
Fig. 9 shows the frequency response of Ya under three mutual
inductances based on the actual relative positions of the coils.
As can be seen from Fig. 9, the frequency response curves under
different mutual inductances coincide exactly at the fundamen-
tal frequency and frequencies above the third harmonic. And
according to (10), ia2 consists of the fundamental wave and odd
harmonics. Therefore, the variation of mutual inductance does
not affect the oscillation loop. So that there is no correlation
between the magnetic coupling condition and the oscillation.

C. Modeling and Simulation

In order to clarify the variation law of the oscillation phe-
nomenon with the influencing factors, the discrete model of the
active rectifier in the system with LCC-LCC compensation is
established and simulated in this section. The parameters of
the resonant network are shown in Table I. The state space
expression of the bilateral LCC network is used to calculate the
transient response of ia2 to ua. A system of differential equations
is written according to Kirchhoff’s voltage law and Kirchhoff’s
current law as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u1 = −L1i̇1
u1 = uT + LTi̇T +RTiT +Mi̇R
iT = CTu̇T

i1 = iT + C1u̇1

ua = −L2i̇2 + u2

ia = −iR − C2u̇2

iR = CRu̇R

u2 = uR + LRi̇R +RRiR +Mi̇T

(13)

where the meanings and reference directions of the variables are
shown in Fig. 6.

Fig. 10. Flowchart of the discrete model.

With ua as input and ia2 as output, the state space expression
is organized according to (13)

ẋ1 = A1x1 + bua

y = cx1 (14)

where (15) shown at the bottom of this page

b =
[
0 0 0 0 −1/L2 0 0 0

]
(16)

c =
[
0 0 0 0 1 0 0 0

]
(17)

x1 =
[
i1 u1 iT uT ia2 u2 iR uR

]
(18)

K = LTLR −M2. (19)

Then, the discrete ia2 is derived from the state space

ia2 (i + 1) = cx1 (i + 1)

= c
[
eAtsx1 (i) +A−1

1

(
eAts − I

)
bua (i)

]
(20)

where ts is the sampling time of the discrete model.
A discrete secondary-side circuit operation model is designed

according to the system block diagram shown in Fig. 8, and the
waveform of ia can be simulated for a given initial state x(0)
and time te. The flowchart of the model is shown in Fig. 10,
and the procedure of the calculation is as follows. Within each
loop, the current ua(i) is determined by first judging the direction
of the current ia(i) and further judging whether the current time

A1 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 −1/L1 0 0 0 0 0 0
1/C1 0 −1/C1 0 0 0 0 0

0 LR

K −LRRT

K −LR

K 0 −M
K

MRR

K
M
K

0 0 1/CT 0 0 0 0 0
0 0 0 0 0 1/L2 0 0
0 0 0 0 −1/C2 0 −1/C2 0

0 −M
K

MRT

K
M
K 0 LT

K −LTRR

K −LT

K
0 0 0 0 0 0 1/CR 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(15)
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Fig. 11. Example of the waveform of ia when oscillation occurs and the
illustration of damp.

Fig. 12. Waveforms of ia with four different degrees of oscillation.

Fig. 13. Values of the simulated kd for the original system.

t(i) reaches t1 or t3. Subsequently, ia2(i + 1) is calculated for the
next cycle according to (20). And if ia(i + 1) is reversed from
ia(i), then t1 or t3 of the next cycle is updated according to (3)
before executing the next cycle, otherwise, the next cycle starts
directly.

A typical oscillation waveform of ia is shown in Fig. 11, and
the difference in amplitude fluctuations is denoted as damp. In
applications, D/N and RL are two key parameters that affect the
oscillation of the circuit. Therefore, the circuits corresponding
to all D/N and RL combinations within a specified range are
simulated. Specifically, for the current system parameters, D/N
is taken from 0.05 to 0.45 with an interval of 0.025, and RL is
taken from 1 Ω to 35 Ω with an interval of 1 Ω. kd is introduced
to characterize the degree of oscillation of the simulated ia and
is denoted as

kd = damp/Ia1. (21)

Fig. 12 shows the waveforms of ia with four different oscil-
lation degrees in the simulation results. It is easy to see that kd
is positively related to the degree of oscillation, and there is no
significant oscillation for ia with kd of 0.01.

The values of kd corresponding to all combinations are plotted
as surface plots in Fig. 13, which are sharply divided into two
regions according to the degree of oscillation. These are the
regionαwhere the oscillations are severe and the regionβ where
the operation is stable (in this article, kd ≤ 0.01 is used as the
stability criterion). Moreover, it can be seen that for a fixed D/N,
the oscillations appear and intensify gradually with the increase
of the load. And each value of D/N has a corresponding critical

Fig. 14. Power filter in the resonant network.

Fig. 15. Additional resonant filter after the current sensor.

load for the emergence of oscillations. Obviously, the oscillation
problem in the α region greatly limits the available operating
range.

IV. IMPROVED CONTROL METHOD

To improve the oscillation problem in LCC-LCC systems, a
control method for active rectifiers based on additional resonant
filters is proposed. The method aims to break the closed loop
of oscillations in the circuit and avoid oscillations from the
principle.

A. Additional Resonant Filter

According to the previous analysis, the reflected current ia2
is the key factor in the formation of oscillation, so reducing ia2
is a reasonable improvement. And this requires a filter to be
connected in series with the power circuit to reduce Ya(ω) at the
harmonic frequency, as shown in Fig. 14. However, there is the
disadvantage of generating additional losses resulting in lower
efficiency. To avoid adverse effects on power transfer, a method
is proposed to modify only the synchronous PWM modulation.
A resonant filter is introduced behind the current sensing circuit,
as shown in Fig. 15. The filter consists of a series-connected
resistor Rf, a parallel-connected inductor Lf, and a capacitor Cf.
uia is the current sensing signal of ia as the input of the filter and
the voltage uCf of Cf as the output of the filter. The relationship
between Lf and Cf is

LfCf = 1
/
ω2
0 . (22)

And the gain of the filter concerning frequency is

Gpf (ω) = 1−
(
ω2
0 − ω2

)
(ω2

0 − ω2) + jω2
0ωp

(23)

where p = Lf /Rf.
According to (23), it can be known that the gain at ω0 is 1 and

the attenuation on both sides is determined by p. From (11), it can
be seen that ia1 is the component of ω0 frequency. Fig. 9 shows
that the fundamental frequency component of Ya is particularly
small. Thus, ia2 is mainly the harmonic component. Thus, the
introduced filter can retain the part of ia1 in uia and attenuate the
part of ia2. When the attenuation is large enough, almost only the
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Fig. 16. Improved ideal equivalent system block diagram.

ia1 component remains in the output of the filter, and the system
block diagram is equivalent to that shown in Fig. 16. Compared
to the original block diagram in Fig. 8, the rising edge signal of
ua becomes directly based on the zero-crossing signal of ia1 and
is no longer affected by the closed loop between ia and ua after
the filter is added. This improvement can effectively suppress
oscillations.

B. Effect of the Additional Resonant Filter

To verify the feasibility of the improved method in principle,
a discrete model of the system with resonant filters is developed.
The state space is expanded based on (14) for the changes in the
system

[
ẋ1

ẋ2

]
=

[
A1 0
A21 A22

] [
x1

x2

]
+ bua

y =

[
c1
c2

] [
x1

x2

]
(24)

where

A21 =

[
0 0 0 0 0 0 0 0
0 0 0 0 1/(CfRf) 0 0 0

]
(25)

A22 =

[
0 1/Lf

−1/Cf −1/(CfRf)

]
(26)

c1 =
[
0 0 0 0 1 0 0 0 0 0

]
(27)

c2 =
[
0 0 0 0 0 0 0 0 0 1

]
(28)

x2 =
[
iLf

uCf

]T
. (29)

As the signal of ia2 after passing through a current sensor and
filter, the uCf˙ia2 can be calculated by

uCf_ia2 = c2
[
x1 x2

]T
. (30)

Accordingly, the flow chart of the discrete model is changed
to, as shown in Fig. 17. The calculation of uCf˙ia2 (i + 1) is added
in each loop, and t1 or t3 is updated when uCf crosses zero. The
p-parameter of the additional filter determines the suppression
of oscillations. Here, the p values are set to 1.1 × 10−7 and
1.1 × 10−8, respectively, and the results corresponding to the
two p values are obtained by discrete model simulation, as
shown in Fig. 18. Compared with the original case in Fig. 13, the
oscillation of ia is significantly reduced after adding the filter,
and the available operating range expands as p decreases. This
shows that the additional filter method is theoretically effective
for suppressing oscillations, provided that the appropriate filter
parameters are chosen.

Fig. 17. Flowchart of the improved discrete model.

Fig. 18. Values of the simulated kd at different p.

V. VERIFICATION

In order to verify the feasibility of the proposed oscillation
suppression method in a practical system, a prototype of the
wireless charging system is built, as shown in Fig. 19(a). The
prototype consists of a dc source, a full-bridge inverter, an
active rectifier, an electronic load, the LCC-LCC compensation
network, and coupling coils. The schematic of the prototype
is shown in Fig. 1, and the resonant network parameters are
shown in Table I. The magnetic coupling coils are of square
planar helical structure. Each coil consists of Litz wire, ferrite
cores, an aluminum plate, and a plastic frame. Table II gives
the specific parameters of the coupling coils. The dielectric
of the compensation capacitors is polypropylene film, and the
detailed parameters of the capacitors are shown in Table III.
Fig. 19(b) shows the image of the active rectifier and its various
sections.
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Fig. 19. Experimental prototype of the WPT system. (a) Entire experimental
setup. (b) Active rectifier and its various sections.

TABLE II
PARAMETERS OF THE COUPLING COILS

TABLE III
PARAMETERS OF THE COMPENSATION CAPACITORS

TABLE IV
PARAMETERS OF THE EXPERIMENT AND DEVICES

The power devices of the circuit are SiC MOSFETs
(IXFN50N120SiC) and SiC diodes (FFSH40120ADN). The
modulation method of the drive signal is shown in Fig. 4, where
the sensor ACS730KLCTR-40AB-T is used for the current sens-
ing block, the comparator TLV3201 is used for the zero-crossing
comparison block, and the functions of the remaining blocks are
all implemented by the FPGA XC7A35T. The experiment and
device parameters are shown in Table IV.

A. Validity of the Proposed Model

The computational results of the proposed model are com-
pared with the results of the simulation and experiment to verify
the validity of the model. The waveforms of ia for three operating
states with RL = 9 Ω and D/N of 0.2, 0.3, and 0.4 are selected
from Fig. 13 and presented in Fig. 20. It can be seen that the
waveforms of the current are stable when D/N is 0.2 and 0.3,
while significant oscillation occurs when D/N is 0.4. Fig. 21
gives the simulation results obtained from the circuit built in
Simulink for the same three operating states. Comparing Figs. 20
and 21, it can be seen that the results of the proposed model
and simulation are in high agreement, both in stable operation
and in the presence of oscillations. Fig. 22(a) and (b) give the
experimental waveforms when RL = 9 Ω and D/N is 0.2 and 0.3,
respectively, and Fig. 22(c) gives the waveforms when D/N is 0.4
and oscillation occurs. Obviously, the experimental waveforms
also match the results of the proposed model. The simulation and
experimental verification illustrate that the proposed model is
accurate for the calculation of the dynamic process. In particular,
the accurate reduction of the oscillation waveform proves that
the proposed oscillation loop is correct.

The stable operating range of the prototype is obtained by
uniform interval testing. The critical load at which oscillation
occurs at each setting is measured by varying the D/N set-
ting in the range of 0.05 to 0.45 at intervals of 0.05, and the
oscillation boundary curve is fitted based on the critical data.
The experimental results of the original prototype are shown in
Fig. 23(a), where α indicates the region where stable operation
is not possible. It can be seen that the prototype oscillates in the
interval from D/N of 0.15 to 0.45 in the test range. And between
0.2 and 0.4, the load when oscillation occurs is smaller, so the
stable operation of the prototype in this interval is most seriously
affected by oscillation.

In Fig. 23(b), the oscillation boundary curves in Fig. 13 are
compared with the experimental results. It can be seen from
Fig. 23(b) that both curves show the same trend, but the experi-
mental curve is higher than the one obtained by the model. This
is because the modulation process shown in Fig. 4 is idealized
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Fig. 20. ia waveforms obtained from the discrete model. (a) D/N = 0.2, RL = 9 Ω. (b) D/N = 0.3, RL = 9 Ω. (c) D/N = 0.4, RL = 9 Ω.

Fig. 21. ia waveforms obtained in simulink. (a) D/N = 0.2, RL = 9 Ω. (b) D/N = 0.3, RL = 9 Ω. (c) D/N = 0.4, RL = 9 Ω.

Fig. 22. ia waveforms of the prototype. (a) D/N = 0.2, RL = 9 Ω. (b) D/N = 0.3, RL = 9 Ω. (c) D/N = 0.4, RL = 34 Ω.

Fig. 23. (a) Range of oscillations of the experimental prototype. (b) Compar-
ison of oscillation boundaries between simulation and experiment.

in the model, while in reality, the devices in this part of the
circuit have an impact on the signal transmission due to their
electrical characteristics. Among them, the current sensor used
in the prototype has a low-pass characteristic, which has a strong
attenuation effect above the nominal cutoff frequency, and the
amplitude-frequency characteristic curve of the chip is shown
in Fig. 24. So the sensor attenuates part of the ia2 component to

Fig. 24. Amplitude-frequency characteristics curve of ACS730KLCTR-
40AB-T.

some extent and, according to the previous study, this helps to
improve the oscillation problem. Therefore, it is reasonable that
the stability region of the prototype in the experiment is larger
than the one calculated in the model. As for the comparator
and FPGA in the modulation circuit, the effect of these parts
is that the transmission delay of the device causes the falling
edge lag of the driving signals (G5, G6), which in turn makes
the actual on-duty cycle of the MOSFETs slightly higher than the
set value. However, the tpd of TLV3201 is only 40 ns, and the
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TABLE V
PARAMETERS OF THE ADDITIONAL RESONANT FILTER

Fig. 25. Measured frequency response of the resonant filter.

transmission delay of FPGA is also in the nanosecond range. The
total delay of these two parts is much smaller than the switching
period (11.43 μs), so the effect on the duty cycle widening is
very small. Consequently, the effect of the comparator and the
FPGA can be disregarded. When designing resonant filters to
improve oscillations, the larger stable operation region of the
actual system makes it more conservative and reliable to use the
model results as a reference.

B. Design of the Resonant Filter

The parameters of the resonant filter are designed in the
improved prototype. According to the results of Fig. 18, it
is clear that the smaller the p, the better the improvement of
oscillations. However, there is a limitation on the value of p
in the actual circuit. This is because when Lf increases, the
consequent increase in the internal resistance RLf reduces the
gain of the filter at the resonant frequency. When considering
the internal resistance of Lf, the gain of the filter at ω0 is

Gf (ω0) = 1− RLf/Lf

p (ω2
0 − jω0RLf/Lf) +RLf/Lf

. (31)

From (31), it can be seen that RLf causes Gf (ω0) to be less
than 1. In addition, with fixed core and wire specifications, RLf

has a linear relationship with the self-inductance, thus, RLf /Lf

in (31) can be considered as a constant. In this case, the smaller
the p, the more the fundamental signal is attenuated, which is
detrimental for the comparator to detect the zero-crossing point
of the fundamental signal. In order to achieve a balance, it is
necessary to determine the upper limit of p according to the
stable operating range desired to be achieved and to determine
the lower limit of p in terms of the fundamental signal being able
to be accurately detected by the comparator. According to the
results shown in Fig. 18, for the system studied in this article, a
better improvement can be achieved when p = 1.1 × 10−8, so
the p of the prototype filter is designed as 1.1 × 10−8, and the
specific filter parameters are shown in Table V. The measured
frequency response of the filter is shown in Fig. 25, where |G(ω0)|
= −2.37 dB. The amplitude of the fundamental component in

Fig. 26. Waveforms of ua, ia, uCf, and uia.

Fig. 27. Waveforms of ua, ia, uCf, and cmp.

the filter output is calculated by the following equation:

UCf1 = Ia1ksens |Gf (ω0)| . (32)

According to (7), it is calculated that Ia1 = 23.5 A, so UCf1 =
0.89 V. Fig. 26 gives the waveforms during operation, where uia
is the current sensor output waveform and uCf is the filter output
waveform. It can be seen that uia matches ia and uCf appears as
a sinusoidal waveform, which indicates that the filter achieves
sufficient harmonic attenuation effect. The output waveform of
the comparator is shown in cmp of Fig. 27, and it can be seen
that the comparator can accurately measure the zero-crossing
point of uCf. This shows that the designed filter parameters are
reasonable.

C. Experimental Results of the Improved Prototype

The operation of the prototype with the additional resonant
filter is tested. To verify the oscillation improvement of the pro-
posed method, the operating parameters on the boundary curve
in Fig. 23(a) are selected for testing. Fig. 28 gives the waveforms
of the original prototype when D/N is 0.2, 0.3, and 0.4 on the
boundary curve, respectively. And Fig. 29 gives the waveforms
of the improved prototype. The comparison between Figs. 28
and 29 shows that the oscillation is effectively eliminated after
the resonant filter is added.

In order to clarify the influence of the proposed method on the
efficiency of the active rectifier, four sets of operating parameters
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Fig. 28. ua and ia waveforms of the original prototype. (a) D/N = 0.2, RL = 44 Ω. (b) D/N = 0.3, RL = 27 Ω. (c) D/N = 0.4, RL = 34 Ω.

Fig. 29. ua and ia waveforms of the improved prototype. (a) D/N = 0.2, RL = 44 Ω. (b) D/N = 0.3, RL = 27 Ω. (c) D/N = 0.4, RL = 34 Ω.

TABLE VI
COMPARISON IN THE EFFICIENCY BETWEEN THE ORIGINAL AND

IMPROVED PROTOTYPE

are randomly selected for testing. The efficiency of the original
and the improved prototype are compared in Table VI. From the
test results, at D/N = 0.60, RL = 27 Ω, the original prototype
operated with oscillations, while in the improved prototype the
oscillations are eliminated, and the efficiency is increased from
97.3% to 97.6%. The system is always in stable operation in the
other three sets of parameters. And the efficiency of the original
and the modified prototype is the same for each set of parameters.
Given that the resonant filter is added to the modulation circuit
rather than to the power loop, there is no increase in power loss.
The abovementioned results prove that the added filter does not
affect the efficiency.

Furthermore, to obtain a stable operating range for the im-
proved prototype, the prototype continued to be tested with
RL increasing. In the experiment, as RL is gradually increased
to 200 Ω, the oscillation does not appear at any D/N, which
means that the stable operating range of the modified prototype
is greatly extended, as shown in Fig. 30. The applicability of
the active rectifier circuit in real systems is greatly increased.
Taking the constant voltage (CV) charging mode commonly

Fig. 30. Comparison of original and improved experimental results.

used in wireless charging of electric vehicles as an example, the
trajectory of CV operation can be derived from (5) and Ohm’s
law equation

RL =
πUL

Ia
(
1− cos 2πD

N

) . (33)

Fig. 30 gives the CV mode operation traces of 200 V and
400 V for the prototype in this paper. It can be seen that the
unstable operation region of the original prototype is crossed by
the 400 V trajectory, so it cannot operate in the constant 400 V
mode and can only just meet the CV output of 200 V. In contrast,
the range in which the improved prototype can achieve stable
operation is already well above the 400 V trajectory curve.
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VI. CONCLUSION

This article illustrates how the controlled rectification oper-
ates in the WPT system, and the mechanism of its effect on the
zero-crossing point of the secondary-side current is explained.
The dynamic influence process between the voltage and current
on the secondary side is described. The closed loop formed by
PWM modulation and conduction that triggers the oscillation in
the system is pointed out. A discrete model of the active rectifier
in the WPT system is developed and the dynamic process of the
system is simulated. Meanwhile, the oscillations of the system
regarding the operating parameters are presented. To solve the
oscillation problem, a control method based on an additional
resonant filter is proposed to make the PWM modulation in-
dependent of the closed loop by attenuating the harmonics in
the current sensing signal. Simulation and experimental results
demonstrate that the improved control method is effective in
eliminating oscillations and extensively improves the range of
stable operation in a set of prototypes.
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