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A Soft-Switching Secondary-Side Control Method
Without AC Current Detection for Wireless

Power Transfer Systems
Kangxing Zheng , Jingzhi Ren , and Wenxing Zhong , Senior Member, IEEE

Abstract—This article proposes a novel synchronous secondary-
side control method for wireless power transfer (WPT) systems
without AC current detection and real-time wireless communi-
cation. The proposed method includes a fast output-control loop
for output control and a synchronization loop for phase synchro-
nization and ensuring zero voltage switching of the secondary-side
switches. The regulation strategy for the initial stage is designed
to avoid the issue of monotonicity. The small-signal model of the
WPT system with the proposed control method is derived based
on the generalized state space averaging and extended describing
function methods. Based on the established model, the control
system is designed, and the stability of the proposed method is
studied. Experimental results based on a 157 W prototype are
presented to verify the effectiveness and dynamic performance of
the proposed control method.

Index Terms—Nonreal-time wireless communication, phase
synchronization, small-signal modeling, soft switching, wireless
power transfer (WPT).

I. INTRODUCTION

THE wireless power transfer (WPT) technology has sparked
widespread interest in both academic community and busi-

ness domain worldwide due to its unique advantages of safety
and convenience. As a result, WPT is widely used in various
applications.

A typical WPT system is essentially a resonant DC–DC con-
verter, with two major differences. One is the magnetic coupling
which is usually much weaker than an insulation transformer,
and the other is the wireless communication between the pri-
mary and secondary controllers. The commonly used wireless
communication technologies may introduce a time delay in mil-
liseconds level [1], [2], [3]. Thereby, fast response is difficult to
achieve if the close-loop control of the system relies on wireless
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communication. To deal with this issue, the dual side active
bridge control is widely used in WPT systems [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29].

The major challenge of the secondary-side control is the
synchronization of the secondary-side driving signals with re-
spect to the primary-side driving signals. A few techniques have
been reported to deal with this issue, which are summarized as
follows.

1) In [4] and [5], an auxiliary coil is adopted in the secondary
side to obtain the phase information of the primary-side
current. By detecting the voltage induced by the magnetic
field generated by the primary-side current on the auxiliary
coil, a voltage signal synchronized with the primary-side
driving signals can be obtained. However, the accuracy
of the synchronization signal depends on the design of
the signal processing circuit and is sensitive to the system
parameters. In [6] and [7], auxiliary driving coils are added
to the primary side to transmit the reference phase for syn-
chronization, but this increases the system’s complexity
and cost.

2) Based on the detection of the AC current or voltage, the
synchronization signal can be obtained without auxiliary
coils [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18]. In [8] and [9], a synchronous control method based
on the active power and reactive power measurement is
employed. The sensed rectifier input current and voltage
are utilized to calculate the real-time power flow with an
analog processing circuit, which contains phase-shifting
circuits, multipliers, and low-pass filters. Based on the
principle of zero reactive power generated by the sec-
ondary rectifier, the synchronization state of the secondary
control is realized. In [10], the voltage of the secondary
resonant capacitor is used for frequency synchronization,
while phase synchronization is performed by tracking the
maximum output DC voltage. However, in high-voltage
applications, this method requires reliable isolation, and
resynchronization is necessary when system parameter
drifts occur. In [11], [12], [13], [14], and [15], the syn-
chronization signal is obtained through zero-crossing de-
tection of the rectifier input current. However, synchro-
nization methods based on detecting the rectifier input
current could suffer from inaccuracies caused by current
harmonics or noise, which may pose a serious challenge
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to the control stability of the system in high-frequency
applications [16], [17], [18].

3) To eliminate the troubles of detecting the rectifier input
current, a synchronization strategy based on the perturba-
tion and observation (P&O) method with only DC current
or voltage detection is proposed in [19], [20], and [21].
Synchronization is achieved through tracking the peak
value of the output DC current or the phase-shift angle
between two legs of the secondary full-bridge converter.
However, the basic principle of the P&O method relies
on zero reactive power generated by the secondary rec-
tifier, which means the rectifier input voltage and input
current are in phase. Thereby, zero phase angle (ZPA)
is realized. When the phase-shift modulation is applied,
ZPA of the rectifier might lead to hard-switching of the
rectifier switches, which may reduce efficiency and cause
EMI problems [22], [23], [24]. Another drawback of
the P&O method is the dynamic performance, which is the
common issue for control methods based on P&O. In [25],
a dual-side control method is proposed that eliminates the
need for synchronization. However, this method cannot
achieve soft switching, and the irregular current on the
primary side results in high current stress.

This article proposes a novel synchronous secondary-side
control method without the detection of AC current or voltage.
The duty cycle of the rectifier input voltage is regulated with a
fast speed for output control. Thereby, a fast transient response
is possible. On the other hand, the phases of the rectifier driving
signals are adjusted with a low speed so that the rectifier input
current leads the rectifier input voltage by a certain phase to
realize phase synchronization and zero voltage switching (ZVS)
of the switches. Only the output DC current or voltage is sensed.
The proposed method can not only reduce the cost and volume
of the system but also avoid the disadvantage that AC current
sampling is easily disturbed by high-frequency noises. Thus,
the proposed method is suitable for high-frequency applications
with synchronous control.

The rest of this article is organized as follows. Section II
introduces the characteristics of ZPA control and capacitive
phase angle (CPA) control methods, and the strategy of the
proposed CPA synchronization control method. In Section III,
the monotonicity of the proposed control loops is studied and
a regulation method for the initial stage is introduced. The
influence of system parameter errors on the control system
is analyzed. Based on the generalized state space averaging
(GSSA) method, a small-signal model of the control system
is built. Section IV provides the controller design process and
simulation results. In Section V, experimental results are given
to verify the effectiveness of the proposed method. Finally,
Section VI concludes this article.

II. CHARACTERISTICS OF SYNCHRONOUS CONTROL METHODS

A. SS WPT System

The basic circuit topology of a WPT system with series–
series (SS) compensation [26] is shown in Fig. 1. In Fig. 1(a),
S1–S4 and S5–S8 are the switches of the inverter and the rectifier,

Fig. 1. (a) Basic circuit topology of SS WPT system. (b) Fundamental equiv-
alent circuit.

respectively. Lp and Ls are the self-inductances of the primary
and secondary coils, respectively. M is the mutual inductance
between the two coils. Cp and Cs are the resonant capacitors.
Cf and Lf are the capacitance and inductance of the output filter,
respectively. Uin is the input DC link voltage. Uo is the charging
voltage, and io is the charging current. uinv and iinv are the
inverter output voltage and current, respectively, and urec and
irec are the rectifier input voltage and current, respectively.

The parameters of the compensation tanks are designed with
the following resonant conditions:{

ωLp − 1
ωCp

= 0

ωLs − 1
ωCs

= 0
(1)

where ω = 2πf0, and f0 is the resonant frequency of the system.
Define T0 = 2π/ω as the resonant period.

B. ZPA and CPA Control Methods

Based on the criterion of whether the rectifier impedance is
resistive or capacitive, the secondary phase shift control methods
can be divided into two categories: ZPA control [19], [20], [21]
and CPA control [23]. Fig. 2 shows the system waveforms with
ZPA control and CPA control. β is the angle corresponding to
the time interval when urec is 0 V. In CPA control, ϕ is the angle
difference between P1 and P2, where P1 and P2 are the first
positive zero-crossing points of irec and urec. In ZPA control,
urec and irec are in phase, which leads to hard-switching of the
rectifier switches, whereas CPA control is able to realize ZVS if
ϕ≥0.

TP is the period of uinv and TS is the period of urec. TP

and TS are both set to the resonant period T0. However, due to
the slight difference of the crystal oscillator frequencies of the
primary-side and secondary-side controllers, there is a tiny pe-
riod differenceΔT between TP and TS. Without synchronization
control, ΔT causes a periodic change in the output power [13].
The effect of ΔT can be eliminated by adopting a synchronous
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Fig. 2. System waveforms with ZPA control and CPA control.

control to periodically update the phases of the secondary-side
driving signals with respect to the primary side.

The reported synchronous control methods without resonant
current detection [19], [20], [21] adopts the P&O method to
achieve phase synchronization. The method is to ensure a largest
output current by using the P&O method. Therefore, it can
naturally achieve ZPA but not CPA of the rectifier. More details
could be found in [19], [20], and [21].

C. Principle of the Proposed CPA Synchronization Control
Method Without AC Current Detection

Define dβ = β/π (0 < dβ < 1) as the coefficient, which is
determined by the duty cycle of the rectifier voltage. Define dϕ
= ϕ/π as the coefficient, which is determined by the phase of
the rectifier voltage. The steady-state Io with CPA control can
be calculated as

Io =
Irec
π

[cos (dϕπ) + cos (dϕπ + dβπ)] (2)

where Irec is the fundamental amplitude of the rectifier input
current irec.

The general expression for Irec with SS compensation is given
by

Irec =
ωMUinv√

[ω2M2 +R1Rs −XpXs]
2 + (R1Xs +XpRs)

2

(3)

where

Xp = ωLp − 1

ωCp

Rs =
8

π2

Uo

Io
cos2

dβπ

2
cos2

(
dβπ

2
+ dϕπ

)
+R2

Xs = − 4

π2

Uo

Io
cos2

dβπ

2
sin (dβπ + 2dϕπ) + ωLs − 1

ωCs

Fig. 3. Switching signals waveforms of the secondary rectifier.

where R1 and R2 are the parasitic resistance of the primary
and secondary resonator, respectively, Uinv is the fundamental
amplitude of uinv, which equals 4/π∗Uin.

When the system resonates and both dϕ and dβ are 0, Irec is
given by

Irec =
ωMUinvπ − 4R1Uo

ω2M2π +R1R2π
. (4)

For a resonated WPT system with the secondary-side control,
Uinv is considered unchanged. As both R1 and R2 are small, the
influence of dϕ, dβ and Uo on Irec can be neglected. Therefore,
Irec can be regarded as approximately constant in (2) and cal-
culated using (4). In addition to the SS compensated topology,
other topologies capable of making Irec independent of load
variations, such as the LCC–LCC compensated topology [27],
are also suitable for the proposed method.

Fig. 3 shows the rectifier input voltage urec, input current
irec, and the gate drive signals ug5–ug8 for the switches of the
rectifier. usyn is a digital signal with a 50% duty cycle generated
by the secondary controller. The gate drive signal of the high-side
MOSFET S5, i.e., ug5, is triggered by the rising edge of usyn.
Thereby, the phase of ug5 is determined by usyn. The gate
drive signal of the other high-side MOSFET S7, i.e., ug7, lags
ug5 by 180°. The gate drive signal of each low-side MOSFET is
complement with that of the high-side MOSFET of the same leg.
To create a bypass period of β, the pulse widths of ug5 and ug7,
which are with the same length, are larger than the half switching
period, as shown in Fig. 3.

First, the pulse widths of ug5 and ug7 can be controlled to
regulate dβ for achieving a desired output. This is the first control
loop of the system, which is called the output-control loop. Then,
the synchronization loop is introduced for achieving ZVS of the
rectifier switches by controlling the phase of usyn. The phase
of irec is ideally determined by the primary-side voltage uinv,
which is not affected by the secondary-side control, thereby,
irec can be taken as the reference for achieving a zero ϕ and,
thus, ZVS. Ideally, if dϕ can be measured, the phase of usyn
can be adjusted to track a specific dϕ. However, in the proposed
system, the AC current is not measured and thereby, dϕ cannot
be obtained through measurements. According to (2), a zero dϕ
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Fig. 4. Block diagram of the proposed secondary-side control method.

is corresponding to a specified value of dβ provided that Irec
and Io are given. Therefore, this specified value of dβ can be
used as a reference value, denoted as dβ_ref. If dβ at the moment
equals dβ_ref, zero dϕ should be achieved. Otherwise, a further
adjustment should be applied to the phase of usyn. To eliminate
interferences between two control loops, the synchronization
loop is designed to be much slower than the output-control loop.
This is the basic mechanism of the proposed control method
without AC current detection.

Based on (2), dβ_ref is derived as

dβ_ref =
1

π
arccos

[
πIo_ref

Irec
− cos (dϕ_refπ)

]
− dϕ_ref .

(5)

In the previous analysis, dϕ is assumed zero. However, to
realize full ZVS in real applications, dϕ should be a bit larger
than zero. In the rest of this article, dϕ is set to 0.1, which is
considered as a reference dϕ and marked with dϕ_ref.

III. PROPOSED SECONDARY-SIDE CONTROL METHOD

The block diagram of the proposed secondary-side control
method is shown in Fig. 4. Apart from the two control loops,
the mutual inductance of the system needs to be estimated for
the calculation of Irec and dβ_ref. According to [28], the mutual
inductance can be estimated with DC output voltage and current.
Therefore, how to extract M is not the focus of this study.

In the rest of this section, the monotonicity of the proposed
control loops is first studied. Then, a regulation method for the
initial stage is introduced. The influence of system parameter
errors on the control system is discussed as well.

A. Output-Control Loop

The output-control loop is much faster than the synchroniza-
tion loop and, thus, dϕ can be taken as a constant in every
short period of time when considering the output-control loop.
Thereby, the monotonicity of the output-control loop can be

TABLE I
SYSTEM SPECIFICATIONS AND PARAMETERS

Fig. 5. Io-dβ curves with different dϕ of the prototype system.

studied with the Io-dβ function, as given in (2), with different
values of dϕ. Taking the prototype system as an example, the
specifications are given in Table I. The Io-dβ curves are like
these given in Fig. 5.

According to (2), �Io/�dβ can be calculated as

∂Io
∂dβ

= −Irec sin [(dβ + dϕ)π] . (6)

Let (6) equals to 0, the value of dβ corresponding to the
maximum value of Io when dϕ < 0 is obtained as

dβM = |dϕ| . (7)

When −1 < dϕ < 0, �Io/�dβ is positive when dβ < |dϕ| and
negative when dβ >|dϕ|. Therefore, for a given negative dϕ, the
Io-dβ curve is non-monotonous within the range of [0, 1] for dβ .

When 0 < dϕ < 1, �Io/�dβ is always negative and thereby
the Io-dβ curve is monotonous within the range of [0, 1] for dβ .

Fig. 5 shows the Io-dβ curves with different dϕ. dϕ = −0.23
and 0.23 correspond to an output of 3 A when dβ = 0, according
to (2). The desired operation point is C where dβ = dβ_ref =
0.21 and dϕ = dϕ_ref = 0.1. The Io-dβ curve of dϕ = −0.23 is
nonmonotonous and the peak point is located at dβM = 0.23 as
given by (7).

B. Synchronization Loop

On the other hand, for each given dϕ, dβ is regulated fast
enough for generating the reference output. Therefore, the syn-
chronization loop can be described by the dβ-dϕ curve with a
given output, which is like the one in Fig. 6 for the prototype
system.
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Fig. 6. dβ -dϕ curve of the prototype system when Io = Io_ref = 3 A.

Similarly, based on (2), �dβ /�dϕ is calculated as

∂dβ
∂dϕ

=
− sin (dϕπ)√

1−
[
cos (dϕπ)− πIo_ref

Irec

]2 − 1. (8)

Let (8) equals to 0, the value of dϕ corresponding to the
maximum value of dβ is obtained as

dϕM = − 1

π

∣∣∣∣arccos
(
πIo_ref

2Irec

)∣∣∣∣ . (9)

In the example system, dϕM is −0.23 when Io_ref = 3 A.
In Fig. 6, the desired operation point is C, which is corre-

sponding to dϕ = 0.1. Although dϕ is unknown because the AC
current is not measured in the proposed system, the change in
dϕ from one cycle to the next is controllable. The desired dϕ
(i.e., dϕ_ref) is achieved by ensuring that the steady-state value
of dβ tracks dβ_ref. The adjustment of the steady-state value of
dβ is accomplished by modifying the phase variation of usyn in
the next cycle relative to the current cycle.

C. Initial Stage

At the initial stage, after the system is activated, the secondary
gate drive signals are applied with a zero dβ , i.e., the duty cycle
of the rectifier voltage is 1, and dϕ is an arbitrary value. The
control loops are deactivated in this stage.

Then, dϕ is increased (or decreased) with a certain step
size until the output reaches the reference. In other words, the
operation points of the system for producing the reference output
are located by adjusting dϕ.

For example, in Fig. 6, the operation points A or B will be
found to output the reference current by adjusting dϕ when
dβ = 0. It should be noted that each of the point in Fig. 6 is corre-
sponding to the point with the same name in Fig. 5. The point A
and B in Fig. 5 are the same point. Then, the two control loops are
activated. The monotonicity of the output-control loop control
and the synchronization loop are determined as �Io/�dβ < 0 and
�dβ /�dϕ < 0, respectively. To avoid monotonicity problem, an
initial dβ , which is larger than dβM is applied. The initial dβ is
marked as dβ_init, and is calculated based on (7) and (9). Starting
from A or B, there are two possible paths, which are explained
as follows.

1) Starting from A, i.e., dϕ =−0.23, the operation point will
change to E after applying dβ_init, which is larger than 0.23
when Io_ref = 3 A. Then, it goes to F rapidly along the Io-
dβ curve of dϕ=−0.23 through the output-control loop, as
shown in Fig. 5. Then, through the synchronization loop,
dϕ is gradually increased and the operation point moves
from F to C along the dβ-dϕ curve, as shown in Fig. 6. The
complete moving paths of the operation point are given in
red arrows in Figs. 5 and 6.

2) Starting from B, i.e., dϕ = 0.23, similar analysis can be
performed, and the complete paths is B-G-B-C, as given
in blue arrows in Figs. 5 and 6.

By applying this initial dβ , monotonicity maintains consistent
for both cases.

D. Impact of Parameter Errors

Considering the parameter errors of the resonant capacitors
and the mutual inductance, the calculated Irec, the calculated
dβ_ref and eventually the steady-state dϕ will deviate from their
ideal values. Here error is defined as the percentage error of the
actual value, with respect to the value fed into a microcontroller
(MCU). Thereby, the parameter error of a capacitor due to its
tolerance is given by

eC =
Cact − Cnom

Cnom
× 100% (10)

where Cact is the actual value of the capacitor, and Cnom is the
nominal value of the capacitor, which resonates with the corre-
sponding self-inductance, eCp and eCs represent the parameter
errors of Cp and Cs, respectively.

The parameter error of the mutual inductance is given by

eM =
Mmea −Mact

Mact
× 100% (11)

where Mact is the actual mutual inductance of the windings, and
Mmea is the measured value which is used for calculating Irec
and dβ_ref.

The analysis process of key system parameters with eM and eC
is shown in Fig. 7. Part A involves the calculation process of the
internal variables in the MCU, i.e., the calculated Irec and dβ_ref.
The former is obtained by (4); it is then used in (5) to calculate
dβ_ref when Io_ref and dϕ_ref are given. Since (4) and (5) does not
include Cp and Cs, the calculated Irec and dβ_ref are unaffected
by eCp and eCs. dβ_ref is eventually used as the reference value
in the phase-synchronization loop for locating dϕ to guarantee
ZVS and minimal reactive power. Ideally without any parameter
errors, the steady-state dϕ will equal its reference value, i.e.,
dϕ_ref, which is 0.1 in this study.

Part B involves the calculation process of the steady-state
operating variables of the prototype, i.e., the steady-state Irec
and dϕ. The former is obtained by (3), it is then used in (2)
to calculate dϕ. The steady-state output current Io will equal
Io_ref with the output-control loop, and the steady-state dβ will
equal dβ_ref with the phase-synchronization loop. As a result,
the steady-state dϕ will deviate from dϕ_ref. The steady-state
Irec and dϕ are both affected by eC and eM based on (2) and (3).



3790 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

Fig. 7. Flowchart of the analysis process of key system parameters with eM
and eC.

Fig. 8. Variations of the steady-state dϕ with different eM and eC in (Ⅰ)–(Ⅴ),
where: (Ⅰ) eCp = 5%, eCs = 5%; (Ⅱ) eCp = 5%, eCs = –5%; (Ⅲ) eCp = –5%,
eCs = 5%; (Ⅳ) eCp = –5%, eCs = –5%; (Ⅴ) eCp = 0, eCs = 0; the variations
of the calculated dβ_ref with different eM in (Ⅵ), for (a) Io_ref = 3 A and
(b) Io_ref = 2.5 A.

Fig. 8 shows the calculated dβ_ref and the steady-state dϕ
with different eC and eM, where the solid lines represent dϕ and
the pink dashed line represents dβ_ref. The parameter errors in
the primary resonant capacitor Cp, secondary resonant capacitor
Cs, and mutual inductance M are considered simultaneously.
In Fig. 8, Cnom and Mact are assigned by the corresponding
values of Cp, Cs, and M in Table I. With zero errors, dϕ equals
dϕ_ref, i.e., 0.1, and dβ_ref equals the ideal value, i.e., 0.21 for
Io_ref = 3 A and 0.3 for Io_ref = 2.5 A.

In the range of ±5% errors in the value of resonant capacitors
and ±10% errors in the value of mutual inductance, dϕ varies in
the range of 0.02 to 0.17 and dβ_ref varies in the range of 0.15 to

0.27 when Io_ref is 3 A. It should be noted that the constraints for
the parameter errors lie in: 1) the values of dϕ should be larger
than zero to realize ZVS, and 2) the value of dβ_ref should be
larger than zero to output the required current Io_ref. The entire
ranges of dϕ and dβ in Fig. 8(a) are larger than zero, which
means ZVS and output control can be maintained despite the
parameter errors.

As shown in Fig. 8(b), when Io_ref decreases from 3 A to 2.5 A,
dϕ varies in the range of 0.04 to 0.16 and dβ_ref varies in the
range of 0.26 to 0.34. Therefore, larger margins are generated
with respect to zero. This implies that larger parameter errors
can be tolerated if Io_ref is set to a lower value.

IV. CONTROL SYSTEM DESIGN

The proposed control method can achieve CC or CV output
through the control of the proposed two loops. Based on the
GSSA method [30], A small signal model of the control sys-
tem is established in order to verify its stability. The detailed
calculation process is provided in the Appendix. The closed
loop control diagram can be summarized as Fig. 9, where the
following conditions hold:
Gdϕ : open-loop transfer function between d̂ϕ and îo;
Gdβ : open-loop transfer function between d̂βand îo;
Gdϕβ : open-loop transfer function between d̂ϕand d̂β_ss.

For a variable x, x̂ represents its small-signal perturbation.
The steady-state duty cycle dβ is marked as dβ_ss. The Uo and
Io are sampled as the inputs of the fast output-control loop, and
dβ is regulated to make Uo or Io follow the reference value. In
the slow synchronization loop, dϕ is adjusted to make dβ follow
dβ_ref, thus, dϕ will be kept at dϕ_ref. According to (5), the value
of K1 and K2 are expressed as{

K1 =
∂dβ_ref

∂dϕ_ref

K2 =
∂dβ_ref

∂Io_ref

. (12)

The phase perturbation caused by the frequency difference
between the primary and secondary controller is regarded as
d̂ϕp. The perturbation îo is caused by the perturbation îo_ref ,
d̂ϕ_ref , and d̂ϕp. As a result, îo can be expressed as

îo = Hio_ref îo_ref +Hdϕ_ref d̂ϕ_ref +Hdϕp
d̂ϕp (13)

where
Hio_ref : closed-loop transfer function between îo_refand îo;
Hdϕ_ref : closed-loop transfer function between d̂ϕ_refand îo;
Hdϕp : closed-loop transfer function between d̂ϕpand îo.

According to Fig. 9, the closed-loop transfer functions in (13)
can be expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Hio_ref =

DC1∗Gdβ

DC1∗Gdβ
−1 − DC2∗Gdϕ∗K2

(DC1∗Gdβ
−1)(DC2∗Gdϕβ

−1)

Hdϕp
=

Gdϕ

(DC1∗Gdβ
−1)(DC2∗Gdϕβ

−1)

Hdϕ_ref =
−DC2∗Gdϕ∗K1

(DC1∗Gdβ
−1)(DC2∗Gdϕβ

−1)

(14)
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Fig. 9. Closed-loop control diagram.

where

DC1(s) =
1− e−Tcs

Tcs

(
KP1 +

KI1

s

)
e−Tcs

DC2(s) =
1− e−NTcs

NTcs

(
KP2 +

KI2

s

)
e−NTcs

where Tc is the period of the output-control loop, which equals
the resonant period T0.

The exponential term e-τs is simplified using the first-order
Padé approximation [31], which can be expressed as

e−τs =
1− τ

2 s

1 + τ
2 s

. (15)

In the output-control loop, a PI controller is employed to make
the output current track its reference value quickly. Therefore,
the PI controller parameters (KP1, KI1) need to be designed
appropriately to improve the reference tracking performance, as
demonstrated by its open-loop transfer function G1(s). As shown
in Fig. 9, G1(s) = –Gdβ(s)∗DC1(s).

Generally, the open-loop transfer function has four indexes to
assess the performance of its closed-loop control system, which
are gain margin Kg, phase margin γ, low-frequency magnitude
G1(j1) and cutoff frequencyωc. In order to guarantee the stability
of the control system, Kg and γ should be both positive and
large enough. A sufficiently large G1(j1) and ωc are beneficial
to improve the dynamic response performance of the system.

The performance indexes of G1(s) at different values of KP1

and KI1 are calculated and given in Fig. 10, based on the small
signal model in Section IV. As KI1 increases, Kg and γ remain
basically unchanged at first and then drop rapidly, while G1(j1)
and ωc increase rapidly. As KP1 increases, Kg decreases and γ
increases, while G1(j1) and ωc remain unchanged. Taking into
account the aforementioned calculations and analysis results,
the values of KP1 and KI1 are selected as 0.007 and 50.

In the synchronization loop, the control period of the digital
controller is N times longer than that of the output-control loop to
ensure that the output-control loop reaches steady state within
each control period of the synchronization loop. Because d̂ϕp

and d̂ϕ are both tiny, the resulting output current disturbance îo
can be quickly eliminated by the output-control loop. The value

Fig. 10. Performance indexes of G1(s) at different values of KP1 and KI1

including (a) gain margin Kg, (b) phase margin γ, (c) low-frequency magnitude
G1(jω) when ω = 100 rad/s, and (d) cutoff frequency ωc.

of N is set to 15 in this article, further analysis on the selection of
N is provided in Section VI. The open-loop transfer function of
the synchronization loop is defined as G2(s). As shown in Fig. 9,
G2(s) = –Gdϕβ(s) ∗DC2(s).

The performance indexes of G2(s) at different values of KP2

and KI2 are calculated and shown in Fig. 11. As can be seen from
Fig. 11, as KP2 increases, Kg decreases, γ and G2(j1) increases,
whileωc remains unchanged. As KI2 increases, Kg and γ remain
unchanged, while G2(j1) andωc increase rapidly. In the synchro-
nization loop, the selection of the PI controller parameters favors
stability over the speed of the dynamic response, as a result, the
values of KP2 and KI2 are selected as 0.02 and 0.2. The bode
plots of G1(jω) and G2(jω) with the designed PI parameters are
illustrated in Fig. 12.

Taking the following two cases as an example:
1) KP1 = 0.007, KI1 = 50, KP2 = 0.02, KI2 = 0.2;
2) KP1 = 0.2, KI1 = 50, KP2 = 0.02, KI2 = 0.2.
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Fig. 11. Performance indexes of G2(s) at different values of KP2 and KI2

including (a) gain margin Kg, (b) phase margin γ, (c) low-frequency magnitude
G2(jω) when ω = 100 rad/s, and (d) cutoff frequency ωc.

Fig. 12. Bode plots of (a) G1(jω) and (b) G2(jω) with the designed PI
parameters.

According to (14), the poles of Hio_ref contain the poles of
Hdϕ_ref and Hdϕp. Therefore, the stability of the control system
can be judged by the pole distribution of Hio_ref. The zero-
pole distribution diagram of Hio_ref can be obtained based on
the small-signal model, as shown in Fig. 13. The simulation
waveforms using the PI parameters of the above cases are shown
in Fig. 14.

As shown in Fig. 13, all the poles of Hio_ref have negative
real parts in the first case, while in the second case there is a
pair of complex conjugated poles with positive real parts. As
a result, only the first case is stable. As shown in Fig. 14, the
output voltage and current and PI controller outputs are stable
when the system model is stable. When the system model is
unstable, the output of the PI controller oscillates and cannot
be stabilized at the steady-state operating point. As a result, the
output voltage and current are also oscillating. The simulation
results are consistent with the theoretical analysis.

V. EXPERIMENTAL RESULTS

A prototype based on the structure shown in Fig. 1 is built for
experiments. The inverter has two operating modes, full-bridge

Fig. 13. Zero-pole distribution diagram of Hio_ref when (a) KP1 = 0.007,
KI1 = 50, KP2 = 0.02, KI2 = 0.2; (b) KP1 = 0.2, KI1 = 50, KP2 = 0.02,
KI2 = 0.2.

Fig. 14. Simulation waveforms when (a) KP1 = 0.007, KI1 = 50, KP2

= 0.02, KI2 = 0.2; (b) KP1 = 0.2, KI1 = 50, KP2 = 0.02, KI2 = 0.2.

(FB) and half-bridge (HB) modes, and the proposed method is
applicable to each mode. The DC input voltage Uin is 190 V in
FB mode and 380 V in HB mode. The interrupt frequency of the
MCU is set to 85 kHz, which is also the control frequency of the
output-control loop. The control frequency of the synchronous
loop is set to 1/N of the output-control loop, where N is 15 in
this article. The load is a 48 V 65 Ah lead-acid battery. The CC
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Fig. 15. Experimental prototype ( 1© primary resonant capacitor 2© coupling
coils 3© secondary resonant capacitor 4© inverter 5© primary controller 6©
rectifier 7© secondary controller 8© DC voltage sensing board 9© DC current
sensing board).

Fig. 16. Experimental waveforms during CC and CV charging with the
proposed control method.

charging current is set to 3 A and the CV charging voltage is
set to 52.5 V. The prototype is shown in Fig. 15 and the key
parameters are given in Table I.

In this prototype, dϕ_ref is set to 0.1, which means the ref-
erence value of ϕ is 18°. dβ_ref is calculated as 0.21 based on
(5), which means the reference value of β is 38°. Fig. 16 shows
the experimental waveforms with the proposed control method.
The initial battery voltage is purposely set at a high value so that
the time span of CC mode is shortened.

At the initial stage, dβ is set to 0, which means β is 0°. Io
increases as dϕ gradually varies sinusoidally [13].ϕ is 73° when
Io = 1 A as shown in Fig. 16. When Io reaches 3 A, dβ is
set to dβ_init, which is 0.23 based on (7) and (9), and then the
synchronization and output-control loops are both activated. In
the steady stage, Io remains nearly constant at 3 A, β remains
nearly constant at 37°, and ϕ remains nearly constant at 19°, all
of which are close to their reference values. After the battery
voltage increases to the reference value, the CC mode ends and
the CV mode starts. As can be seen in Fig. 16, ZVS, smooth
transitions, low current ripple (6.7%), and short settling time
(0.32 s) are realized by using the proposed control method.

To verify transient response of the prototype, the results with
changing output current references are given in Fig. 17. Io_ref is

Fig. 17. Experimental waveforms with different Io_ref during CC charging.

Fig. 18. Steady-state waveforms when (a) Io_ref = 3 A (b) Io_ref = 2 A.

TABLE II
MEASURED VALUES OF INPUT AND OUTPUT PARAMETERS

changed from 3 A to 2 A, and then changed back to 3 A. It can be
seen that the system can response rapidly to track Io_ref. During
the transition from 3 A to 2 A, a small deviation occurs between
ϕ and its reference. For example, when the current is 2.5 A, ϕ
is 16°, which is slightly lower than its reference value of 18°.
Sinceϕ remains above 0, the secondary-side full-bridge can still
achieve ZVS. After the current stabilizes at the reference value
of 2 A, ϕ also stabilizes at about 19°.

Fig. 18 shows the steady-state waveforms. As a result of
the output-control loop, the duty cycle of urec is successfully
adjusted according to Io_ref. The value of β for Io_ref = 3 A is
37° and it changes to 65° when Io_ref decreases to 2 A. Moreover,
for both cases with two different Io_ref,ϕmaintains stably at 19°,
which is close to its reference value of 18°. This proves that the
synchronization loop is also effective.

The measured DC–DC efficiency η of the prototype during
CC charging at a 157 W output is 94.4%, as shown in Table II.
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Fig. 19. Experimental waveforms with different dϕ_ref when Io_ref = 3 A.

Fig. 19 shows the performance of the prototype when dϕ_ref

changes from 0.1 to 0.2. Based on (5), dβ_ref changes from 0.21
to 0.05 in response to the change in dϕ_ref, which increases
the input error of the synchronization loop. As a result, the
phase shift angle of the urec will increase and cause a temporary
fluctuation in the output current Io. However, under the control
of the output loop, Io remains stabilized at its reference value
after the small fluctuation.ϕ eventually stabilizes at 37°, close to
its reference value of 36°. β eventually stabilizes at 8°, close to
its reference value of 9°. This indicates that the proposed control
method effectively adjusts ϕ while maintaining the stability of
the output current.

The proposed method is also applicable to a system with
primary-side voltage regulation. For example, the equivalent
output voltage of the primary-side inverter, i.e., Uinv, is ad-
justed by using the phase-shift control. According to (4) and
(5), when the value of Uinv is changed by the primary-side
controller, the new Uinv should be sent to the secondary-side
controller for updating the value of dβ_ref. With the phase shift
control, Uinv is adjusted as Uinv = 4/π∗Uin∗cos(α/2), where
α is the angle corresponding to the time interval when uinv
is 0 V. Based on (4) and (5), the reference value of β for
Io_ref = 1.5 A, dϕ_ref = 0.1 and α = 0° is 83°; it changes to
74° when α increases to 68°. The experimental waveforms of
the prototype system with the proposed secondary-side control
and also the primary-side phase-shift modulation when Io_ref

= 1.5 A are shown in Fig. 20. According to Fig. 20, after α
changes from 0° to 68°, ϕ remains at 19°, β changes from 83°
to 73°, and Io remains at 1.5 A, all of which are close to their
reference values. In addition, the DC–DC efficiency increases
from 92.4% to 93.7%. This experiment proves that the proposed
method can perform well with the primary-side phase-shift
modulation.

To test the robustness of the proposed methods, experiments
are carried out with circuit parameter errors. The actual values
of Cp and Cs are changed to 7.2 nF and 45 nF, respectively,

Fig. 20. Experimental waveforms with dual-side control when Io_ref = 1.5 A.
(a) Complete waveforms. (b) Transition when α changes from 0° to 68°.
(c) Steady-state waveforms when α = 0°. (d) Steady-state waveforms when
α = 68°.

Fig. 21. Experimental waveforms with circuit parameter errors where: (a) eCp

=+5%, eCs =+5%, and eM =+10% (b) eCp =+5%, eCs =+5%, and eM
= –10%.

to simulate the case where eCp = +5% and eCs = +5%.
Meanwhile the measured value Mmea is changed to 79.34 μH
or 64.95 μH to simulate the case where eM = ±10%. The
corresponding experimental waveforms are shown in Fig. 21.

It can be seen from Fig. 21 that the output current remains
stable at its reference value, unaffected by the parameter errors.
The steady state ϕ and β are basically consistent with the
theoretical analysis in Fig. 8(a). The proposed control method
can still work effectively when eCp = +5%, eCs = +5%, and
eM = ±10%.
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Fig. 22. Experimental waveforms with different N when Io_ref = 3 A.

Furthermore, the influence of different synchronization cycles
(N = 1000, 100, 5, 1) on the control system are tested, and the
corresponding experimental waveforms are shown in Fig. 22.
It can be seen from Fig. 22 that when N increases from 100 to
1000, both the settling time and the current ripple increase. This
is because with a larger N, the accumulated error of ϕ is larger
when entering the synchronization loop. As a result, a larger
phase shift of the rectifier input voltage occurs, consequently
leading to an increase in current ripple. When N is less than
5, the system will oscillate because the synchronization loop
and the output-control loop interfere with each other. In order to
ensure system stability while also optimizing dynamic response,
N is set to 15 in the prototype system.

It should be noted that the difference of the switching periods
of the primary and secondary converters is 0.15 ns in this pro-
totype due to the error in the oscillators of the MCUs. However,
this error apparently does not affect the control of the system.
The reason is that the accumulation speed of the phase difference
between the secondary driving signals and the primary driving
signals due to this oscillator frequency error is much slower than
the changing speed of the phases of the secondary driving signals
which are manipulated by the synchronization loop.

VI. CONCLUSION

In this article, a novel synchronous secondary-side control
method without AC current detection and real-time wireless
communication is proposed. The method includes an output-
control loop and a synchronization loop. The output-control
loop adjusts the output, either current or voltage, of the system
by controlling the duty cycle of the rectifier input voltage. The
synchronization loop realizes phase synchronization and ZVS
by tracking the optimal phase of the rectifier input voltage.
The small-signal model of the proposed system is built and
used to design the controller parameters. The experiment results
prove that the prototype system performs well with the proposed
control method. The proposed method only requires sampling
of the DC output information. Therefore, auxiliary hardware for
AC current detection is not needed, and the cost and complexity
of the system is reduced. Moreover, this novel method can

avoid the drawback of susceptibility to high-frequency noise
interference in AC current sampling.

APPENDIX

The calculation process of the small signal model is presented
in this section. The inductor currents and capacitor voltages
shown in Fig. 1 are selected as state variables. Based on Kirch-
hoff’s laws, the SS WPT system can be described as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lp
diinv

dt = uinv −R1iinv − uCp +M direc
dt

Cp
duCp

dt = iinv

Ls
direc
dt = M diinv

dt −R2irec − uCs − urec

Cs
duCs

dt = irec

Cf
duCf

dt = io1 − io

Lf
dio
dt = uCf −Rf io − Uo

(16)

where Rf is the equivalent parasitic resistance of the DC link.
Based on the GSSA method, a state variable x(t) can be

expressed as

x(t) = 〈x〉s(t) sinωt+ 〈x〉c(t) cosωt (17)

where 〈x〉s and 〈x〉c are the coefficients of the sine and cosine
components of the Fourier expansion of x(t).

Based on (17), all state variables can be expressed as

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

uinv = Uinv sinωt
iinv = x1 sinωt+ x2 cosωt
uCp = x3 sinωt+ x4 cosωt
irec = x5 sinωt+ x6 cosωt
uCs = x7 sinωt+ x8 cosωt
uCf = x9

io = x10

(18)

where x1 and x2 are the coefficients of the sine and cosine
components of the Fourier expansion of iinv, x3 and x4 are the
coefficients of the sine and cosine components of the Fourier
expansion of uCp, and so forth.

Substituting (18) into (16), (16) can be rewritten as (19).
To deal with the nonlinear characteristics of the converters,

the extended describing function (EDF) method is used to obtain
the linearized model of the converter [29], [32]. Following the
EDF method, the values of 〈urec〉s, 〈urec〉c, and io1 are obtained
by (20).

The large signal model of the system is given by (19) and (20).
In order to establish a small signal model, the state variable
x needs to be expressed as the sum of the steady-state X and
disturbance x̂, as shown in (21).

Substituting (21) into (19) and (20), and eliminating the
steady-state values on both sides of the equal sign, the small
signal model of the system is obtained. The steady-state values
are selected as Io = 3 A, dϕ = 0.1, and dβ = 0.21 based on (5).
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〈ûrec〉s, 〈ûrec〉c, and îo1are linearized based on Taylor theo-
rem, as shown in (22)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lp
dx1

dt −M dx5

dt = Uinv − x3 −R1x1 + Lpωx2 − ωMx6

L
p

dx2

dt −M dx6

dt = −x4 −R1x2 − Lpωx1 + ωMx5

Cp
dx3

dt = x1 + Cpωx4

Cp
dx4

dt = x2 − Cpωx3

Ls
dx5

dt −M dx1

dt =−ωMx2 −R2x5+Lsωx6−x7−〈urec〉s
Ls

dx6

dt −M dx2

dt =ωMx1 −R2x6 − Lsωx5 − x8 − 〈urec〉c
Cs

dx7

dt = x5 + Csωx8

Cs
dx8

dt = x6 − Csωx7

Cf
dx9

dt = io1 − x10

Lf
dx10

dt = x9 −Rfx10 − Uo

(19)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

〈urec〉s = 4
πx9 cos

dβπ
2

x5√
x5

2+x6
2
cos

[(
dϕ +

dβ

2

)
π
]

+ 4
πx9 cos

dβπ
2

x6√
x5

2+x6
2
sin

[(
dϕ +

dβ

2

)
π
]

〈urec〉c = − 4
πx9 cos

dβπ
2

x5√
x5

2+x6
2
sin

[(
dϕ +

dβ

2

)
π
]

+ 4
πx9 cos

dβπ
2

x6√
x5

2+x6
2
cos

[(
dϕ +

dβ

2

)
π
]

io1 =

√
x5

2+x6
2

π [cos (dϕπ) + cos (dϕπ + dβπ)]

(20)

x = X + x̂ (21)⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

〈ûrec〉s = ∂〈urec〉s
∂x5

x̂5 +
∂〈urec〉s

∂x6
x̂6 +

∂〈urec〉s
∂dβ

d̂β

+
∂〈urec〉s

∂dϕ
d̂ϕ +

∂〈urec〉s
∂x9

x̂9

〈ûrec〉c = ∂〈urec〉c
∂x5

x̂5 +
∂〈urec〉c

∂x6
x̂6 +

∂〈urec〉c
∂dβ

d̂β

+
∂〈urec〉c

∂dϕ
d̂ϕ +

∂〈urec〉c
∂x9

x̂9

îo1 = ∂îo1
∂x5

x̂5 +
∂îo1
∂x6

x̂6 +
∂îo1
∂dβ

d̂β + ∂îo1
∂dϕ

d̂ϕ.

(22)

Based on (2), the steady-state duty cycle dβ can be derived as

dβ_ss =
1

π
arccos

[
πIo_ref√
x5

2 + x6
2
− cos (dϕπ)

]
− dϕ. (23)

According to (23), d̂β_ss is linearized as

d̂β_ss =
∂dβ_ss

∂x5
x̂5 +

∂dβ_ss

∂x6
x̂6 +

∂dβ_ss

∂dϕ
d̂ϕ. (24)

The small signal state-space equation of the system is derived
based on (19)–(24) as {

ẋ = Ax+Bu
y = Cx+Du

(25)

where x is the state variable vector containing the sine and cosine
coefficients of currents and voltages, which is given by

x = [x̂1, x̂2, x̂3, x̂4, x̂5, x̂6, x̂7, x̂8, x̂9, x̂10]

u and y are input and output vectors, respectively, which are
given by

u =
[
d̂β , d̂ϕ

]
y =

[̂
io, d̂β_ss

]
=

[
x̂10,

[
∂dβ_ss

∂x5
,
∂dβ_ss

∂x6

]
[x̂5, x̂6]

T +
∂dβ_ss

∂dϕ
d̂ϕ

]
.

The expressions of A, B, C, and D are matrixes related to
system parameters, which can be obtained from (24) and (26)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lp
dx̂1

dt −M dx̂5

dt = −x̂3 −R1x̂1 + Lpωx̂2 − ωMx̂6

Lp
dx̂2

dt −M dx̂6

dt = −x4 −R1x̂2 − Lpωx̂1 + ωMx̂5

Cp
dx̂3

dt = x̂1 + Cpωx̂4

Cp
dx̂4

dt = x̂2 − C
p
ωx̂3

Ls
dx̂5

dt −M dx̂1

dt = −ωMx̂2 −R2x̂5 + Lsωx̂6 − x̂7 − 〈ûrec〉s
Ls

dx̂6

dt −M dx̂2

dt = ωMx̂1 −R2x̂6 − Lsωx̂5 − x̂8 − 〈ûrec〉c
Cs

dx̂7

dt = x̂5 + Csωx̂8

Cs
dx̂8

dt = x̂6 − Csωx̂7

Cf
dx̂9

dt = ∂îo1
∂x5

x̂5 +
∂îo1
∂x6

x̂6 +
[
∂îo1
∂dβ

, ∂îo1
∂dϕ

]
uT − îo

Lf
d̂io
dt = x̂9 −Rf îo

(26)

where

〈ûrec〉s =
∂〈urec〉s
∂x5

x̂5 +
∂〈urec〉s
∂x6

x̂6 +
∂〈urec〉s
∂x9

x̂9

+

[
∂〈urec〉s
∂dβ

,
∂〈urec〉s
∂dϕ

]
uT

〈ûrec〉c =
∂〈urec〉c
∂x5

x̂5 +
∂〈urec〉c
∂x6

x̂6 +
∂〈urec〉c
∂x9

x̂9

+

[
∂〈urec〉c
∂dβ

,
∂〈urec〉c
∂dϕ

]
uT .

The transfer functions can be calculated by[
Gdϕ

(s), Gdβ
(s), Gdϕβ

(s)
]
= C(sI −A)−1B +D. (27)
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