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of ZVS and Quasi-ZPA in Wireless Power
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Abstract—To reduce switching loss and minimize backflow
power, zero voltage switching (ZVS) and zero phase angle (ZPA)
technology are normally implemented in wireless power transfer
(WPT) systems. However, traditional concepts of ZPA and ZVS are
usually independent and misleading, lacking clear and strict theo-
retical explanations. More importantly, the design of ZPA circuit
parameters is usually based on fundamental harmonic analysis in
the frequency domain. To tackle this problem, first, comprehensive
analysis of the relationships among ZVS, ZPA, and quasi-ZPA
(time-domain) are discussed in detail. Second, an impedance factor
δ based on multiharmonic analysis is proposed to evaluate the input
current characteristics of WPT systems under different topologies
and load conditions. Third, δ is associated with quasi-ZPA, and
the boundary value δth required to achieve quasi-ZPA is defined.
Finally, an experimental prototype with 1 kW/85 kHz is built
to verify the analysis. Experimental results demonstrate that the
impedance factor δ proposed is consistent with the theoretical
analysis regarding its influence on the input current waveform
characteristics of the WPT system. In addition, phase shift control
enables constant power output and ZVS across a wide load range.

Index Terms—Impedance factor, multiple harmonics analysis
(MHA), quasi-ZPA, zero phase angle (ZPA), zero voltage switching
(ZVS).

I. INTRODUCTION

W ITH the rapid advancement of technology, wireless
power transfer (WPT) has become a significant branch

in the modern electronics field [1], [2]. Inductive power trans-
fer (IPT) as a short-range WPT technology utilizes the high-
frequency magnetic field to achieve a wireless energy transfer
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between transmitting and receiving coils. Compared to tradi-
tional wired power transfer, IPT offers advantages, such as
greater flexibility, safety, reliability, and convenience. Its ap-
plications have expanded from simple consumer electronics
to more complex fields, including industrial systems [3], im-
plantable biomedical devices [4], [5], autonomous underwater
vehicle [6], and electric vehicle charging [7], [8], [9].

The essence of IPT technology lies in achieving efficient and
safe energy transmission without relying on physical contact. In
this field, zero phase angle (ZPA) and zero voltage switching
(ZVS) technologies have gained significant attention due to
their remarkable advantages in enhancing system efficiency and
reducing switching losses. ZPA technology refers to the design
of specific compensation network parameters in a wireless power
transfer system to ensure that the system operates in a resonant
state under the influence of the voltage fundamental wave, mak-
ing the input impedance purely resistive. ZPA design optimizes
power transfer efficiency and minimizes power loss caused
by impedance mismatching. In contrast, ZVS technology [10]
involves a control strategy in power supplies or inverters, where
the switching device operates when the voltage is zero. This
approach eliminates switching losses and electromagnetic inter-
ference, thereby improving the overall efficiency of the system.

Circuit analysis for resonant converter topology design and
system parameter optimization is normally based on fundamen-
tal harmonic analysis (FHA) [11], [12]. The FHA is favored
in circuit analysis for two main reasons: 1) It is relatively
simpler compared to time-domain analysis and 2) it transforms
the circuit model from a complex time-domain representation
to the frequency-domain, considering only the first harmonic
as the input source, while neglecting higher order harmonics,
thus significantly simplifying the analysis. This approach is
also beneficial for the equivalent calculation of rectifier circuits.
Under the first harmonic approximation, rectifier networks, filter
capacitors, and loads can be modeled as resistances [13], [14],
[15]. As a result, FHA is highly convenient for use in IPT
systems. However, applying first harmonic analysis to different
topologies results in a purely resistive input impedance, which
may not accurately reflect the impedance characteristics of the
system. The accuracy of FHA depends on the topology and
parameter settings of the circuit, as circuit waveforms can vary
with these factors. The primary cause of this discrepancy is total
harmonic distortion (THD), which introduces analysis errors
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between theoretical and practical results. The accuracy of FHA
varies with the system’s THD, with lower THD resulting in
higher accuracy. The omission of higher order harmonics leads
to the neglect of the inductive effects caused by the rectifier
network, filter capacitors, and loads, which can lead to de-
sign deviations in the compensation network [16], [17], [18],
[19], [20].

However, FHA can only achieve ZPA performance for some
certain resonant topologies, such as the SS topology. However,
for some other topologies, such as the LCC–LCC topology [21],
it cannot achieve satisfactory ZPA. In addition, the system would
generate backflow power if the operating conditions of ZPA are
designed with a large margin. The amount of backflow power im-
pacts the overall transmission efficiency of the IPT system [22],
[23]. To address these limitations and improve performance,
phase shift control can be applied to achieve constant power
output and ZVS over a wide load range, helping to optimize
the performance of the wireless power transfer system [10],
[20], [24].

Therefore, it is essential to distinguish between quasi-ZPA
in the time-domain and ZPA in the frequency-domain. More-
over, even after configuring resonant parameters through first
harmonic analysis for different topologies, achieving ZPA is not
always guaranteed.

To tackle this problem, this article focuses on conducting
multiple harmonics analysis (MHA) for various IPT topologies
and introduces a novel concept named the impedance factor.
The impedance factor is used to study and compare current
conditions under different topologies and operating scenarios,
establishing a connection between harmonic impedance and
fundamental impedance. The parameter δ represents the relative
value of higher order harmonic impedance, with its magnitude
reflecting the quasi-ZPA and ZVS conditions of the input current
waveform under different topologies, resonance parameters, and
operating scenarios. A larger δ corresponds to lower system
backflow power and a dominant fundamental harmonic, making
the waveform closer to a sinusoidal shape, enabling the topology
to achieve quasi-ZPA.

The main contributions of this article are as follows.
1) Comprehensive analysis of the relationships among ZPA,

ZVS, and the phenomenon where using FHA to con-
figure parameters results in the system achieving ZVS
is presented. The concept of quasi-ZPA is introduced,
linking small backflow power with ZVS. In addition, the
impedance factor, denoted as δ, is introduced, and its effect
on ZVS and quasi-ZPA under varying values is analyzed.

2) A detailed analysis of the mechanism of harmonic
impedance in the circuit is conducted, deriving the general
expression for the input impedance at each harmonic. The
influence of harmonic impedance from different topolo-
gies on the input current characteristics is analyzed, and
the relationship between the value of δ and topology
parameters is studied. Based on this, δth is identified
as the boundary for achieving quasi-ZPA in the system.
The results show that for different topologies, resonant
parameters, and operating conditions, the input current
characteristics can be determined simply by comparing
the calculated value of δ with the threshold δth.

Fig. 1. Simplest LCC–LCC compensation IPT topology with active rectifier.

The rest of this article is organized as follows. In Section II,
multiharmonic circuit model is used for various IPT topologies,
and the general expression for input impedance under MHA is
derived. Based on this, the concept of the impedance factor δ
is introduced, and the relationship between quasi-ZPA and δ
is defined. In Section III, based on the LCC–LCC topology, a
full-bridge active rectifier control strategy is implemented on
the secondary side, and the relationships between internal and
external phase shifts and output power are derived to achieve
ZVS and quasi-ZPA simultaneously. In Section IV, simulation
are conducted to verify the theoretical analysis. In Section V,
multiple topological experimental platforms are built to verify
variation laws under different load conditions. Finally, Sec-
tion VI concludes this article.

II. ANALYSIS OF MHA MODEL IN IPT SYSTEM

In IPT systems, the FHA is predominantly utilized. Because
FHA only considers the fundamental wave, the calculated equiv-
alent impedance at the fundamental wave Zeq(1) is purely resis-
tive, thereby minimizing losses. However, this approach can be
influenced by harmonics and different load conditions in certain
topologies, leading to analysis inaccuracies. In addition, the
traditional ZPA is defined in the frequency domain. Therefore,
the ZPA obtained by modeling with FHA is only valid under
the action of the fundamental wave and is not actually a ZPA in
the time domain. Consequently, harmonics should be taken into
account to conduct a relatively comprehensive analysis of the
traditional ZPA and ZVS by using MHA.

A. LCC–LCC Compensation Model Based on FHA

Fig. 1 shows the typical LCC–LCC compensation IPT topol-
ogy with a secondary active rectifier and battery load. For the
convenience of reference, the subscripts “p” and “s” represent
the parameters of the primary side and the secondary side,
respectively. The typical LCC–LCC compensation IPT topology
has self-inductances L1, L2, Lp, Ls, and mutual inductance M ,
and the coupling coefficient is given by k = M/

√
LpLs. The

compensation capacitors Cp, Cf1, Cs, and Cf2 are driven by
the primary inverter with a high frequency voltage Vp and the
secondary active rectifier with a high frequency voltage Vs.

The inverter is powered by the dc power supply Vdc and
contains two sets of H-bridge circuits composed of S1–S8. One
of them generates the high frequency voltage Vp, and the other,
which is located on the secondary side, serves as a full bridge
rectifier circuit to output Vo. Here, S1–S8 are MOSFETs, and each
MOSFET has its own body diode, respectively.
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Fig. 2. Equivalent circuit of the magnetic coupler of Fig. 1.

Designing parameters for LCC–LCC topology by using FHA
requires making Cp,Cf1,Cs, aandCf1 in the system compensate
for L1, L2, Lp, and Ls to match the required resonant frequency
f. The aim is to achieve impedance matching and enhance
IPT efficiency. The operating switching frequency is usually
designed at the resonant frequency, i.e.,

ω=
1√
L1Cfl

=
1√

L2Cf2
=

1√
(Lp − L1)Cp

=
1√

(Ls − L2)Cs

.

(1)
Fig. 2 shows the equivalent circuit of the LCC–LCC topology,

and the expression for the output voltage Vp passing through the
primary inverter with a high frequency, i.e.,

Vp =

{
Vdc, t ∈ [kT, (2k + 1) T

2

]
−Vdc, t ∈ ((2k + 1) T

2 , (k + 1)T
]
.

(2)

The high-frequency voltage Vp can be obtained through
Fourier series expansion as follows:

Vp =
4Vdc

π

k∑
n=1

1

n
sinnωt (k = 1, 3, 5 · · ·). (3)

Under the influence of the fundamental wave alone, when
parameter tuning is performed based on FHA, the LCC–LCC
topology generally exhibits a purely resistive behavior. When
the excitation source is a square wave input, the influence
of harmonics causes the system’s input impedance to become
inductive under the parameter configuration modeled by FHA.
The system can achieve natural ZVS. However, the backflow
power of the system will change accordingly due to variations
in topology and load. While ZVS can be achieved, it may result
in a reduction in system efficiency.

B. LCC–LCC Harmonic Compensation Model

After the output voltage of the inverter is decomposed by
Fourier, apart from the fundamental wave, it also contains nu-
merous harmonic components. In the LCC–LCC compensation
network, L1 and Cf1 constitute a low-pass filter. This filter
effectively eliminates the high-order harmonic components in

Fig. 3. Phase angle and impedance magnitude under different harmonic orders
from LCC–LCC Topology.

the transmitting coil, so that the primary side current almost
solely consists of the fundamental wave component. However,
the current flowing through L1 contains a large number of
harmonic components, and the system will generate uncontrol-
lable backflow power. Hence, an analysis on the harmonics is
conducted.

To simplify the theoretical analysis, it is assumed that the
equivalent series impedances of all compensation networks can
be neglected. Using Fourier analysis, the high-frequency voltage
Vp is decomposed into its fundamental wave and a series of
harmonic components. When each harmonic is regarded as an
excitation source separately, the loop equations can be listed as
shown in (4) shown at the bottom of this page.

When the nth harmonic is taken as the excitation source, the
equivalent input impedance is solved as

Zeq(n) =
C +Dj

E + Fj
(5)

where the variables are shown in⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = nω
B = ω

n
C = L1L2

(
B2L1 − (A−B)2Lp

) (
(A−B)2Ls −B2L2

)
+A2L1L2(A−B)2M2

D = (A−B)
(−2ABLpLs +B2(−L1 + Lp)Ls

+A2(LpLs −M2)
)
L1Req

E =
(
(A−B)2LpLs −A2M2

)
Req

F = (A−B)
(
(A−B)2LpLs −B2LpL2 −A2M2

)
L2.

(6)
From (5) and (6), the variation of phase angle and impedance
magnitude of LCC–LCC topology under different harmonic or-
ders can be derived. The curves of the phase angle and impedance
magnitude for both the fundamental wave and harmonic com-
ponents versus harmonic order are plotted in Fig. 3.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Vp = j(nω)L1I1 +
1

j(nω)Cf1
I1 − 1

j(nω)Cf1
I2

0 = − 1
j(nω)Cf1

I1 +
[

1
j(nω)Cf1

+ 1
j(nω)Cp

+ j(nω)Lp

]
I2 − j(nω)MI3

0 = −j(nω)MI2 +
[

1
j(nω)Cs

+ 1
j(nω)Cf1

+ j(nω)Ls

]
I3 − 1

j(nω)Cf1
I4

0 = − 1
j(nω)Cf1

I3 +
[

1
j(nω)Cf1

+ j(nω)L2 +Req

]
I4.

(4)
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Fig. 4. Explanation of ZPA and ZVS Waveforms.

As shown in Fig. 3, when the fundamental wave acts, the input
impedance of the system is purely resistive; when the harmonics
act, the input impedance is purely inductive. Moreover, the
higher the harmonic order, the larger the impedance becomes,
resulting in a smaller harmonic current.

C. Analysis of the Causes of System Natural ZVS

Fourier decomposition is performed on Vp shown in Fig. 2,
dividing it into a fundamental wave source and individual har-
monic sources. The currents generated by the individual actions
of the fundamental wave and each harmonic are analyzed.

Fig. 4 shows the output current waveform of the inverter under
a square-wave voltage input. The analysis of ZPA and ZVS is
established from two different perspectives: The frequency do-
main and the time domain. 1) In the frequency domain, only the
fundamental components of voltage and current are considered,
as described by the FHA. Under this condition, ZPA can be
achieved through proper parameter configuration. This approach
provides a convenient basis for initial parameter design. 2)
In the time domain, however, the system exhibits significant
harmonic impedance and inductive impedance angles due to
the square-wave input. Through time-domain analysis, such as
MHA, it is observed that the system is capable of achieving
ZVS. Nevertheless, backflow power is inevitably introduced.
Since the magnitude of backflow power is highly sensitive to
the load, parameter settings, and circuit topology, it becomes
difficult to control.

D. Effect of Load Changes in Diverse Topologies on Backflow
Power

To analyze the influence of different topologies on harmonic
effects, several commonly used WPT system topologies are
selected for theoretical analysis, including SS, LCC-S, S-LCC,
LCL-S, S-LCL, and LCC-LCC, all of which have resonant con-
ditions that depend only on their own parameters. The resonant
conditions for each topology are derived using the FHA method,

Fig. 5. Harmonic impedance proportion of different topologies.

and the harmonic input impedance for different harmonic orders
is calculated. The results are presented in Table I, which shows
the relationship between harmonic input impedance and har-
monic order.

Fig. 5 illustrates the proportion of input impedance under
different harmonic orders for various topologies, obtained using
FHA with a constant load of 10 Ω. Using the formulas in Table I,
the phase angles of the input impedance for each topology
under harmonic inputs, except for the fundamental wave, are
all inductive. Therefore, their phase angles are not plotted in the
illustration. Since the third harmonic impedance Zeq(3) of the
LCL-S topology is smaller than Zeq(k) (k �= 3), this topology
theoretically exhibits the smallest third harmonic impedance,
resulting in its input current waveform being more significantly
affected by harmonic currents and leading to increased backflow
power. For the S-LCL, S-LCC, and SS topologies, Zeq(1) is
approximately 0 in proportion. Therefore, the waveforms of
these topologies are dominated by the fundamental harmonic,
with relatively small backflow power, and quasi-ZPA can be
more readily achieved. For the LCC-S and LCC-LCC topolo-
gies, Zeq(1) is larger in proportion compared with the above
topologies. Therefore, the waveforms of these topologies are
significantly affected by harmonics. In this case, ZVS is easily
achieved, but the system will lose quasi-ZPA.

To analyze the influence of harmonic impedance under dif-
ferent load values, the impedance factor δ is defined as follows:

δ = log10

⎛
⎝
√∑∞

n=1,3,... Z
2
eq(n)

Zeq(1)

⎞
⎠ . (7)

Specifically, a larger value of δ indicates that the impedance
of higher order harmonics is significantly greater than that of the
fundamental component. In this case, the input current waveform
is primarily composed of the fundamental harmonic, resulting
in a waveform that is closer to an ideal sinusoid. This allows
the system to achieve zero phase difference in the time domain
(quasi-ZPA), with reduced distortion and lower backflow power.
Conversely, a smaller value of δ reflects a stronger influence of
harmonic components, leading to a more distorted waveform,



1344 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 1, JANUARY 2026

TABLE I
CALCULATION FORMULAS FOR THE HARMONIC IMPEDANCE OF EACH ORDER OF DIFFERENT TOPOLOGIES

higher reverse power, and deviation from the quasi-ZPA oper-
ating condition. The influence of equivalent series resistance
on the overall impedance is relatively minor and thus was not
explicitly included in the δ calculation.

Through theoretical algebraic calculations, it is found that
Zeq(m) (m �= 1) remains nearly constant, while δ reflects the
variation trend of the fundamental current. A larger δ indicates
a greater fundamental current. When the fundamental current
is sufficiently large, the harmonic currents become relatively
small, the system’s total input voltage and current can thereby
achieve quasi-ZPA. Therefore, there exists a threshold value
δth, which serves as the boundary for whether the system can
achieve quasi-ZPA. Theoretically, when the calculated value of
δ is around 2.25, the third harmonic current is approximately one
twenty-fourth of the fundamental current, and the third harmonic
impedance is eight times the fundamental impedance. In this
article, this value of δ is regarded as the critical threshold δth for
achieving quasi-ZPA. When δ is less than δth, the smaller the
value of δ, the more pronounced the harmonic effects become.
Conversely, as δ gradually approaches and exceeds δth, the
fundamental harmonic component dominates the waveform,
making the influence of harmonics less noticeable. Considering
that the phenomenon becomes less pronounced as δ approaches
the threshold, the tolerance for δ is set to ±5% of δth. Therefore,
the minimum value of δ for achieving quasi-ZPA in this study
is defined as 0.95 δth.

Fig. 6 shows the variation of the theoretical value of δ when
the magnetic coupler is the same but the topologies and loads are

Fig. 6. Variation curve of δ with the load for different topologies.

different. According to the variation of δ in the figure, it can be
concluded that for the SS and LCC-LCC topologies, as the load
increases, δ also increases and gradually exceeds the threshold
value δth. The input current will be increasingly dominated by
the fundamental harmonic component, and the system will more
easily achieve quasi-ZPA as the load increases. For the S-LCL
topology, since its δ value is always much higher than δth, the
fundamental current always dominates, and thus, the system
can maintain quasi-ZPA regardless of the load variations. For
the S-LCC and LCC-S topologies, as the load increases, the δ
value will gradually fall below δth, indicating that the harmonic
currents have a more significant influence, and the system will
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gradually lose quasi-ZPA. For the LCL-S topology, its value is
always below δth, so regardless of the load variations, the system
will always be affected by harmonics, and as the load increases,
the harmonic influence and backflow power will become more
pronounced. As a result, the system will not achieve quasi-ZPA.

In summary, Fig. 6 is categorized into two regions and four
distinct variation patterns based on the changes in δ, with each
region illustrating how δ affects the characteristics of the in-
put waveform. When operating in Region I, δ always remains
below δth. If its value decreases further with increasing load,
the harmonic effects in the system become more pronounced,
resulting in a gradual increase in backflow power. Moreover,
when operating in Region II, δ consistently exceeds δth, thereby
enabling the system to continuously sustain the quasi-ZPA con-
dition. Under these circumstances, the input current waveform
remains predominantly determined by its fundamental harmonic
component. During the transition from Region I to Region II,
the system exhibits distinct operational characteristics. In Re-
gion I, with δ remaining below δth, the influence of harmonics
is considerable, allowing only ZVS to be realized rather than
quasi-ZPA. As δ increases and surpasses δth into Region II,
the input current waveform becomes predominantly determined
by its fundamental harmonic component, thereby enabling the
simultaneous achievement of both quasi-ZPA and ZVS. In con-
trast, during the transition from Region II to Region I, the system
displays the reverse behavior. While operating in Region II,
with δ exceeding δth, the input current waveform is dominated
by the fundamental harmonic component, thereby enabling the
realization of both quasi-ZPA and ZVS. However, as the system
enters Region I and δ falls below δth, the increased influence of
harmonics leads to the loss of quasi-ZPA, and only ZVS can be
maintained. To further elucidate the influence of δ on the input
current, representative input current variation characteristics are
selected from Fig. 6 for analysis. The corresponding trends
between δ and input current are illustrated in Fig. 7. Specifically,
Fig. 7(a) presents the input current variation as δ increases from
1.36 to 2.36 in the LCC–LCC topology, corresponding to the
transition from Region I to Region II. Fig. 7(b) depicts the trend
as δ decreases from 1.44 to 0.47, representing the state where the
system always operates in Region I. Fig. 7(c) shows the current
variation as δ decreases from 3.01 to 1.81, corresponding to the
transition from Region II to Region I.

III. MODULATION STRATEGIES FOR BILATERAL LCC UNDER

MULTIPLE WORKING CONDITIONS

A. Analysis on the Inductive Characteristics of the
Full-Bridge Controlled Rectifier in the BPWT System

Fig. 8 illustrates the LCC-LCC topology. Due to load varia-
tions, excessive backflow power can result in reduced efficiency.
Therefore, phase shift control is implemented to enable the
topology to achieve constant power output and ZVS, thereby
reducing power loss caused by backflow power in the system.
During the period from t0 to t4, it can be determined that{

ωt1 = π
2 − β

2

ωt2 = π
2 + β

2 .
(8)

Fig. 7. Impact of δ on input current. (a) LCC-LCC topology. (b) LCL-S
topology. (c) S-LCC topology.

The voltage of Vs is a three-level square wave. From t0 to
t4, the Fourier expansions of Vs, ip, and is can be calculated as
follows:

Vs(t) =
4Vo

π

k∑
n=1

1

n
cos

(
π

2
+

nβ

2

)
sin(nωt). (9)

According to (9), the RMS value of the fundamental harmonic
component of Vs is

Vs =
2
√
2

π
Vo sin

β

2
. (10)

According to the basic circuit theory, the input active power
of the front-stage of the active rectifier is

Ps(β, ϕ) = VsI4 cos(ϕ) =
2
√
2

π
VoI4 sin

β

2
cos(ϕ). (11)

According to (11), I4 can be obtained, where Vo and Io
represent the voltage and current across the load

I4 =
πIo

2
√
2 sin β

2 cos(ϕ)
. (12)

According to (9), (10), (11), and (12), by regarding the active
rectifier, the load resistor, and the filter capacitor as Zeq for
modeling, Zeq can be calculated

Zeq =
Vs

I4
= Req + jXeq. (13)
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Fig. 8. Schematic diagram of the working waveform of primary-Side ZVS
under Phase-Shift control.

Fig. 9. Active rectifier circuit model.

Based on the relationship of the impedance triangle, Req and
Xeq can be calculated, respectively, as follows:⎧⎨

⎩
Req = 8

π2R sin2
(

β
2

)
cos2(ϕ)

Xeq = 8
π2R sin2

(
β
2

)
cos(ϕ) sin(ϕ).

(14)

B. Relationship Between the Output Power and Phase - Shift
Angle in the BPWT System

Fig. 1 illustrates a typical BWPT system utilizing the LCC–
LCC topology. The primary-side inverter receives electrical
energy from the power grid via a bidirectional ac/dc converter
and is powered by the direct current voltage Vdc. The secondary
side is connected to the electric vehicle, supplying the battery
load Vo to power the vehicle or harvest electrical energy. If the
electric vehicle operates in the V2G state, the ac/dc converter
regulates the grid current, enabling the vehicle to feed power
back to the grid.

Fig. 9 presents the schematic diagram, which can be further
simplified using impedance network analysis. When supplying

power to the battery, the secondary side operates as a constant-
voltage source. The circuit model of the BWPT system is de-
picted as shown. From the perspective of the primary side, the
input impedance of each part is calculated as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zpi(n) = jnωL2

Zprt(n) =
Zpi(n)

jnωCf2Zpi(n)+1

Zprs(n) = Zprt(n) +
1

jnωCs
+ jnω(Lp +M)

Zprm(n) =
jnωMZprs(n)

jnωM+Zprs(n)

Zpre(n) = Zprm(n) +
1

jnωCp
+ jnω(Lp −M)

Zpr(n) =
Zpre(n)

jnωCf1Zpre(n)+1

Zpin(n) = Zpr(n) + jnωL1.

(15)

Calculated by looking from the secondary side, the input
impedance of each part is as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Zsi(n) = jnωL1

Zsrt(n) =
Zsi(n)

jnωCf1Zsi(n)+1

Zsrp(n) = Zsrt(n) +
1

jnωCp
+ jnω(Lp −M)

Zsrm(n) =
jnωMZsrp(n)

jnωM+Zsrp(n)

Zsre(n) = Zsrm(n) +
1

jnωCs
+ jnω(Lp +M)

Zsr(n) =
Zsre(n)

jnωCf2Zsre(n)+1

Zsin(n) = Zsr(n) + jnωL2.

(16)

The impedances Zps and Zsp are derived from (15) and (16)
as follows:⎧⎪⎨

⎪⎩
Zps(n) =

(Zsi(n)+Zpr(n))Zpre(n)Zprs(n)Zpi(n)

Zpr(n)Zprm(n)Zprt(n)

Zsp(n) =
(Zpi(n)+Zsr(n))Zsre(n)Zsrp(n)Zsi(n)

Zsr(n)Zsrm(n)Zsrt(n)
.

(17)

From (9) and (17), the harmonic order and the output power
Po of the system are derived as

Po = Re

{ ∞∑
n=1,3,...

(
V 2
s(n)

Zsin(n)
+

Vp(n)Vs(n)

Zps(n)

)}

=
8MVdcVo

π2L1L2ω

∞∑
n=1,3,...

{
1

n2

[
cos2

(
π

2
+

nβ

2

)
sin2(nωt) sin θ

]}
.

(18)

Among them, n represents the harmonic order of the Fourier
decomposition of the input voltage source, k is the coupling
coefficient of the energy transfer coil, β is the secondary-side
phase shift angle of the system, that is, the pulsewidth angle of
the secondary-side square wave voltage, and θ is the external
phase shift angle of the system.

It can be seen from (18) that the stability of the system’s
output power can be maintained by adjusting the internal phase
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Fig. 10. Relationship between the normalized output power of the system and
the phase shift angle.

shift angle β or the external phase shift angle θ. When the
external phase shift angle θ is within the range of (0◦, 180◦),
the transmission power is positive and the energy is transferred
from the primary side to the secondary side; when θ is within
the range of (−180◦, 0◦), the transmission power is negative and
the energy is transferred from the secondary side to the primary
side. Therefore, the external phase shift angle θ can take any
value within the range of (0◦, 180◦) to adjust the forward output
power.

In Fig. 10, the output power is normalized and its relationship
with the internal phase shift angle β or the external phase shift
angle θ is plotted. It can be seen that when θ = ±90◦, the
maximum power in the forward and reverse directions can be
obtained, respectively.

C. Analysis of the System Operating Modes

According to (18), a full-bridge active rectification system
is used to achieve constant power output over a wide load
range. The active control capability of the active rectifier devices
overcomes the limitation that traditional passive rectification
cannot dynamically adjust power output with varying loads, and
by dynamically adjusting the phase angle of the secondary side,
constant power output and ZVS is achieved over a wide load
range. Fig. 8 shows the circuit waveform of the full-bridge active
rectifier module in the WPT system, and Fig. 11(a)–(d) present
the working mode analysis of the full-bridge active rectifier
bridge.

Mode 1 (t0 < t < t1): During this interval, switchesS6 andS8
of the active rectifier bridge are turned on. The circuit waveforms
are shown in Fig. 8, where the current i4 flows through S6 and S8
in the converter depicted in Fig. 11(a) during this period, while
Vs remains at the 0-level.

Mode 2 (t1 < t < t2): As illustrated in Fig. 11(b), the current
flows through the active rectifier bridge S6 and S7, with the res-
onant current increasing initially and subsequently decreasing
during this interval. The voltage Vs remains at −Vo level.

Mode 3 (t2 < t < t3): As depicted in Fig. 11(c), in this mode,
the current flows through switches S5 and S7 of the active
rectifier bridge, while Vs remains at the 0-level, and the current
waveform is illustrated in Fig. 8.

Mode 4 (t3 < t < t4): As seen in Fig. 11(d), within this time
interval, the current begins to flow in the positive direction

Fig. 11. Working modes of the BWPT system. (a) t0 − t1. (b) t1 − t2.
(c) t2 − t3. (d) t3 − t4.

through switches S5 and S8 of the active rectifier. The current
value gradually increases and then decreases, with Vs remaining
at the +Vo level.

To enhance understanding, Fig. 12 presents the overall
process, the use of the impedance factor δ during the pre-
experimental stage to guide parameter selection, followed by
the implementation of wide-load constant power control in the
control phase.

IV. SIMULATION ANALYSIS

A simulation model is built to verify the theoretical formulas.
All models utilize the FHA to calculate the parameters of each
component. The switching frequency of the input voltage is
85 kHz. Theoretical calculations of δ are conducted for six
different topologies, and the simulation results are shown in
Fig. 13(a)–(f). In Fig. 13(a)–(c), δ < δth with theoretical values
of 1.15, 1.98, and 1.66, respectively; under these conditions,
the system operates with ZVS but cannot achieve quasi-ZPA.
In contrast, in Fig. 13(d)–(f), δ > δth with theoretical values of
2.4, 4.34, and 2.71, respectively. In these cases, the input current
waveform is dominated by the fundamental harmonic compo-
nent, and the influence of harmonics is minimal. Moreover,
the full-bridge inverter, filter capacitor, and load in the system,
when equivalent to the input impedance terminal, will present
inductive characteristics. Therefore, the waveforms from (a) to
(f) will all present weak inductive characteristics, and the specific
inductance value is related to the resonant topology. Previous
analysis has also addressed this phenomenon. However, based
on the results of simulations, the inductive effect is not significant
and only adds a slight inductive characteristic to the system. The
simulation results are consistent with the theoretical analysis in
Fig. 6.

V. EXPERIMENTAL VERIFICATION

The commonly used SS, LCC-S, and LCC–LCC topologies
were selected for experimental validation, as shown in Fig. 14,
where the microprocessor TMS320F28335 serves as the control
core. The simulation and experimental prototype parameters are
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Fig. 12. Overall system design flowchart.

Fig. 13. Simulation waveforms of different topologies under the traditional
ZPA tuning scheme. (a) LCL-S topology. (b) LCC-S topology. (c) LCC–LCC
topology. (d) SS topology. (e) S-LCL topology. (f) S-LCC topology.

Fig. 14. Experimental platform of the WPT system.

TABLE II
KEY PARAMETERS OF THE WPT PROTOTYPE

listed in Table II. The Tektronix MDO3024 precision digital os-
cilloscope was employed for voltage and current measurements,
and the HIOKI PW6001 high-precision power analyzer was used
for power efficiency measurements.

A. Waveforms of Quasi-ZPA and ZVS

Fig. 15 presents the experimental waveforms of three resonant
topologies: SS, LCC-S, and LCC–LCC. After determining the
resonant parameters of each topology using FHA, the input
current waveform characteristics are observed for different load
conditions, which correspond to different values of δ. For the
SS topology, when R = 10 Ω, the calculated value of δ is 2.39,
which satisfies the condition δ > 0.95δth, indicating that the
system can achieve quasi-ZPA. According to the variation trend
of the SS topology curve in Fig. 6, δ increases with increasing
load. Consequently, for R = 30 Ω and R = 50 Ω, the corre-
sponding δ values are 2.86 and 3.08, respectively. Throughout
this range, δ consistently remains above 0.95δth, ensuring that
both quasi-ZPA and ZVS are maintained in the system. For the
LCC-S topology, when R = 10 Ω, δ is calculated to be 1.94,
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Fig. 15. Experimental waveforms of different topologies under the fundamental harmonic analysis parameter scheme. (a) SS topology with R = 10 Ω. (b) SS
topology with R = 30 Ω. (c) SS topology with R = 50 Ω. (d) LCC-S topology with R = 10 Ω. (e) LCC-S topology with R = 30 Ω. (f) LCC-S topology with
R = 50 Ω. (g) LCC–LCC topology with R = 10 Ω. (h) LCC–LCC topology with R = 30 Ω. (i) LCC–LCC topology with R = 50 Ω.

which is less than 0.95δth, indicating that the system cannot
achieve quasi-ZPA. It is observed that, at the instant when the
voltage Vp exhibits a step change, the waveform is slightly
influenced by harmonics; however, this influence is minimal and
the system operates near the quasi-ZPA condition. According
to the variation trend of the LCC-S topology curve in Fig. 6,
δ further decreases as the load increases. For R = 30 Ω and
R = 50 Ω, the corresponding δ values are 1.46 and 1.25, respec-
tively, and the criterion δ < 0.95δth is still satisfied, indicating
that quasi-ZPA remains unattainable.

Moreover, as δ continues to decrease and deviates further
from δth, the influence of harmonics becomes increasingly
significant, such that only ZVS can be maintained in the system.
For the LCC–LCC topology, when R = 10 Ω, the calculated
value of δ is 1.61, which is less than 0.95δth, indicating that
the system cannot achieve quasi-ZPA under these conditions.
According to the variation trend of the LCC–LCC topology
curve in Fig. 6, δ increases with increasing load. Therefore, for
R = 30 Ω andR = 50 Ω, the corresponding δ values rise to 2.16
and 2.31, respectively. In these cases, δ exceeds 0.95δth, and
the input current waveform becomes progressively dominated
by its fundamental harmonic component, thereby enabling the
system to achieve both quasi-ZPA and ZVS. A comprehensive

TABLE III
REALIZATION OF QUASI-ZPA IN DIFFERENT TOPOLOGIES AND LOAD

CONDITIONS

summary of the relationship among R, δ, and the input current
conditions for all considered topologies is provided in Table III.

B. Optimization of ZVS Under Load Variations Through
Phase Shift Modulation

As shown in Fig. 16, when the load changes from 14 to
50 Ω, the system’s backflow power varies accordingly. Within
an appropriate range, changes in backflow power can effectively
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Fig. 16. Constant power efficiency improvement experiment for LCC–LCC
topology with load varying from 14 to 50 Ω and back to 14 Ω.

achieve optimal ZVS. However, under complex working condi-
tions, the uncertainty of load variations causes uncontrollable
fluctuations in backflow power, leading to increased losses.
Therefore, instantaneous internal and external phase shift angle
modulation should be implemented on the secondary side when
the load changes, ensuring stable power output and improved
efficiency.

VI. CONCLUSION

Comprehensive analysis of the relationships among ZVS,
ZPA, and quasi-ZPA in WPT systems has been presented in
this article. The phenomenon of some topologies achieving
ZVS in the time domain due to harmonic influence, despite
being configured with ZPA resonant parameters under FHA,
is discussed. Importantly, an impedance factor δ method is
proposed to investigate the ZVS and quasi-ZPA phenomena
in WPT systems under different topologies and load values.
The relationship between δ and quasi-ZPA is established in this
article, and the boundary value required to achieve quasi-ZPA
is defined as δth. To verify the effectiveness of the analysis, a
1 kW/85 kHz experimental prototype is constructed. Experi-
mental results show that the variation of the impedance factor δ
can accurately predict the input current characteristics of the
WPT system. Moreover, the comparison between δ and the
threshold δth enables a pre-experimental assessment of whether
the system can achieve quasi-ZPA. When δ exceeds 0.95δth,
the system achieves quasi-ZPA. Below this threshold, the sys-
tem loses quasi-ZPA, with the effect of harmonics becoming
more pronounced. In addition, phase shift control can maintain
constant power output and ZVS over a wide load range. A
more detailed phase shift control strategy will be investigated
in future work. The system also achieves a peak efficiency of
approximately 92%.
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