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Abstract—Wireless power transfer (WPT) system has already
been applied to battery charging occasions, and the charging pro-
cess can be roughly divided into two stages: constant current mode
(CCM) and constant voltage mode (CVM). In CVM, researchers
always focus on the effect of the primary phase angle (PPA) on the
system efficiency but rarely pay attention to secondary phase angle
(SPA). A large SPA will also lead to a decrease of system efficiency,
which should be worth more attention and consideration when
designing the system parameter. The double-sided LCC compen-
sation topology can not only achieve constant current or constant
voltage output at different frequencies but also has the advantage
of high parameter design freedom, so it is very suitable for battery
charging scenarios. Considering the influence of the PPA and SPA
on the system efficiency, a novel parameter design method based
on double-sided LCC compensation topology is proposed in this
article. By changing the system operating frequency, the switching
between CCM and quasi-constant voltage mode (QCVM) is real-
ized. In order to verify the feasibility and practical effect of the
parameter design method, an experimental prototype based on a
planar square coil was established and three groups of comparative
experiments were conducted. The experimental results show that
the optimized WPT system efficiency is significantly improved
under the same power level. The maximum output power of the
system is 620 W. When the optimized system works in CCM and
QCVM, the maximum efficiency is about 95%.

Index Terms—Battery charging, constant current/quasi-
constant voltage mode (CCM/QCVM), double-sided LCC
compensation, primary/secondary phase angle (PPA/SPA),
wireless power transfer (WPT).

NOMENCLATURE

Uin System input voltage.
Uo System output voltage.
Io System output current.
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fCC Frequency in constant current mode.
fQCV Frequency in quasi-constant voltage mode.
fCV Frequency in constant voltage mode.
L1 Self-inductance of primary coil.
L2 Self-inductance of secondary coil.
M Mutual inductance.
k Coupling coefficient.
Lf1 Primary compensation inductance.
Lf2 Secondary compensation inductance.
Cf1 Primary parallel compensation capacitor.
Cf2 Secondary parallel compensation capacitor.
C1 Primary series compensation capacitor.
C2 Secondary series compensation capacitor.
ϕp Primary impedance angle.
ϕpa Primary impedance angle expression numerator

corresponding phase angle.
ϕpb Primary impedance angle expression denominator

corresponding phase angle.
ϕs Secondary impedance angle.
ϕsa Secondary impedance angle expression numerator

corresponding phase angle.
ϕsb Secondary impedance angle expression denomina-

tor corresponding phase angle.
Uf Voltage fluctuation rate.
SPϕs-Cf2 Change rate of ϕs relative to Cf2 when fQCV is

fixed.
SPϕs-C2 Change rate ofϕs relative to C2 when fQCV is fixed.
SPϕp-Cf1 Change rate of ϕp relative to Cf1 when fQCV is

fixed.
SPϕp-C1 Change rate of ϕp relative to C1 when fQCV is

fixed.
SPϕs-fQCV Change rate of ϕs relative to fQCV when C2 or Cf2

is fixed.
SPϕp-fQCV Change rate of ϕp relative to fQCV when C1 or Cf1

is fixed.
η System efficiency.

I. INTRODUCTION

A S A new type of power transmission, wireless power
transfer (WPT) has developed rapidly in recent years.

Because of its flexibility, convenience, electrical isolation, good
environmental adaptability, and convenient maintenance, it is
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Fig. 1. Battery charging system with WPT technology.

widely used in the fields of implantable medical treatment, solar
cell array driving device, consumer electronics, and autonomous
underwater vehicle [1], [2], [3], [4], [5], [6], [7]. Fig. 1 shows
the structure of a typical battery charging system based on
WPT technology, which mainly includes eight parts: inverter,
primary compensation, coupling coils, secondary compensation,
rectifier, dc/dc converter, battery pack, and controller.

Different from the traditional wired charging system, the
coupling coil of the WPT system usually has a large leakage
inductance, which often brings undesired reactive power compo-
nents. Therefore, it is necessary to add a compensation network
to improve the system power transfer efficiency. According to the
output characteristics, the compensation network can be divided
into two types: constant current output type and constant voltage
output type. Among the four basic compensation networks (S/S,
S/P, P/S, and P/P), P/S can provide constant voltage output char-
acteristic, P/P can provide constant current output characteristic.
S/S and S/P can both provide the two output characteristics [8],
[9], [10], [11]. Based on the detailed analysis of four kinds
of low-order compensation networks, a hybrid compensation
method was proposed [10]. Furthermore, a series of higher order
compensation networks with constant voltage or current output
have been successively proposed [12].

When charging the battery, the WPT system usually needs
to operate in two modes successively: constant current mode
(CCM) and constant voltage mode (CVM). By switching the
CLC–LCL network to the CLC network, the conversion between
the system’s constant current output capability and constant
voltage output capability was achieved [13]. Certainly, mode
switching was achieved by changing the secondary circuit topol-
ogy, which requires three additional bidirectional switches, and
it will inevitably lead to an increase in system cost. Meanwhile,
the system needs to be shut down before switching the working
mode, which results in limited application scenarios [14].

In the WPT system, power transfer efficiency is an extremely
important indicator. Therefore, researchers have proposed many
optimization methods for efficiency improvement. On the one
hand, the purpose of efficiency optimization is achieved by
adding additional components. For example, an input-series

inductor was proposed to improve the phase angle of the load
and achieved a 1.05% increase in system efficiency [15]. By
connecting a capacitor in parallel with the input side of the
rectifier to greatly compress the input impedance angle variation,
the system efficiency was finally improved by 0.6% [16]. On the
other hand, it is to improve the system efficiency by optimizing
the existing design method. An improved winding and a novel
compensation method were proposed [17]. At light load, the
system efficiency was improved by 2.48% compared with the
traditional method. With S/S compensation, a parameter design
method based on loosely coupled transformers and resonant
capacitors was proposed, and the maximum efficiency of the
system can even reach 98% [18].

Previous studies have mainly focused on the realization of
the zero-phase angle (ZPA) of the primary side [19], [20], [21],
[22], [23], [24] (i.e., the input impedance angle is zero), but
little attention was paid to the secondary side impedance angle.
A tuning scheme for the WPT system based on the impedance
decoupling algorithm was proposed in [25]. By adjusting the
system frequency and the phase shift angle of the semiactive
rectifier, the impedance angle on both sides can be zero. A self-
adaptive capacitor matrix with a window prediction searching
algorithm aiming at variable air gaps was proposed in [26]. By
changing the resonant capacitance value, the impedance angle
of the primary and secondary sides can be adjusted adaptively
when the mutual inductance changes. In [27], an automatic
tuning method using an L-type impedance matching network
consisting of several capacitors and inductors was proposed. Use
the impedance characteristics of the L-type matching network
at different frequencies to adjust the primary and secondary side
impedance angles. A capacitor switched by the amplifier based
on the negative impedance converter was proposed in [28]. A
control strategy with two-degree freedoms for the SAR was
proposed in [29], where the pulse width and the phase shift
angle were employed to adjust the load.

In this article, a novel method based on the designing of double
side phase angle is proposed to optimize the efficiency of the
WPT system compensated by double-sided LCC topology. The
primary side impedance angle and the secondary side impedance
angle are considered comprehensively. Through this method, the
optimal efficiency design parameters under the current power
level can be obtained according to the given input and output
indicators. In practical applications, WPT systems usually need
to be connected in series with a dc–dc circuit to keep the output
constant. Therefore, in this design, the output voltage of double-
sided LCC compensation is allowed to vary within a certain
range, and it is named that the WPT system works in quasi-
constant voltage mode (QCVM) at this time.

The rest of this article is organized as follows. The impedance
characteristics of the WPT system based on double-sided LCC
compensation are analyzed and the impedance angle formula
is derived in Section II. In Sections III and IV, the specific
parameter design flowchart is given, and the rationality of the
proposed design method is also analyzed in detail. Through the
constraints of voltage adjustment capability, impedance angle
range boundary, and system parameter sensitivity, the optimal
parameter group under the experimental conditions of this article
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Fig. 2. Typical WPT system based on double-sided LCC compensation.

Fig. 3. Equivalent circuit diagram of the double-sided LCC compensation
system.

is finally determined. In Section V, an experimental prototype is
built and three sets of comparative experiments are carried out.
Through detailed result analysis, the effectiveness of the pro-
posed design method is verified. Finally, Section VI concludes
this article.

II. ANALYSIS OF DOUBLE-SIDED LCC COMPENSATION

TOPOLOGY AND DOUBLE SIDE IMPEDANCE ANGLE

Double-sided LCC compensation has many advantages, such
as the constant current output characteristic is independent of
the load and zero voltage switching can be easily achieved.
Generally, a typical WPT system based on double-sided LCC
compensation topology consists of a full-bridge inverter, double-
sided LCC compensation, coupling coils, full-bridge rectifier,
and load as shown in Fig. 2, where Lf1 and Lf2 are compensation
inductances, Cf1 and Cf2 are parallel compensation capacitors,
C1 and C2 are series compensation capacitors, L1 and L2 are
the primary and secondary self-inductances, M is the mutual
inductance of the coupling coils, and Ro is the load.

The analysis of double-sided LCC compensation topologies
has been extensively studied. The formulas of input current,
output current, and compensation inductance current have been
derived in [30]. The principle of the constant voltage output
of double-sided LCC compensation and the operating state of
the resonator were analyzed. Furthermore, the corresponding
expression of output voltage was also deduced [31]. Using a
controlled source equivalent model for analysis, the equivalent
circuit of the WPT system with double-sided LCC compensation
is shown in Fig. 3, where Zp and Zs represent input impedance
and secondary impedance, respectively, and RL is the equivalent
input resistance of the rectifier. According to the tuning method

Fig. 4. Schematic diagram of double-sided LCC impedance and vector.

of the double-sided LCC compensation network in [34], com-
pensation capacitors can be defined by{

Cf1 = 1
ω2

0Lf1
, C1 = 1

ω2
0(L1−Lf1)

Cf2 = 1
ω2

0Lf2
, C2 = 1

ω2
0(L2−Lf2)

.
(1)

The load-independent constant current output characteristic
can be described by

Irec =
MUab

ω0Lf1Lf2
. (2)

This article mainly studies the relationship between Zp, Zs

and system efficiency, and further proposes an efficiency op-
timal method based on double side impedance angle design.
Therefore, the expression for the impedance angle needs to be
obtained first, to facilitate the analysis of the impedance angle.
As shown in Fig. 4, define ZN1 and ZN2 as follows:

ZN1 = jω0Lf2 +RL, ZN2 =
1

jω0Cf2
. (3)

The expression of ZN is

ZN = ZN1//ZN2 =
jω0Lf2 +RL

−ω2
0Lf2Cf2 + jω0Cf2RL + 1

. (4)

Define ZM as follows:

ZM = jω0L2 +
1

jω0C2
=

−ω2
0L2C2 + 1

jω0C2
. (5)

So far, the expression of Zs can be obtained as follows:

Zs = ZN + ZM. (6)

Substitute (4) and (5) into (6) to obtain (7) shown at the bottom
of the next page. Furthermore, secondary impedance angle ϕs

can be obtained by the arctangent operation of Zs. Take the
numerator and denominator phase angle in (7) as two impedance
angles ϕsa and ϕsb, respectively (see Fig. 4), then ϕs can be
described by (8)

ϕs = ϕsa − ϕsb (8)

where ϕsa and ϕsb are described in (9) shown at the bottom of
the next page. To simplify the above-mentioned formulas, As,
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Bs, Cs, and Ds are defined as follows:⎧⎨
⎩
As=1+ω4

0L2C2Lf2Cf2−ω2
0L2C2 − ω2

0Lf2Cf2 − ω2
0Lf2C2

Bs = −ω3
0L2C2Cf2RL + ω0Cf2RL + ω0C2RL

Cs = −ω2
0C2Cf2RL, Ds = −ω3

0C2Cf2Lf2 + ω0C2.
(10)

Then, (7) can be simplified as

Zs =
As +Bsj

Cs +Dsj
. (11)

Also, ϕs can be obtained as

ϕs = arctan
Bs

As
− arctan

Ds

Cs
. (12)

The equivalent reflection impedance on the secondary side Zr

can be represented by

Zr =
(ω0M)2

Zs
= Ar + jAi =

(ω0M)2

A2
s +B2

s

(AsCs +BsDs)

+ j
(ω0M)2

A2
s +B2

s

(AsDs −BsCs). (13)

Similarly, define Zd1 and Zd2 as follows:

Zd1 =
1

jω0C1
+ jω0L1 + Zr, Zd2 =

1

jω0Cf1
. (14)

Then, Zp can be expressed as

Zp = jω0Lf1 + Zd = jω0Lf1 + Zd1//Zd2. (15)

The expression of Zd is given by (16) shown at the bottom
of the next page. By substituting (16) into (15), the expression
of ZP containing primary parameters (L1, Lf1, Cf1, C1, and Zr)
can be obtained, as shown in (17). Then, the primary impedance
angleϕp can be obtained by the arctangent operation of Zp. Take
the numerator and denominator phase angle in (17) shown at the
bottom of the next page, as two impedance angles ϕpa and ϕpb,
respectively (see Fig. 4), ϕp can be further described by (18)

ϕp = ϕpa − ϕpb (18)

where ϕpa and ϕpb are described in (19) shown at the bottom of
the next page. To further simplify (17), define Ap, Bp, Cp, and
Dp as follows:⎧⎪⎪⎨
⎪⎪⎩
Ap = ω4

0C1L1Lf1Cf1 − ω2
0 (C1Lf1 + Lf1Cf1 + C1L1)

+
(
ω2
0Lf1Cf1 − 1

)
ω0C1Ai + 1

Bp = ω0C1

(
1− ω2

0Lf1Cf1

)
Ar, Cp = −ω2

0Cf1C1Ar

Dp = −ω3
0Cf1C1L1 − ω2

0Cf1C1Ai + ω0(C1 + Cf1)
(20)

where Ar and Ai are derived in (13). Hence, Zp and ϕp can be
simplified as follows:

Zp =
Ap +Bpj

Cp +Dpj
, ϕp = arctan

Bp

Ap
− arctan

Dp

Cp
. (21)

So far, the expressions of the secondary side impedance
angle and the primary side impedance angle have been deduced
in detail and simplified. The design method of compensation
parameters (Lf1, Cf1, C1, Lf2, Cf2, C2) and coil parameters (L1,
L2) to achieve maximum efficiency under CCM and QCVM will
be presented in the following section, when the system input and
output indicators (Vin, Vout, Io) are specified.

III. DESIGN METHOD OF OPTIMAL EFFICIENCY

Based on the theoretical derivation in Section II, we propose
a novel parameter design optimization method, the specific
process of which is shown in Fig. 5. In practical application,
the WPT system is only a part of the whole power supply
system. When designing the WPT system, it is necessary to
first determine the output voltage of the preceding circuit, which
also is the input voltage of the WPT system, and then determine
the output parameters of the WPT system as the input of the
following circuit (such as dc–dc circuit). In this article, Vin is
the dc input voltage of WPT system. Io is the required charging
current, which is also the output current of WPT system working
at CCM based on double-sided LCC compensation. Generally,
WPT system always needs a dc–dc circuit at the output end to
prevent output change due to coupling coefficient variation and
other reasons, so as to achieve constant output current or voltage.
Therefore, the proposed method allows the system output volt-
age to fluctuate within a certain range as long as the dc–dc circuit
can work efficiently. Hence, Vo is the required output voltage,
which also is the minimum output voltage when the WPT system
working in QCVM. After referring to the load variation range in
[32], it is assumed that the load changes from 20 to 40Ω in CCM
and 40 to 200 Ω in QCVM in this design. To verify the proposed
parameter design method, a prototype with an output power of
about 600W is planned to be built, the input voltage is set to
200 V, the output current is set to 4 A, and the output voltage is
set to 160 V. So far, the power level is determined according to
the input and output parameters required by the system and the
load variation range. The appropriate core and litz wire can be
selected according to the power level.

Second, coil parameters, compensation inductance, and oper-
ating frequency range need to be determined. With reference
to the coil self-inductance adopted in [31] and [35] and the
target power designed in this article, it is decided to set the

Zs =
ω4
0L2C2Lf2Cf2 − jω3

0L2C2Cf2RL − ω2
0L2C2 − ω2

0Lf2Cf2 − ω2
0Lf2C2 + jω0Cf2RL + jω0C2RL + 1

−jω3
0C2Cf2Lf2 − ω2

0C2Cf2RL + jω0C2
(7)

ϕsa = arctan

(−ω2
0L2C2Cf2 + Cf2 + C2

)
ω0RL

1 + ω4
0L2C2Lf2Cf2 − ω2

0L2C2 − ω2
0Lf2Cf2 − ω2

0Lf2C2
, ϕsb = arctan

−ω2
0Cf2Lf2 + 1

−ω0Cf2RL
(9)
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Fig. 5. System design block diagram.

self-inductance range of the primary and secondary coils (i.e.,
L1 and L2) to 100–150 μH and the range of compensation
inductance to 40–70 μH. It should be noted that there are two
compensation inductors (namely, Lf1 and Lf2). Only one of
them needs to be determined in this step, and the other can be
calculated according to the subsequent steps. This article chose
to determine the primary compensation inductance value (Lf1).
In the existing research, the coupling coefficient of the primary
and secondary coils is generally within the range of 0.1–0.4.
The coupling coefficient is not the focus of this study, so it is
taken as 0.25, which is easy to achieve. After determining the
self-inductance and coupling coefficient of the coil, the value of
mutual inductance M can be obtained accordingly. The current
internationally recommended operating frequency of the WPT
system is 85 kHz. Therefore, the selection of the operating
frequency range of the system is based on 85 kHz. On the one
hand, too low operating frequency will lead to excessive volume
of compensation topology and rise of voltage and current stress

of components. On the other hand, too high operating frequency
will lead to greater parasitic resistance of the coil and increased
switching loss. Therefore, the operating frequency range cannot
be too wide. Furthermore, another consideration is that when
the operating frequency range is narrow, the algorithm may not
get a feasible solution. Based on the above considerations, the
range of fCC and fQCV is determined as 50–170 kHz. Here, fCC

and fQCV are the operating frequencies under CCM and QCVM,
respectively.

Third, determine the initial value of the parameters according
to the value range of the previous step. For example, the initial
values of L1, L2, Lf1, fCC, fQCV are L10, L20, Lf10, fCC0, fQCV0,
which are the minimum value in the selected range. Using the
fundamental analysis method, Lf20 can be determined as follows:

Lf20 =
Vin

Io

k
√
L10L20

ωCC0Lf10

8

π2
, ωCC0 = 2πfCC0. (22)

Fourth, calculate C1, Cf1, C2, and Cf2 by (1) using fCC0,
the results are also recorded as C10, Cf10, C20, and Cf20. So
far, the system meeting the input and constant current output
conditions has been built. Then, the calculation of the output
voltage is carried out. Specifically, the output voltage value can
be obtained according to (23). Substituting the initial values
of each parameter taken in the third and fourth steps into the
formulas in Section II, Zs0, Zp0, Zd10, Zd20, ZN10, and ZN20 can
be obtained accordingly{

Uo =
RLVinωQCV0k

√
L10L20

Zp0Zs0

Zd20

Zd10+Zd20

ZN20

ZN10+ZN20

ωQCV0 = 2πfQCV0.
(23)

When Ro changes within the previously specified range (40–
200 Ω), the output voltage Uo will also change accordingly.
Assume that Umax is the maximum value of the output voltage
when the load changes as well as Umin is the minimum value,
the voltage fluctuation rate Uf can be defined as follows:

Uf =
Umax − Umin

Umax+Umin

2

. (24)

If Uf <0.5, the current parameters meet the QCV condition,
because the dc–dc circuit can efficiently stabilize the output
voltage. If the current parameters meet the QCV condition, then
proceed to step 5. If not, return to step 3 to regain relevant
parameter values.

Fifth, calculate ϕp,ϕs by (12) and (21). It is worth noting here
that under QCVM, since the system works in a nonresonant
state, the double-sided LCC compensation structure has been

Zd = Zd1//Zd2 =
1− ω2

0L1C1 + jω0C1Zr

−jω3
0L1C1Cf1 − ω2

0C1Cf1Zr + jω0C1 + jω0Cf1
(16)

Zp =
ω4
0L1C1Lf1Cf1 − jω3

0C1Lf1Cf1Zr − ω2
0C1Lf1 − ω2

0Cf1Lf1 − ω2
0C1L1 + jω0C1Zr + 1

−jω3
0L1C1Cf1 − ω2

0C1Cf1Zr + jω0C1 + jω0Cf1
(17)

ϕpa = arctan

(−ω2
0C1Lf1Cf1 + C1

)
ω0Zr

ω4
0L1C1Lf1Cf1 − ω2

0C1Lf1 − ω2
0Cf1Lf1 − ω2

0C1L1 + 1
, ϕpb = arctan

−ω2
0L1C1Cf1 + C1 + Cf1

−ω0C1Cf1Zr
(19)
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transformed into a bilateral T-type impedance compression net-
work for impedance angle compression. Typically, the bilateral
impedance angle is expected to be smaller, resulting in better
efficiency. But in fact, its impedance compression ability has a
certain limit. Certainly, it can be greatly enhanced by dynamic
impedance compression networks, such as variable inductors,
variable capacitors, and capacitor matrices. However, this will
inevitably bring additional device and system complexity. In
addition, this is not the focus of this design. In the proposed
design method, it is more desirable to optimize the efficiency
of the WPT system through fixed parameters to reduce the
complexity of the control. Therefore, in the case of limited
impedance compression capability, the optimization of system
efficiency near the maximum power point becomes a more
prioritized choice [36]. Specifically, under QCVM (40–200 Ω),
the power decreases correspondingly as the resistance increases,
so the impedance angle variation near the mode switching point
(40 Ω) is of more concern to us. In other words, under QCVM,
when the efficiency of the maximum power point is improved,
the efficiency of other power points will also be improved
accordingly.

Generally, in order to achieve high efficiency of the system,
zero-voltage turn-ON of the inverter is essential, and this usually
requires a current that lags behind the voltage to discharge the
energy of the parasitic capacitance of the switch. In other words,
for the primary impedance angle ϕp, it needs to be greater than
0 to provide a weak inductive load. Certainly, the angle of lag is
not the bigger the better, a larger impedance angle is bound to
cause a large amount of reactive power loss, which will increase
the voltage and current stress of each component, increase the
loss of parasitic effects (such as the parasitic resistance of the
coil), and ultimately reduce the system efficiency. Therefore, it
is necessary to set the upper limit of the impedance angle.

In this article, the impedance angle of the primary and sec-
ondary sides is comprehensively considered, and the goal is to
optimize the overall efficiency of the WPT system. According
to the research and analysis in [31], if the WPT system based on
double-sided LCC compensation works in CVM and achieves
ZPA at the same time, the secondary impedance angle will be
large. In this case, even if ZPA is realized, the decrease of system
efficiency caused by the large impedance angle on the secondary
side has not been reasonably solved, and there is still a large room
for improvement. Therefore, a very severe ZPA is not required
for the design method presented in this article. Instead, both sides
of the impedance angle are within a reasonable range is what we
care about. Based on the above analysis, the final impedance
angle selection range is determined as follows:{

0 < ϕp < 0.6 rad
|ϕs| < 0.7 rad

. (25)

If the impedance angle condition is met, the current parame-
ters will be retained as a candidate group. If not, return to step 3.
After conducting a lot of simulations, it can be found that there
will always be an optimal solution within the range specified in
(25). Furthermore, it should be noted that (25) is applicable to
the experiment designed in this article, and can be appropriately
changed for different power levels and input/output conditions.

Fig. 6. Curved surface of secondary impedance angle varying with Cf2 and
fQCV.

Sixth, after traversing all parameters, check whether there are
feasible solutions. If there is no feasible solution, then relax
QCV and impedance angle condition and return to the second
step. Otherwise, establish the loss model according to the current
parameters by using the method in [33]. Calculate the resonator
efficiency of each candidate group.

Finally, the parameter groups with higher efficiency are se-
lected among all candidate groups. Meanwhile, combined with
the analysis of system efficiency and robustness (see the follow-
ing section), the optimal parameter group is finally determined.

IV. SIMULATION AND SENSITIVITY ANALYSIS

In the WPT system, the optimal pursuit of efficiency is on the
one hand, but on the other hand, it is worth considering how to
maintain the robustness of the system with high efficiency as the
output changes. Due to the error between the actual value and
nominal value of capacitance and other factors, it is difficult to
make the actual parameters consistent with the ideal designed
parameters. Therefore, the sensitivity of the impedance angle to
compensation parameters must be analyzed before determining
the optimal efficiency point. Define sensitive parameters as
follows:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

SPϕs−Cf2 = ϕs−max−ϕs−min

Cf2−max−Cf2−min
, SPϕs−C2 = ϕs−max−ϕs−min

C2−max−C2−min

SPϕp−Cf1 =
ϕp−max−ϕp−min

Cf1−max−Cf1−min
, SPϕp−C1 =

ϕp−max−ϕp−min

C1−max−C1−min

SPϕs−fQCV = ϕs−max−ϕs−min

fQCV−max−fQCV−min

SPϕp−fQCV =
ϕp−max−ϕp−min

fQCV−max−fQCV−min

(26)
where taking SPϕs-Cf2 as an example, it means the change rate
ofϕs relative to Cf2 when fQCV is fixed. The interpretation of the
meaning of other sensitivity parameters is also similar. At first,
the influence of Cf2 and fQCV on ϕs is analyzed. It can be seen
from Fig. 6 that ϕs changes 0.014 as Cf2 changes 1 nF when
fQCV = 110.5 kHz; when operating at 109.5 kHz, the value
of SPϕs-Cf2 is 0.012/nF; when Cf2 = 90 nF, ϕs changes 0.22
as fQCV changes 1 kHz. When changing to 50 nF, SPϕs-fQCV

changes to 0.014/kHz. Then, the influence of C2 and fQCV onϕs

is analyzed, which can be seen from Fig. 7. When C2 changes,
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Fig. 7. Curved surface of secondary impedance angle varying with C2 and
fQCV.

Fig. 8. Curved surface of primary impedance angle varying with C1 and fQCV.

SPϕs-fQCV is almost stable and always maintains 0.14/kHz;
when fQCV is 110.5 kHz, ϕs changes 0.01 as C2 changes 1nF;
and ϕs changes 0.005 as C2 changes 1nF when fQCV = 109.5
kHz. The sensitivity of the primary impedance angle to the
primary compensation can be analyzed by the same way (as
shown in Figs. 8 and 9). Comparing Figs. 6 and 9, it can be
found that the primary impedance angle is more sensitive to
the change of compensation parameters. The same conclusion
can also be obtained by comparing Figs. 7 and 8. Actually, in
practice applications, fQCV is usually generated and controlled
by a digital signal processor (DSP) with almost no error. More
attention should be paid to the error caused by the compensation
capacitance to the system design.

In order to facilitate the robust analysis of the system effi-
ciency, the parameter sensitivity is unified as the relationship
between the primary and secondary impedance angles and the
system efficiency. Define η as the system efficiency. According
to the process shown in Fig. 5, η-ϕp-ϕs surface graph under
QCVM can be obtained to select the optimal parameters. It can
be seen from Fig. 10 that the highest efficiency occurs near the
point (ϕp = 0.40 rad, ϕs = 0.455 rad). Although the efficiency
is the maximum at this point, it is very sensitive to the change

Fig. 9. Curved surface of primary impedance angle varying with Cf1 and
fQCV.

Fig. 10. System efficiency versus double side impedance angles.

of ϕp. When ϕs is fixed (0.455 rad), if ϕp changes by 0.033
rad, η will change by 1.3%. However, when ϕs = 0.485 rad, the
system efficiency hardly decreases with the change of ϕp. If ϕp

changes by 0.033 rad, η will only change by 0.2%. Furthermore,
the maximum efficiency is only lower than the former less than
0.1%, but the robustness of the system efficiency has been greatly
improved. According to the above analysis, the target point with
high efficiency and strong robustness at the same time (i.e., ϕp

= 0.40 rad and ϕs = 0.485 rad for this design) is more suitable
as the mode switching point (the maximum power point under
QCVM, 40 Ω for this design), and the candidate group that can
reach this target point or close to this target point will be the
final optimal parameter group.

V. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the method proposed
in this article, three groups of experiments were conducted,
named as Group 1, Group 2, and Group 3, respectively. The
three sets of parameters all work in the resonant state in the
CCM mode, but they are different in the constant voltage stage.
Among them, Group 1 is the optimal efficiency solution under
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TABLE I
THREE GROUPS OF EXPERIMENTAL PARAMETERS

the current input and output indicators based on the proposed
parameter design method (that is, considering the influence of
bilateral impedance angles at the same time, the conditions
of ZPA and constant voltage can be appropriately relaxed). In
Group 2, the impedance angle design was not considered, only
the constant voltage output was concerned. As for Group 3, the
zero-input impedance angle and constant voltage output were
considered, but the magnitude of the secondary side impedance
angle was not concerned. Groups 2 and 3 shared the same set of
coils and compensation topology, but their operating frequencies
(here, defined as fCV) are different in CVM. Three groups of
experimental parameters are presented in Table I.

The experimental system designed in this article is shown
in Fig. 11. In this figure, Ⅰ is the auxiliary power source, which
supplies power to the DSP controller.Ⅱ is the main power source.
Ⅲ is the coupler and its corresponding compensation circuit. The
plane square structure was adopted, and the external dimension
is 300 mm×300 mm×6 mm. Ⅳ is the full bridge inverter. Ⅴ
is the rectifier. Ⅵ is an oscilloscope. Ⅶ is the sliding rheostat
as the load. Ⅷ is a power analyzer. The input voltage of the
system is 200 V. The sliding rheostat is used to simulate the
increase of the battery internal resistance during charging. Here,

Fig. 11. Experimental prototype.

Fig. 12. Experimental data under CCM. (a) Output current and efficiency
versus load. (b) Maximum efficiency point data of power analyzer.

Fig. 13. Experimental data under QCVM. (a) Output voltage and efficiency
versus load. (b) Maximum efficiency point data of power analyzer.

the simulated equivalent resistance increases from 20 to 40 Ω in
CCM and from 40 to 200 Ω in QCVM.

Figs. 12(a) and 13(a) show the system output and correspond-
ing efficiency of Group 1 in the case of CCM and QCVM,
respectively. At the same time, in Figs. 12(b) and 13(b), the
data on the power analyzer at the highest efficiency point in the
corresponding mode are also given. When operating at 20Ωwith
Group 1 parameters, the output voltage (Uab) and output current
(ILf1) of the inverter and the rectifier input voltage (UAB) and
input current (ILf2) are given in Fig. 14. Since the parameters
of Groups 2 and 3 under CCM are the same, the corresponding
working waveforms are almost the same. Therefore, only one is
given here, as shown in Fig. 15, which also shows the working
state at 20Ω. It can be seen that the three groups of parameters all
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Fig. 14. Output current and voltage of the inverter and the input voltage and
current of the rectifier of Group 1 when the load is 20 Ω.

Fig. 15. Output current and voltage of the inverter and the input voltage and
current of the rectifier of Groups 2 and 3 when the load is 20 Ω.

achieve a good resonance state under CCM, and the impedance
angle of the primary side only retains a small value to facilitate
the zero-voltage turn-ON of the inverter. In addition, more system
performance comparisons are shown in Fig. 16. Among them,
Fig. 16(a1)–(a4), (b1)–(b4), and (c1)–(c4) are the experimental
results of Group 1, Group 2, and Group 3, respectively.

Fig. 16(a1), (b1), and (c1) shows the curves of the output
current and output voltage versus load of Group 1, Group 2, and
Group 3, respectively. It can be seen that the three groups of
parameters have achieved good constant current output (4 A). In
the whole process of CCM, the load is doubled, but the output
current of Group 1 changes by only 2.23%. When the load is
40 Ω, the output current of Group 1 is 3.94 A, and the system
efficiency reaches the highest value of 94.8% in this mode [see
Fig. 12(b)]. Similarly, when the load is 40 Ω, the output current
of Groups 2 and 3 is 4.08 A, and the system efficiency reaches
the highest value of 94.3% [see Fig. 16(b2) and (c2)]. The output
current of Groups 2 and 3 changes by only 1.21%. As for the
constant voltage or quasi-constant voltage stage, when the load
resistance changes from 40 to 200Ω, the output voltage of Group
1 increases from 155 to 250 V, and the voltage fluctuation Uf is
0.47. The output voltage of Groups 2 and 3 is almost stable at
160 V, the voltage fluctuation is within 10V, and the Uf value

is less than 0.05. All three groups of parameters meet the QCV
conditions.

Fig. 16(a2), (b2), and (c2) shows the curves of the output
power and system efficiency of Group 1, Group 2, and Group
3 versus load, respectively. When Group 1 works in CCM, as
the load increases, the power increases from 322 to 621 W, the
system efficiency also shows an upward trend. Since the system
operates in resonant mode (that is, the primary and secondary
impedance angles are both approximately 0), the efficiency
fluctuation is relatively low, changing only 2%. When the load
is 24 Ω, the system efficiency is the lowest at 92.8%. The similar
conclusion can also be observed in the results of Groups 2 and 3
under CCM. When the load is 20 Ω, the system efficiency is the
lowest at 90.2%. The output power and efficiency of the three
groups of parameters are similar in CCM mode, and they all
have achieved good results. However, when entering the CVM
or the QCVM, the change in efficiency has a great difference.
The efficiency of Group 1 always remains above 90%, with the
highest value at 50 Ω (94.78%), and when the load changes
to 200 Ω, the efficiency reaches the lowest point of 90.5%. As
for Groups 2 and 3, although good constant voltage effect is
achieved, they are much less efficient. Specifically, when Group
2 operates at the lowest output power, the efficiency has dropped
to 60.1%, and when the load is 40 Ω, the efficiency is the highest
but only 81.9%. There is a cliff-like drop in efficiency at the
mode switching point, and the efficiency fluctuates wildly as the
power drops. For Group 3, the power fluctuation is smaller than
that of Group 2, with the highest efficiency (87.4%) at 50 Ω,
but similarly, as the equivalent load resistance increases, the
efficiency drops to a minimum of 77%. In addition, it can be
found that in the vicinity of the maximum power point of the
three groups of parameters (that is, within the equivalent load
resistance variation range of 40–100 Ω), Group 1 is much better
than the other two in terms of efficiency value and fluctuation
degree, which is precisely benefited from the last consideration
in the proposed design method (i.e., considering both the effi-
ciency optimization around the maximum power point of the
system and the maintenance of efficient robustness). Even far
from the maximum power point (i.e., 200 Ω), the efficiency of
Group 1 is still much higher than that of Groups 2 and 3. And
this just verifies the rationality and effectiveness of the design
method for efficiency optimization near the maximum power
point. (As mentioned in the section on the proposed design
method, when the efficiency at the maximum power point is
improved, the efficiency at other power points will naturally be
improved accordingly.)

As for the improvement of the maximum power point effi-
ciency, it is closely related to the impedance angle of the primary
and secondary sides at the corresponding moment. Fig. 16(a3),
(b3), and (c3), respectively, shows the output voltage and output
current of the inverter as well as the input voltage and current of
rectifiers of Group 1, Group 2, and Group 3. Fig. 16(a4), (b4),
and (c4) shows the currents of the primary and secondary coils
of Group 1, Group 2, and Group 3, respectively. The test results
are all the waveform corresponding to the maximum power load
point at the constant voltage stage, namely 40 Ω. Because the
secondary side input voltage is inconvenient to measure, an
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Fig. 16. Experimental results. (a) Group 1: (a1) output current and voltage versus load, (a2) output power and efficiency versus load, (a3) output current and
voltage of the inverter and the input voltage and current of the rectifier when the load is 40 Ω under QCVM, (a4) primary and secondary coil current when the load
is 40 Ω under QCVM. (b) Group 2: (b1) output current and voltage versus load, (b2) output power and efficiency versus load, (b3) output current and voltage of
the inverter and the input voltage and current of the rectifier when the load is 40 Ω under CVM, (b4) primary and secondary coil current when the load is 40 Ω
under CVM. (c) Group 3: (c1) output current and voltage versus load, (c2) output power and efficiency versus load, (c3) output current and voltage of the inverter
and the input voltage and current of the rectifier when the load is 40 Ω under CVM, (c4) primary and secondary coil current when the load is 40 Ω under CVM.

indirect measurement method was adopted (i.e., by measuring
the secondary side current). According to the voltage source
equivalent model (see Fig. 4), the secondary input voltage U2

can be expressed by

U2 = jωQCV(CV)MI1, ωQCV(CV) = 2πfQCV(CV). (27)

From this, it can be seen that the secondary side input voltage
U2 is ahead of the primary current I1 by 90°. Here, define the
angle at which the secondary current I2 leads the primary current
I1 as ϕs

′. Therefore, the secondary phase angle can be expressed
as

ϕs = 0.5π − ϕ′
s. (28)

The measured impedance angle values are also marked in
the corresponding figures. It can be seen that the primary and

secondary impedance angles of Group 1 are 0.39 and 0.49 rad,
respectively, which is very close to the preset value (i.e., ϕp

= 0.40 rad and ϕs = 0.485) in the proposed parameter design
method mentioned above. The inverter not only achieves good
zero-voltage turn-ON but also maintains a high level of system
efficiency due to the low impedance angle of the primary and
secondary sides. At the same time, as the equivalent load rises,
the fluctuation in efficiency is also at a small level, as expected.

As for Group 2, although a good constant voltage effect
has been achieved, due to the parameter design (namely, the
reservation of weak inductance is not considered), it led to the
situation where the primary impedance angle is less than zero
(i.e., ϕp = −0.62 rad), which eventually resulted in a serious
hard switching problem of the inverter. At this time, the current
will lead the voltage, the energy of the parasitic capacitance
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Fig. 17. Impedance angle and output voltage versus the equivalent load.

of the switch tube cannot be released, the dead time is almost
useless, and the switching loss is extremely high. The oscillation
phenomenon during voltage switching can be clearly seen from
Fig. 16(b3). Furthermore, the secondary impedance angle that
is not considered in advance reaches 1.08 rad, resulting in
more reactive power loss to the system. Therefore, in Group
2, although all aspects of the system are in good condition under
CCM, the problem of a cliff-like drop in efficiency occurred once
CVM is entered. Correspondingly, the efficiency of other power
points also deteriorated. Compared with the design of Group 2,
the zero-impedance angle of the primary side was realized in
Group 3 to maintain a better operating efficiency of the inverter.
Therefore, when the mode is switched, the efficiency of Group
3 is higher than that of Group 2, and the oscillation phenomenon
of hard switching did not appear in the inverter. But similarly, in
the design of Group 3, although the ZPA and constant voltage
output effects are guaranteed, the magnitude of the secondary
impedance angle is still ignored. At the mode switching point,ϕs

has reached 0.96 rad, which also brought a lot of reactive power
loss. Through the efficiency comparison, the effect of Group 3
is actually worse than that of Group 1 (experimental parameters
under the proposed design method). Correspondingly, at other
power load points, the effect of Group 1 is also better than that
of Group 3.

In order to further demonstrate the influence of the impedance
angle on the system efficiency, Fig. 17 shows the magnitude
of the impedance angle of the primary and secondary sides
changing with the equivalent load under the three sets of param-
eters. Fig. 18 shows the system efficiency of different parameter
groups and the corresponding impedance angle under the same
output power. It can be clearly seen that the efficiency of Group 1
is much better than the other two. That is to say, considering the
value of the double-sided impedance angle near the maximum
power point and appropriately relaxing the ZPA and constant
voltage output conditions is a reasonable and feasible efficiency
optimization method.

The following is an analysis of capacitive stress and power loss
distribution for Group 1 operating at maximum output power in
QCVM. Fig. 19 shows the voltage stress on the primary and
secondary compensation capacitors. The voltage peaks of the

Fig. 18. Comparison of experimental results of three groups of parameters
under the same power.

Fig. 19. Compensation capacitor voltage waveforms for Group 1 operating
at maximum power point in QCVM. (a) Primary parallel capacitor Cf1. (b)
Secondary parallel capacitor Cf2. (c) Primary series capacitor C1. (d) Secondary
series capacitor C2.

TABLE II
COMPENSATION NETWORK PARASITIC RESISTANCE (GROUP 1)

series and parallel compensation capacitors on the primary side
are 285 and 280 V, respectively, whereas those on the secondary
side are 645 and 245 V. Furthermore, the parasitic resistance and
power loss distribution of each part are shown in Table II and
Fig. 20, respectively. It can be seen that although the total loss of
the coil and compensation components is relatively high, up to
62.3%, this is inevitable for high-order compensation networks.
The loss of the inverter is relatively low, which is mainly due
to the fact that the system achieves better soft switching in
Group 1. As for the efficiency of the rectifier, it can be further
improved by synchronous rectification control.
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Fig. 20. System loss distribution diagram for Group 1 operating at maximum
power point in QCVM.

VI. CONCLUSION

In this article, a novel method based on double side impedance
angle design to optimize the efficiency of WPT systems is
proposed. Compared with the scheme that only considers ZPA
and constant voltage effect in the traditional design, in the
proposed design method, the above conditions are appropriately
relaxed under QCVM, and the influence of the primary and
secondary impedance angles on the system efficiency is fully
considered. Specifically, the overall efficiency is optimized by
compressing the bilateral impedance angle around the maximum
power point. In addition, the expression of the impedance angle
is deduced in detail and the corresponding simplified formula
is also given. The quasi-constant voltage convergence condi-
tion and the impedance angle limit range of the system are
determined according to the voltage regulation capability, the
target optimization efficiency, and the executable range of the
parameters. At the same time, combined with the analysis of
the sensitivity of the impedance angle relative to the system
efficiency, it is finally determined that the parameter group that
can achieve relatively high efficiency and keep the efficiency
relatively stable is the optimal result, namely Group 1. In order to
verify the effectiveness and feasibility of the proposed method,
an experimental prototype based on the double-sided LCC topol-
ogy and the planar square coils was built. Three comparative
experiments were conducted. In CCM, the experimental results
under the three sets of parameters all performed well. However,
after switching the frequency to enter the CVM or QCVM, the
system efficiency has a great difference due to the difference
in the impedance angle. Although Group 1 is inferior to the
other two groups in constant voltage output effect, it is superior
in terms of system efficiency and robustness. In addition, the
effectiveness of the proposed design method is further proved
by the efficiency comparison of the three groups of parameters
at the same power level.
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