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Abstract—In this article, a novel nonresonant LCC-LCC topol-
ogy modeling and quasi-resonant parameter optimization method
is proposed for inductive power transfer (IPT) systems. The new
characteristics of nonresonant LCC-LCC topology are revealed and
its modeling method using a variable resistor for battery load is pre-
sented. Wide-range power regulation is achieved directly through
parameter configuration without additional circuit transformers,
and the system maintains the zero-voltage switching (ZVS) con-
dition with approximate constant current output characteristics.
In addition, the lower limit for the detuning ratio coefficient and
the widening of the detuning parameters selection are realized by
magnetic integration design. Compared with existing traditional
resonant parameter configuration methods, the proposed method
aims to improve the overall performance of multiple working
points within the quasi-resonant range, achieving a new effect of
high ZVS robustness, wide parameter configuration range, and
improved power transfer capability. The detailed design process
of quasi-resonant parameters and integrated magnetic coupler are
given. A 6.5-kW power level prototype is implemented to validate
the proposed method. Experimental results show that within the
designed quasi-resonant range, a 96.9% increase from 3.3 kW to
6.5 kW in output power is achieved under a constant proximity
resonance state. The efficiency reaches 92.4% .

Index Terms—Inductive power transfer (IPT), magnetic
integration, nonresonant LCC-LCC topology, output power
regulation, quasi-resonance.
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I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology enhances the

flexibility and independence between ground power sup-
ply equipment and onboard receiving equipment, effectively
overcoming problems such as cumbersome operation, exposed
wires, and potential leakage risks in traditional wired charg-
ing modes. It has been applied to biomedical implants [1],
consumer electronics [2], and electric vehicles [3]. Resonance
compensation topology eliminates reactive power to improve
power transmission capability and reduce circuit losses, a vital
component of IPT systems [4]. Therefore, it is of significance
to improve the resonant topology performance.

The LCC-LCC topology has been proven an ideal choice
for battery-loaded IPT systems [5]. Improvements have been
made to the performance of LCC-LCC topology from three
aspects: tuning methods [6], [7], extra couplings optimization
[8], [9], and composite topology optimization [10], [11]. In
addition, the characteristics of LCC—LCC topology under non-
resonant parameter configuration have also been proven to be
a method for improving system performance, which become
a research hotspot recently. In [12], the ZVS condition of the
electric vehicle wireless charging system was realized through
the parameter optimization design of compensation components,
which is conducive to high efficiency. In [13], a parameter offline
tuning method realized by switching the parallel-compensated
capacitance for a detuned LCC—LCC resonant converter was pro-
posed. In [14], an LCC-LCC topology with switch-controlled-
capacitors topology was proposed to improve the misalignments
tolerance for IPT systems. Two detuned parameters were con-
trolled to match and tune to ensure the ZVS condition. These
methods explored the characteristics of LCC-LCC topology
under nonfully resonant parameter configuration in terms of
antioffset and efficiency improvement. In [15], the latest load
modeling methods for wireless power transfer systems have
been summarized. In addition to the constant resistance model,
the variable resistance model was adopted for S-S topologies
to analyze the system characteristics under resonant parameter
configuration. In [16], the rated power flow during coupling
variations was achieved by frequency control at a constant
voltage. In [17], a precise fundamental harmonic approxima-
tion was presented for modeling resonant S-S topologies with
a variable resistance load. These studies focus on a certain
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resonant working point using variable resistance models, op-
timized the IPT system through frequency control or precise
modeling. However, the mechanism of the variable resistance
model under nonresonant parameter configuration for LCC-
LCC topology is still unclear.

Although the analysis focusing on discrete resonant working
points provided important insights for LCC—LCC topology pa-
rameter optimization to a certain extent [18], [19], [20], [21],
the limitations of previous research on the analysis of detuned
LCC-LCC topology such as ZVS robustness, quasi-resonant
range characteristics, power transmission capability still exist.
For higher-order and more complex LCC-LCC topologies with
battery loads, the equivalent load on the output side is also
constrained by voltage, which cannot be reflected in the constant
resistance load model. This characteristic is more significant
for nonresonant parameter configuration. Therefore, the char-
acteristics of LCC-LCC topology under nonresonant parameter
configuration need further analysis.

This article proposes a novel quasi-resonant parameter opti-
mization method of LCC-LCC topology with wide-range power
regulation capability. The new characteristics of nonresonant
LCC-LCC topology are revealed using a variable resistor for
battery load, and the quasi-resonant conditions are derived based
on it. The parameter optimization method for quasi-resonant
LCC-LCC topology is presented, which achieves the ability
to adjust the output power through a single parameter while
maintaining customized ZVS conditions. The circuit parameter
range corresponding to the quasi-resonant state is optimized
through the magnetic integration method, and its detailed design
process is provided. The new contributions are listed as follows.

1) A novel nonresonant LCC-LCC topology modeling
method is proposed using a variable resistance load model
under the battery voltage constraint condition. A universal
nonresonant LCC-LCC topology model is developed, and
the quasi-resonant conditions are derived based on this
model.

2) The parameter optimization method for quasi-resonant
LCC-LCC topology is proposed, achieving its output
power capability improvement while maintaining an op-
timal weak inductive ZVS condition. The approach offers
a low overhead solution for adjusting output power using
a single parameter.

3) A secondary-side magnetic integration scheme is pro-
posed, which optimizes the circuit parameter configura-
tion range of quasi-resonant LCC-LCC topology while
making the coupler more compact.

4) The flowchart for optimizing the parameters of the quasi-
resonant LCC-LCC topology is presented, facilitating
the step-by-step customization of resonance conditions,
output performance, and parameter robustness to meet
practical requirements.

The rest of this article is organized as follows. In Section II,
the circuit principal analysis of quasi-resonance is revealed. In
Section III, the parameters optimization and parameter range
expanding methods are presented. In Section IV, the practical
system is built and the effectiveness of the proposed method
is verified. In Section V, the effect of the misalignment is
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Fig. 1.  Circuit of LCC-LCC topology with a battery load.
Lpf Lpe Lse
— N T
j Ly WE Cp Ly L

Ui Cpt == -jooMI <_> oML, = Cst U, HR
< <— <+ <—
[1 ]}) ]5 ]2
Fig.2. Equivalent circuit of the LCC-LCC topology with a variable resistance

load model.

analyzed and the technological innovation of the method is
further emphasized. Finally, Section VI concludes this article.

II. ANALYSIS OF QUASI-RESONANT LCC-LCC TOPOLOGY

The double-side LCC-LCC topology with a battery load is
shown in Fig. 1. The equivalent circuit of the LCC-LCC topol-
ogy with the variable resistance model is shown in Fig. 2. S1-Sy
are four power MOSFETSs in the primary side. D;-D, are the
secondary-side rectifier diodes. L,, and L are the transmitting
coil and the receiving coil. Ly, Lg, Ci, Cpy, Cp, Csr, and Cg
are the compensation inductors and capacitors in the LCC-LCC
topology. Ly is the series equivalent of L; and Cy. C, is the
filtering capacitor. M is the mutual inductance between the main
coupling coils. Uy and U, are the dc input and output voltage. U;
and U, are the equivalent input and output voltage, respectively.
I, and I, are the inverter current vector and the transmitting coil
current vector. Iy and I are the receiving coil current vector and
the output current vector.

The coupling coils and series compensation capacitor are
equivalently as follows:

WOy (Lp — Lpe) = w?Cs(Ls — L) = 1. (D

The compensation capacitor Cg is set as the detuning factor,
and the detuning ratio coefficient is defined as /. The parameters
are set as

WA LptCpt = w? LpeCpr = hw?LseCss = 1, L = Ly, (2)

The voltage of the battery load has a certain range, and the
voltage does not change suddenly during charging, which can
be considered as a constant voltage value for high-frequency
IPT systems. Due to the constant voltage at the battery terminal
and the filtering effect of the LCC resonant network, the input
voltage of the rectifier bridge appears as a square wave while the
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current approximates a fundamental sine wave. The combination
of a rectifier and a constant voltage load behaves similarly to a
linear resistor that consumes the actual power delivered to the
battery at the fundamental frequency. The actual zero-crossing
points of the input voltage and the input current align precisely
in each half-cycle, as determined by the physical characteristics
and fundamental operating principles of diodes. Hence, the fun-
damental components of voltage and current can be considered
nearly in phase with each other. This means that the overall
equivalent impedance of the rectifier bridge, filtering capacitor,
and battery exhibits approximately pure resistance character-
istics. The model that equates the battery, rectifier bridge, and
filter capacitor as a constant ac resistor is widely used in wireless
charging systems [22], [23], [24], [25], especially in the research
and analysis of battery loads. These methods are effective and
sufficient when the analysis is limited to specific operating
points with resonant parameter design. But the constant resis-
tance model cannot capture the various steady-state variations
in equivalent resistance configuration with changes in internal
parameters of the IPT system. Focus on nonresonant topology
configuration conditions, the battery load with a rectifier circuit
can be expressed as a variable resistor under the constraint of
the battery voltage

0,

- ‘1'2’ R. 3)

The KVL equation of the system is expressed as

0 joJLpf 0 0
jwLpt 0 —jwM 0

0 —jwM jw(l—h)Le jwhLge

0 0 JwhLge jw(1—h)Le + R
I:l Ui
il o
L= o @
I 0

First, solve the mathematical expression of vector I, based
on (4), and then combine it with the variable resistance load
constraint condition in (3). In this way, the variable resistor can
be converted into a description of the output voltage modulus.

By solving (4), the circuit currents are obtained as

i = M?2U; (R—j(h—1)wLs)
1= wLpt?Le(—j(h—1)R+(2h—1)wLy)
. i,
Ip = _(.;]ILpf (5)

i MU;(R—j(h—1)wL.)
5 T OLpLe(—j(h—1)R+(2h—1)wly)
i, = hMU;

27 Tu((hDRT2h—1Dwly) "

The modulus of the output current is obtained as

hM ‘U

12| = ©)

Lyny/(1 = W)*R? + (1 — 20 L2,
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Fig. 3. Schematic curve of f(h) with h.

By substituting (6) into (3), the variable resistance R is

(2h — 1w Ly Lt U,
R= NG

.12 .2
\/’(hQ —oh+ 1)L2pf‘Uo - h2M2‘Ui ‘

Combine (6) and (7), the modulus of I5 is rewritten as

, hM ’U
|- —
|2h - ].| wLprse 1+ W
‘ (=17 124|062
The total input equivalent impedance of the system is
Zin = Ui/ 1. ©)

The tangent value of the resonant angle directly quantifies the
resonance phase deviation, and as a normalized numerical result,
its comparability covers different design conditions. To enhance
generality and better describe the degree of resonance deviation
under different detuning parameters, the tangent angle is chosen
as the indicator of weak inductive coupling. Combining (5), (7),
and (9), it is expressed in (10), shown at the bottom of the next
page. It can be concluded that f{h) passes through point (10). And
it has two boundary lines: h = ky = Ly¢|U, |/(Lpe|Uo|+M|U;|) and
h = ko = Lpg|Uo|/(Lp|Uo|-M|Usj|). By optimizing the system pa-
rameter Ly, a small function value close to zero is expected to be
achieved within (kq,1), presented by the schematic curve of f{)
in Fig. 3. The positive and negative values represent inductive
and capacitive, respectively. Therefore, a weak inductive ZVS
condition can be achieved within the range of 4 in (4, 1) based
on the demand for maximum deviation from the resonance state.
And the maximum resonant angle tangent value within this range

1S
)
\/m?M?\Uif — (h1 — 1)2L2pf]Uo i
(11)

According to (11), after the standard input and output voltages
are determined, f()max 1S @ function expression of variables /1,
Ly, and M.

The output power under resonance is defined as Py | — 1 and
the output power under detuning ratio coefficient /; is defined
as Pout|n — n1. By combining (7) and (8), Pout|n — 11 can be
solved as shown in (12), shown at the bottom of the next page.

.12 .
(hy — 1) (MQ‘Ui _ LZPf‘Uo

J(R) o =
Lyt ‘Uo
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In addition, taking 2 = 1 in (4), the standard output power under

the resonant state is solved as
M \Ui v,

WLprseSO

P, out |h:1 (13)
where Lgcs is the equivalent self-inductance value of the series
branch on the secondary-side LCC topology, which is under the
resonant configuration condition.

Then, the power regulation ratio  is defined as

_ Pout |h:h1 - Pout ‘h:l

x 100%.
Pout |h:1

(14)

Furthermore, the proposed variable resistance modeling
method is limited to 7>k; based on Fig. 3. After the standard
mutual inductance value of the IPT system is ensured, under
the objectives of maximum resonant angle tangent f{/),ax and
power regulation ratio +, the lower limit of the quasi-resonant
range hy can be obtained by (11) and (14).

The range (hy, 1) is defined as quasi-resonant parameter
range. Within it, based on (8), an approximately constant current
output characteristic can be realized through reasonable param-
eter settings. From (11), the weak inductive ZVS condition of
the entire quasi-resonant range can be ensured by designing a
smaller f{h)ax close to zero. And different values of /2 within the
range correspond to different output powers, providing a novel
access to power regulation. In addition, based on (10), different
output voltages exert a slight influence on the tangent value
of the resonant angle within a specific range, considering the
limits of battery charging voltages range. This will not alter the
fundamental principles of the proposed quasi-resonant configu-
ration, which will be validated in the experiments presented in
Section IV. By optimizing the system parameters effectively, an
improvement in output power capability can be achieved while
preserving the optimal weak inductive ZVS condition within the
quasi-resonant range.

III. PARAMETER OPTIMIZATION AND RANG EXPANSION BASED
ON MAGNETIC INTEGRATION
A. Optimization of the Quasi-Resonant Parameters

In practical applications, the sizes of the transmitting and
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purpose, environment, and structure. The structures of the trans-
mitting coil, receiving coil, and integrated inductor coil are
selected as single polarity square coils as an example. And the
parameters of the initial coupler are selected under a 6.5-kW
power level example system. The operating frequency is f =
85 kHz. The amplitude of U; and U, are both 200 V. At the
transmitter, the size of the transmitting coil is designed as
“450 mm x 450 mm x 5 mm”. The turns N, is designed as
7. At the receiver, the size of the receiving coil is designed as
“300 mm x 300 mm x 5 mm”. The turns Ny is designed as
10. The ferrite plate and aluminum shield of the same size with
coils are used on both sides for magnetic field enhancement and
electromagnetic shielding, respectively. The transfer distance is
d = 100 mm. The measured mutual inductance is M = 13.7 uH.

The expected power regulation ratio and maximum resonant
offset are set in advance as two design goals. Then, the quasi-
resonant range and the compensation parameters are optimized
based on the system standard mutual inductance. In this article,
to verify the feasibility of the proposed method, the expected
power regulation ratio is set to p = 0.95, and the expected
maximum resonant angle tangent offset value is set to ¢ = 0.03.
The flowchart for the optimization of the circuit parameters is
shown in Fig. 4. In the optimization process, the parameters of
the initial system are first determined and the standard mutual
inductance is analyzed. Next, solve the optimized /1y and Ly
based on the equations: f{h)max = ¢, v = p. Then, based on
the standard output power requirement under resonant state in
(13), the self-inductance value Lgeso of the series branch on the
secondary side of the LCC topology is solved.

Based on the initial parameters, the design process of opti-
mizing quasi-resonant parameters is carried out, resulting in Ly
= 14 pH, Lgeso = 18.6 pH and h; = 0.65. Under optimized
parameter, the optimized quasi-resonant range is (0.65, 1). To
verify the superiority of the variable resistance modeling method
for nonresonant LCC-LCC topology, a comparative analysis
is conducted. Combine with (4) and (9), the resonant angle
tangent obtained from solving the conventional IPT system with
a constant resistance model is

(1 —R)[(1 —2h)w? L%, + R?]

tan B = g(h) = (15)
receiving coils are subject to various restrictions based on the B=g) h*wLeR
AR 2072 |7 272 |7 |2
m{Z] (h—1)((1-2n)L pf‘Uo +|n2Mm ’Ui‘ ~(h— 1)L pf‘Uo
t = = = f(h) = 10
ane Re[Zin) J(h) ) L2 L2 {10
h2Lpf‘UO h?]\ﬂ‘Ui —(h— 1)2L2pf‘Uo
o ol 2] ) 2 o ol |2
) hi2M ‘Ui‘ ‘UO hy MQ‘Ui‘ (14 hy) Lyt ‘Uo
Poui Inzhy = |B2| R = — — —= (12)
(—1 + 2h1) wptLse {(—1+h1)2Lpf2‘Uo n h12M2’Ui - (—1+hl)2Lpf2’U0 }
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Determine operating frequency f.
input/output voltage U;, U, air gap d,
main coils sizes [, Is. Np, Ny

Analyze the standard mutual
inductance M/

v

Solve the optimized Lps and /1 based on
the following equations:

{f (P = 4>
r=p.

v

Obtain the quasi- resonant range (4, 1)
and the optimized parameter Ly

Solve Lgs based on the standard output
power under resonance in (13)

Fig. 4. Flowchart for the design of quasi-resonant parameter, where ¢ is the
expected maximum resonant angle tangent offset value, p is the expected power
regulation ratio.
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Fig. 5. Function curves of f{h) and g(h) with & under optimized parameters.

Based on the standard output power under resonant config-
uration, the equivalent resistance of the load R is set to 12 €.
The function curves of f{h) and g(h) with the detuning ratio
coefficient 4 under the optimized parameter configuration are
plotted in Fig. 5. The calculation results show that the parameter
optimization results obtained by using the modeling method
in this article can achieve a larger range of detuning ratio
coefficients under good ZVS conditions.

B. Parameter Range Expanding by Magnetic Integration

1) Principles of Magnetic Integration Design: The proposed
circuit analysis method is universal to nonresonant LCC—-LCC
topology. Based on the initial magnetic coupler, a typical sec-
ondary side unipolar magnetic integrated structure is configu-
rated. The windings of the secondary-side coils are in the same
direction. The cross mutual inductance between the integrated
coil and the transmitting coil M ¢ can be designed small enough
to be negligible compared with the main mutual inductance.
My is the internal mutual inductance between the integrated

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

Fig. 6. Equivalent circuit with the T-type network of the internal mutual
inductance Mgs.

coil and the receiving coil, which can be equivalent to a T-type
network. Based on the physical essence of mutual inductance
decoupling, the magnetic coupling effect can be transformed
into a series-parallel relationship of pure inductance, achieving
circuit equivalence [8], [26], [27]. The equivalent circuit with
the T-type network of the internal mutual inductance Mg is
shown in Fig. 6. The L in the previous theoretical analysis
is replaced with Lgog = Lge+Mgt. The change in L value caused
by it does not affect the analysis in Section II since the resonant
angle in (10) is independent of Lg. In addition, according to (8),
the magnetic integration brings a fixed proportional multiple of
output current, which does not affect the analysis of approximate
constant current output characteristics. Therefore, theoretical
analysis in Section II is applicable for the internal coupled
magnetic integration. According to (2), the original % is

1 1

h=—  ——. 16
Csf ngsf (16)
Under the effect of Mg¢, the parameter /2’ is represented as
M 1 1 M,
. S > s (17)

Ly + Mgt Cv7sf ' w2(Lsf + Msf) T Lg¢+ Msf'

Comparing (16) and (17), two characteristics from Mg can
be obtained. First, the selection of circuit parameters Cgs corre-
sponding to the quasi-resonant range is broadened. Parameters
h and h’ are both proportional functions of 1/Cgt. In (17), the
proportionality coefficient is 1/[w?(Lgt+Mys)], which is smaller
than 1/(w*Ls) in (16). Therefore, 4 has a smaller change rate
along with the change of Cy. The selection of Cg is broad-
ened corresponding to the same range of the variable #’. The
parameter sensitivity is greatly reduced and the fault tolerance
rate is improved. Second, a fixed lower limit of detuning ratio
coefficient is introduced, which can be used as a design index to
configure the range of the detuning circuit parameter. In both
(16) and (17), the detuning ratio coefficients are negatively
correlated with Cg¢. Within the concerned /4 range of (01), as
Cqt increases, the lower limit of A is zero. In contrast, the
lower limit of /4’ is Mg¢/(Lss+Mss), a positive value that can be
configured through system parameters. Therefore, the magnetic
integration brings a detuning ratio coefficient lower limit, and
the setting of the lower limit decides the degree of circuit
parameters broadening. The selection of the circuit parameter
corresponding to the quasi-resonant range can be designed by
configuring the lower limit of the detuning ratio coefficient.
In this way, sensitivities of the detuning circuit parameter can
be configured. Through a secondary-side magnetic integration,
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Receiving coil Lg

> .
/ \ turns

- Integrated coil Ly
Ny turns

Ik

/ P % - "
/ - Transmitting coil Ly
Shield board”™

N turns
Fig. 7. Structures and dimensions of the coupler.
TABLE I
PARAMETERS OF THE MAGNETIC COUPLER

Type Parameter Description

I, Length of L,

.. I Length of L
alzrlfﬁljtlers Ny Turns of Z,

p N Turns of Lg

d Transfer distance

Optimization I Length of Ly
parameters Nyt Turns of L

the lower limit configuration of the detuning ratio coefficient is
realized while making the coupler more compact. The range of
circuit parameters corresponding to the quasi-resonance range
is also broadened, which makes the quasi-resonate optimization
method proposed in this article more practically applicable.

2) Optimization of the Coupler: The magnetic coupler struc-
ture is shown in Fig. 7. The parameters describing the coupler
dimensions are defined in Table I. The equivalent inductance
in the secondary-side resonant network is Lges, Which is the
superposition of Ly and M. The flowchart for the optimization
of the coupler is shown in Fig. 8. In this article, the lower limit
of the set detuning ratio coefficient is g = 1/3. In this way,
according to (16) and (17), the change rate of the detuning
ratio coefficient with 1/Cg can be reduced to two-thirds of
its original value. Thus, a wider range of selection for the
detuned circuit parameter Cy¢ can be achieved, and parameter
sensitivity can be reduced. As shown in Fig. 4, Ls. is the
expected theoretical value calculated according to the standard
power level demand under resonance. It serves as the key target
for designing the secondary-side integrated inductor coil. To
facilitate the convergence of finite element analysis and take
into account the inherent manufacturing tolerances of coils, the
judgment condition of inductance value Ly 1S set as 0.97 Lgeso <
Lges < 1.03Lges0 (= 3% tolerance range). M,r may have adverse
effects on the resonance state and efficiency of the system,
which needs to be alleviated by adding a constraint objective.
Therefore, the expected upper limit of cross inductance is set
to 0.1, which means that M can be almost ignored relative
to M. In this way, the impact of M4 on the circuit can be
ignored, which is one of our design goals. The AWG38 Lize
wire diameter is @ = 5 mm, and the step size of the integrated
coil length is Algs = 10 mm. First, analyze the self-inductance
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| Ng= 1, I¢=80 mm |

|

[s!:]s(FA]sf
Ng=1

Analyze self-inductance and mutual
inductance of integrated coil Ly and M

v

Calculate equivalent inductance
Lses =Lst + Myt

0.97Lses0=Lses= 1.03Lgesp 7

Ng=Nt1

Solve the range of parameter Cy
corresponding to the quasi-resonant
range based on (17)

Fig. 8. Flowchart for the design of the coupler, where a and Algs are the
diameter of litz wire and step size of integrated coil length Igf. g is the lower
limit of the detuning ratio coefficient configuration.
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16.00
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S

2 3 4 5 6 7
The turns N

5 6 7
The turns N

Fig.9. Results of the inductance Lss and the inner mutual inductance Mg¢ with
the turns Ngr and the length /sf.

and the internal mutual inductance of the integrated inductor
coil. Calculate the equivalent inductance Lge5. Second, optimize
the side length and the turns of the integrated inductor coil
based on the expected inductance value Lgeso, constrained by
the lower limit of the detuning ratio coefficient and the cross
mutual inductance ratio. Finally, solve the range of detuning
circuit parameter Cg¢ corresponding to the quasi-resonant range
based on (17).

The expected equivalent inductance value Lgseso calculated
under the resonant condition is the primary design objective.
The lower limit of the detuning ratio coefficient and the cross-
inductance ratio are two constraint conditions. Focusing on the
optimization design of Ngr and g, the results of the inductance
L, and the inner mutual inductance Mg are shown in Fig. 9. In
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Fig. 10.  Design process of the secondary-side integrated inductor coil turns

Ngf and length /5. (a) Under the demand of the expected equivalent inductance
Lgeso- (b) Under the demand of the lower limit of the detuning ratio coefficient
configuration. (¢) Under the demand of the cross-mutual inductance ratio.

the design process, the judgment condition of 0.97 Lyesg < Lges <
1.03Lges0 1s the most important optimization step. To achieve the
optimal condition, a finite element analysis is conducted. Select
the range of side length /sy and choose an appropriate range of
turns within the constraints of the internal geometry size of the
receiving coil. As shown in Fig. 8, the side length is used as the
first optimization variable to traverse, and the turns are used as
the subsequent optimization variable. Through electromagnetic
simulations of the system, the inductance and mutual inductance
for each combination of Ng¢ and I is calculated. Therefore, as
shown in Fig. 10(a), after the first judgment, three optimization
result combinations will be obtained in sequence, namely A:
140 mm with 6, B: 150 mm with 5, and C: 170 mm with 4. The
lower limit of the corresponding detuning ratio coefficient and
the cross-coupling ratio calculated are shown in Fig. 10(b) and
Fig. 10(c), respectively. The shaded areas are invalid regions, and
the parameters within these ranges do not meet the correspond-
ing expected criteria. The first result satisfies both constraints
simultaneously. Therefore, according to the logic of the design
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o

1 dcLoad *
dc Source

Oscilloscope

Fig. 11.  Prototype of the IPT system. (a) Magnetic coupler with integrated
coil. (b) Experimental platform.

process in Fig. 8, the optimization result is 140 mm with 6.
Therefore, the size of the secondary-side integrated inductor
coil is designed as “140 mm x 140 mm x 5 mm”. The turns Ng¢
is designed as 6.

According to the detailed flowchart for optimizing the param-
eters of the quasi-resonant LCC-LCC topology, the customized
configuration of the resonance state, output performance, and
parameter robustness can be easily designed step-by-step under
addressing practical requirements.

IV. EXPERIMENTAL VALIDATION
A. Experimental Setup and Results

To verify the results of theoretical analysis and design meth-
ods, the experimental coils wound according to the design results
in Section III are shown in Fig. 11(a). The overall experimental
prototype is constructed as shown in Fig. 11(b).

At the input, a dc source and a high-power inverter are used
to provide 200 V ac excitation for the resonant circuit. CREE
silicon-carbide MOSFETs (C2M0025120D) with 25 m{2 internal
resistance are adopted by the inverter. The PWM control signal
for the MOSFET is generated by the control chip TMS320F28335.
The output is a fixed frequency of 85 kHz. At the output, CREE
C3D20060D diodes are used for the rectifier to provide dc cur-
rent to the EA-CPS-8080 electronic load. The electronic load is
set to constant voltage mode with 200 V. The coils are made from
1000-strand AWG 38 Litz-wire. The magnetic material PC95 is
used to construct the ferrite board. The measured parameters of
the coupler and the calculated parameters are shown in Table II.
M is approximately 1.2 pH, much smaller than the M of
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Fig. 12. Steady waveforms of the inverter voltages and currents at different quasi-resonant points (Cs¢, /) under output voltages of 175 V, 200 V, 225 V, and

250 V. (a) Cs¢ =285nF (h = 1), U, = 175 V. (b) Csf = 400 nF (h = 0.81), U, = 175 V. (¢) Cs¢ = 500 nF (h = 0.71), U, = 175 V. (d) Csf = 600 nF (h = 0.65),
U, =175 V. (e) Csf =285 nF (h = 1), U, =200 V. (f) Csf =400 nF (h = 0.81), U, =200 V. (g) Cs¢ = 500 nF (2 = 0.71), U, =200 V. (h) Csf = 600 nF (h =
0.65), Up =200 V. (i) Cst =285 nF (h = 1), Uy, =225 V. (j) Cst =400 nF (h = 0.81), U, =225 V. (k) Cst = 500 nF (h = 0.71), U, = 225 V. (1) Cst = 600 nF
(h=0.65), U, =225 V. (m) Csf =285 nF (h = 1), U, =250 V. (n) Cs¢ = 400 nF (h = 0.81), U, =250 V. (0) Cst = 500 nF (h = 0.71), U, = 250 V. (p) Cs¢ =

600 nF (h = 0.65), U, = 250 V.

TABLE II
MEASURED PARAMETERS OF THE MAGNETIC COUPLER

Parameter Value Parameter Value
L, 42 uH C, 64.4 nF
L, 67.1 uH Cs 60.7 nF
L 70.0 uH M 13.7 uH
L 123 uH J/8 6.2 uH
Cor 250 nF Myt 1.2 uH
Cy 125 nF C, 20 uF

13.7 pH. M,ot/M = 0.08, which means that the impact of M,
on the system is negligible.

The tested charging voltage range is selected as 175 V=250V,
sufficient to meet the battery charging range [28], [29]. Fig. 12
shows the inverter output waveforms at different quasi-resonant
points (Cgt, 1) under output voltages of 175V, 200 V, 225 V, and
250 V. viyy is the inverter voltage and i, is the inverter current.
The results indicate that at a standard output voltage of 200 V,
the resonant angle varies relatively little within the entire quasi-
resonant parameter range, and the inverter is in a good ZVS
condition. In addition to the designed standard output voltage of
200 V, experimental tests are also performed at output voltages

of 175V, 225V, and 250 V. The results indicate that within the
range of quasi-resonant parameters under the output voltage of
175 V, the working point is closer to the fully resonant state
than that under the standard output voltage of 200 V. It remains
relatively stable, and the ZVS condition can still be achieved
under variations of the detuning ratio coefficient. Under output
voltages of 225 V and 250 V, within the range of quasi-resonant
parameters, a decrease in the detuning ratio coefficient leads to
a slight increase in the inductive degree beyond the designed
resonant angle. But it still maintains fine weak inductive ZVS
condition. Overall, the experiment verifies that the system can
work efficiently within the optimized quasi-resonant parameter
range, with the inverter sustaining an ideal slight inductive ZVS
condition.

At the deviation point Cys = 600 nF (h = 0.65), the out-
put currents at different quasi-resonant point (Cys, #) under
output voltages of 175 V, 200 V, 225 V, and 250 V are
shown in Fig. 13. Within the tested output voltage range, the
maximum deviation of the output current from the standard
value is 4%, indicating that an approximately constant cur-
rent output is achieved within the optimized quasi-resonant
range.
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Fig. 14 shows the output power and dc—dc overall system
efficiency of the IPT system at different quasi-resonant points
(Cgt, h) under the standard output voltage 200 V. Within the
quasi-resonant range of (0.65, 1), the output power ranges from
3.3 kW to 6.5 kW. The output power regulation rate reaches
96.9% . And the dc—dc efficiency is from 89.8% to 92.4%
. Although efficiency has slightly decreased, the system still
operates within an acceptable and relatively high range. The re-
sults demonstrate that the proposed method achieves wide-range
output power regulation while maintaining high efficiency in a
near-resonant working condition.

B. Power Loss Analysis

Fig. 15 shows the power loss distributions at different quasi-
resonant points under the standard output voltage of 200 V. The
ferrite core loss is hard to detect, so the transmitter and receiver
equivalent series resistance (ESR) are used to approximately
evaluate the ferrite core loss. The power losses of the trans-
mitter, the receiver, and the LCC—LCC compensation network
are calculated by the component’s ESR and current. The power
losses of the inverter and the rectifier are calculated according
to [30].

Overall, as the detuning ratio coefficient 4 decreases, there
is a slight change in the distribution of the system losses. The
proportion of transmitter loss decreased from 30.1% in Fig. 15(a)
to 9.9% in Fig. 15(d), and the receiver loss increased from
19.5% in Fig. 15(a) to 26.7% in Fig. 15(d). This is caused
by the proposed method changing the impedance relationship
between the transmitter and receiver. The proportion of losses
in other components has increased slightly, with rectifier bridge
losses accounting for a relatively large proportion. In addition,
although integrating the secondary-side compensation inductor

I Transmitter

I Receiver

I 1nverter

I Rectifier

[ Compensation inductors
[ Compensation capacitors

I Transmitter

B Receiver

I inverter

[ Rectifier

[ Compensation inductors
[ Compensation capacitors

I Transmitter
B Receiver
I 1nverter
25% [ Rectifier o
[ Compensation inductors
[ Compensation capacitors

I Transmitter
B Receiver
26.7% M Inverter
[ Rectifier
[ Compensation inductors
[ Compensation capacitors

Fig. 15. Power loss distribution at different quasi-resonant points under the
standard output voltage of 200 V. (a) Css = 285 nF (h = 1). (b) Csf = 400 nF
(h =0.81). (c) Cst = 500 nF (h = 0.71). (d) Csf = 600 nF (h = 0.65).

as a coil within the magnetic coupler theoretically increases its
internal resistance, the results show that the associated power
loss proportion remains low. This is because the secondary-side
integrated inductor coil introduces the internal mutual induc-
tance Mg, which increases the equivalent series inductance
value of the secondary-side LCC topology. This means that
the integrated inductor requires smaller self-inductance values
compared to using external compensating inductors to achieve
the same impedance.

The results indicate that the major loss is coil loss under
the proposed design method, which is consistent with most
IPT systems [31], [32], [33], [34], [35]. To further improve the
performance of the proposed method, the expected maximum
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(d) Csf = 600 nF (h = 0.65), 5-cm misalignment. (¢) Csf =285 nF (h = 1), 10-cm

misalignment. (f) Css =400 nF (4 = 0.81), 10-cm misalignment. (g) Csf = 500 nF

(h =0.71), 10-cm misalignment. (h) Csf = 600 nF (h = 0.65), 10-cm misalignment.

| LS I e = LS S A e - O IR e i
Vine [100V/div] Viw [100V/div] Viny [100V/div] Vige [100V/div]
’i \/ \/ ,.L WA L '%-; »w-L (A4 | " L L} r_..? h" / r_,?_ r""\?‘ b
Ty [20A/div] iy [20A/div] ~ -~ [20A/div] T ondiv]
[ »:::»_ m‘._‘?&mvm @ e | BSGeIsIA QE‘;:M_",H mu‘..‘?ﬁm"ﬂ B rsonm W usGenine Q- »:::-m m'(fﬁmm e | wsgoes Q [ »:::--‘ m-:;«a.mn @ esonon | HsoesA Q
(a) (b) () (d)
S USSR i [ S = N S U S S Rt i SR 2R
" L2529 A " Tou=24.65 A " IouE2391 A " IouE22.79 A
v v v
Vou=177.78 V Vout=202.81 V Vout=226.67 V Vour251.61 V
R T ST m o mes SuTE T F s SEH mw T e
(e) ® (® (h)
Fig. 17.  Experimental results at the quasi-resonant point (600 nF, 0.65) under different output voltages with 10-cm misalignment. (a) Inverter output under U,

= 175 V. (b) Inverter output under U, = 200 V. (c) Inverter output under U, = 225 V. (d) Inverter output under U, = 250 V. (e) Output current under U, = 175 V.

(f) Output current under U, = 200 V. (g) Output current under U, = 225 V. (h)

resonant angle tangent offset value can be set small enough.
When designing the main magnetic coupler, it is possible to con-
sider configuring a smaller transmitting impedance and a larger
receiving impedance to achieve a more balanced distribution of
coil losses throughout the quasi-resonant range. Additionally,
using larger-diameter Litz wires, low-loss magnetic cores, and
smaller air gaps helps increase coupling coefficients, which
reduces coil losses. To further reduce rectifier bridge losses,
synchronous rectification can be implemented in future work.

V. DISCUSSION

A. Discussion of Misalignment Tolerance

In this article, the analysis and optimization of parameter de-
sign mainly focus on the initial well-aligned mutual inductance.
Mutual inductance decreases with the coupler misalignment, re-
sulting in a slight shift of the resonant state towards the inductive

Output current under U, = 250 V.

region according to the calculation in (10). Furthermore, con-
sidering practical application scenarios, the impact of coupler
misalignment is also investigated. Fig. 16 shows the inverter
output voltage and current at different quasi-resonant points
(Cst, h) under standard input and output voltages with 5-cm
and 10-cm horizontal misalignment. The results indicate that
the quasi-resonant characteristics are less affected with a 5-cm
horizontal misalignment. When the horizontal misalignment is
10 cm, the system working point shifts toward the inductive
region, a trend that becomes more pronounced as / decreases.
But even at the quasi-resonant edge (h = 0.65), the maximum
tangent value of the resonant angle reaches 0.25 corresponding
to 15°, which remains a good ZVS condition. Furthermore, to
validate the robustness of the ZVS condition under different
loads and misalignments, the detuning parameter configuration
farthest from the resonant point is selected for testing. Fig. 17
shows the experimental results at the maximum detuning point
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TABLE III
COMPARISON BETWEEN THE LATEST RELATED RESEARCH AND THIS WORK
Maximum Output Modeling of Range of detuning ratio Detuned Robustness
Ref efficiency power Topology battery load coefficient parameters to ZVS Method
Constant o (1.12,1.5) 133.9% Tuning method with
0, -
(3] 94.0% 6.1 kW LeC-LeC resistance £(1.24,1.5) 120.9% Two Good variable frequency
Constant C, (93.4nF, 121.6 nF) 130.1% Tuning method with
0, -
(14] 88.3% 0.3kW Lee-Lece resistance Cpy (245 nF, 568 nF) 231.8% Two Poor capacitance adjustment
Variable x.=1.03 Frequency control method
0, -
(16l 92.0% 0.7kW S-S resistance £(104 kHz, 137 kHz) 131.7% Two Good for rated power
(17] 90.5% 0.03 kKW S-S Vaﬁable ) / / Modified FHA w1Fh high-
resistance order harmonics
This )49  65kW LCoc-Lcc  YAriable 1 (0.65, 1) 153.8% One Good Parameter optimization
work resistance for quasi-resonant range

(600 nF, 0.65) under different output voltages with a 10-cm
misalignment. The results indicate that acceptable ZVS con-
ditions are still achieved under different output voltages at a
10-cm misalignment for the maximum detuning ratio coefficient
configuration within the quasi-resonant range. In addition, the
maximum deviation between the output current and the standard
value is 7%, which can generally be considered a relatively
constant current characteristic for IPT systems. Therefore, under
the tested 10-cm misalignment, a suitable ZVS condition can
be achieved within the designed quasi-resonant range with the
output voltage range of 175 V to 250 V, sufficient to meet
practical requirements.

Within a certain range of coupler misalignment and output
voltage variations, the system can still maintain ZVS conditions,
accompanied by an improvement in wide-range output capabil-
ity. In practical applications, the air gap distance, dead time of
the inverter, magnetic coupler size, magnetic core configuration,
parameter sensitivity capability, and ZVS design requirements
need different suitable maximum resonant offset angles. In this
article, to verify the feasibility of the proposed method, the
expected maximum resonant angle tangent offset value ¢ is set
to 0.03. This is a relatively excellent parameter configuration
choice, suitable for most IPT systems. Under various real-world
application limitations and requirements, comprehensive param-
eters exhibiting corresponding quasi-resonant characteristics
can be obtained based on the proposed method. When optimiz-
ing quasi-resonant parameters, the optimal, normal, and worst-
situation scenarios of the actual system can be fully considered
to determine the two design objectives needed to complete the
corresponding parameter design and optimization. In practical
applications, the maximum resonance deviation point may not be
very close to the resonant state point. Different target parameters
can be set according to varying needs in actual scenarios to obtain
applicable quasi-resonant range parameter configurations.

B. Discussion of Advantages and Features

The proposed method employs a variable resistance model for
the battery load to elucidate the quasi-resonant characteristics of
the LCC-LCC topology. The efficient parameter configuration
with a wide-range power regulation capability is optimized. The
comparison between this article with the latest related research
is given in Table III. The existing literature has studied dynamic
tuning methods based on a constant resistance load model
for LCC-LCC topology and frequency influence characteristics

based on a variable resistance load model for S-S topology. The
traditional methods were employed to optimize a certain discrete
resonant working point. In contrast, the proposed method aims
to optimize the quasi-resonant working range of LCC-LCC
topology under nonresonant parameter configuration, achieving
completely different effects. The characteristics of the quasi-
resonant range are elucidated using a variable resistance model
for the battery load. Based on the proposed method, the param-
eter design can be tailored to actual requirements, allowing for
adjusting the output power at a relatively low cost. Meanwhile,
the power transfer capability of the LCC-LCC topology has
been further explored and improved. In summary, wide-range
power regulation is achieved directly through parameter config-
uration without additional circuit transformers, and the system
maintains the good ZVS condition with approximate constant
current output characteristics. Regulating the output power while
guaranteeing ZVS condition simultaneously only by tuning one
parameter is realized. The resulting optimization effectively
addresses the requirements of wireless charging.

A quasi-resonant parameter optimization method for LCC—
LCC topology is proposed. This is a novel approach aimed at
overcoming the limitations of previous research on the topology
analysis of detuned LCC-LCC topologies, such as ZVS robust-
ness, quasi-resonant range characteristics, and power transfer
capability. The proposed parameter optimization method aimed
at enhancing the overall system performance within the quasi-
resonant range. In addition, the internal coupling between the
secondary-side integrated coil and the receiving coil reduces
the requirement for compensating inductance value under the
same output power requirements. The actual required induc-
tance value can be achieved with a smaller Lg;. Therefore, the
integration of the secondary-side inductor results in a more com-
pact coupler and contributes to improving power transmission
performance.

The proposed method offers new insights into the perfor-
mance analysis of the LCC-LCC topology under detuned con-
figurations and provides novel, simple, and feasible solutions to
enhance the output power capability of IPT systems.

VI. CONCLUSION

A quasi-resonant parameter optimization method for LCC—-
LCC topology is proposed, bringing the effect of adjusting
the output power through a single parameter while maintain-
ing customized ZVS conditions. The variable resistance model
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for the battery load is presented to analyze the characteristics
of nonresonant LCC—LCC topology. Based on the model, the
quasi-resonant condition is designed according to the require-
ments of resonance offset and output power adjustment ratio. A
lower limit for the detuning ratio coefficient and a broadening
of the detuning circuit parameters selection are achieved by
magnetic integration. An LCC-LCC topology with designed
quasi-resonant parameters is taken as an example to show the
superiority of the proposed method. The experimental results
show that within the optimized quasi-resonant range (0.65, 1),
the output power varies from 3.3 kW to 6.5 kW. Meanwhile,
the weakly inductive ZVS condition is maintained. The system
works efficiently, reaching a maximum of 92.4% .
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