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Abstract—Compensation topologies play an essential role in
wireless power transfer systems for electric vehicles. Specifically,
the double-sided LCC compensated (DS-LCC) topology has been
widely adopted, owing to its inherent advantages, such as load-
independent constant current (CC) output, low sensitivity to load
variation, and high freedom in parameter design. However, large
resonant devices in the DS-LCC topology lower the system efficiency
and increase the complexity of optimal parameter tuning. There-
fore, in this article, the parameters of the DS-LCC compensation
topology are reconfigured by adjusting the ratios of its two com-
pensation inductances without changing the specified system-level
parameters, such as the loosely coupled transformer, operating
frequency, and specified CC outputs. The system performance
under each case is analyzed and compared in detail, based on which,
an asymmetric parameter-design method is proposed to optimize
the system efficiency. To verify the reasonability of the proposed
tuning method, a 6.6-kW experimental prototype is configured,
and comparative experiments are conducted. The experimental
results indicate that, compared with the conventional method, the
proposed parameter-tuning method improves the system efficiency
under overall load conditions, especially under light loads.

Index Terms—Double-sided LCC (DS-LCC) compensation
topology, efficiency optimization, electric vehicles (EVs),
parameter-design method, wireless power transfer (WPT).

1. INTRODUCTION

N THE backdrop of continuous global fossil energy depletion
I and environmental deterioration, electric vehicles (EVs) are
being developed for environmental protection, energy efficiency,
and to reduce carbon footprint [1]. Wireless power transfer
(WPT), also called inductive power transfer, is a novel and alter-
native technology for EV charging. Compared with the conven-
tional contact power transfer methods, the WPT technology has
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gained increasing attention, and has a promising market because
of its inherent advantages of convenience, reliability, lack of
mechanical wear, and being weatherproof [2]-[4]. In addition
to EV charging, WPT has been used in applications including
unmanned aerial vehicles (UAVs), consumer electronics (CEs),
and biomedical implants [5], [6].

Thus, the combination of the EV and WPT technology has ex-
tensive potential and commercial applications. However, some
targeted studies are required not only to implement the mature
application but also for the enormous promotion of EV wireless
charging [7]. Currently, popular research topics in this field in-
clude optimal design of a loosely coupled transformer (LCT) to
achieve a high coupling coefficient and misalignment tolerance
[8], [9], compensation topologies with constant outputs (current
or voltage) and zero phase angle (ZPA) characteristics [10]-[12],
control methods for maximum efficiency tracking [13], [14],
foreign-object detection, and interoperability of the charging
system. Among these, compensation topology can significantly
minimize the volt-ampere (VA) rating of the power supply,
improve the power-transfer capability, and help achieve high
efficiencies [15], [16].

Presently, four basic compensation topologies are being stud-
ied, namely the SS, SP, PS, and PP, which are mature and
complete [4], [17]. Therefore, to improve the performance of
the compensation network, many researchers have focused their
attention on the advantageous high-order compensation topolo-
gies. For instance, Hou er al. [18] presented the impedance
conditions and output current characteristics of different current-
fed compensation topologies; they analyzed and compared the
sensitivities of the output current to parameter variation. In-
terestingly, Lu ef al. [19] analyzed the resonant conditions of
all voltage-fed compensation topologies in a WPT system to
achieve a constant-voltage (CV) output and investigated the
parameters’ impact on the key performance factors of these com-
posite topologies. Among the existing high-order compensation
topologies, the double-sided LCC topology (DS-LCC) is most
popular because it combines all the benefits of series and parallel
compensations in both the primary and secondary sides [15],
[18], [20]. Therefore, this novel topology, which is composed of
an inductor and two capacitors on each side, has been drawing
extensive attention.
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Moreover, owing to its massive configurable parameters, the
resonant conditions in the DS-LCC compensation topology
become irrelevant to the LCT [1] and increase the parametric
design freedom. However, these massive devices also increase
the complexity of parameter tuning. Li et al. [21] first proposed
the DS-LCC topology and reported an original parameter-tuning
method. Under the premise that the LCT parameters, dc-link
voltage, constant current (CC) output, and frequency have been
specified; the two compensation inductances on both sides were
symmetrically designed according to these specified system
parameters. Subsequently, all the compensation capacitances
of the DS-LCC topology were determined according to the
resonant conditions. This symmetric tuning method can be used
to achieve the CC output and ZPA, which are independent of
the load conditions. As this tuning method provides a sim-
ple design, it has been widely utilized in many studies [5],
[15], [22]-[25]. Unfortunately, however, this symmetric tuning
method is not sufficiently ideal for the following reasons. First,
compared with some other compensation topologies with CC
output characteristics such as the SS and LCC-P, it is more
difficult to achieve a high efficiency using the DS-LCC system,
owing to its large number of components [15], [18]. As a result,
an efficiency optimization-based tuning method is more crucial
for the DS-LCC topology, which has not been considered in
the symmetric tuning method. Second, although the DS-LCC
system has a completely symmetric topology structure on the
primary (transmitter) and secondary (receiver) sides, the practi-
cal situation is quite different, especially in EV wireless charging
systems. This is because the transmitter is placed underground
and the receiver is mounted at the bottom of EV, and hence the
rated volumes, magnetic field distributions, and voltage (current)
stresses on both sides are different, which should be separately
considered. Moreover, in a vehicle-to-grid WPT system, which
is a topic of recent interest, a flexible tuning method-based
DS-LCC topology is required for this bidirectional charging
application.

In practice, all the compensation capacitances of the DS-LCC
topology can be calculated according to the definite resonant
conditions and specified system-level parameters, as long as
the two compensation inductances are determined. Therefore,
the parameter-tuning process is essentially the determination
of the two compensation inductances in the DS-LCC topology.
However, to date, related research is still scarce. Takeda et al.
[26] proposed an asymmetric parameter design for the DS-LCC
topology to satisfy the tradeoff between high efficiency and
high output power. Because the DS-LCC and LCC-S have an
identical structure on the primary side, an optimal primary
compensation inductance was first selected via an LCC-S model,
and then the optimal secondary compensation inductance of the
DS-LCC was determined according to the optimal equivalent
load. However, the CC output of the DS-LCC was different in
the process of analysis and comparison. Therefore, the fair-
ness of the comparison is questionable. Furthermore, while
the proposed optimal parameter design was verified using a
10-W experimental prototype, the validity and feasibility of
this tuning method in high-power charging systems remains
unclear. Liao et al. [27] investigated the relationship between
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Fig. 1. DS-LCC compensated WPT system for EV charging.

impedance matching and transfer efficiency under a rectifier load
in the DS-LCC WPT system and proposed a parameter-design
method for the DS-LCC to achieve maximum transfer efficiency.
The secondary compensation inductance was chosen according
to the optimum equivalent output impedance of the rectifier;
however, the primary compensation inductance was designed
according to the conventional design method proposed in [21]. In
other words, only the secondary-side parameters of the DS—-LCC
were optimized. Furthermore, although a 3.3-kW prototype was
constructed to verify the proposed tuning method, only the
copper loss of the LCT was considered in the efficiency analysis.
However, for a 3.3-kW WPT system, iron loss of the LCT should
be considered while calculating the loss. In some other studies
on the DS-LCC topology, the two compensation inductances
were designed to be different. Nevertheless, almost no detailed
design criteria for the two inductances have been provided in
these studies.

Therefore, in this article, which is based on the symmetric
tuning method proposed in [21], two identical compensation
inductances of the DS-LCC are first established according to
the essential parameters of the WPT system. Without changing
the specified system-level parameters, the resonant network is
reconfigured by adjusting the ratio of the two compensation
inductances of the DS-LCC topology. Under these different
combinations, the system characteristics such as voltage (cur-
rent) stress, high-frequency response, as well as power loss are
synthetically investigated and compared to determine an optimal
ratio of the compensation inductances, which can enhance the
WPT system efficiency in the entire load range. Meanwhile, an
efficiency optimization-based asymmetric tuning method of the
DS-LCC topology is also proposed for general applications. The
presented analysis as well as the tuning method are validated
using a 6.6-kW experimental prototype.

II. ASYMMETRICAL ANALYSIS AND COMPARISON OF
THE DS-LCC COMPENSATED WPT SYSTEM

A. Analysis Outline of the DS-LCC Compensation Topology

A schematic diagram of a DS-LCC compensated WPT system
is shown in Fig. 1. A full-bridge inverter (FBI), which comprises
four power MOSFETs Q1—0Qy, is utilized to convert a dc-link
voltage Upc to an ac square-wave voltage Upp. In the WPT
system, the fundamental harmonic analysis (FHA) method is
widely used for qualitative analysis because the resonant net-
work suppresses the harmonics [2]. Therefore, the relational
expression of Uxp and Upc can be derived as

4Upc . . (7D
- sin(wt) sin <2> ey

Uap =
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Fig. 2. Mutual-inductance model-based analytical circuit of the DS-LCC
compensation topology.

where D is the duty cycle of Uap under a pulsewidth
modulation control. The LCT has a primary and secondary coil
and the power is transferred via the pair of coils; L, and L, are
the self-inductances; and M is the mutual inductance between
the two coils. The coupling coefficient of the LCT is defined as

M
VIpLs

Two inductors, Ly and Ly, and four capacitors Cypy, Cri, Cpa,
and Cp,, comprise the resonant networks. A bridge rectifier (BR)
comprising four diodes D, —Dj is used to regulate the ac output
voltage U, to the battery-charging voltage Uy; I, and I}, are the
corresponding ac output current and battery charging current,
respectively; Ry, is the dc output load; and C,, is the output filter
capacitor.

When the output low-pass filter is only made up of a dc
capacitor, the following equations can be derived [28]:

— m/2
Up =" =Uaw 3)
I, = 22],

k= 2)

where U, and I, are the rms values of U, and I, respectively.
Based on (3), the relational expression between Ry, and R,, can
be deduced as
8
2

Therefore, according to (1) and (3), the FBI and BR in
Fig. 1 can be replaced by a sinusoidal voltage source and an
ac equivalent load, respectively. Meanwhile, the primary and
secondary coils can be decoupled using a mutual-inductance
model of the LCT. Thus, the circuit in Fig. 1 can be simplified,
as shown in Fig. 2. Note that the equivalent series resistances
(ESRs) of the primary and secondary coils are omitted here to
simplify the analyses and calculations.

According to Kirchhoff’s voltage and current laws, the re-
lational expressions between the currents and voltages can be
derived as shown in (5) at the bottom of this page.

R, = —Ry. 4)
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The resonant conditions of the DS-LCC compensation topol-
ogy are expressed as follows:

wo?L1Cp1 = wp?LaCho = 1 (6)
w02 (LP—L1>Cf1 :w02 (LS —Lg)Cfg =1. (7)

In the above equations, wy is the resonant angular frequency.
The function of (6) is to achieve a load-independent CC output,
and that of (7) is to implement a ZPA [21].

Under ideal conditions, according to the law of conservation
of energy, the average power, which is transferred from FBI to
BR, is not attenuated; this implies that

Pin = Po = UABIin = abIo (8)

where Pj, and P, respectively, represent the input and output
average power, and Uap and [;,, are the rms values of Upp
and I;,,, respectively.

When the system operates at the resonant frequency, the
equations of the power transfer current group presented in (5)
are derived by substituting (6), (7), and (8) into (5) and solving
the matrix equations, as follows:

_ MPUxpR, M*UspR,

n — = ZOO 9
WU2L12L22 WO2L12L22 ( )
Uas Uas
I,=- = Z-90° 10)
P jwoly  woly (
MU R, MUprsR, , .
I,= AR T AB /0 (11)
w02L1L2 w02L1L2
MU MU,
o= ——2B — AR /900, (12)
Jwol1Ls  wolqLo
Based on (9), (8) can be modified as
M?Uag®R,
P, = p, = M Uas flo (13)
WO2L1 L2

As mentioned above, the parameter-tuning process of the DS-
LCC topology generally involves two steps: in the first step, both
the compensation inductances L, and Lo are designed according
to the desired CC output /, as well as the rated output power P,,.
Then, in the second step, all the compensation capacitances are
determined according to the resonant conditions given by (6)
and (7). In the conventional symmetric tuning method, L; and
Lo are designed as reported in [21]

4 L,L
Ly=1Ly=1 :\/ kUDC,/ plslto. (14)
TTWo Po

Equation (14) indicates that L; and L, are uniquely deter-
mined as L’ as long as the system’s essential parameters are
invariable. However, high design freedom, which is the most
significant advantage of the DS-LCC topology, is not completely

jwly + et ~ ot 0 0 I, Uas
e Jwly + 557 + 55t —jwM 0 I,| 0 )
0 _jWM jWLs + m + W 0 ' S n 0
0 0 ﬁ —jWLQ—m I, Uaw
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exploited in this case. Furthermore, the symmetric inductance
L' is not usually the best choice.
The product of L; and L, is defined as

o=1L1Ly,=L"?. (15)
Based on (15), (12), and (13) can be modified as follows:
MU MU
I,=——28 - 7 ZAB /g (16)
Jwoo Woo
M2 2 .
Py =P, = #. 17)
wo“o

Therefore, theoretically, under the premise that the essential
parameters of the WPT system are constants, the specified
parameters /,, Pi,, and P, remain constant as long as ¢ remains
constant. Hence, by maintaining a constant o (i.e., the specified
system parameters are constants), L; and L, can be reconfigured
as follows, by changing their ratios:

Ly =~L (18)
1 !
Ly= ;L. (19)

In the above equations, ~ is an adjustable coefficient that
indicates the degree of deviation from the symmetric inductance
L'. In practice, based on the previous analysis, and combining
(15)—(19), it can be determined that each ~ corresponds to a
different set of topology parameters. Thus, the DS-LCC resonant
network can be reconfigured by adjusting the value of v without
changing the essential system-level parameters. The subsequent
sections present the WPT system characteristics under different
~ values, as well as a detailed discussion on the selection
principles for determining an optimal .

B. Voltage and Current Stresses on the Components

The voltage as well as current stresses on the resonant com-
ponents are essential considerations while analyzing a compen-
sation technology because the excessive voltage and current
stresses may increase the power loss and cause damage to the
devices.

By substituting (18) and (19) into the basic expressions related
to the voltage and current stress such as (9)—(12), and holding
all parameters constant except v, we see that the voltage and
current stress of DS-LCC are only affected by ~. Therefore, to
investigate the relationship between the stress of the components
and v, a set of essential system parameters were chosen, as
listed in Table I, which are designed to fulfill the WPT 2
power class (7.7 kVA) of SAE J2954 recommended practice
[29]. In addition, to ensure fairness of the following analysis
and comparisons, the abovementioned parameters will be held
constant in the subsequent analysis except where specifically
mentioned.

According to the previous analysis, the symmetric inductance
L' corresponds to v = 1. Using the parameters listed in Table I
and using (14) and (15), the symmetric inductance L’ and the con-
stant product o can be calculated as 13.23 xH and 175.03 H?,
respectively. Furthermore, two different v values on either side
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TABLE I
ESSENTIAL PARAMETERS OF THE WPT SYSTEM

Symbols Parameters Values
Upc DC-link input voltage 380V
fo Operation frequency 85 kHz
P, Output power rating 6.6 kW
Uy Charging voltage 280420 V
Iy Charging current 21.6 A

k Coupling coefficient 0.164
L, Primary coil inductance 40 uH
L Secondary coil inductance 40 uH

TABLE 11
CALCULATED RECONFIGURABLE PARAMETERS OF
THE DS-LCC COMPENSATION TOPOLOGY

Values
Parameters
y=0.8 y=1.0 y=1.25

Ly (nH) 10.58 13.23 16.54
L, (uH) 16.54 13.23 10.58
Cy1 (nF) 331.26 265.01 212.01
Cy (nF) 212.01 265.01 331.26
Cq (nF) 119.18 130.96 149.42
Cp, (nF) 149.42 130.96 119.18

of v = 1 also were selected for comparison and investigation
of the variation trends of the stresses under different y values,
namely at v = 0.8 and 1.25.

Furthermore, we used the essential system parameters listed
in Table I to operate the system in a resonant state, and the
compensation capacitances corresponding to the three selected
~ values were calculated according to (6) and (7). The param-
eters of the DS-LCC compensation topology under different
v values are listed in Table II. Using these parameters, the
voltage and current stresses of the DS-LCC topology under
resonant conditions were calculated and compared, as shown
in Fig. 3. With regard to the current stresses, at the same output
power levels (load conditions), the currents /1 (I;,) and I (1,,)
corresponding to different y values remain unchanged, i.e., these
are independent of . As mentioned earlier, this is the basis of
a fair comparison. The primary coil current /,, is constant and
irrelevant to the output power, which is the basic feature of the
DS-LCC topology, while the currents Ir,1, I, Icpi, and Icpo
increase with increasing output power. Besides, under the same
output power, as v increases, I, and Icp1 decrease while 7, and
Icp2 increase; this variation trend is reversed when y decreases.

A significant observation from Fig. 3(a) is that when the other
parameters are held constant, I, and I can be flexibly adjusted
by changing the value of y; this variation trend is clearly shown
in Fig. 4. Generally, the LCT is the most important component
of the WPT system, as it significantly impacts the power transfer
efficiency. Furthermore, I, as well as I directly determine the
power loss of the LCT, which significantly contribute to total
system loss [4]. Therefore, the above analysis indicates that the
power loss can be reduced by a reasonable selection of the ~
value. The specific analyses of the power losses under different
v values will be discussed in the following sections.
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Fig. 3(b) shows that V,, and V¢ are nearly constant as the
output power sharply increases, while Vi, Vcp1, Vepe, and Vo
show an increasing trend. Furthermore, at constant output power,
the voltage stresses on the resonant components would either
increase or decrease with the changes in +. In high-power WPT
applications, considering that the capacitor tanks are composed
of series or parallel connections of a single capacitor, and each
single capacitor has its rated voltage, excessive voltage may
increase the quantities of the single capacitor. Hence, in contrast
to the coil voltages, more attention should be paid to the voltages
of the capacitors. As shown in Fig. 3(b), the voltages on Cpq
and Cp,2 are insensitive to -y, whereas those on Cr; and Crp vary
rapidly with the variations in . Moreover, an extreme selection
of -y value can even cause a partial overvoltage on Cy; or Cys.

Component stresses (rms values) of the DS-LCC topology versus P, under different -y values for: (a) Ir1 and /2. (b) I, and Is. (¢c) Icp1 and Icp2.

In addition, for the tuning method discussed in this article,
we assume that the parameters of the LCT have been designed,
i.e., the volumes of the primary and secondary coils have been
determined. Therefore, the rated I, as well as I, are limited by
the diameters of coils. In view of this, during the parameter-
tuning process, the possible value range of v should be selected
according to the rated /,, and /.

C. High-Order Harmonic Suppression (HHS)

As discussed in the previous section, a prominent function of
the compensation topologies is to compensate the large leakage
inductances of the LCT. Furthermore, because the resonant net-
works are made up of inductors and capacitors, the compensation
topologies can work as a passive bandpass filter, which only
allows the specified resonant-frequency component to pass. As
a result, the harmonic components can be significantly attenu-
ated [30]. Nonetheless, owing to its large number of resonant
components, the DS-LCC compensation topology has many
self-resonant frequencies, and therefore, its HHS ability is not
outstanding.

Normally, the loss on the switches can be greatly increased
by the high-order harmonics [21]. In addition, the FHA method,
which is widely adopted in the WPT systems, is an approximate
calculation method: when the WPT system is analyzed and
calculated by this method, only the fundamental components
are considered, while the harmonics are ignored. Therefore, the
harmonics can considerably increase the deviations between the
design and the practical values. In this section, the HHS perfor-
mance of the DS-LCC under different « values is compared and
investigated.
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frequency characteristic.

As shown in Fig. 2, the secondary-side equivalent impedance
is expressed as

1 7507 (Jwla + R,)

Zs = Jst + ](AJCfQ +jwLa+R,

(20)

P S
JwCpa

The reflected impedance, which is converted from the sec-
ondary side to the primary side can be obtained as

w2 M?
Z, = .
Zs

Then, the total input impedance of the DS-LCC topology can
be attained as

2y

3 1 1
JWLP+W+Z'V'+W

Zin = jwly + (22)

By substituting (18) and (19) in (22), and employing the
parameters listed in Tables I and II, the amplitudes and phase
angles of Z;,, under different y values at 6.6-kW output power
are calculated, as shown in Fig. 5. Because the FBI output
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voltage Uap consists only of odd harmonics, and the harmonic
amplitudes above the fifth order are very small; therefore, only
the fundamental (85 kHz), third (255 kHz), and fifth (425 kHz)
harmonics are considered here. Fig. 5(a) shows that the ZPA
can always be implemented at the specified resonant frequency
(85 kHz) regardless of . There is a 90° input phase angle at
both the third and fifth harmonics, indicating that only a reactive
power is produced by the high-order harmonics.

For a more direct description of the HHS performance, two
variables are defined as follows:

Zin—lst

g = Jn-lst 23)
$1- Zin—3rd
Zin—lst

= Zinclst 24)
S Zin—5th

Among the above equations, Zi,, 1st, Zin-3rd» and Zi, 5¢, are
the impedance amplitudes corresponding to the fundamental,
third, and fifth harmonics, respectively; and &1 3 and &5 rep-
resent the impedance amplitude ratios between the fundamental
harmonic and the high-order harmonics. As shown in Fig. 5(b),
regardless of v, Z;, 15t is the same at the resonant frequency.
Therefore, it is apparent that smaller £; 3 and &, 5 values
indicate better HHS performance. Thus, from Fig. 5(b), we can
conclude that a larger  value is better for the HHS.

In addition, to verify the above analysis, under the same
calculation conditions as above, comparative simulations were
performed using the PSIM 9.1 software, as shown in Fig. 6. Fur-
thermore, the fast Fourier transform tool was used to analyze the
input current /3, (I1,1). The fundamental harmonic amplitudes of
I;;,, are almost unchanged, whereas those of the third and fifth
harmonics decrease as y increases. Hence, for a higher HHS
performance, the selected y value should be as large as possible.

D. Power Loss Analysis

As discussed in Section II-B, both 7, and I, can be flexibly
adjusted by varying -y, while the system parameters are held con-
stant. Because the variations in /,, and /, can generate significant
effects on the power loss (system efficiency), the influence of ~y
on the system efficiency will be discussed here.

In the WPT system, the total power loss includes losses such
as the core loss and copper loss of the LCT and the two compen-
sation inductors, switching loss of the inverter, diode loss of the
rectifier, capacitor loss, and some other stray loss [31]. Hence,
it is difficult to predict the system efficiency precisely using a
qualitative relation. However, based on the previous analysis,
wherein the resonant network of the DS-LCC is reconfigured
by changing -, the system parameters, such as Uagp, fo, fin,
and [, are theoretically identical, indicating that the losses of
the inverter and rectifier are nearly the same under different ~y
values. In contrast, the number of turns of Ly and L, vary with
v, namely, their ESRs may be different. Nevertheless, compared
with the ESRs of L,, and Ly, those of L, and Ly are much smaller.
Moreover, the inductance value of an inductor is normally very
sensitive to variations in its number of turns, while  cannot
change much, owing to the rated /,, and /. Therefore, the ESR



CHEN et al.: EFFICIENCY OPTIMIZATION-BASED ASYMMETRIC TUNING METHOD

I(L1)

30 85 kHz
e —(29.95) Y=0.8
8
220
=4
215 255 kHz
£ (11.68) 425 kHz
f=4
g, (387
3 1/
0
0 100000 200000 300000 400000 500000
Frequency (Hz)
(a)
30 85 kHz
< 4 (29.86) Y= 1.0
~25
8
220
c
215 255 kHz
£ (10.53) 425 kHz
c P
e, 3.54)
3 1/
0
0 100000 200000 300000 400000 500000
Frequency (Hz)
(b)
I(L1)
30 85 kHz
525 a— (29.65) Y= 1.25
8
220
=4
815 255 kHz
£ (8.23) 425 kHz
c
5 (2.64)
]
0 |
0 100000 200000 300000 400000 500000
Frequency (Hz)
()

Fig. 6. PSIM simulation results of /;;, (/1,1) harmonic under different  values
at 6.6-kW P,. (a) vy = 0.8. (b) v = 1.0. (¢c) v = 1.25.

Ideal Transfomer

Fig.7. Transformer equivalent model-based analytical circuit of the DS-LCC
compensation topology.

variations of L; and Ly can be ignored. Considering capacitor
loss and stray loss, their contributions to the total losses are
generally very small, and their difference is not evident at a
constant P,. Hence, these are also neglected here. Therefore,
when ~y changes, the variation trend of the efficiency can be
indirectly predicted through the comparison and analysis of the
LCT loss under different  values.

Therefore, the total loss (Pr,cr) of the LCT can be divided
into two parts: the core 10ss Pcore, and copper loss P ¢,. Among
these, Pcore mainly exists in the magnetic plates, whereas P ¢y,

mainly exists in the coils. Normally, Pr,ct can be expressed as
Prcr = Peore + Peu. (25)

The mutual-inductance model of the LCT shown in Fig. 2
is replaced by a standard transformer model shown in Fig. 7,
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TABLE III
ESSENTIAL PARAMETERS OF THE LCT TRANSFORMER MODEL

Symbols Parameters Values
n Turn ratio 0.889
k Coupling coefficient 0.164
M Mutual inductance 6.54 uH
L Magnetizing inductance 5.82 uH
Lip Primary leakage inductance 31.18 uH
Lis Secondary leakage inductance 32.64 uH
R, Primary coil DC ESR 13.9 mQ
R, Secondary coil DC ESR 23.9 mQ

which is more convenient for loss calculations. Based on the
transformer theory, the two analytical models are equivalent,
and their relational expressions can be derived as follows:

n=+/L,/Ls
Ly, =nM (26)

where n is the turn ratio of the LCT; L,, is the magnetizing
inductance, which is reflected from the secondary side to the
primary side; and Ly, and Ly are the leakage inductances
of the primary and secondary coils, respectively. By utilizing
the system parameters listed in Table I, the transformer model
parameters of the LCT are calculated using (26) and are listed in
Table III. Generally, the total copper loss P ¢, can be expressed
as

Pey = I,*R, + I.°R;, 27)

where R, and R, in (27) are the ac ESRs of the coils, and R),
and R, listed in Table III are the dc ESRs of the coils. Generally,
while calculating P ¢, the ac ESRs of the coils are considered
more, owing to the skin and proximity effects which are affected
by high frequency and generate additional ac winding loss.
Although the litz wire, which consists of many copper strands,
can be applied to reduce these two effects, the improvement
is limited for a high-power WPT application. Therefore, for a
more accurate calculation of P ¢, a modified Dowell’s equation
is used here to determine the ac ESRs of the coils, Rac, as
reported in [32]; thus, the following equation is obtained:

sin h(28) + sin(2)
cos h(23)—cos(203)
LY(N;*~1) sinh(B)-sin(B)
3 cos h(B) + cos(f)

Rac = RpcB

(28)

where Rpc is the dc ESRs of the coils, which can be directly
measured, 4 is the diameter of the litz wire, N; is the total
effective number of copper strands of the coil, and 3 is the skin
depth per unit diameter of the litz wire. The detailed calculation
principle of these parameters can be found in [32].

Fig. 8 shows the three-dimensional (3-D) geometric structure
of the LCT, which is designed according to the WPT 2 power
class of SAE J2954 recommended practice, and its detailed
dimensions are listed in Table IV. By applying (28), the ac
ESRs, R,/ and R, are calculated to be 35.2 and 49.2 m(2,
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Fig. 8.

3-D geometric structure and dimensions of the designed LCT.

TABLE IV
DESIGNED DIMENSIONAL PARAMETERS OF THE LCT

Parameters Values

150 mm
Nyt 15, N: 17
650 mm x 500 mm x 5.2 mm
(0.12 mm/825), N\'=1, p,>= 11.6 mm
675 mm x 540 mm x 5 mm
750 mm x 600 mm x 1.5 mm
320 mm x 320 mm x 4.6 mm
(0.12 mm/600), N>'=1, p,’= 8.3 mm
320 mm x 320 mm x 5 mm
350 mm % 350 mm x 1.5 mm

Air gap distance
Turns per coil

Primary coil dimensions

Primary ferrite plate dimensions
Primary shield dimensions

Secondary coil dimensions

Secondary ferrite plate dimensions
Primary shield dimensions

'Number of coil layers.
2Center distance of the adjacent litz wires.

200 . . . .
y=0.8: —o0— J%
y=1.0 —%—
= 160 y=125:—0— D//”/D////;*
3 /[]/
Y g
2 120} ;;;577 .
2 %
b5} 15,/0
g | s
S 80F ’///,/0 1
/<>
ol .

1.1 22 33 44 5.5 6.6
Output Power P (kW)

Fig. 9. Calculated P, versus P, under different ~y values.

respectively, by using the parameters in Tables III and IV. Using
the parameters listed in Tables I and II, the variations of P,
with P, were calculated using (27) for different v values, as
shown in Fig. 9. We can see that P ¢, increases as P, increases,
regardless of v. When P, is small, P ¢, is lower at larger y values,
but it increases more rapidly as P, increases. In addition, the
LCT is much different with the general transformer, wherein
the LCT has a large leakage magnetic flux (MF). Therefore,
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Fig. 10. MF distribution of the LCT in the DS-LCC topology. (a) FEM
simulation diagram. (b) Simplified illustration.

ferrite is widely utilized to intensify the magnetic field. Fig. 10(a)
shows the MF distribution of the LCT, which is simulated by
the JIMAG finite element analysis (FEM) tool; the simulation
parameters are consistent with the parameters listed in Table I'V.
The MF distribution of the LCT can be simplified according to
the magnetic theory, as shown in Fig. 10(b), where @, is the
mutual MF generated by L,,, and ®, and @, are the leakage
MFs of the primary and secondary coils, respectively. The total
MEF, which passes through each coil, can be expressed as

{ ) =2,+®, (29)

Py =D, + D,

Generally, if an ac current I flows into a coil with N turns and
the inductance is L, then according to the law of electromagnetic
induction, the following equation can be used:

LI =N® (30)
where @ is the MF through the coil. As shown in Fig. 7, by

combining (26), (29), and (30) and according to Kirchhoff’s
voltage and current laws, (29) can be modified as

@1 — lePIP + LI,

L. | Lot
— lksds mem
o = N2 + N1

3D
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Using the Steinmetz equation and substituting (31) therein,
the total core loss Pcore can be calculated as

PCOFE = klfa <(I)1 maxﬁsl(l_ﬁ)hl + (I)2maxﬂS2(1_B)h2)
(32)

where k1, o, and 3 are the empirical coefficients, which can be
obtained from the ferrite datasheet: as the PC95 ferrite was used
in this article, these values are 0.074, 1.43, and 2.85, respectively;
D1 ax and Doy a5 are the peak values of @ and P, respec-
tively; and h; (he) and S; (S2) are the thickness and sectional
area of the primary (secondary) ferrite plates, respectively. By
combining (31) and (32) and using the parameters provided
earlier, the variations of P With P, are calculated for different
~ values, as shown in Fig. 11. A variation trend is similar to that
of Pcy, 1.e., Pcore increases as P, increases under different ~y
values; moreover, at low P,, Pcore corresponding to different
v varies greatly, and although Pcope under a larger +y is rather
small, it increases rapidly as P, increases.

Based on the above analysis, Pr,cr is calculated under the
continuous variations of v and P, as shown in Fig. 12, and the
following observations are made: as P, increases, the overall
variation trend of Pr,cr is consistent with that of P, and Pcore.-
When P, is low, Pr,cT increases monotonically as v decreases.

However, at a high P, as ~ varies from 0.5 to 1.75, Pr,c first
decreases and then increases, while a low Pr,cT is achieved at
intermediate .

To visualize the Pr,cT, the contour line of Py ¢ is shown in
Fig. 12(b). At smaller y values, Py c is always high regardless
of the P,; whereas, when ~ is large, although a low Ppcr
can be obtained at a low P,, it is very high when P, is large.
Nevertheless, within the central region, when - is larger than
0.95, as v increases, the Prcr steadily falls at the low P,
values, while it steadily rises at high P, values. As a result,
an appropriate -y value should be selected to satisfy the tradeoff
between high efficiency at high P, and that at low P,,.

III. EFFICIENCY OPTIMIZATION-BASED ASYMMETRIC TUNING
PROCEDURE FOR THE DS-LCC TOPOLOGY

Fig. 12 presents a wide range of y values; however, according
to the analysis in Section II-B, the possible range of + is limited
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by the rated /,, and I,, which are determined by the thicknesses
of the primary and secondary coils, respectively. In this article,
as listed in Table IV, the thicknesses of the coils are 5.2 mm
(AWG 4) and 4.6 mm (AWG 5). Then, the rated /,, and I, are
60 and 47 A, respectively, as per the litz wire datasheet. Finally,
based on the rated coil currents and Fig. 4, we determine the
possible range of v as 0.8-1.26.

Within the feasible  region, efficiency optimization is favored
athigh P, for smaller y values and at low P, for larger y values.
Hence, itis difficult to select a y value for efficiency optimization
under the overall P,. However, by combining Figs. (9), (11), and
(12), under different - values, it is evident that the difference in
Prcr atlow P, is much higher than that at high P,, indicating
that the efficiency difference between the different  values is
much more distinct at a lower P,. In addition, during the CC
and CV hybrid charging process, which is widely used in EV
applications, the charging time at small or medium P, is much
longer than that at high P,. Considering the weighting of the
Prcr difference under different P, values, a power loss factor
( is defined as follows:

k
_ Prer—i Puer—1a | Puor—22
<= ; Py 1100 2200
n Pror-33 n Pror—44 | Puor—ss5 | Puer—s6
3300 4400 5500 6600
(33)
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v
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Calculate the Pyt under different y by using
(25)—(32) within the feasible range of y.

i

Select the optimum y for efficiency
optimization by calculating .

End

Fig. 14.  Flowchart of the proposed efficiency optimization-based asymmetric
tuning procedure for the DS-LCC topology.

where P,_; indicates the different output power, and Pr,cr-; 1S
the corresponding total power loss of the LCT. When the other
parameters remain unchanged, the value of Pr,cr_; varies only
with ~y. Therefore, ( is calculated at different y values, as shown
in Fig. 13. ( does not vary monotonically with  and is lowest at
~ = 1.2. Thus, this point is considered as the optimum selection,
which provides a better efficiency tradeoff in the overall P,
range.

It should be noted that the optimum ~ may vary with the dif-
ferent parameters of the WPT system. Thus, based on the above
selection principles, the general asymmetric tuning procedure of
the DS-LCC topology for efficiency optimization is summarized
as shown in Fig. 14.

IV. EXPERIMENTAL VERIFICATION

To verify the above theoretical analysis and comparison, a
6.6-kW experimental setup of the DS-LCC WPT system was
configured, as shown in Fig. 15. In this setup, the main system
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Fig. 15.

Experimental prototype of the DS-LCC WPT system.

TABLE V
MEASURED LCT PARAMETERS

Symbols Practical Values

k 0.163

L, 40.4 uH

L 39.8 uH

R, 13.9 mQ

R, 23.9 mQ
TABLE VI

PRACTICAL RECONFIGURABLE PARAMETERS OF THE DS-LCC
COMPENSATION TOPOLOGY

Values

Parameters

y=10.82 y=0.9 y=1.0 y=1.11 y=1.22
Ly (uH) 10.82 11.83 13.27 14.81 16.03
L, (uH) 16.03 14.81 13.18 11.83 10.82
Cp1 (nF) 323.12 294.55 26531 238.72 217.71
Cy2 (nF) 217.71 238.72 265.06 294.55 323.12
Cri (nF) 120.41 124.86 131.42 139.61 147.92
Cp (nF) 147.92 139.61 130.78 124.86 120.41

parameters such as Upc, fy, and I, are consistent with those
listed in Table I. The LCT is designed and manufactured accord-
ing to the parameters listed in Table IV, which fulfill the SAE
J2954 recommended practice. The practical LCT parameters
were measured, as listed in Table V.

Four SiC MOSFETs C3M0030090K and four Schottky diodes
IDW20G120C5B are selected as the FBI and BR, respectively.
A DSP TMS320F28335 was used to control the WPT system.
In the feasible ~y region (0.8—1.26), except for the conventional
symmetric setting aty = 1.0, two sets of v values with reciprocal
relationships were selected for reducing the workload of the
resonant network reconstructions. Their practical parameters
are listed in Table VI, and the deviation between the designed
and practical parameters was found to be less than 1%. The
ferrite core PC95PQ60/42-Z was used to build L; and Lo.
To obtain more accurate compensation inductances, their val-
ues were adjusted by modifying the number of turns and air
gap under different v values. The practical parameters of the
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TABLE VII
PRACTICAL PARAMETERS OF COMPENSATION INDUCTORS
Values

Inductances (WH)

10.82  11.83 13.27 14.81 16.03
Number of turns 7.5! 9.0 11.5! 15.5! 17.0
DC ESR (mQ) 8.1 9.4 11.8 15.3 16.5
Air gap (mm) 34 34 3.5 34 3.6

10.5 indicates a half-turn number.
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Fig. 16.  Waveforms of UaB, Iin, Ip, and I under different -y values at
6.6-kW P,. (a) v =0.82. (b) v = 1.0. (c) v = 1.22.

compensation inductors are listed in Table VII. In addition,
The PCB-type compensation capacitor tanks consist of the
series—parallel connections of the SMD chip ceramic capacitor
C1812C222JDGACT7800.

Using the abovementioned experimental setup, and consid-
ering that all system parameters except v are held constant,
the comparative experiments were conducted under the dif-
ferent « values listed in Table VI. Fig. 16 shows the wave-
forms of Uag, Iin, Ip, and I, when P, is 6.6 kW, Uag is
a constant, and zero-voltage switching (ZVS) is implemented
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Fig. 18. Power loss distribution of the DS-LCC WPT system under different
7 and P, values. (a) v = 0.82. (b) v = 1.0. (¢) v = 1.22.

in all cases. As vy increases, I, decreases while I, increases.
The reason for the slight drop in I;,, is the variation in system
efficiencies and the HHS performances under different -y values.
As v varies, the overall system efficiency npc is measured
via a power meter under different P, values, as shown in
Fig. 17. Under light load conditions, a larger v provides a
higher npc, especially at P, = 1.1 kW; the maximum 7pc
is 79.83% at v = 1.22; and the minimum npc is 72.29% at
~v = 0.82. However, this trend of npc gradually decreases as
P, increases, and the npc values are almost identical at P, =
6.6 kW: at this value, the maximum npc is 92.39% at v = 1.11,
and the minimum 7pc is 91.64% at v = 0.82. By comparing
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v=1.11and v = 1.22, even at 1.1-kW P, there is only a slight
increase in npc, indicating that the uptrend of npc is almost
saturated as ~ increases. Meanwhile, at 6.6-kW P, the npc at
v = 1.22 is slightly lower than that at v = 1.11, indicating that
npc begins to drop as y increases beyond v = 1.11. As aresult,
v = 1.22 is considered as the optimum ratio of L, and Ly, which
is similar to the estimated optimum ratio above.

Furthermore, the system power losses were measured and
calculated under different v values, at P, = 1.1 kW and 6.6 kW,
respectively, as shown in Fig. 18. At 1.1-kW P, the primary
copper loss and core loss decrease sharply as 7y increases, while
the difference between the secondary copper loss and core loss
at different y values can be neglected because these only account
for a fraction of the Pr,cr. Meanwhile, at 6.6-kW P, there is a
decrease in the primary copper loss and core loss as v increases,
while the secondary copper loss and core loss increase sharply.
As a result, although the  values are different, there is almost
no difference in the Pr,cT at a high P,. Furthermore, the losses
of the other parts are also similar under a same P,. Because the
CC output character of the DS-LCC topology, the rectifier losses
under different  are nearly identical regardless P,. Thus, the
experimental power loss distribution is almost consistent with
the previous loss analysis.

V. CONCLUSION

In this article, a novel asymmetric parameter-tuning method
is proposed for the DS-LCC WPT system to optimize efficiency
over the entire output power range. Under the premise that the
essential system-level parameters are established, the DS-LCC
resonant network was reconstructed by changing the ratio of the
compensation inductances. Thus, the primary and secondary coil
currents can be adjusted to generate different system character-
istics. Comprehensive comparisons and analyses under different
combinations were conducted and an optimum inductance ratio
was established with high efficiency as the primary objective. In
addition, by accounting for the systematic differences, a general
optimization efficiency-based tuning procedure for the DS-LCC
system was presented. An experimental prototype with a 6.6-kW
rated output power was configured to validate the reasonability
of the proposed parameter-tuning method. Five different sets
of compensation parameters were established to compare the
efficiency. The results showed that, compared with the con-
ventional symmetric tuning method, the proposed asymmetric
tuning method effectively improves the system efficiency in the
overall output power range.
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