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Abstract—Conventional high-power wireless power transfer
(WPT) systems that are required to deliver power over a wide
operating range suffer from issues like hard switching, poor cur-
rent sharing, and unwanted cross-coupling issues. This article
proposes a new resonant inductor integrated-transformer-based
multi-inverter to improve the WPT power rating without compro-
mising performance. Viable modulation schemes of the proposed
system are analyzed, and a hybrid modulation scheme is proposed
for wide-range power regulation. To further investigate the feasi-
bility of the proposed system, the power transfer capacity, current
sharing among multiple inverters, and the soft switching regions
are studied. A 14-kW LCC-LCC WPT experimental system with
three parallel inverters is built, which achieves 93.5% efficiency,
demonstrating the high performance of the proposed system. This
article is accompanied by a video demonstrating these experiments.

Index Terms—Hybrid modulation, multi-inverter (MI), wireless
power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) for electric vehicles

(EVs) delivers power from the grid to the battery through
magnetically coupled coils. This technique is very convenient
for EV charging and is well suited for the fast-growing driverless
technique.

With the development of battery and power electronics tech-
nologies, modern EVs are shifting to higher power ratings to
improve their performance and range. The battery capacities of
BYD Song Plus DMi and Tesla Model S are 18 and 40—-80 kWh,
respectively. Manufactures like Hongqi for their E-HS9 model
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TABLE I
‘WIRELESS CHARGING HOURS OF DIFFERENT BATTERIES

Battery capacity WPTI1 WPT2 WPT3 WPT4
3.7kVA 7.7kVA 11.1kVA 22kVA
18 kWh 55h 2.6h 1.8h 09h
60 kWh 18.2h 8.6h 6h 3h
100 kWh 30.3h 143 h 10 h 5h
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Fig. 1. Topology candidates for the high-power WPT systems. (a) Multi-

MOSFET topology [4], [5]. (b) Multi-cell topology in [7]-[9]. (c) Multi-GA
topology in [12] and [13]. (d) Multi-inverter topology in [14] and [15].

and Porsche for the Taycan model have already reached 100
kWh [1]. Table I lists the charging hours of different battery
packs, where the power rating of the WPT system increases
from 3.7 to 22 kVA [2]. A higher power rating can obtain a
desirable shorter charging time. In the widely used WPT designs
like LCC-LCC, the system output power is proportional to
the coupling coefficient of the coils [3]. However, the ground
assembly (GA) and the vehicle assembly (VA) are physically
separated, resulting in varying coupling coefficients ranging
from 0.088 to 0.245 [2]. In addition, as a public facility, the
GA is fixed and needs to be compatible with various EVs with
different power ratings. Thus, the GA should have a high power
transfer capability and a wide regulation range.

To increase the power transfer capability of the system, var-
ious topologies have been investigated, as shown in Fig. 1.
Fig. 1(a) shows the first candidate for the high-power inverter by
paralleling MOSFETS, or by using a semiconductor module [4].
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Since the power module is expensive and has the disadvantage of
high gate inductances, which, in turn, leads to poor commutation
[5], using parallel discrete MOSFETs is preferred. However, the
parameter variation of different devices can bring about the
current sharing issue [6], in which the MOSFET turned OFF at
last will have to withstand all the switch-OFF currents. This, in
turn, may cause damage to the device. In addition, it is difficult
for the multi-MOSFET topology to achieve soft switching and a
wide power regulation range simultaneously.

The multicell topology shown in Fig. 1(b) is used to reduce the
current stress of semiconductors [7]-[9]. In [7], a 50-kW input-
parallel output-parallel WPT system with three cells is presented
with the dc—dc efficiency of 95.2%. Similar topologies can also
be applied to input-parallel output-series, input-series output-
parallel, and input-series output-series systems. This solution
relies on a large VA due to the usage of multiple coupling coils,
which is suitable for large vehicles like buses, trucks, or high-
speed trains [10]. However, it is not feasible to utilize several
receiving coils in the EVs for home use due to the limited space
and cost.

To reduce the VA size, the multi-GA topology is shown
in Fig. 1(c). In [11], a 50-kW three-phase WPT system with
three transmitting coils was investigated. In [12], an input-series
output-equivalent-parallel multi-GA topology was proposed for
the series—series high-power WPT system, where a maximum
dc—dc efficiency of 89.31% at 38.4 kW has been achieved.
In [13], an input-parallel output-equivalent-parallel multi-GA
topology was presented with a dc—dc efficiency of 92.6% at
12.5 kW. The voltage sharing in [12] and the current sharing
in [13] are challenging. In addition, the multiple transmitters
overlap with each other, which means there exists a strong
cross-coupling effect among different transmitting coils.

A multi-inverter (MI) topology is shown in Fig. 1(d) which
avoids the cross-coupling issue. In [14], this MI topology was
applied to the dynamic charging scenario. In [15], MI topology
was employed for the LCC-series circuit to reduce the power
losses. The dc—dc efficiency was higher than 90% when the
power ranges from 1.5 to 3 kW. However, additional LC circuits
are needed, and the circulating currents among different inverters
may increase. An MI topology with fewer components is desired
to achieve higher efficiency and power density.

To achieve soft switching and adapt to power variations,
additional circuits [16]-[19] and various modulation schemes
[20]-[22] have been applied to the WPT system. In [16], primary
and secondary de—dc converters were used to regulate the input
and output voltages. In [17], an auxiliary variable inductor was
introduced to extend the zero-voltage switching (ZVS) region
of the WPT system. In [23], a tuning capacitor control is applied
to a 10-W series—series WPT system to obtain ZVS operation
during constant voltage/constant current charging. In [18], soft
switching was realized by dual-side 90° phase shift for the
WPT system. In [19], a triple-phase-shift control strategy was
proposed to achieve a wide ZVS operation range. However,
additional components in [16] and [17] or active rectifiers in [18]
and [19] increase the cost and reduce the power density of the
system. To obtain a compact and cost-effective solution, several
modulation schemes have been applied to the inverter, including
phase shift control (PSC) [21], frequency shift control (FSC)
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[22], duty cycle control (DCC) [24], on-off keying (OOK) [25],
etc. To ensure a stable magnetic field and reduce interferences,
the operating frequency of the EV WPT system is usually fixed
at 85.5 kHz [16], which means modulation methods such as
FSC and OOK are not suitable in practice. Therefore, it is
quite challenging to extend the power regulation range by only
modulating the primary inverter at a fixed frequency.

To obtain a high-power, cost-effective, and compact WPT
system, a resonant inductor integrated-transformer-based MI
(RIIT-MI) WPT system is proposed in this article. It can over-
come the abovementioned current sharing, cross-coupling, and
soft switching issues. The main contributions of this article are
following.

1) A modular RIIT-MI topology is proposed for the high-
power WPT system which can eliminate the resonant
inductor and achieve autonomous current sharing among
multiple inverters.

2) A hybrid modulation scheme is proposed to obtain a wide
dc—ac voltage gain.

3) The criterion for the wide ZVS operation range is achieved
despite power variations.

The rest of this article is organized as follows. Section II
presents the proposed RIIT-MI WPT system and analyzes the
modulation schemes, including full-bridge mode with PSC (FB-
PSC), half-bridge mode with DCC (HB-DCC), and by-pass
control (BPC). The autonomous current sharing characteristic
is also studied in this section. Section III investigates the power
transfer capacity and proposes a new hybrid modulation scheme
for the wide ZVS operation range. Section IV presents the
experimental verification and Section V draws the conclusion.

II. PROPOSED RIIT-MI WPT SYSTEM

Due to the robustness to load variation and high degrees
of freedom in parameter design [3], the LCC-LCC topology
has been adopted by many EV WPT manufacturers such as
WiTricity, VIE, etc. Thus, the proposed RIIT-MI topology is first
applied to the LCC-LCC WPT system. This section discusses
the advantages and the modulation schemes of the proposed
system.

A. Proposed Topology

The schematic of the proposed RIIT-MI WPT system is shown
in Fig. 2. V},,s is the input dc-link voltage. Vy,,¢ and Iy, are
the battery voltage and current, respectively. n is the number of
the inverters which is determined by the power rating. S1,—S4;
are the MOSFETs of #i inverter. v,; and ij,, are the inverting
voltage and current of #1 inverter. v,; and v; are the primary
and secondary voltages of #i RIIT and i,; is the inverting current
where i = 2, ..., n. vec and i are the rectified voltage and
current, respectively. The primary and secondary turns of #i RIIT
are np,; and ng;, and the turns ratio n; is defined as

Ny = Npi/Ns;- (D
Crga, Cga, Cya, and Cy, are resonant compensation capac-

itors. Lg, is the filtering inductance of the VA. Di—D, are
the rectification diodes. Since the forward voltage of the SiC
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FB-PSC scheme. (a) Circuit diagram. (b) Typical waveforms. (c) Sum

diode has a positive temperature coefficient, more diodes can
be connected in parallel to increase the power rating of the
VA. Ly, and L, are the inductances of the coupling coils.
The relationship between the coupling coefficient k and mutual
inductance M can be defined as

LgaLya. @)

It is clearly seen from Fig. 2 that the proposed RIIT-MI
topology has several advantages. First, the power rating can be
easily improved by increasing the number of modular inverters
due to the dc-link parallel ac-link series (DPAS) characteristic.
Second, the conventional resonant inductor of the LCC circuit
is replaced by the leakage inductance of the RIITs, which helps
to increase the power density. Third, the resonant capacitors
Crga and Cg, block the dc bias voltage. Note that #1 inverter is
directly connected to the resonant tank. This eliminates one RIIT
and means that asymmetric modulation such as the HB-DCC
scheme can be applied to the system.

B. Modulation Analysis

The EV WPT system needs to provide a wide-range power
supply for various EVs with different power ratings. Although
applying multiple modulation methods to the proposed RIIT-
MI topology increases the control complexity, it can extend the
power regulation range and optimize the switching conditions
of the inverters. Thus, various feasible continuous pulsewidth
modulation schemes are studied here.
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Operating modes of the FB-PSC scheme.

1) FB-PSC Scheme: Fig. 3 shows the schematic and typical
waveforms of the FB-PSC scheme. «; is the phase angle of
the inverting voltage. To obtain the ZVS operation, S;; should
turn ON when ij,, is negative as shown in Fig. 3(b). It means
that «; should be relatively large such as 90°. When applying
multiple inverters, the power capacity increases with the sum of
the inverting voltages as shown in Fig. 3(c).

Fig. 4 shows the 10 operating modes of the FB-PSC scheme
whose typical waveform is presented in Fig. 3(b) where g
is the dead time. The current flows through the diode be-
fore the MOSFET turns ON. It can be inferred that all MOS-
FETs can achieve ZVS switching on, which benefits efficiency
improvement.

The fundamental harmonic approximation (FHA) is widely
used in the WPT system due to its strong filtering effect. The
power transfer mainly depends on the fundamental voltages.
The rms values of the fundamental harmonic of each inverting
voltage can be expressed as [21]

Vii = 2V2Vhys sin a; /7. 3)

Since ZVS is obtained, the power loss of #i inverter at FB-PSC
scheme Ppg._; is:

{ 212, Ryson + 4 fEoir,i = 1
Ppsc j =

QIi%VRdSOH/n'LZ + 4onff,i Z 2 (4)

where E.g is the turn-off energy that is strongly related to the
switching-OFF current. The use of SiC MOSFETs instead of Si
MOSFETs will reduce E,g significantly.

2) HB-DCC Scheme: When «; decreases to a certain level,
hard switching occurs. The HB-DCC scheme has a smaller
voltage gain than the FB-PSC scheme. In addition, it is easier to
achieve soft switching. Thus, the HB-DCC scheme is introduced
to #1 inverter when a small voltage gain is required, whose
typical waveform is shown in Fig. 5. The upper-side MOSFET
S51 remains OFF, whereas the lower-side MOSFET S4; remains
ON. vy leads ij,,, as shown in Fig. 5(b) and the ZVS operation
is realized. A small voltage can be added to the total inverting
voltage as shown in Fig. 5(c).

Fig. 6 shows the six operating modes of the HB-DCC scheme.
Although S1; and S3; are still complementary to each other, the
duty cycle of the gate signals is changed to regulate v,; where the
maximum duty cycle is 50%. By applying the Fourier analysis to
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Fig. 7.  BPC scheme. (a) Circuit diagram. (b) Typical waveforms. (c) Sum of
the inverting voltages.

vp1 in Fig. 5(b), one can obtain the rms value of the fundamental
voltage as [26]

Vo1 = V2Vhy sin(Dy ) /7. (5)

Only #1 inverter can operate at the HB-DCC scheme and the
corresponding power loss Pyp_; is defined as

PHB 1 — 2Imvl%dson + 2fE0ff- (6)

To balance the temperature rise of each MOSFET, the leading
and lagging legs can work alternately.

3) BPC Scheme: Fig. 7 shows the schematic and typical
waveforms of the BPC scheme. S1; and S5 ; remain OFF, whereas
S3; and S4; remain ON. It should be mentioned that S5; and Sy;
can be conducted alternately to share the power losses between
these MOSFETSs. The dc—ac voltage gain decreases to zero. It can
be regarded as a special case of the FB-PSC where «; is 0°. The
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voltage across the transformer vy,; is nearly zero, which means
the magnetic core loss of #i RIIT is reduced to zero. However,
linv still flows through these transformers, and the power loss of
#i inverter operating at the BPC scheme can be derived as

2I Rdsonai =1
P i = 7
BPC_ { 2 Ragon/n2,i > 2 ° @)

C. Proposed Hybrid Modulation Scheme

A wide power regulation range is essential for the high-power
WPT system. Although adding additional dc—dc converters can
provide better flexibility, it increases the power losses and de-
grades the overall efficiency. Without additional dc—dc convert-
ers, Vius 1s assumed to be unchanged due to the limited voltage
regulation range of the front-end converter. The power regulation
highly depends on the proposed RIIT-MI topology. Although all
the inverters can use the same gate signals, hard switching occurs
atlight loading with a small ;. A continuous hybrid modulation
scheme is proposed here to provide a wide dc—ac voltage gain.

To avoid the dc bias voltage across the RIIT, only symmetrical
FB-PSC and BPC schemes are applied to #2 ~ #n inverters.
However, #1 inverter can also operate at the HB-DCC scheme.
According to (3) and (5), a generalized equivalent phase angle
(v1¢q for three schemes is defined as

a1, FB —PSC/BPC
Aleq = {Dlw, HB-DCC ®)
Thus, one can obtain the generalized expression of Vp,;
Vo1 = 2v/2Vius [0.25sgn(x) + 0.75] sin crgeq /™ 9)
where the operating mode x is defined as

{1, FB — PSC
xr =

~1, HB—DCC - (10)

To obtain the maximum power transfer capacity, the inverting
voltages are in phase with each other. By combining (3) and (9),
one can obtain the generalized total inverting volage Vi, as

Viny = 2V2 <[0.258gn(x) 4 0.75] 8in @1 eq

+Zsinai/m> Vous/ T (11)
i=2

To quantify the voltage conversion capability, a dc—ac voltage
gain Ggc_qc 18 introduced as follows:

Gdc—ac = ‘/inv/‘/bus

=2V2 ([O.25sgn(x) +0.75] sin ayeq + Z sin ai/ni> /7.
i=2
12)
The HB-DCC scheme is used to avoid the usage of a small
«;. When #1 inverter changes from the HB-DCC scheme with

50% duty cycle to the BPC scheme, #i inverter changes from
the BPC scheme to the FB-PSC scheme. Since the value of the
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TABLE II
OPERATING MODES OF ALL INVERTERS FOR DIFFERENT Gp¢ ¢
#1 #2 #n-1 #n .
Mod inverte  inverte inverte  inverte Volta%e g=a12r; Gea
r r T r M
HB- NA)
1 beC BPC BPC BPC [0, 7]
HB- = 222
2 beC 00° BPC BPC (T’T]
( V2(n-2)
HB- ap = Oy = T ’
Y BPC B
Y ]
HB- = Oy = a, = (\/E(n—l) \2n
" pcco90° U 90°  90° x o a
4 FB- o = U1 = o, = (\/En \/E(n+l) ]
" PSC 90° 90° 90° P P

voltage gain should be continuously adjustable, one can obtain
the minimum phase angle «; i, as (13) according to (3) and

(&)
13)

Qi min = arcsin(0.5n;).

A smaller n; corresponds to a greater power transfer capability
of #i inverter. One can allocate the power of each inverter by
using different turns ratios. To simplify the analysis, the turns
ratios are set to be identical
(14)

Ng =+ = Ny,

It is worth mentioning that there are two special cases of n;.
One is that n; equals 1, indicating that all the currents flowing
through the MOSFETs are identical. However, when av; iy, 15 30°
according to (13), soft switching is difficult to achieve by the FB-
PSC scheme. The other case of interest is when n; equals 2 where
@ min 18 90°. Although ZVS operation can be easily achieved,
the current flowing through #1 inverter is twice that of the others.
This requires using a MOSFET with a lower on-resistance (or two
parallel MOSFETs) for #1 inverter.

Table IT shows all possible operating modes of the system to
achieve a continuous voltage gain G4 .. Since #1 inverter can
work at the FB-PSC scheme or the BPC scheme, the number of
total operating modes is n+1. The voltage gain intervals of viy,
canbe divided into [0, 0.45), [0.45,0.90), ..., [0.451,0.45(n+1)]
when n; = 2. Although the proposed hybrid modulation scheme
integrates multiple control strategies and variables which makes
the system more complicated, it helps to obtain a wide range of
voltage gain with ZVS operation.

To make it more intuitive, Fig. 8 shows the operating modes
of each inverter at different voltage gains when using the pro-
posed hybrid modulation scheme. Once Ggc... is determined
according to the desired output power, the primary controller
will set all the inverters at the corresponding mode. An example
including all gate signals and typical inverting voltages is given,
which corresponds to Mode 2 in Table II. #1, #2, and #3 ~ #n
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A H inve:
— Duty cycle D,/phase angle a; #1 inverter
HB-DCC
FB-PSC{ Voltage gain Gy
0 V2/n 242/n V2n/m \E(n+l)/1{
APhase shift angle a, #2 inverter
90°
BPC FB-PSC .
Voltage gain Gc.oc
0 2/n | 2V2/x V2niw 2(n+1)/n
APhase shift angle a, #n inverter
90°
BPC FB-PSC X
Voltage gain Gyc.oc
0 V2/n 2V2/n V2n/n \E(n-&-l)/n
Gate signals of all inverters under this mode

#1 inverter with HB-DCC  #2 inverter with FB-PSC  #3~#n inverter with BPC
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Fig. 8. Operating mode of each inverter at different voltage gain Gqc-ac When
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Fig. 9. Equivalent circuit of the proposed RIIT-MI LCC-LCC WPT system.

inverters operate at the HB-DCC scheme, the FB-PSC scheme
with 90°, and the BPC scheme, respectively.

III. PERFORMANCE ANALYSIS

This section provides a detailed analysis of the proposed
system including power transfer capacity, autonomous current
sharing, and the ZVS operation range.

A. Power Transfer Capacity

The equivalent circuit of the proposed RIIT-MI LCC-LCC
WPT system is shown in Fig. 9. According to (1), one can obtain
the relationship between the primary and secondary voltages as

Vinvi = sz/nz (15)
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The secondary windings of all RIITs are connected in series,
and the conventional resonant inductor of the LCC topology is
replaced by the total leakage inductance of the RIITs (L;). Thus,
Vinv and L, can be calculated as

Vinv:Vinvl +Vinv2+ cee +Vinvn

n n
= Vinvi=Vpi+ > Vpi/ni (16)
1=1 =2
Li=Loa+ +Ln=Y L (17)
=2

The leakage inductance of the RIIT is used to replace the
separate resonant inductors and compensate the LCC tank. The
magnetizing current does not significantly reduce overall effi-
ciency.

According to (3) and the energy conservation law, one can
obtain the input current for #i inverter, I;,; (( =2, 3, ..., n)

Tini = 2V 2Ly sin a; / (mny). (18)

The transferred power of each inverter can be expressed as
Pini = Lini Vous = 2\/§Iinv%us sin ai/(ﬂni)~ (19)
The power ratio of #i and #j inverters can be obtained as

Phi/Pnj = njsina;/(n;sina;), o # 0. (20)

Therefore, the power distribution among inverters can be
easily controlled by regulating the phase angles.

To reduce the circulating current, the LCC-LCC WPT system
operates at the resonant state and the basic equations are shown
in the appendix. According to (45) and (46) in the appendix, the
apparent power transferred through the coupling coils can be

calculated as
Scoil = jWMIgaIva = MVianrec/(jWLrLf_va)~ (21)

Since the phase angle between Vi, and Ve is 90° at the
resonance point, one can obtain the output power P, as follows:

Po ~ M‘/Envv;ec/(WLrLf_va)- (22)

It is seen that L, has a significant influence on the output
power. The number of the RIITs can be varied according to the
specifications, but the total leakage inductance is fixed.

According to the Fourier transform theory and FHA [21], Vyec
can be obtained as

Viee = 2\/5‘/bat/77~

The output power of the proposed system can be derived as
(24) by combining (11)-(22)

P, =

(23)

8 ([0.25sgn(x) + 0.75] sin (rgeq + ., sin ai/m) M Vius Vot
i=2

2wl L

(24)

The maximum power transferred by #i inverter is defined as
P, max where a;; = 90°. Since #1 inverter is directly connected
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Fig. 10.  Power transfer capacity of #i inverter P; nax Withrespect to coupling

coefficient k and turns ratio n; where Vi, = 400 V, Vi, = 800 V, L, = 20
pH, Lg va = 35.5 pH, Lga = 39 pH, Ly, = 96 pH. (a) 3D view. (b) 2D view.

to the resonant tank, n; can be regarded as 1. P;_pax is different
from P; max When n; # 1. According to (24), when ajeq = 90°
and x = 1, P;_,,ax can be approximately derived as

Plfmax = 8M‘/Lus‘/bat/(772WLrLf7va)- (25)

By combining (2), (20), and (25), the relationship between
Pl_max and Pi_max is given as

P nax = Pl_max/ni = Sk%us%al\/ LgaLva/(ﬂ'QniWLrLf_va)
(26)
Fig. 10 shows the calculated P; n,.x With respect to k and n;.
It is seen that P; ,,x increases with the increase of k, whereas
decreases with the increase of n;.
By combining (24) and (25), the power gain G, is defined as
follows:

Gp - Po/Plfmax

= [0.25sgn(x) + 0.75] sin vyeq + D, sine; /n;
i=2

= WGdcfac/(2\/§)~

The essential requirement for the wide output power regu-
lation range is to achieve a wide dc—ac voltage gain Gyc_ac-
The power rating of the proposed RIIT-MI WPT system can be
easily improved by increasing the number of parallel inverters n.
Furthermore, the operating mode x, phase angle «;, duty cycle
D¢, and turns ratio n; can also be used to obtain the desired
power and voltage gain. For example, if the maximum output
poweris 14 kW atk =0.17 and n = 3, P1_pax s 7.0 kW and Gy,
is around 2. Thus, ny and n3 can be 2 where Py jax = P3_max
= 0.5P1_max = 3.5 kW, corresponding to the star point labelled
in Fig. 10(b).

27)

B. Autonomous Current Sharing

Without proper current sharing, the current stress may be
imposed on particular inverters which could result in increased
losses and device damage under high power applications. How-
ever, the proposed RIIT-MI topology can achieve current sharing
autonomously.

Without loss of generality, we take the current sharing analysis
between two neighboring inverters as an example. Fig. 11(a)
shows the equivalent circuit of two RIITS. iy, ips, and i,
are the magnetizing current, primary current, and secondary
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Fig. 11. Current sharing between two neighboring RIITs. (a) Equivalent
circuit. (b) Typical waveform of iy, ;.

current, respectively. R;,; and Ry; are the respective primary and
secondary parasitic resistances of #i RIIT. Ly;, Ls;, Lyj, L,
and k; are the primary and secondary self-inductance, leakage
inductance, magnetizing inductance, and coupling coefficient of
#i RIIT, respectively. Their relationships can be expressed as

Lsi = Lri + Lmi (28)
Ly = (1 — k2)Lg;. (29)

According to Kirchhoff’s current law, one can obtain
ipi = (Tiny + tmi) /1. (30)

The turns ratios of #2 ~ #n RIITs are set to be identical as
mentioned in (14). Therefore, the current difference between
two RIITs is determined by i,,,;, which can be expressed as

Vinvi = vpi/ni - Lmidzmi/dt (31)

Fig. 11(b) shows the waveform of i,,,;. The current difference
becomes largest when one inverter operates at the FB-PSC
scheme with 90° phase shift angle and another inverter operates
at the BPC scheme. According to (31), one can obtain the
maximum peak-to-peak value of the magnetizing current as

AImi_max - %us/(2fn7.Lm1) (32)

It can be inferred from (32) that the current sharing perfor-
mance is determined by the applied voltage V},,¢, the operating
frequency f, the turns ratio n;, and the magnetizing inductance of
the transformer L, ;. In practice, the electrical parameters espe-
cially L,,,; may be different due to the manufacturing accuracy.
Fig. 12 shows the magnetizing current difference between two
RIITs. Even if the magnetizing inductance differs by a factor of
three, |Aly; max-Almj max| is still less than 1.5 A. Typically,
Aly i max is 1.2 A when L,,; = 1 mH. Thus, the magnetizing
current difference can be neglected at heavy loading. The in-
verting current of #1 inverter is i;,, and the inverting currents of
#2 ~ #n inverters are approximately equal to i;/n;, i.e., 0.5y
when n; = 2. Since current sharing among different RIITs at
various operation conditions can be achieved autonomously, the
control complexity of the multiple inverters is greatly reduced.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

n

o
n

=]

1500

Maximum magnetizing current
difference |Aly; max-Alj max| (A)

o
ety

500 500 Luwj

Fig. 12.  Magnetizing current difference |Alyy i_max-Almj_max| With respect
t0 Ly and Ly, j where f= 85.5 kHz, n; = 2, and Vpus = 400 V.

C. Soft Switching Realization

The turn-off energy of a SiC MOSFET is much smaller than
its turn-on energy. In addition, the parasitic output capacitance
of semiconductors holds the voltage around zero during the
transition which further reduces the turn-off switching loss.
Thus, the focus of this article has been placed on the ZVS on.

Although FHA is accurate for main power transfer, high-order
harmonics of i,; should be considered when analyzing the
switching conditions of the inverters.

Since the LCCresonant tank has a strong filtering effect for the
high-order harmonics, the interaction of high-order harmonics
between the GA and the VA can be neglected [27]. Then,
according to the Fourier analysis, one can obtain the (2m+-1)th
order current Liny_(2/41)th @S

(2m+1)vinv7(2m+1)th

J((2m+1)2 — NwL,

_ Vinv
j((2m+1)2 — VwL,”

Iinv7(2m+ 1)th ~

(33)

Linv_(2m+1)th lags Viny by 90° which increases the turn-off
current and benefits the ZVS operation. Thus, the value of i,
at the rising edge of viyy, i.e., the turn-off current of #1 inverter
Iorr 1, can be obtained as

- Z \/§Iinv_(2m,+1)th

m=1

- Vinv _ \/ivinv
B \/57; [(2m+1)2 —1wL,  4wL, 34)

Iorr.1 =

Q

Fig. 13 shows the waveforms of the inverting voltage and
harmonic currents of #i inverter. The magnetizing current also
increases the turn-off current, which reaches its negative peak
value when «; is 90°. Thus, one can obtain the turn-off current
Iorr _; as (35) according to (30)

I  Jorr1 Almi_max
OFF i = — -
Tn; 2ni
— \/EMHV ‘/’;us . (35)
dn;wly  4fn; Ly,
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Fig. 14.  ZVS region with respect to the dead time 74 where Vi,us = 400 V,
Vous = 800V, Ly = 20 puH, L¢ va = 35.5 pH, Lga = 39 pH, Lya = 96 pH,
k= 0.17, f = 85.5 kHz, Cossq = 180 pF (C3M0021120K), Ly,; = 1 mH,
n; = 2.

The equivalent output capacitance of the switch, Cossq,
should be fully charged or discharged by the turn-OFF current
during the dead time 7q. According to [28], the ZVS operation
can be achieved when (36) is satisfied

V2V > 2C0ssQ Vbus

ZVS for #1 inverter

dwl, — ta ?
. 2C0s50 Vius . .
4%3‘?2 1 f;/;"zt -2 °StSdQ s - ZVS for #2 ~ #n inverter
. 2Lm

(36)
By combining (36) with (12), one can finally derive the ZVS
region as

Ge-ac > 222Cos0 | 7S for 41 inverter

Gdc—ac Z % (37)
wly - .
= Ton i ZVS for #2 ~ #n inverter

The operating modes of the FB-PSC and HB-DCC schemes
under ZVS operation have been presented in Figs. 6 and 8§,
respectively. It can be inferred from (37) that a bigger 74, a
smaller L., and a smaller Cogsq contribute to a smaller Gy¢_ac,
which facilitates the ZVS operation of the inverters. To make it
more intuitive, Fig. 14 shows the ZVS region with respect to the
dead time t4. Cogsq can be fully charged or discharged when
Gc_ac 1s in the ZVS region. Taking 7q = 300 ns as an example,
#2 ~ #n inverters operate at the FB-PSC scheme with 90°, i.e.,

achieved. The ZVS requirement for the HB-DCC scheme is that
Gic_ac should be greater than 0.0365, i.e., D; > 2.6% or P, >
0.014 p.u. (per unit power is 14 kW). Thus, the proposed hybrid
scheme helps to achieve a wide ZVS operation range for all the
inverters.

D. Design Procedure and Considerations

This section presents the design procedure and serval consid-
erations based on a 14-kW RIIT-MI WPT system.

Fig. 15 shows the design procedure for the proposed system,
which can be roughly divided into six steps.

Step 1) The operating frequency is set at 85.5 kHz according to
SAE J2954. The desired output power is given according to
the application scenario. The power rating of each inverter is
determined and then one can calculate the required inverter
number.

Step 2) The maximum transmitting and receiving currents are
determined according to the heat dissipation capability of the
system. For example, the maximum values of /s, and /,, in
this article are 65 and 45 Arms, respectively.

Step 3) The transmitting and receiving coils are designed ac-
cording to the given size and required power.

Step 4) The input and output dc-link voltages should be given.
For example, the maximum values of Vi, and Vi, of the
proposed prototype are 500 and 915 'V, respectively.

Step 5) The resonant parameters are calculated in this step. One
can obtain the calculated L 4, and L¢ y, as 20.6 and 35.5
p#H according to (45) and (46). C; g, and C; y, resonate with
Lt 5o and Ly y,, respectively. Cg, resonates with Cy 4, and
Lg,, and Cy, resonates with Ct y, and L., whose values can
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be calculated based on (43). The leakage inductance of each
RIIT L,; is L,/(n-1) according to (17).

Step 6) The design of RIIT is implemented. There are several
magnetic integration methods for the resonant inductor. One
can apply an air gap to the transformer which is widely used
in the LLC converter. The required leakage inductance can
be obtained by adjusting the length of the air gap. Another
method can be to use an additional magnetic core with air gap
for the resonant inductor. The third is to adjust the position
of windings. The required total leakage inductance is usually
tens of microhenry in the LCC-LCC EV WPT system, which
is feasible for integrating the leakage inductance into the
transformer. The turns ratios of RIITs are 2 as analyzed in
Section II-C and EE70B ferrite core is used. 14:7 is chosen
as the turns of windings to obtain the desired L,; and ensure
that the magnetic flux density of the ferrite core is less than
0.2 T. Thus, a leakage inductance of 10.3 pH for one RIIT
in this article can be easily obtained by the third magnetic
integration method.

As analyzed in Section II, the proposed system has the ad-
vantage of modular design. The sizes of one inverter and one
RIIT in this article are 0.9 and 0.25 L, respectively. Thus, the
system size is approximately increased by 1.15 L for one more
module rated at 3.5 kW. In addition, the expression for a higher
power rating has been derived in (24). Since Vs and Vi, are
determined by the application scenario, one can improve the
system power rating by increasing the number of the inverters
and rectifiers when I, and I, are within the designed range.
Iy max and Iy, max represent the maximum values of Iy, and
Iy5. By combining (11) and (45), one can calculate /g, max as

Ty max = 2V2 (1 +) 1/ni> Vius/ (ma > er-) . (38)
=2 =2

In practice, the maximum power transfer capacity P ax 1S
determined by M, Iys max, and Iy,_max according to (21)

Prax = WMIgafmaxlvafmax- (39

To obtain a higher power rating, one should increase M,
Isa max> and Iy, max Which can be realized by increasing the
turns of the coils and improving the heat dissipation capability.

The current stress of each converter can be decreased by
increasing the number of inverters and rectifier diodes. To ensure
Isa_max Within the design range and avoid the thermal problem,
the total leakage inductance L, should increase with n. Accord-
ing to (38), the leakage inductance of each RIIT L, ; with respect
t0 Iga_max 1s derived as follows where the same RIITs are used
for all inverters with turns ratios of 2

_ 2V2Vh ( 1

Ly (40)

+0.5>,n22.
n—1

mwl, ga_max

It can be inferred that L, ; slightly decreases with the increase

of n. Since the magnetizing inductance of the RIIT is much larger

than L, ;, the change of the coupling coefficient is very small and
ignorable.

It should be noted that there are several tradeoffs when de-

signing the system. The introduction of a water-cooling system
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Fig. 17.  Schematic of the lab prototype.

can enable the integration of a high-power coil in a small VA.
However, it increases the cost compared to an air-cooled system.
The resonant inductors are integrated with the proposed RIIT,
whose total size, weight, cost, and power losses can be smaller
than that of separate transformers and inductors. This increases
the accuracy required by the RIIT and poses more challenges for
the transformer design. A higher L, ; corresponds to a smaller
magnetic core loss and a smaller current difference between
different RIITs as analyzed in Section III-B. However, it requires
more turns of windings which increase the size and copper loss
of the RIIT.

IV. EXPERIMENTAL VERIFICATION

A 14-kW LCC-LCC WPT prototype was built to verify the
proposed RIIT-MI topology. Fig. 16 shows the experimental
setup and Fig. 17 shows the schematic of the prototype. Three
parallel inverters are controlled by three independent digital sig-
nal processors (TMS320F28069). #1 inverter acts as the master
which generates a square-wave synchronization signal. #2 and
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TABLE III
KEY PARAMETERS OF PROPOSED PROTOTYPE

Symbol Parameter Value
P, Output power 14 kW
Viat Output voltage 800V
Vus Input voltage 400 V
I Operating frequency 85.5 kHz

Ct g Primary filtering capacitor 168 nF
Coa Resonant capacitor 175 nF
L, Self-inductance of transmitting coil 39uH
L, Self-inductance of receiving coil 96 uH
Cia Resonant capacitor 55 nF
Cr va Secondary filtering capacitor 105 nF

L va Secondary filtering inductor 35.5uH

n Number of inverters 3
Nyt Np3ilss Turns ratios of RIITs 14:7
Lo/ Ls Leakage inductance of RIIT 9.4 uH/10.3 pH

TABLE IV
COMPARISON BETWEEN SEPARATE SOLUTION AND PROPOSED RIITS

Separate solution Proposed RIITs
Number of transformers 2 2
Number of inductors 1 0
Size Large Medium
. 1.3 kg (transformers) + 1.3 kg
Weight 0.72 kg (inductors) (transformers)
Total power loss Slightly higher Small

#3 inverters are the slavers. The inverting voltages of #1—#3 in-
verters are in phase with each other. Each inverter consists of four
SiC MOSFETs (C3M0021120Ks) and the rectifier diodes are
STTH75S12Ws. A water-cooling system is used on the VA side.
Table IIT lists the key parameters of the proposed system. Two
18-kW regenerative power sources [T6018C-1500-40/IT6018C-
1500-30 are utilized as the input voltage and the output load,
where Vi and Vi, are set at 400 and 800 V, respectively.
Tektronix MSO56 5-BW-1000 six-channel oscilloscope is used
to record the experimental waveforms. The sizes of transmitting
and receiving coils are 80 cm x 70 cm X 6 cm and 37 cm x 37
cm X 6 cm, respectively.

Two RIITs are used, whose L, and k are 1488 ;/H and 0.986,
respectively. The total leakage inductance L, is about 19.7 pH.
Table IV further compares the separate resonant inductors and
transformers used in a 10-kW WPT system and the RIITs used
in the proposed system. The total size, weight, and power loss
of the RIITs are better than that of a separate solution.

The selection of dead time depends on soft switching re-
quirements and the characteristics of the MOSFET. The rise
time, fall time, turn-on delay time, and turn-off delay time
of C3M0021120K are 33, 14, 13, and 23 ns, respectively. As
analyzed in Fig. 14, a wide soft switching region can be obtained
with a dead time of 300 ns. Therefore, the dead time is set to be
300 ns and remains unchanged for different loads.

A. Autonomous Current Sharing

Fig. 18 shows the experimental results of the autonomous
current sharing under various conditions. #1 inverter is directly
connected to the resonant tank where n; is regarded as 1. Both
the turns ratios of #2 and #3 inverters are 2 to ensure a large
o;_min as discussed in Section II-C. Thus, i, is double of ij,»
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Fig. 18.  Autonomous current sharing at different conditions. (a) #1 inverter
operates at the HB-DCC scheme and #2 and #3 inverters operate at the BPC
scheme, where D1 = 50%; (b) #1, #2, and #3 inverters operate at the HB-DCC
scheme, the FB-PSC scheme, and the BPC scheme, respectively, where D; =
50% and cvo = 90°; (c) #1 inverter operates at the HB-DCC scheme and #2 and
#3 inverters operate at the FB-PSC scheme, where D1 = 50% and aix = a3 =
90°; (d) #1, #2, and #3 inverters operate at the FB-PSC scheme where a1 = a2
= a3 = 90°.

and ip3 in this experiment. In Fig. 18(a), #1 inverter operates at
the HB-DCC scheme with a duty cycle of 50%, whereas #2 and
#3 inverters operate at the BPC scheme. The current difference
between I,o and I3 is 0.04 Arms. In Fig. 18(b), #1 inverter
operates at the HB-DCC scheme with a duty cycle of 50%. #2
inverter operates at the FB-PSC scheme with a phase angle of
90° and #3 inverter operates at the BPC scheme. The current
difference between I, and I;,3 is 0.03 Arms. In Fig. 18(c), #1
inverter operates at the HB-DCC scheme with a duty cycle of
50%, whereas #2 and #3 inverters operate at the FB-PSC scheme
with a phase angle of 90°. The current difference between /5
and /3 is 0.05 Arms. In Fig. 18(d), all these inverters operate
at the FB-PSC scheme with a phase angle of 90°. The current
difference between Ip2 and I,3 is 0.27 Arms. The currents
flowing through #2 and #3 inverters are almost the same even
under these harsh operation conditions, which confirms that the
proposed RIIT-MI topology has an inherent autonomous current
sharing characteristic as discussed in Section III-B.

B. Hybrid Modulation Scheme

Fig. 19 shows the various operating modes of the proposed
hybrid modulation scheme. The power transfer distance is 18
cm and the coupling coefficient is 0.17. The calculated power
transfer capacity of #1 and the other two inverters are 7.0 and
3.5 kW, respectively. The maximum calculated power transfer
capacity agrees well with the maximum experimental power of
14 kW. In Fig. 19(a) and (b), all the inverters operate at the
FB-PSC scheme and the phase angle of #1 inverter decreases
from 90° to 75°. In Fig. 19(c)—(e), #1 inverter operates at the
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Fig. 19. Typical waveforms of various operating modes of the proposed hybrid
modulation scheme. (a) #1, #2, and #3 inverters operate at the FB-PSC scheme
where a1 = ag = a3 = 90°. (b) #1, #2, and #3 inverters operate at the FB-PSC
scheme where vy = 75° and ag = ez = 90°. (c) #1 inverter operates at the
HB-DCC scheme and #2 and #3 inverters operate at the FB-PSC scheme, where
D1 =50% and g = vz = 90°. (d) #1 inverter operates at the HB-DCC scheme
and #2 and #3 inverters operate at the FB-PSC scheme where D1 = 40% and
ag = a3z = 90°. (e) #1 inverter operates at the HB-DCC scheme and #2 and #3
inverters operate at the FB-PSC scheme where D1 = 10% and ava = arg = 90°.
(f) #1 inverter operates at the BPC scheme and #2 and #3 inverters operate at the
FB-PSC scheme where aia = vz = 90°. (g) #1, #2, and #3 inverters operate at
the HB-DCC scheme, the FB-PSC scheme, and the BPC scheme, respectively,
where D1 = 50% and cco = 90°. (h) #1 inverter operates at the HB-DCC scheme
and #2 and #3 inverters operate at the BPC scheme, where D1 = 50%.

HB-DCC scheme and their duty cycles are 50%, 40%, and
10%, respectively. In Fig. 19(f), #1 inverter operates at the
BPC scheme. In Fig. 19(g), #1 inverter operates at the HB-DCC
scheme with 50% duty cycle, whereas #2 and #3 inverters op-
erate at the FB-PSC scheme and the BPC scheme, respectively.
In Fig. 19(h), #1 inverter operates at the HB-DCC scheme and
the other inverters operate at the BPC scheme. For a particular
voltage gain of the proposed hybrid modulation scheme, there is
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Fig. 20.  Power steps by proposed hybrid modulation scheme where Vi, =

400 V and Vpat = 800 V. #1 inverter operates at the HB-DCC scheme, and
#2 and #3 inverters operate at the FB-PSC scheme where ap = vz = 90°. D1
changes from 0 to 50% and the output power changes from 6.2 to 9.9 kW.

one combination of operating modes, phase angles «;, and duty
cycle D1. Given a voltage gain, the operating modes, the phase
angles, and the duty cycle can be determined according to Fig. 8.
Theoretically, the output power of Fig. 19(f) and (g) should be
the same since they are the boundary of two modes. However,
due to the small system parameter variation, there exists a 1%
experimental power discrepancy.

With the proposed hybrid modulation scheme, all the inverters
can operate at optimal conditions, ensuring that the zero-crossing
point of the resonant current always lags the voltage at the
transitions. As can be seen from Fig. 19, the ZVS operation can
be achieved by all the MOSFETS, which can reduce the switching
losses and the electromagnetic interferences.

Fig. 20 shows the experimental result of the wide-range power
regulation. The input and output voltages remain at 400 and
800 V, respectively. #2 and #3 inverters operate at the FB-PSC
scheme with a phase angle of 90°. D; increases from 0 to 50%
by a step of 10% and then it decreases from 50% to 0. According
to the definition in (12), Gqc_ac changes from 0.90 to 1.35. The
input and output current increases with the increase of D;. The
experimental output power ranges from 6.2 to 9.9 kW which
agrees with the calculation based on (24).

Fig. 21 shows the dc—dc efficiency at various loading condi-
tions. The power transfer efficiency increases with P, and it is
greater than 91% with an output power of ~6 kW. The achieved
maximum efficiency is 93.5% at 14 kW. The main power losses
are produced by the transmitting and receiving coils. A diode
rectifier is used on the VA side and the output voltage is fixed at
800 V. Thus, the resonant current I, remains around 40 Arms
despite the power variations according to (46). When P, is small,
the power loss of the receiving coil accounts for a large portion
of P, which significantly reduces the dc—dc efficiency.

Fig. 22 shows the power loss breakdown at different power
levels. The power losses of the GA coil, VA coil, and filters
account for the major portion of the total power losses. The
filters include differential and common-mode inductors, notch
filters for interference reduction required by the auxiliary circuits
such as foreign object detection. The balance of losses represents
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the power losses that are not easily measured in the connectors,
filtering capacitors, metal housing, reverse recovery losses, etc.
Due to the DPAS architecture, Vi, can be significantly increased
and /;;,,, can remain unchanged at high power levels according to
(44), which reduces the current stress of each inverter. Although
diode rectifiers (instead of active rectifiers) can reduce the size
of the VA, the loss of secondary side control means that a
maximum efficiency tracking may not be implemented. As a
result, the VA coil loss remains almost constant, which results in
a lower efficiency at a low output power. The power loss of each
inverter decreases with the decreasing output power. Although
the proportion of power loss of #1 inverter is increased to 8% at
2.7 kW, the power loss is only 60% of that at 14 kW.
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TABLE V
COMPARISON OF DIFFERENT SYSTEMS

Topology Multi-cell Multi-GA Multi-inverter
This
Ref. [7] [9] [12] [13] [15] study
Wide power NA NA NA NA N N
regulation range
Wide ZVS NA NA  NA x  NA A
operation range
Autonomoys « % % % % J
current sharing
Modular design v \ \ N v \
Coupling 020 022 020 020 024 017
coefficient
GA coil (cm?) 35%95  42%42  93*59  90*70  40*40  80*70
VA coil (cm?) 50%90  42*42  100*70  90*70  40*40  37*37
Power rating
(W) 50 0.2 38 12.5 32 14
Power density of
VA (kW/L) NA 0.022 NA NA NA 1.7
Dc-dc efficiency  95.2%  89.8% 89.31%  92.6% 93.5% 93.5%

The hybrid modulation scheme is proposed to obtain a wide-
range power supply and achieve soft switching. This part pro-
vides the experimental study where the output power ranges
from 2.7 kW to 14 kW, which confirms the operating mode
analysis in Section II-B and the proposed hybrid modulation
scheme in Section II-C.

C. Comparison and Discussions

As mentioned in Section I, there are various methods to im-
prove the power transfer capacity of the WPT system including
the multi-MOSFET, multi-module, multi-GA, and MI solutions.
However, the current sharing, limited size, cross-coupling, and
circulating current issues of these topologies are not easy to
address.

Table V compares various high-power WPT topologies as
shown in Fig. 1. According to the theoretical analysis in Sec-
tion III-C, the ZVS operation can be obtained when the power
ranges from 0.014 to 1 p.u. In the experiments, ZVS has been
achieved by the proposed hybrid modulation scheme when the
load changes from 0.2 to 1.0 p.u. Therefore, a wide power
regulation range and wide ZV'S operation range can be achieved
simultaneously. The conventional dc—dc regulator can be re-
moved and the system becomes more compact and efficient. In
addition, autonomous current sharing among parallel inverters
has been always achieved. Owing to the modular design, the
power transfer capacity of the system can be easily increased by
adding inverters, changing the turns ratio of the RIIT, increasing
the bus voltage, etc. Therefore, the proposed RIIT-MI topology
presents an efficient, cost-effective, flexible, and generalized
solution for the high-power WPT system.

V. CONCLUSION

To improve the power transfer capacity and adapt to vari-
ous power demands, this article proposed an RIIT-MI DPAS
topology for the high-power EV WPT system. Based on this
topology, a hybrid modulation scheme was proposed to achieve
a wide power regulation range and ZVS operation by using
primary continuous modulation schemes at a fixed frequency.
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The proposed RIIT replaces the conventional resonant inductor
of the GA and eliminates the conventional dc—dc regulator or
active rectifier, which enables the system with fewer devices
and lower cost. Current sharing among parallel inverters can be
autonomously achieved, which reduces the control complexity.
Furthermore, flexible power transfer with a wide ZVS operation
range can be achieved by the proposed modulation scheme. A
14-kW experimental platform with a maximum dc—dc efficiency
of 93.5% has been built and the effectiveness of the proposed
technique has been validated.

APPENDIX A

The basic equations of the LCC-LCC WPT system will be
presented in this section.

To simplify the derivation, different impedances have been
defined as

_ _ 1 _ 1
X1 = er rcﬁga s XQ = (JJLga fcga
1 1
X3 =wly, — wCu” Xy =wlf yu — wCrw 41)
_ 1 _ 1 _
Xga = wC’f_gﬂ’XVa = wCr_va’Xm =wM.

According to the circuit theory and Fig. 9, the following
equation can be deduced where the bold letters represent the
phasors of these variables:

Vinv ]Xl _nga 0 0 Iinv

0 _ _nga jXQ +Rga _ij 0 Iga

0 0 _ij jXS + Rva _.ija Iva

Vrec 0 0 ija jX4 Irec
(42)

To ensure a resistive load and minimum circulating current,
the compensation circuits of GA and VA are designed at the
resonant point [27]. Then, one can obtain

1 I - 1
I O “3)
ch_va = vaa B wClyy? (ULffva = wcf_vm :

The parasitic resistances of coils are small and can be ne-
glected. Different resonant currents are derived as

XmVrec
ngaXva
Vinv
JX e
L. — Vrec
va ija
XmVinv
_ngaXva '

(44)

Iinv =

Isa = (45)

(46)

(47)

Irec =

REFERENCES

[1] 1. Aghabali, J. Bauman, P. J. Kollmeyer, Y. Wang, B. Bilgin, and A. Emadi,
“800-V Electric vehicle powertrains: Review and analysis of benefits,
challenges, and future trends,” IEEE Trans. Transp. Electrific.,vol.7,no. 3,
pp. 927-948, Sep. 2021.

[2] “Wireless power transfer for light-duty plug-in/electric vehicles and align-
ment methodology,” International Standard SAE J2954, 2019. [Online].
Available: https://www.sae.org/standards/content/j2954_201904/

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

[3] Y. Chen, H. Zhang, C.-S. Shin, C.-H. Jo, S.-J. Park, and D.-H. Kim, “An

efficiency optimization-based asymmetric tuning method of double-sided

LCC compensated WPT system for electric vehicles,” IEEE Trans. Power

Electron., vol. 35, no. 11, pp. 11475-11487, Nov. 2020.

Y. Zhang, S. Chen, X. Li, and Y. Tang, “Design of high-power static

wireless power transfer via magnetic induction: An overview,” CPSS

Trans. Power Electron. Appl., vol. 6, no. 4, pp. 281-297, Dec. 2021.

R. Bosshard, “Multi-objective optimization of inductive power transfer

systems for EV charging,” Ph.D. dissertation, ETHZ, Zurich, 2015.

[6] Y. Wen, Y. Yang, and Y. Gao, “Active gate driver for improving cur-
rent sharing performance of paralleled high-power SiC MOSFET mod-
ules,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1491-1505,
Feb. 2021.

[7] A.U.Ibrahim, W. Zhong, and M. D. Xu, “A 50-kW three-channel wireless

power transfer system with low stray magnetic field,” IEEE Trans. Power

Electron., vol. 36, no. 9, pp. 9941-9954, Sep. 2021.

H. Zhang, C. Ma, and M. Liu, “Modularized and reconfigurable wireless

power transfer: Architecture, modeling and analysis,” in Proc. IEEE PELS

Workshop Emerg. Technol., Wireless Power Transfer, Jun. 2021, pp. 1-6.

[9] W. Cai, H. Tang, D. Ma, and X. Liu, “Voltage control and current distri-
bution for multiple-coil wireless power transfer system,” in Proc. IEEE
Wireless Power Transfer Conf., 2019, pp. 548-552.

[10] J. H. Kim et al., “Development of 1-MW inductive power transfer system
for a high-speed train,” IEEE Trans. Ind. Electron., vol. 62, no. 10,
pp. 6242-6250, Oct. 2015.

[11] J.Pries, V. P. N. Galigekere, O. C. Onar, and G. Su, “A 50-kW three-phase
wireless power transfer system using bipolar windings and series resonant
networks for rotating magnetic fields,” IEEE Trans. Power Electron.,
vol. 35, no. 5, pp. 45004517, May 2020.

[12] H.Zhou et al., “Input-Series output-equivalent-parallel multi-inverter sys-
tem for high-voltage and high-power wireless power transfer,” IEEE Trans.
Power Electron., vol. 36, no. 1, pp. 228-238, Jan. 2021.

[13] Q. Deng et al., “Multi-Inverter phase-shifted control for IPT with over-
lapped transmitters,” [EEE Trans. Power Electron., vol. 36, no. 8,
pp. 8799-8811, Aug. 2021.

[14] Y. Li, R. Mai, L. Lu, and Z. He, “Active and reactive currents
decomposition-based control of angle and magnitude of current for a
parallel multiinverter IPT system,” IEEE Trans. Power Electron., vol. 32,
no. 2, pp. 1602-1614, Feb. 2017.

[15] H. He, Y. Liu, B. Wei, X. Wu, B. Jiang, and C. Wei, “Efficiency improve-
ment for Multi-parallel inverters IPT system in wide power range,” in Proc.
IEEE Ist Int. Power Electron. Appl. Symp., 2021, pp. 1-6.

[16] R. Bosshard, U. Iruretagoyena, and J. W. Kolar, “Comprehensive eval-
uation of rectangular and Double-D coil geometry for 50 kW/85 kHz
IPT system,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 4,
pp. 1406-1415, Dec. 2016.

[17] Y. Lietal., “Extension of ZVS region of series—series WPT systems by an
auxiliary variable inductor for improving efficiency,” IEEE Trans. Power
Electron., vol. 36, no. 7, pp. 7513-7525, Jul. 2021.

[18] Z. Guo, K. Sun, T.-F. Wu, and C. Li, “An improved modulation scheme
of current-fed bidirectional DC-DC converters for loss reduction,” IEEE
Trans. Power Electron., vol. 33, no. 5, pp. 4441-4457, May 2018.

[19] X. Zhang et al., “A control strategy for efficiency optimization and wide
ZVS operation range in bidirectional inductive power transfer system,”
IEEE Trans. Ind. Electron., vol. 66, no. 8, pp. 5958-5969, Aug. 2019.

[20] S. Ann and B. K. Lee, “Analysis of impedance tuning control and
synchronous switching technique for a semibridgeless active rectifier in
inductive power transfer systems for electric vehicles,” IEEE Trans. Power
Electron., vol. 36, no. 8, pp. 8786-8798, Aug. 2021.

[21] X. Liu, T. Wang, X. Yang, and H. Tang, “Analysis of efficiency improve-
ment in wireless power transfer system,” IET Power Electron, vol. 11,
no. 2, pp. 302-309, Feb. 2018.

[22] L. H. Chan, Y. Yang, and K.-W. E. Cheng, “Comparative studies on the
primary-side frequency and phase shift control for series-series compen-
sated inductive power transfer,” in Proc. 8th Int. Conf. Power Electron.
Syst. Appl., Dec. 2020, pp. 1-5.

[23] U. D. Kavimandan, S. M. Mahajan, and C. W. Van Neste, “Analysis and
demonstration of a dynamic ZVS angle control using a tuning capacitor
in a wireless power transfer system,” [EEE J. Emerg. Sel. Topics Power
Electron., vol. 9, no. 2, pp. 1876-1890, Apr. 2021.

[24] F. Gao, N. Mugwisi, and D. J. Rogers, “Average modeling of a dual-half-
bridge converter modulated with three degrees of freedom,” IEEE Trans.
Transp. Electrific., vol. 7, no. 3, pp. 1016-1030, Sep. 2021.

[25] Z.Hua, K. T. Chau, W. Han, W. Liu, and T. W. Ching, “Output-controllable
efficiency-optimized wireless power transfer using hybrid modulation,”
IEEE Trans. Ind. Electron., vol. 69, no. 5, pp. 4627-4636, May 2022.

[4

[}

[5

—_

[8

—


https://www.sae.org/standards/content/j2954_201904/

LIU et al.: MULTI-INVERTER HIGH-POWER WPT SYSTEM

[26] W. Inam, K. K. Afridi, and D. J. Perreault, “Variable frequency multiplier
technique for high-efficiency conversion over a wide operating range,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 2, pp. 335-343,
Jun. 2016.

S. Li, W. Li, J. Deng, T. D. Nguyen, and C. C. Mi, “A double-sided LCC
compensation network and its tuning method for wireless power transfer,”
IEEE Trans. Veh. Technol., vol. 64, no. 6, pp. 2261-2273, Jun. 2015.

Y. Zhang, X. Li, S. Chen, and Y. Tang, “Soft switching for strongly coupled
wireless power transfer system with 90° dual-side phase shift,” IEEE Trans.
Ind. Electron., vol. 69, no. 1, pp. 282-292, Jan. 2022.

[27]

(28]

Xin Liu (Member, IEEE) received the B.S. degree
in electrical engineering from the Wuhan University,
Wuhan, China, in 2015, and the Ph.D. degree in
electrical engineering from the Shanghai Jiao Tong
University, Shanghai, China, in 2019.

From Aug. 2019 to Aug. 2021, he was with Huawei
Technologies Co., Ltd. Since September 2021, he has
been with the Department of Electrical Engineering,
Shanghai Jiao Tong University, as a postdoctoral re-
searcher. His current research interests include wire-
less power transfer and solid-state transformers.

Fei Gao (Member, IEEE) received the Ph.D. de-
gree in electrical engineering from the Power Elec-
tronics, Machines, and Control (PEMC) Research
Group, University of Nottingham, Nottingham, U.K.,
in 2016.

From March 2010 to September 2012, he was with
Jiangsu Electric Power Research Institute, State Grid
Corporation of China, Nanjing, China. From 2016 to
2019, he was with the Department of Engineering
Science, University of Oxford, Oxford, U.K., as a
Postdoctoral Researcher. Since July 2019, he has been
with Shanghai Jiao Tong University as an Associate Professor. His current
research interests include microgrids, wireless power transfer, and more electric
transportation systems.

Yiming Zhang (Senior Member, IEEE) received the
B.S. and Ph.D. degrees in electrical engineering from
Tsinghua University, Beijing, China, in 2011 and
2016, respectively.

He was a Postdoctoral Researcher with San Diego
State University, San Diego, CA, USA, and aresearch
fellow with the Nanyang Technological University,

Singapore. He is currently a Full Professor with

Fuzhou University, Fuzhou, China. He has authored
’ 1 book from Springer, authored or co-authored more

than 80 technical papers in journals and conference
proceedings. His research interests include wireless power transfer and resonant
converters.

Dr. Zhang was the recipient of the Outstanding Doctoral Dissertations of
Tsinghua University in 2016. He was recognized as an Outstanding Reviewer
for IEEE TRANSACTIONS ON POWER ELECTRONICS in 2019 and a Distinguished
Reviewer for IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS in 2020. He
was a Topic Chair for IEEE Transportation Electrification Conference and Expo
(ITEC) in 2018.

14095

Muhammad Mansoor Khan (Member, IEEE) re-
ceived the Ph.D. degree in control and automation en-
gineering from the Department of Control Sciences,
School of Electronics Information and Electrical En-
gineering, Shanghai Jiao Tong University, Shanghai,
China, in 2005.

In 2005, he joined the Department of Electrical
Engineering, School of Electronics Information and
Electrical Engineering, Shanghai Jiao Tong Univer-
sity, where he is currently working as an Associate
Professor. His research interests include power con-
verters for renewable energy systems, power quality, hierarchical control of
microgrids, plug-in electric vehicles, and energy storage technologies.

Yun Zhang (Senior Member, IEEE) was born in
Jiangsu, China, in 1980. He received the B.S. and
M.S. degrees from the Harbin University of Science
and Technology, Harbin, China, in 2003 and 2006,
respectively, and the Ph.D. degree from the Harbin
Institute of Technology, Harbin, China, in 2010, all
in electrical engineering.

In 2010, he joined as a Lecturer with the School
of Electrical and Information Engineering, Tianjin
University, Tianjin, China, where he is currently a
Professor of power electronics. From 2016 to 2017,
he was an Academic Visitor with the Power Electronics, Machines and Control
Group, University of Nottingham, Nottingham, U.K. His current research inter-
ests include topologies, modulation, and control strategies of power converters
for electric vehicles and microgrids.

Dr. Zhang is an Associate Editor for the Journal of Power Electronics.

Tianfeng Wang received the B.S. degree in electrical
engineering from the Beijing Institute of Technology,
Beijing, China, in 2015, the Ph.D. degree in electrical
engineering from the Shanghai Jiao Tong University,
Shanghai, China, in 2022.

From 2018 to 2020, he was a visiting graduate
student with the University of Pittsburgh, Pittsburgh,
PA, USA. Since April 2022, he has been with the
Department of Electrical Engineering, Shanghai Jiao
Tong University, Shanghai, China as a Postdoctoral
Researcher. His current research interests include
wireless power transfer and wireless communication.

Daniel J. Rogers (Senior Member, IEEE) received
the M.Eng. and Ph.D. degrees in electrical and elec-
tronic engineering from Imperial College London,
London, U.K., in 2007 and 2011, respectively.

He is an Associate Professor with the Department
of Engineering Science, University of Oxford, Ox-
ford, U.K. He conducts research in collaboration with
industry and has been an investigator on U.K. EPSRC
research projects in the areas of power electronics,
grid-scale energy storage, and microgrids. His re-
search interests include power electronics range from
active control of transistor switching, to circuit and control system design,
through to novel applications enabled by wide-bandgap devices.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


