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Abstract—Electric vehicles with different output power levels
can use wireless power transfer (WPT) systems. Different vehicle
assemblies (VAs) may be charged by different ground assemblies
(GAs) in charging stations. However, the overall efficiency of the
WPT system may drop significantly when the power class difference
between GA and VA is large. To address this issue this article
proposes a dc-link parallel ac-link series multi-inverter multirecti-
fier architecture for high-power WPT systems. Modulation, power
transfer capability, and power sharing from the design aspects
are investigated. A detailed power loss analysis and an easy-to-
implemented power loss optimized control method based on mu-
tual inductance identification are presented in this article. Finally,
experimental results are obtained from a 20-kW LCC-LCC WPT
system to validate the analysis and proposed system operation.

Index Terms—Multi-inverter multi-rectifier (MIMR), power loss
optimized control (PLOC), wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) can achieve automatic
charging for electric vehicles (EVs) without user in-

tervention [1], which provides a better user experience than
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Fig. 1. Diagram of the conventional EV WPT system.

conventional plug-in chargers. In recent years, academic re-
search, industrial products, and international standards have
been conducted, looking at optimal control methods, coil and
circuit design, and power and efficiency improvements [2], [3],
[4]. Fig. 1 shows the diagram of the EV WPT system which
consists of the ground assembly (GA) and the vehicle assembly
(VA). The power is supplied from the grid and a power factor
corrector (PFC) turns the mains ac voltage into a stable dc
voltage. DC/DC converters such as buck/boost can be added
to the GA and VA to obtain a wide range of power regulations.
Series, parallel, and compound circuits have been proposed to
compensate for the reactance of the coils [5], and the LCC-LCC
compensation circuit is widely used for EV WPT products [2].

Due to the large range of the battery capacities in different
EVs and variables such as the parking positions, power rating
and coupling coefficient of the EV WPT system can change
considerably. According to the definition of the international
wireless charging standard SAE J2954 in [6], the output power
ratings range from 3.3 kW to higher than 20 kW, and the coupling
coefficient can range from 0.088 to 0.245. Although multiple
transmitter (Tx) coils, multiple receiver (Rx) coils, and multiple
cells are conducive to power level improvement [7], [8], [9],
[10], original equipment manufacturers have strict restrictions
on the size, weight, and cost of the GA and VA. For example,
manufacturers like Hongqi for their E-HS9 model require the
10-kW VA to be less than 37 cm × 37 cm × 6 cm and weigh
less than 17 kg. The required offsets defined in SAE J2954 [6]
are ±75 mm on the X-axis and ±100 mm on the Y-axis. Since
Tx coils larger than RX coils result in improved misalignment
tolerance caused by different parking positions, the EV WPT
system usually has a large Tx coil and a small Rx coil (one-to-one
coil design). Considering the cost and the limited volume of
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Fig. 2. Interoperability of different GAs and VAs in charging stations.

EVs, the high-power WPT system with one Tx coil and RX coil
is more practical and has already been adopted by the EV WPT
suppliers like WiTricity, ZTE, VIE, etc. Currently, the design of
a WPT system usually provides customized parameters for dif-
ferent power ratings and power transfer distances. Various dc/dc
converters [11], active rectifiers [13], phase-shifted capacitors
[14], and variable inductors [15] have been proposed to achieve
a wide output power range with a large coupling coefficient
variation. In addition, different modulation schemes have been
investigated including duty cycle control [16], phase shift control
[17], frequency shift control [18], pulse density modulation
[19], and ON-OFF keying [20]. Research reported in [11] and
[12] shows the design of 50-kW and 100-kW coupling coils
with a dc/dc efficiency higher than 95.5% under 160 mm power
transfer distance, respectively. The customized WPT system has
already achieved high efficiency and high power. However, this
design of GA and VA is only feasible for domestic use where
the interoperability is not considered.

A GA used as a public facility needs to be compatible with
different VAs as shown in Fig. 2. When the GA and VA with
different power ratings operate with each other, the equivalent
impedance of the resonant tank deviates from the optimal region.
This may result in a significant decrease in the output power
and overall efficiency [21], [22]. For example, a 20-kW GA
interoperating with a 20-kW VA should be able to deliver 20 kW
efficiently, while the same GA interoperating with a 3.3-kW
VA is also able to deliver 3.3 kW but with a significant loss in
efficiency caused by impedance mismatch. As defined in SAE
J2954 for interoperability, the overall efficiency decreases with
the increase of the power class difference and it is only 75% when
two power class difference exists. Since the industrialization
of wireless charging technology for EVs is advancing rapidly,
the interoperability requirement is becoming increasingly im-
portant, especially for the high-power WPT systems used in
charging stations.

In high-frequency and high-power WPT systems, power loss
optimized control (PLOC) is important where heat dissipation
would otherwise become difficult [27], [28], [29], [30], [31].
The buck/boost converters or active rectifiers are used to regulate
the inverting and rectifying voltages against system parameter
variations through traversing algorithms, simulated annealing
algorithms, perturbation and observation (P&O) algorithms, and
online parameter identification algorithms. However, these addi-
tional circuits are difficult to achieve wide-range soft switching
under all operating conditions. The switching power losses

of these converters increase when hard switching occurs. In
addition, these additional circuits increase the size and cost
of the overall system. For the interoperability of the EV WPT
systems with different power levels, a PLOC method is required
to maximize the power transfer capability of the system to reduce
the charging time and to obtain a high efficiency to ensure good
heat dissipation simultaneously.

In summary, there is relatively little literature on the interop-
erability of the EV WPT systems, and no comprehensive design
guidelines and control algorithms are available that simultane-
ously optimize both the power transfer capability and overall
efficiency, especially for public wireless charging stations. The
essential requirement for strong interoperability is that both
GA and VA need to have strong power regulation abilities
under soft-switching conditions. However, dual-side dc/dc con-
verters increase the number of cascaded main circuits which
may decrease power density and increase costs, and complex
high-frequency synchronization of active rectifiers or phase-
shifted capacitors reduces the charging reliability. To solve this
problem, a dc-link parallel ac-link series (DPAS) multi-inverter
multirectifier (MIMR) architecture is proposed in this article,
whose contributions can be summarized as follows.

1) A modular DPAS-MIMR architecture with strong interop-
erability for the high-power WPT system used in charging
stations.

2) A novel mutual inductance identification-based easy-to-
implemented PLOC method.

3) Experimental validation of a 20-kW efficient, high-power,
and flexible EV WPT system.

The rest of this article is organized as follows, in Section II the
proposed DPAS-MIMR WPT system is introduced and its mod-
ulation, power transfer capability, and power sharing are studied.
Section III presents the power loss analysis and the efficiency
optimization of the system with large coupling coefficients
and output power variations. Section IV proposes a simplified
PLOC method where high efficiency and low complexity can be
achieved simultaneously. The experimental validation is given
in Section V, finally Section VI concludes this article.

II. PROPOSED DPAS-MIMR WPT SYSTEM

This section presents the proposed DPAS-MIMR WPT sys-
tem and its synchronization principle. In addition, the power
transfer capability and power-sharing characteristics of the pro-
posed DPAS-MIMR WPT system are discussed.

A. Proposed Topology

The schematic of the proposed system is shown in Fig. 3. Vbus

and Vbat are the input and output dc-link voltages, respectively.
m and n are the numbers of inverters and rectifiers, respectively.
S1i_S4i are the MOSFETs of #i inverter. Q1j_Q2j and D1j_D2j are
the MOSFETs and diodes of #j rectifier, respectively. vpi and ipi
are the resonant voltage and current of #i inverter, respectively.
vsj and isj are the resonant voltage and current of #j rectifier,
respectively. Cb is a dc blocking capacitor whose capacitive re-
actance should be small (less than 0.5Ω), and it should withstand
high inverting current at 85 kHz. When using symmetrical phase
shift control methods, there is no dc component on vpi, and Cb
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Fig. 3. Proposed DPAS-MIMR WPT system.

is not needed. However, the regulation range is limited and hard
switching occurs when the phase shift angle is large. Hence,
an asymmetric control method is proposed and the half-bridge
mode is introduced. Since there exists a dc component in this
mode, a dc-blocking capacitor is required. The dc-blocking ca-
pacitors can be added to all the inverters and rectifiers. However,
to reduce the number of these capacitors, only one capacitor
needs to be added to #1 inverter, which enables it to be used with
asymmetric modulation schemes, such as half-bridge duty cycle
control. Since multiple inverters and active rectifiers are used,
the controllers should be synchronized. In this article, #1 inverter
acts as the master and generates a square-wave synchronization
signal, and the other inverters act as the slaver. Cf_ga, Cga, Cva,
and Cf_va are the compensation capacitors of the LCC-LCC
circuits. Lga and Lva are the inductances of the coupling coils.
np1i (ns1i) and np2i (ns2i) are the turns of primary and secondary
windings of the resonant inductor integrated transformers
(RIITs) on the GA and VA, whose turns ratios, mi and nj, are
defined as

mi = mp1i/mp2i (1)

nj = ns1j/ns2j (2)

k and M are the coupling coefficient and mutual inductance
between Tx and Rx coils

M = k
√

LgaLva. (3)

Fig. 4 shows the equivalent circuit of the proposed DPAS-
MIMR WPT system. Rp1i and Rp2i are the primary and sec-
ondary parasitic resistances of #i RIIT on the GA, respectively.
Rs1j and Rs2j are the primary and secondary parasitic resistances
of #j RIIT on the VA, respectively. Rga and Rva are the parasitic
resistances of the coupling coils. Rf_ga and Rf_va are the total
equivalent parasitic resistances of the DPAS-based inverters
and rectifiers, respectively. Lf_gai and Lf_vaj are the leakage
inductances of #i and #j RIITs on the GA and VA, respectively.
Although a very small leakage inductance can be achieved
using a sandwich structure, additional resonant inductors are still
needed. To reduce the size and cost, the leakage inductance of
the RIITs is used as the resonant inductors. The total reactance
can be calculated as conventional LCC-LCC topology and its
accuracy can be within 5%. Thus, one can obtain the total leakage

Fig. 4. Equivalent circuit of the proposed DPAS-MIMR WPT system.

inductances of the GA and VA as

Lf_ga =

m∑
i=1

Lf_gai (4)

Lf_va =
n∑

j=1

Lf_vaj . (5)

For simplicity, their reactances are defined as Xga and Xva,
respectively,

Xga = ωLf_ga (6)

Xva = ωLf_va. (7)

To ensure proper power sharing and modular design, the
turns ratios of the primary and secondary RIITs are designed
as follows:

m1 = · · · = mm = mp (8)

n1 = · · · = nn = ns. (9)

The required leakage inductance for each RIIT can be calcu-
lated as

Lf_ga1 = · · · = Lf_gam = Lf_ga/mp (10)

Lf_va1 = · · · = Lf_van = Lf_va/ns. (11)

The secondary windings of the RIITs are connected in series.
vinvi is the secondary voltage of #i RIIT on the GA and vrecj
is the secondary voltage of #j RIIT on the VA. Thus, one can
obtain the total inverting and rectifying voltages vinv and vrec as

vinv =
m∑
i=1

vinvi =
m∑
i=1

vpi/mi (12)

vrec =

n∑
j=1

vrecj =

n∑
j=1

vsj/nj . (13)

B. Power Transfer Analysis

The power rating of the proposed topology can be expanded
by adding more cells. In addition, it can adapt to large variations
in coupling coefficient, output power, and battery voltage. This
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Fig. 5. Typical waveforms of phase shift control. (a) Waveforms of #i inverter;
(b) Waveforms of #j rectifier.

section details the modulation schemes of this topology, the
power transfer analysis, and the reasons for adapting to the
abovementioned parameter variations.

Fig. 5 shows the modulation schemes of the inverters and rec-
tifiers, where the inverters and rectifiers are synchronized. The
phase shift control can be applied to the inverters and rectifiers,
whose phase angles are defined as αi and βj, respectively. The
larger the αi and βj, the easier it is to achieve soft switching for
the inverters and rectifiers. The fundamental harmonic analysis
(FHA) is widely used in the WPT system due to the strong
filtering effect of the LCC resonant tank. The power transfer
mainly depends on the fundamental harmonic voltages, whose
RMS values can be expressed as [13]

Vpi = 2
√
2Vbus sinαi/π (14)

Vsj = 2
√
2Vbat sinβj/π. (15)

To reduce the reactive power, the system operates at the
resonant frequency according to [5]. The output power Po is
approximately equal to

Po ≈ ωMIgaIva. (16)

Furthermore, according to the FHA of the LCC-LCC WPT
system in Fig. 4, the following relationships can be derived:

Iga = Vinv/Xga (17)

Iva = Vrec/Xva (18)

Iinv = ωMIva/Xga (19)

Irec = ωMIga/Xva. (20)

To reduce the voltage regulation stress on the inverter and
rectifier, the front-end PFC is involved in the voltage regula-
tion. λ and Vbus_max are the voltage ratio and maximum Vbus,
respectively,

Vbus = λVbus_max. (21)

The inverters and receivers are synchronized with each other
to maximize the power transfer capability. One can obtain the
output power Po as (22) according to (12)–(21)

Po =
ωM

∑m
i=1 Vpi/mpi

∑n
j=1 Vsj/nsj

XgaXva
= PrefGp (22)

where the power reference Pref and the power gain Gp are defined
as

Pref = 8ωMVbus_maxVbat/π
2XgaXva (23)

Fig. 6. 3-D plots of Pref and Gp concerning Vbat and k for a 20-kW WPT
system where Vbus = 800 V, Lf_ga = 20.6 μH, Lf_va = 28 μH, Lga = 39 μH,
Lva = 140 μH, f = 85.5 kHz, mp = ms = 2. (a) Pref concerning Vbat and k;
(b) Gp concerning Vbat and k.

Gp =
Po

Pref
= λ

m∑
i=1

sinαi

n∑
j=1

sinβj/(mpns). (24)

Pref is the basic unit representing the power transfer capability
of the DPAS-MIMR WPT system. A higher power rating can be
obtained by increasing m and n, i.e., increasing Gp.

According to (24), the selections of m, n, mp, and ns are im-
portant. m and n are determined by the power transfer capability
of each converter and the desired output power. For example,
if the power transfer capability of one inverter and one rectifier
is 10 kW, which is related to the used semiconductors and the
cooling conditions, m and n could be 2 for a 20-kW WPT system.
According to (25) and (26), mp and ns are determined by the
maximum resonant currents Iga_max and Iva_max, the maximum
Vbus_max, and Vbat_max

mp = 2
√
2mVbus_max/(πXgaIga_max) (25)

ns = 2
√
2nVbat_max/(πωLf_vaIva_max). (26)

In practice, the designer should consider constraints of output
charging current and voltage. Vbat varies with the state of charge
and the charging current is determined by the desired power. k
varies with the parking position. Supposing that Vbat and k range
from [650 V, 920 V] and [0.14, 0.26], respectively. The desired
output power is 20 kW, which means the maximum charging
current is 30.8 A. Fig. 6 shows the 3D plot of Pref and Gp

concerning Vbat and k for a 20-kW WPT system where Iga_max

= 65 Arms and Iva_max = 55 Arms determined by system heat
dissipation capability. Pref increases with Vbat and k, and a
higher Pref corresponds to a stronger power transfer capability
of the coils. When both Vbat and k are small, Pref is smaller
than 20 kW where Gp is set at 1. When both Vbat and k are
maximum, Pref approaches 37.4 kW where Gp should be set at
the minimum value (0.54) to limit the output power to 20 kW.

Although Vbat and k vary, one can design proper m, n, mp, ns,
αi, βj, and λ to achieve different Gp. Therefore, the proposed
DPAS-MIMR architecture has strong interoperability and can
adapt to various VAs with different power ratings.

C. Power Sharing Analysis

To avoid excessive current stresses on the modular converters,
proper power sharing is required. In conventional topologies,



LIU et al.: MULTIINVERTER MULTIRECTIFIER WPT SYSTEM FOR CHARGING STATIONS WITH PLOC 9265

Fig. 7. FMEA of #i inverter. (a) Open-circuited fault. (b) Short-circuited fault.

complex control algorithm such as the droop loop control is used
to realize desired power sharing. However, good power-sharing
performances can be achieved by the proposed DPAS-MIMR
architecture under open-loop control.

imi presents the magnetizing current of #i transformer. One
can obtain (27) according to Kirchhoff’s current law

ipi = (iinv + imi)/mp ≈ iinv/mp. (27)

Since Lmi is more than 2 mH, imi is smaller than 1 A at 85 kHz
when Vbus is 840 V. Every ipi is almost equal to iinv/mp, which
means current sharing among different inverters can be realized
naturally.

The input current of #i inverter is defined as Ibusi. According
to (14) and the energy conservation law, one can obtain the input
current for #1 - #m inverter

Ibusi = 2
√
2Iinv sinαi/(πmp). (28)

The transferred power of each inverter can be expressed as

Pbusi = IbusiVbus = 2
√
2IinvVbus sinαi/(πmp). (29)

Since Vbus, Iinv, and mp are the same for all inverters, the
power distribution can be realized by controlling αi

Pbus1 : Pbus2 : · · · : Pbusm = sinα1 : sinα2 : · · · : sinαm.
(30)

The output current of #j rectifier is defined as Ibatj. Similarly,
according to (15), the transferred power of each rectifier can be
expressed as

Pbatj = IbatjVbat = 2
√
2IrecVbat sinβj/(πns). (31)

One can obtain the power distribution of the rectifiers as

Pbat1 : Pbat2 : · · · : Pbatn = sinβ1 : sinβ2 : · · · : sinβn.
(32)

The power distribution among different inverters and recti-
fiers can be easily regulated by the phase angles αi and βj,
respectively.

D. Failure Mode and Effect Analysis

Reliability is of great importance in MIMR systems. The in-
crease in the number of power semiconductor devices used may
lead to an increase in the failure rate of the system. Therefore,
the failure mode and effect analysis (FMEA) of the multiple
inverters in the DPAS-MIMR system is presented.

For power semiconductor devices, there may be open-
circuited and short-circuited faults. Fig. 7(a) and (b) show

the open-circuited and short-circuited faults of a full-bridge
inverter, respectively. When S1i is open-circuited, S3i and S4i
are turned on all the time while S2i is turned OFF. #i inverter is
bypassed and the other inverters can work normally. When S1i
is short-circuited, S3i and S4i are turned OFF while S2i is turned
ON permanently. The same strategy can be applied when these
faults come to the other MOSFETs. Therefore, only #i inverter
is bypassed under these open-circuited or short-circuited faults,
and the other inverters can work normally.

According to (19), Iinv is determined by Iva which is related
to the output power and not to the inverter types. When using
multiple inverters, the current flows through each inverter de-
creases to Iinv/mp. In high-power WPT systems, a single MOSFET

with TO247 packaging cannot withstand the high conducting
currents. For the same current capability, the same number of
MOSFETs should be connected in parallel even if only using a
full-bridge inverter as shown in Fig. 1. When the short-circuited
fault occurs to this full-bridge inverter, it can only operate at
the half-bridge mode which means the power transfer capability
decreases by half. According to (24), the power transfer capa-
bility of the proposed system only decreases by 1/m during a
single point of failure on the semi-conductors of the inverters.
The larger the m, the smaller the impact of these faults.

III. POWER LOSS ANALYSIS AND EFFICIENCY OPTIMIZATION

Although both primary-side control and dual-side control can
obtain the same desired output power, the overall efficiencies
vary. This section presents a detailed power loss analysis for
the DPAS-MIMR WPT system with primary-side control and
dual-side control.

A. Power Loss Analysis With Primary-Side Control

Primary-side control is a conventional and easy-to-
implemented method. The diode rectification can be adopted
which means βj is fixed at 90°. The output power is regulated
by αi. However, the overall efficiency is low at low power levels
which will be studied here.

The core loss of #i RIIT is related to the operating frequency f,
the magnetic flux density Bi, and the magnetic core volume Vei.
Thus, the total core loss Pcore can be expressed as (33) where a,
b, and c are determined by the materials

Pcore =
m∑
i=1

af bBc
iVei +

n∑
j=1

af bBc
jVej . (33)

Although Pcore varies with the applied voltages, it represents
only a small part of the total power loss and can be considered
a constant for simplicity.

The forward voltage of the diode is defined as Vf. Since all
the output current flows through two diodes, the total forward
voltage loss Pdio can be derived as

Pdio = 2IbatVf = 2PoVf/Vbat. (34)

The conduction resistance of the MOSFET is Rdson. The con-
duction losses of #i inverter and #j rectifier can be approximated
as being generated by two Rdson and one Rdson according to
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Fig. 8. 3-D plot of Iga, Iva, Ptot, and η concerning k and Po with diode
rectifiers for a 20-kW WPT system where Vbat = 800 V, Lf_ga = 20.6 μH,
Lf_va = 28 μH, Cf_ga = 168 nF, Cf_va = 123.6 nF, Cga = 178.8 nF, Cva =
30.9 nF, Lga = 39 μH, Lva = 140 μH, Rga = 60 mΩ, Rva = 200 mΩ, m = 2,
n = 2, Rp11 = 40 mΩ, Rp21 = 30 mΩ, Rs11 = 40 mΩ, Rs21 = 30 mΩ, Rdson

= 20 mΩ, Vf = 1.6 V, f = 85.5 kHz. (a) Iga. (b) Iva. (c) Ptot. (d) η.

Fig. 5(a) and (b), respectively. Based on the resistance trans-
formation of the transformer and Fig. 4, the total equivalent
resistances, Rf_ga and Rf_va, can be expressed as

Rf_ga =

m∑
i=1

(
Rp1i + 2Rdson

m2
p

+Rp2i

)
(35)

Rf_va =

n∑
j=1

(
Rs1j +Rdson

n2
p

+Rs2j

)
. (36)

According to (16) and (19), one can obtain the relationships
among Iva, Iinv, and Iga as

Iva ≈ Po/(ωMIga) (37)

Iinv ≈ Po/(XgaIga). (38)

The total power loss of the proposed WPT system, Ptot,
consists of the conduction loss of the MOSFETs, the core loss
and copper loss of the RIITs, the loss of the Tx and Rx coils, and
the forward voltage loss of the diodes. Combining (20), (37),
and (38), Ptot can be derived as

Ptot = I2invRf_ga + I2gaRga + I2vaRva + I2recRf_va + Pdio + Pcore

=
y1
I2ga

+ y2I
2
ga +

2PoVf

Vbat
+ Pcore (39)

where y1 and y2 are defined as follows

y1 =
P 2
oRf_ga

X2
ga

+
P 2
oRva

ω2M2
, y2 = Rga +

ω2M2Rf_va

X2
va

. (40)

Finally, one can obtain the overall efficiency η as

η = Po/(Po + Ptot). (41)

Fig. 8 shows the 3-D plot of Iga, Iva, Ptot, and η concerning
coupling coefficient and power variations under conventional
primary-side control for a 20-kW WPT system. Iga increases

with the increase of Po, whereas decreases with the increase of k.
Since only primary-side control is used, Iva remains unchanged
despite different Po and k. Generally, Ptot increases with the
increase of k and Po. η increases with the increase of M when
Po is large, whereas decreases with the increase of M when Po

is small. In addition, η decreases significantly at light loading.
The maximum efficiency approaches 95% at 20 kW, whereas
the minimum efficiency decreases to only 75% at 3.3 kW. The
reason is that the constant power loss caused by Iva accounts for
a large portion of Po at light loading.

B. Efficiency Improvement With Dual-Side Control

Although primary-side control can obtain the desired output
power, the overall efficiency decreases significantly when Po

decreases to a certain value. Dual-side control can optimize the
distribution of resonant currents which benefits efficiency im-
provement. The parasitic resistances, mutual inductance, output
power, and battery voltage are determined by the application
scenario. Both αi and βj can be used to regulate Iga and Iva
against the variations in mutual inductance and power. The
overall efficiency can be optimized while achieving the desired
output power.

The minimum Ptot is defined as Ptot_min. Since y1 + y2 ≥
2
√
y1y2, one can obtain (42) according to (39)

Ptot_min = 2Po

√√√√(Rf_ga

X2
ga

+
Rva

ω2M2

)(
Rga +

ω2M2Rf_va

X2
va

)

+
2PoVf

Vbat
+ PRIIT_Fe (42)

where Iga is regulated at its optimal value Iga_opt as

Iga_opt =
4

√√√√(P 2
oRf_ga

X2
ga

+
P 2
oRva

ω2M2

)/(
Rga +

ω2M2Rf_ga

X2
va

)
.

(43)
The maximum overall efficiency ηmax for a fixed system can

be derived accordingly

ηmax = Po/(Po + Ptot_min). (44)

Fig. 9 shows the optimal conditions with coupling coefficient
and power variations. Generally, both Iga_opt and Iva_opt de-
crease with the increase of k and increase with the increase of
Po. Different from primary-side control, Ptot almost remains
the same for a certain Po despite different k. The minimum
calculated efficiency can be still higher than 93%, which is 18%
higher than that of Fig. 8(d).

According to (42), smaller Rf_ga, Rga, Rva, and Rf_a contribute
to a smaller Ptot_min for a certain output power. Although using
high-performance semiconductors and low on-resistance trans-
formers and coupling coils can improve ηmax, it also increases
the cost or volume. When designing a WPT system, engineers
need to find a balance between cost, volume, and maximum
efficiency.

In addition, Ptot_min is related to mutual inductance. The
optimal Mopt, i.e., the optimal kopt, and Ptot_min_opt can be
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Fig. 9. 3-D plot of Iga_opt, Iva_opt, Ptot_min, and ηmax concerning k and
Po for a 20-kW WPT system where Vbat = 800 V, Lf_ga = 20.6 μH, Lf_va
= 28 μH, Cf_ga = 168 nF, Cf_va = 123.6 nF, Cga = 178.8 nF, Cva = 30.9
nF, Lga = 39 μH, Lva = 140 μH, Rga = 60 mΩ, Rva = 200 mΩ, m = 2, n
= 2, Rp11 = 40 mΩ, Rp12 = 30 mΩ, Rs11 = 40 mΩ, Rs12 = 30 mΩ, Rdson

= 20 mΩ, Vf = 1.6 V, f = 85.5 kHz. (a) Iga_opt. (b) Iva_opt. (c) Ptot_min.
(d) ηmax.

Fig. 10. Plot of Ptot_min and ηmax versus k. (a) Ptot_min; (b) ηmax.

deduced as

Mopt =
4

√
RgaRvaX2

gaX
2
va

ω4Rf_gaRf_va
= kopt

√
LgaLva (45)

Ptot_min_opt = 2Po

×
√√√√2

√
Rf_gaRgaRf_vaRva

X2
gaX

2
va

+
Rf_gaRga

X2
ga

+
Rf_vaRva

X2
va

+
2PoVf

Vbat
+ PRIIT_Fe. (46)

Therefore, the optimized ηmax_opt can be expressed as

ηmax _opt = Po/(Po + Ptot_min_opt). (47)

Fig. 10 shows Ptot_min and ηmax versus k. ηmax increases with
the increase of k at first, and then decreases. kopt is independent
of Po, which is about 0.4. Generally, k ranges from 0.088 to
0.245 as defined in [6]. Therefore, a higher k may correspond to
a higher ηmax in practice, which can be observed in Fig. 9(d).

IV. PROPOSED PLOC METHOD

The total power loss is related to both the hardware and
control methods. The maximum efficiency can be obtained
when Iga equals Iga_opt by varying αi and βj as analyzed in
Section III-B. However, accurate regulation of βj requires a
complex synchronization technique, as the dual-side controllers
are physically separated. In addition, hard switching may occur
in both inverters and rectifiers when αi and βj are small. It
poses great challenges to the control of inverters and rectifiers.
This section presents an easy-to-implemented mutual induc-
tance identification-based PLOC method with ZVS operation for
the proposed DPAS-MIMR architecture where the challenging
secondary synchronization is avoided. High efficiency can also
be achieved with a significant reduction in control complexity.

A. Mutual Inductance Identification

Various methods not requiring the knowledge of mutual in-
ductance can be applied to this system and achieve the desired
power by using a PID controller. In addition, maximum effi-
ciency point tracking can be realized by the traversal algorithms
or P&O methods. However, the dynamic performances need
to be improved or it may be trapped in local efficiency op-
timizations. The power reference Pref, which is important for
the interoperability of different GAs and VAs, is a function of
mutual inductance M as derived in (23). The desired Gp can be
determined only when M is identified. There are some parameter
identification-based control methods for output regulation or
efficiency optimization. In [32] and [33], the primary phase angle
is utilized to estimate the mutual inductance of the series-series
WPT system. However, high-frequency phase angle detection is
difficult. In [29], a high-order harmonic current is used to iden-
tify the mutual inductance of the series-parallel WPT system.
However, this method is unsuitable for the LCC-LCC topology.
This section provides a simple mutual inductance identification
for the proposed LCC-LCC WPT system.

One can calculate M by sampling Iinv, Iga, Iva, and Irec
according to (19) and (20) during main power transfer. However,
high-order harmonic currents of Iinv and Irec caused by the LCC
resonant tank and the power losses can affect the identification
accuracy. Although M changes with the relative positions of
coupling coils, it is fixed once the EV parks. To avoid overvoltage
protection, Q1n - Q2n remain ON state before the main power
transmission starts, during which period the proposed mutual
inductance identification method is implemented to minimize
the influence of the power loss and high-order currents on the
identification accuracy.

#1 inverter works to provide necessary Iga, whereas the other
inverters remain in by-pass mode. Due to the parallel resonant
tank, Iva almost equals zero. Thus, the equivalent circuit can be
further simplified as shown in Fig. 11. vinduced is the induced
voltage in the receiving voltage, which can be calculated as

Vinduced = ωMIga = ωMVinv/(ωLf_ga) = MVinv/(Lf_ga).
(48)
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Fig. 11. Simplified equivalent circuit of the WPT system during mutual
inductance identification mode.

vinduced is applied to the parallel resonant tank, and one can
derive the following equation:

Irec = Vinduced/(ωLf_va) = MVinv/(ωLf_gaLf_va). (49)

According to (49), the voltage transformation between Vbus

and Vinv, and the current transformation between Irec and Is1,
the mathematical model for the mutual inductance identification
can be obtained

M = ωLf_gaLf_vaIrec/(Vinv)

= πωmpnsLf_gaLf_vaIs1/
(
2
√
2Vbus

)
. (50)

The proposed mutual inductance identification implements
once before the main power transfer, and it helps the system
settle around the optimum point quickly. This method is based on
the samplings of Vbus and Is1 which are also used for the control
and protection system. Therefore, no additional hardware is
required, making it a cost-effective solution.

B. Proposed PLOC

Although the number of inverters and rectifiers can be in-
creased for power improvement, the two-inverter two-rectifier
configuration is the fundamental cell of the DPAS-MIMR topol-
ogy and the other configurations can be regarded as the superpo-
sition of several cells. Therefore, without the loss of generality, a
DPAS-MIMR WPT system with two inverters and two rectifiers
is used to intuitively illustrate the principle of the proposed
simplified PLOC method.

The maximum resonant currents, Iga_max and Iva_max, are
limited by the heat dissipation of the coils. When M is identi-
fied, one can obtain the minimum currents Iga_min and Iva_min

according to (37)

Iva_min ≈ Po/(ωMIga_max) (51)

Iga_min ≈ Po/(ωMIva_max). (52)

Once the desired output power Po is determined, Iga and Iva
range in [Iga_min, Iga_max] and [Iva_min, Iva_max], respectively.

Iga_max and Iva_max are obtained when α1 = α2 = 0.5π
and when β1 = β2 = 0.5π, respectively. Iga and Iva can be
re-expressed as

Iga =
2
√
2(sinα1 + sinα2)λVbus_max

πXga

TABLE I
DIFFERENT OPERATING MODES OF DIFFERENT Gp

Fig. 12. Iga and Gp with respect to α1, α2, β1, β2, and λ. (a) Iga. (b) Gp.

= λ(sinα1 + sinα2)Iga_max (53)

Iva =
2
√
2(sinβ1 + sinβ2)Vbat

πXva

= (sinβ1 + sinβ2)Iva_max. (54)

Therefore, αi, βj, and λ can be used to optimize the current
distribution to improve η as analyzed in Section III-B.

The three-phase Vienna PFC is used for the high-power WPT
system. When it is applied by the 380-V grid, its bus voltage
should be higher than 380 V × 1.414 × (1+20%) considering a
±20% fluctuation in grid voltage. Therefore, Vbus ranges from
640 V to 840 V, where λ belongs to [0.75, 1]. Thus, Gp can be
regulated by λ when it falls within this range. The schematic
and experimental results for a 22-kW Vienna are discussed in
Section V-D and Appendix, respectively.

As for αi, it equals 0.5 π or 0 to avoid hard switching. In addi-
tion, #1 inverter can be also switched to the half-bridge topology
to expand the regulation range of Gp. To avoid secondary side
synchronization, #2 rectifier only works at the diode rectification
or the by-pass mode where βj equals 0.5 π and 0, respectively.

Table I shows eight operating modes with different α1, α2,
β1, β2, and λ. Furthermore, the relationship of Iga and Gp with
respect to these variables is plotted in Fig. 12. Although αi and
βj are discrete, one can obtain a continuous Gp in most zones.
According to Fig. 12, Gp almost covers the regulation range for
the 20-kW VA. The Gp zones of modes 3 and 5 are the same as
that of modes 4 and 7, respectively. It indicates that there exist
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Fig. 13. Possible Iga with coupling coefficient and power variations with
proposed simplified PLOC method where Vbat = 800 V, Lf_ga = 20.6 μH,
Lf_va = 28 μH, Cf_ga = 168 nF, Cf_va = 123.6 nF, Cga = 178.8 nF, Cva =
30.9 nF, Lga = 39 μH, Lva = 140 μH, Rga = 60 mΩ, Rva = 200 mΩ, m = 2,
n = 2, Rp11 = 40 mΩ, Rp12 = 30 mΩ, Rs11 = 40 mΩ, Rs12 = 30 mΩ, Rdson

= 20 mΩ, Vf = 1.6 V, f = 85.5 kHz. (a) Iva. (b) Ptot. (c) η.

two viable operating points. However, their overall efficiencies
vary due to different current distributions.

To intuitively show the process of settling at the optimal point,
Fig. 13 shows the operating points of a two-inverter two-rectifier
WPT system with different Po and k. There may be one or two
viable operating points. As shown in Fig. 13(c), points 1 and 2
are marked for 3.3 kW at k = 0.26. Iva equals 55 Arms when
β1 = β2 = 0.5π, and Iva equals 27.5 Arms when β1 changes
to 0. The corresponding Iga is 5.5 and 11 Arms, respectively.
Although both two operating points can achieve the desired Po,
Ptot and η vary a lot due to different current distributions. The
proposed system can traverse these two viable operating points
and distinguish the one with the higher efficiency. The operating
points are marked in color, while abandoned points are marked
in grey. As can be seen in Fig. 13(c), all the operating points
fall within the dashed box. Although Iva is discrete and may not
equal Iva_opt, the overall efficiencies are still greater than 91%
under large variations in k and Po, which theoretically verifies
the validity of the proposed method.

Fig. 14 further summarizes the flowchart of the simplified
PLOC method, which can be divided into six steps as follows.

Step 1: Mutual inductance identification. Before main power
transmission, Q1 - Q2n are turned ON for overvoltage protection.
The GA and VA establish the communication link through WiFi
and exchange system parameters including resonant parameters,
power rating, battery voltage range, etc. #1 inverter starts to
work to provide a resonant voltage. Meanwhile, Vbus and Is1
are sampled. Then, the controllers identify M according to (50).

Step 2: Power reference calculation. According to the system
parameters and the identified M, one can obtain Pref according
to (23).

Fig. 14. Flowchart of the proposed simplified PLOC method.

Step 3: Controller receives the desired Po from the user
interface and then calculates the required Gp according to Pref

and (22).
Step 4: Controller identifies viable αi, βj, and λ according to

the calculated Gp and (24).
Step 5: System tries to work on one or two viable operating

modes and records their overall efficiencies. As shown in Fig. 12,
there are two operating points for a given Po in modes 3 & 5
and modes 4 & 7, and only one operating point in modes 1, 2, 6,
and 8. The controllers receive the command of Po, calculate the
desired Gp, and then set the operating modes of all inverters and
rectifiers. Because of the difference between the calculated Gp

and the actual value, a proportional-integration control can be
used to regulate αi and λ slightly. When the system stabilizes,
the input and output voltages and currents are sampled and the
overall efficiency is calculated and recorded. If there exists only
one viable operating point, the regulation is finished. Otherwise,
the system turns to step 6. Since the charging power almost
remains unchanged and the battery voltage increases slowly, the
regulation time is enough.

Step 6: if there exist two viable operating points, the system
compares their efficiencies and then stabilizes at the more effi-
cient operating point.

The rectifiers operate at by-pass mode or diode rectification
mode. Thus, all the MOSFETs on the VA can achieve soft switch-
ing. The inverters operate with 90°. The system operates at the
resonant frequency which means the fundamental current and
voltage of the inverter are in phase. Because of the high-order
components of the inverting current, Ipi lags Vpi by some
degrees which helps to achieve ZVS operation during different
conditions.

The proposed PLOC method does not require high-frequency
accurate synchronization on the VA which makes it easy-to-
implemented. The system may not operate at the maximum
efficiency point, but its overall efficiency is still higher than that
using primary-side control. In addition, the charging time is long
and the controller can settle around the optimal region after a
quick calculation once the desired Po is given. Although the
parasitic resistances of the RIITs are slightly higher than that of
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Fig. 15. Diagram of the 20-kW WPT prototype.

Fig. 16. 20-kW DPAS-MIMR LCC-LCC WPT prototype.

the conventional resonant inductors, the DPAS-MIMR topology
with the proposed PLOC method can realize a wide range of volt-
age regulation under ZVS operation without adding additional
BUCK/BOOST converters. Thus, the proposed system can have
advantages in higher efficiency, higher power density, and lower
cost than conventional WPT systems.

V. EXPERIMENTAL VERIFICATION

A 20-kW EV WPT system is built to verify the proposed
DPAS-MIMR topology and the simplified PLOC method.
Figs. 15 and 16 show the diagram and experimental prototype
consisting of two parallel inverters and two parallel rectifiers.
The key parameters of the system are given in Table II. The
waveforms are obtained from Tektronix MSO56 5-BW-1000
six-channel oscilloscope. The input power is supplied by two
IT6018C-1500–40 bidirectional power sources with a total
power rating of 36 kW and the load is consumed by a 36-
kW electronic load IT8036-1500–80. Independent digital signal
processors (TMS320F28069) are used for the inverters and
rectifiers. #1 inverter acts as the master inverter. The AC sides of
the inverters and rectifiers are connected in series through four
RIITs whose turns ratios are 14:7. Each RIIT consists of four
EE70B ferrite magnetic cores whose size is 65 mm × 80 mm ×
65 mm with a total weight of 1.28 kg. Their leakage inductances
are 10.3, 10.4, 13.4, and 13.9 μH, respectively. Thus, the total
leakage inductances of the GA and the VA are 20.7 and 27.3 μH,
respectively. C3M0021120K and STTH75S12W are used as the

TABLE II
KEY PARAMETERS OF THE PROPOSED PROTOTYPE

MOSFETs and the diodes, respectively. The dc-blocking capacitor
Cb is 5 μF. The filtering capacitances Cf_ga and Cf_va are 168
and 14.4 nF, respectively. The resonant capacitances Cga and
Cva are 175 and 30.6 nF, respectively. The OEM has strict
requirements on the size and weight of the VA. To obtain a
smaller VA and an improved misalignment tolerance caused by
different parking positions, the Tx coil is larger than the Rx coil.
The outer dimension of the Tx coil is 800 mm × 700 mm ×
60 mm with a self-inductance of 39 μH to meet the dimensions
specified in SAE J2954. The Rx coil has an outer dimension of
480 mm × 370 mm × 55 mm and a self-inductance of 140 μH,
which is dictated by the power transmission requirements and
the size constraints of the OEM. Iga_max and Iva_max are 65
and 55 Arms, respectively. The system operates at 85.5 kHz.
To satisfy the heat dissipation requirements, the current flowing
through each MOSFET is set below 35 Arms. In addition, a forced
air-cooling system is used on the GA, and a water-cooling system
is used on the VA.

A. Mutual Inductance Identification

Mutual inductance is one of the most important parameters of
the WPT system which are strongly related to the power transfer
capability and efficiency. This section provides the experimental
study of the proposed online mutual inductance identification
method.

Fig. 17(a) shows the typical waveforms of the proposed
method including Vbus, vp1, vp2, is1, and the identified M. #1
inverter works at the phase shift control with 90°. #2 inverter and
two rectifiers operate at the by-pass mode where S32, S42, Q11,
Q21, Q12, and Q22 remain ON state all the time. Vbus remains
at 640 V. Irec is 9.05 Arms. Since irec is a sinusoidal waveform,
one can use its amplitude to calculate the mutual inductance for
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Fig. 17. Mutual inductance identification. (a) Typical waveforms. (b) Simu-
lated and experimental identified M and error rates.

simplification. According to (50), the identified M is 19.4 μH
corresponding to a real value of 19.5 μH.

Fig. 17(b) further shows the simulated and experimental iden-
tified M with respect to k at different coil positions. Since the
rectifiers are short-circuited, the influence of power loss is very
small. High accuracy can be obtained both in the experimental
and simulated results. It can be seen that the identification errors
of the simulated and experimental results are within 1% and 5%
when M changes from 10.5 to 19.5 μH. Since the proposed
PLOC method aims to operate in an optimized region, this
experimental error is acceptable. This verifies the effectiveness
of the proposed mutual inductance identification method in
Section IV-A.

B. DPAS-MIMR Architecture With Primary-Side Control

Fig. 18 shows the experimental study of the proposed DPAS-
MIMR architecture with primary-side control under different
battery voltages and output power levels. Both β1 and β2 are
90°. The battery voltages in the left and right figures are 650
and 915 V, respectively. The power transfer distance is 21 cm
and the coupling coefficient is 0.155. In Fig. 18(a), the output
power is 3.3 kW. #1 inverter operates at half-bridge mode with
a 50% duty cycle, and #2 inverter is bypassed. Vbus is regulated
from 840 to 680 V to obtain the same power at different Vbat. In
Fig. 18(b), the output power is increased to 6.6 kW. #1 inverter
operates at full-bridge mode with a 90° phase angle. #2 inverter
is still bypassed. Vbus decreases from 800 to 600 V when Vbat

increases from 650 to 915 V. In Fig. 18(c), the expected output
power is 10 kW. When Vbat is 650 V, #1 inverter operates at
half-bridge mode with a 50% duty cycle and #2 inverter operates
at full-bridge mode with a 90° phase angle. When Vbat increases
to 915 V, Vbus decreases from 780 to 640 V. In Fig. 18(d), the
expected output power increases to 20 kW. Both #1 and #2
inverters operate at full-bridge mode with 90° phase angles,
where Vbus increases to 800 V. The measured output power
increases from 14.4 to 19.3 kW when Vbat increases from 650
to 915 V. This phenomenon agrees well with Fig. 6(a). Small
coefficients and low battery voltages can result in an output
power of less than 20 kW. It can be observed from Fig. 18
that the zero-crossing point of the inverting current always lags
the inverting voltage at the transitions. ZVS operation has been
achieved by all MOSFETs.

Fig. 18. Typical waveforms of the DPAS-MIMR architecture with primary-
side control under different power levels and battery voltages where k = 0.155.
(a) Po = 3.3 kW, Vbat = 650 V and 915 V. (b) Po = 6.6 kW, Vbat = 650 V,
and 915 V. (c) Po = 10 kW, Vbat = 650 V, and 915 V. (d) Po = 20 kW and
Vbat = 650 V and 915 V.

Table III further shows the output power and overall efficien-
cies under different conditions. Although primary-side control
can achieve different output power levels ranging from 3.3
to 20 kW at different battery voltages, the overall efficiency
decreases significantly when operating at a low output power.
When Vbat is 915 V and Po is 3.3 kW, the measured overall
efficiency η is only 78.6%. Thus, a better control method is
required.

C. DPAS-MIMR Architecture With PLOC

Fig. 19 shows the experimental study of the proposed DPAS-
MIMR architecture with a simplified PLOC method under dif-
ferent battery voltages, coupling coefficients, and output power
levels. The battery voltages on the left and right figures are 650
and 915 V, respectively. The power transfer distance ranges from
16 cm to 21 cm where the coupling coefficient decreases from
0.26 to 0.155. In Fig. 19(a), Po increases from 2.8 to 3.3 kW
when Vbat increases from 650 to 915 V, respectively. #1 inverter
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TABLE III
EXPERIMENTAL RESULTS OF DPAS-MIMR ARCHITECTURE WITH

PRIMARY-SIDE CONTROL

Fig. 19. Typical waveforms of the DPAS-MIMR architecture with simplified
PLOC method at different power ratings and battery voltages where k = 0.26.
(a) Po = 3.3 kW and Vbat = 650 V and 915 V. (b) Po = 6.6 kW and Vbat

= 650 V and 915 V. (c) Po = 10 kW and Vbat = 650 V and 915 V. (d) Po =
20 kW and Vbat = 650 V and 915 V.

operates at half-bridge mode while Vbus decreases from 840
to 750 V. #2 inverter is bypassed. β1 is 90° while β2 is 0. In
Fig. 19(b), the output power is increased to 6.6 kW. When Vbat

is 650 V, #1 inverter operates at half-bridge mode with a 50%
duty cycle and #2 inverter operates at full-bridge mode with a
90° phase angle. When Vbat increases to 915 V, #1 inverter is

TABLE IV
EXPERIMENTAL RESULTS OF DPAS-MIMR ARCHITECTURE WITH THE

PLOC METHOD

changed to full-bridge mode with a 90° phase angle, while #2
inverter is bypassed. β1 is 90° while β2 becomes 0. In Fig. 19(c),
the output power is 10 kW. When Vbat is 650 V, both #1 and
#2 inverters operate at full-bridge mode with 90° phase angles.
When Vbat increases from 650 to 915 V, #1 inverter is changed
to the half-bridge mode, while Vbus decreases from 740 to 710 V.
β1 is 90° while β2 is 0. In Fig. 19(d), the output power is finally
increased to 20 kW. The operating modes of the inverters almost
remain the same as that in Fig. 19(c). However, both β1 and β2

are 90°. It can be observed from Fig. 19 that ZVS operation has
been achieved under all conditions. Due to the by-pass mode
of #2 rectifier, is1 and is2 can increase at low power levels.
The voltage distortions of vs1 and vs2 disappear compared with
Fig. 18, which can reduce the interferences and switching losses.

Table IV summarizes the transferred power and overall ef-
ficiencies under different conditions. Po changes from 3.3 to
20 kW, Vbat increases from 650 to 915 V, and the coupling
coefficient changes from 0.155 to 0.26. The maximum efficiency
is 95.1%, and all the efficiencies are greater than 88% under three
large parameter variations.

Fig. 20 compares the overall efficiencies of the proposed
DPAS-MIMR architecture with primary-side control and PLOC
method. Although the maximum efficiencies of the two methods
are close, the minimum efficiencies differ significantly. Using
the primary-side control, the minimum efficiency at 3.3 kW is
only 78.6%. However, by using the proposed simplified PLOC, it
approaches 88.4%, i.e., a 10% increase in efficiency is achieved.

The power losses of Tx and Rx coils are produced by the
resonant currents. These currents are determined by the inverting
and rectifying voltages which may not be strongly related to the
output power. The power losses of the inverters and rectifiers
only account for a small portion of the total power losses. For
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Fig. 20. Efficiency comparison between primary-side control and simplified
PLOC at different k, Vbat, and Po. (a) DPAS-MIMR architecture with primary-
side control. (b) DPAS-MIMR architecture with PLOC.

Fig. 21. Power loss breakdowns of a 20-kW WPT system operating at low
power levels with two control methods. (a) Po = 3.3 kW with diode rectification,
η = 78.6%. (b) Po = 3.8 kW with the proposed PLOC method, η = 90.3%.

example, the power losses of the Rx coil at 3.3 kW with a high
Vbat may be higher than that at 20 kW with a low Vbat.

To investigate the power loss distribution intuitively, Fig. 21
shows the power loss breakdown of the 20-kW MIMR WPT
system operating at low power levels with a coupling coefficient
of 0.155 and a battery voltage of 915 V. In Fig. 21(a), a diode
rectification is used and the output power is 3.3 kW. Iva is around
55 Arms and the power loss of the Rx coil and VA capacitors
approaches 650 W. The total power loss is 898 W, corresponding
to an efficiency of only 78.6%. Although the multi-inverter GA
can provide a wide range of Vinv, the efficiency is still low
at low power levels with a diode rectification. In Fig. 21(b),
β1 is 90° and β2 is 0. Iva becomes 27.5 Arms. The power
losses of the Rx coil and VA capacitors are decreased to only
202 W. By allocating Iga and Iva properly, the efficiency is
increased to 90.3%, where an 11.7% efficiency improvement
is achieved. Only by combining the multi-rectifier topology
with the proposed PLOC method can we obtain high efficiency
against large system variations.

Table V compares the SAE J2954 interoperability class I
system efficiency requirement and the dc/dc efficiency of the
proposed system while operating at different power levels. Sup-
posing the efficiency of the Vienna PFC is 97% whose mea-
sured results are presented in Appendix, the minimum system

TABLE V
COMPARISON BETWEEN THE CONVENTIONAL AND PROPOSED ARCHITECTURES

Fig. 22. Comparison between conventional GA and proposed GA for high-
power WPT systems. (a) Conventional GA. (b) Proposed GA.

efficiency of the proposed system in the alignment tolerance area
is at least 8% higher than the interoperability requirement.

These experiments and comparisons confirm the analysis in
Section IV and validate the effectiveness of the proposed DPAS-
MIMR architecture with a simplified PLOC method.

D. Comparison and Discussions

The GA and VA can have a symmetrical topology with dc/dc
converters for power regulation. As shown in Fig. 22, the GA
is used as an example to clearly show the advantages and
disadvantages of the conventional and proposed architectures.

The differences between the BUCK converters and inverters
of the two systems are given in Table VI. More components
including 3m-4 driver circuits, m transformers, and a dc blocking
capacitor are used in the proposed GA. However, two resonant
inductors are removed. The current ratings of these two inductors
increase with the increase in power level, as well as their size
and cost. In addition, m diodes, m MOSFETs, m BUCK inductors,
m filtering capacitors, and 1 voltage sampling and m current
sampling circuits are removed. The size and cost of m trans-
formers are just slightly higher than those of m buck inductors. In
summary, fewer components are used in the proposed topology
which contributes to a lower cost and a higher power density.

There are several advantages of the proposed DPAS-MIMR
topology as given in Table VII. First, the modular architecture
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TABLE VI
COMPARISON BETWEEN THE CONVENTIONAL TOPOLOGY AND

PROPOSED TOPOLOGY

TABLE VII
COMPARISON BETWEEN THE CONVENTIONAL AND PROPOSED ARCHITECTURES

benefits the improvement of the high-power WPT system. Sec-
ond, the interoperability of both GA and VA is strong which
suits the industrialization requirements of the EV WPT system,
especially in public charging applications. Third, wide-range
power regulation can be achieved and the conventional front-end
and back-end dc/dc converters are no longer required. The
proposed system can have a higher power density and higher
overall efficiency. Fourthly, the leakage inductances of the RIITs
replace the conventional resonant inductors of the LCC-LCC
circuit, which helps to reduce the cost and size. Finally, a simpli-
fied PLOC method based on accurate and easy-to-implemented
mutual inductance identification is proposed, which achieves
high efficiency at low power levels.

As for the power losses in the single full-bridge inverter
in Fig. 22, they have the same value as that of the proposed
topology under a given operating condition. The total numbers of
MOSFETs used in the two systems are the same for the same power
level as analyzed in Section II-D. Supposing that all MOSFETs
achieve soft-switching ON, Psingle_inverter and Pmulti_inverters

present the total conduction and simplified switching-off losses
of the inverters used in the conventional and proposed systems
as shown in (55) and (56). To ensure the same Iga_max under
different configurations, mp can be the same as m, both of
which are 2 in this article. Therefore, Psingle_inverter is equal

to Pmulti_inverters

Psingle_inverter = I2inv • 2
Rdson

m
+ 0.5VbusIinv_off (55)

Pmulti_inverters =

(
Iinv

mp

)2

• 2Rdson •m+ 0.5Vbus
Iinv_off

mp
•m

= Psingle_inverter. (56)

Admittedly, this proposed system is not perfect and there
are some shortcomings in voltage gain and volume and loss of
some devices. Each converter requires an additional transformer
whose power losses may be a little larger than that of a resonant
inductor with the same inductance. #1 inverter requires one dc
blocking capacitor. As shown in Fig. 12, Gp is discontinuous and
in some cases may lead to some power derating when interop-
erating with other devices. To compensate for these discontinu-
ous regions, the duty cycle control or the phase shift control
can be applied to the half-bridge and full-bridge converters,
respectively. Besides, frequency shift control may be introduced
as well.

VI. CONCLUSION

To improve the power and interoperability of the EV WPT
systems, this article proposes a DPAS-MIMR architecture. Fur-
thermore, a simplified mutual inductance identification-based
PLOC method is proposed to minimize the power loss with
large coupling coefficients and power variations. The conven-
tional dc/dc regulators and resonant inductors of the LCC-LCC
compensation circuit can be eliminated. Owing to the inherent
characteristic of the proposed topology, power sharing among
different converters can be realized without a complex closed-
loop control. The system is efficient, cost-effective, compact, and
has strong interoperability, which makes it suitable for the indus-
trialization of EV WPT products. A two-inverter two-rectifier
20-kW WPT platform has been built where the maximum overall
efficiency approaches 95%. The minimum efficiency is still
higher than 88% when the output power, battery voltage, and
coupling coefficient vary in [2.8 kW, 20 kW], [650 V, 915 V],
and [0.155 to 0.26], respectively.

APPENDIX

The key waveforms and experimental results of a 22-kW
Vienna PFC are presented in this part.

Fig. 23 shows the typical waveforms of the Vienna PFC
operating at different power levels, which are recorded by a
power analyzer PA5000H. va, vb, and vc are the input three-
phase voltages. ia, ib, and ic are the input three-phase currents.
NVHL027N65S3F and B2D20120HC1 are used as the MOSFETs
and diodes. In Fig. 23(a), the output voltage is 640 V and the out-
put current is 15.6 A. The ac/dc conversion efficiency measured
by the power analyzer is 97.5%. The total harmonic distortion
of the currents is smaller than 3.6%. The dc-link voltage is
stable and the input currents are sinusoidal. In Fig. 23(b), the
output current is 33.6 A, corresponding to an input power of
22.1 kW. The ac/dc conversion efficiency becomes 97.1%. The
total harmonic distortion of the currents is only 1.8%.
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Fig. 23. Typical waveforms of a 22-kW Vienna PFC. (a) Input power is
10.3 kW. (b) Input power is 22.1 kW.

Fig. 24. Efficiencies of a 22-kW Vienna PFC with respect to grid voltages,
bus voltages, and output power. (a) Va = Vb = Vc = 250 Vrms. (b) Va = Vb =
Vc = 240 Vrms; (c) Va = Vb = Vc = 220 Vrms. (d) Va = Vb = Vc = 200 Vrms.

To validate the performance of the PFC under different condi-
tions, Fig. 24 shows the ac/dc conversion efficiencies when the
input voltages, dc-link voltages, and output power level range
in [200 Vrms, 250 Vrms], [640 V, 840 V], and [2 kW, 22 kW],
respectively. The input three-phase voltages in Fig. 24(a)–(d) are
250 Vrms, 240 Vrms, 220 Vrms, and 200 Vrms, respectively.
The conversion efficiency increases quickly with the increase of
the power level at first. It reaches the maximum efficiency around
half loading. Then, it decreases slowly. For the same input
voltages and output power, a higher Vbus requires a larger duty
cycle of the PFC which results in a smaller conversion efficiency.
The efficiency difference caused by different bus voltages is
smaller than 2% when the power level is higher than 10 kW.
A higher input three-phase voltages can also obtain a higher
efficiency due to a smaller duty cycle. The maximum efficiency
is higher than 98.0% when the input and output voltages are
250 Vrms and 640 V, respectively. All the efficiencies are higher

than 94% when the output power is higher than 5 kW, after which
the efficiency difference caused by parameter variations is small.

It can be found that the conversion efficiency is related to
the input volages, output voltages, and output power levels.
The optimization of the PFC itself under different conditions
is complex. Therefore, the design of the PFC and dc/dc stage of
the WPT system are conducted separately.
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