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Abstract—Multiple transmitters powering a single receiver si-
multaneously is a good alternative to upgrade the power capacity
of the wireless power transfer (WPT) system by using multiple
modular inverters manufactured in a larger quantities, since the
demand for high power applications is on the rise. A multiple over-
lapped transmitters based WPT system is presented in this paper.
In order to alleviate the effects of the cross couplings between the
transmitters, additional capacitors are adopted in the transmitters
and the configuration of additional capacitors is provided. Virtual
active and reactive powers are defined to decompose the trans-
mitter current into active and reactive components. A transmitter
current control scheme based on the proposed current decomposi-
tion method consisting of one reactive current control loop and one
active current control loop is also presented in this paper. Finally,
a low-scale experimental setup using two overlapped transmitters
WPT system is provided to verify the proposed approach. The
experimental results indicate that the proposed method could im-
prove the stability of output voltage control and achieve minimal
current difference amongst transmitters. Besides, the overall sys-
tem efficiency is improved to 90.34% with the proposed control
method at 1.45 kW output power, which demonstrates that the
proposed method is a potential solution for high power applica-
tions.

Index Terms—Active and reactive currents decomposition, mul-
tiple transmitters, output voltage regulation, wireless power trans-
fer (WPT).
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I. INTRODUCTION

W IRELESS power transfer (WPT) is an emerging tech-
nology to deliver power from power source in the pri-

mary side to a load in the secondary side through magnetic
coupling via a considerable air gap [1]–[6]. Recently, WPT has
been extensively applied in various applications including wire-
less charging of biomedical implants [7], [8], mining applica-
tions [9], under-water power supply [10], and electric vehicles
[11]–[20] due to its advantages of, e.g., convenience, safety,
reliability, and immunity to ice, water, and other chemicals.

A. Current Problems

Generally, a high-frequency resonant inverter is adopted to
feed the primary coil (also named transmitter), and the induced
voltage of the secondary coil (also named receiver) in close
proximity to the transmitter is generated by capturing magnetic
flux around the transmitter. A conventional WPT system con-
sists of a single transmitter and a single receiver. However, the
power capacity of a single resonant inverter feeding the trans-
mitter is limited by the constraints of semiconductor devices,
and the single power supply results in a low reliability of the
WPT system. This power supply (single resonant inverter) for
WPT systems unlikely meets the requirement of high power
applications since public transport systems need to be rated at
hundreds of kVA or more (the required power to supply a high
speed train is up to MW scale) [21]. However, contrary to the
needs of a large capacity of power reaching to hundreds of kW
and MW, the study of high-power WPT systems has not been
paid much attention [22]. As a possible solution, high voltage,
high current, and high frequency semiconductor devices are
used to implement a high power transfer; unfortunately, these
semiconductor devices are relatively expensive and may not be
easy to purchase in the commercial market [22].

B. Literature Review

To address this problem, various approaches have been pro-
posed to enhance the transmitted power of WPT systems by
using low-power and low-cost semiconductor devices for high
power application, e.g., railway transport [23]–[28]. One of them
is to use a high-frequency multilevel inverter to supply WPT
systems due to its advantages in terms of reducing the voltage
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stress of semiconductor devices and increasing the output power
capacity [23]–[25]. Harmonic distortion, power losses, and effi-
ciency of multilevel inverter based WPT system were analyzed
in detail by [23] and [24], and a cascaded multilevel converter
for bidirectional IPT systems is presented in [25]. However,
the cascaded structure of the multilevel inverter dramatically
decreases the reliability of WPT systems.

Another approach is to use a multi-inverter connected in par-
allel to provide an amount of high-frequency current to the
transmitter of WPT systems [26]. It proposes a parallel topol-
ogy for WPT systems, which can achieve high output power
levels in a cost-effective manner. However, large circulating
currents among inverter modules generated by the component
tolerance and other uncertainties increase extra power losses. In
fact, some papers have proposed the configuration of a single in-
verter with multiple parallel MOSFETs to achieve a higher output
current than that with a single MOSFET [29]–[32]. The parallel
connection of MOSFETs can hand higher currents than a single
MOSFET. Therefore, this configuration is widely employed in
high power applications such as traction drives. The MOSFETs
in parallel is an acceptable approach for reducing the size of the
inverter and simplifying the structure of the circuit, and also a
good alternative for the high power capability WPT system ap-
plication. Although the MOSFETs are operated in parallel, once a
fault occurs in one of the parallel MOSFETs, e.g., a short-circuit
fault, the system will shut down. With the increasing of the num-
ber of parallel MOSFETs for each arm, it will be a great challenge
to design a single gate driver to drive all the MOSFETs simulta-
neously and to develop a well-operated dissipation system for
the inverter. In addition, compared to the parallel inverters with
one MOSFET for each arm [33], [34], it does not own the charac-
teristics of a high reliability, a good flexibility, and a convenient
power extension. Both of the parallel connection methods men-
tioned above only adopt one transmitting coil in this system
which results in only one energy transmission path between the
transmitter and receiver. Once a fault occurs in the transmitter,
the whole WPT system will not be in operation.

A 1 MW WPT system that supplies the power for a high
speed train is proposed [21]. A total of five 200 kW inverter
modules using insulated gate bipolar transistor (IGBT) switch-
ing elements are connected in series with the help of matching
transformers feeding one transmitter to realize 1 MW. The in-
verters and matching transformers provide the energy to the
transmitter with series connection. Therefore, if one inverter
module or matching transformer has some faults, the whole
system will break down. The reliability of the system is limited.

Some approaches using multiple transmitters to power a sin-
gle receiver have been investigated in [27] and [28]. There is an
increase in gain of the transmitted power due to the increased
number of transmitters. Each of the independent transmitters
can transfer power to the receiver. Thus, the number of energy
transmission path is increased to N which depends on the num-
ber of the transmitters. One transmitter is fed by one inverter
independently. Even if a fault occurs in one energy transmission
path, the other energy transmission path still works normally. As
a result, the reliability can be enhanced with this characteristic.

In order to improve the receive voltage, a practical power
line synchronization technique is proposed to synchronize all

transmitters [27]. Magnetic coupling among the transmitters is
non-negligible when the transmitters are located close to each
other. The effects of coupling among the multiple transmitters
are discussed in [28]. The resonant frequencies are changed due
to the magnetic coupling among the transmitters, which dramat-
ically decrease the transfer efficiency. A frequency adjustment
approach is proposed to improve the transfer efficiency. Unfor-
tunately, the control of the output voltage and reliability of the
WPT system were not paid enough attention by the aforemen-
tioned approaches.

C. Contributions

The main goal is to utilize multiple overlapped transmitters
to enhance the transmitted power and increase the reliability of
WPT systems. The proposed WPT system consists of two or
more transmitters, and each transmitter is equipped with a res-
onant inverter unit. The resonant inverter units can be designed
and manufactured in larger quantities to reduce the manufac-
turing cost, because redesigning and manufacturing a power
supply is usually a time-consuming and expensive process. The
work presented in this paper lays claim to the contributions as
follows:

1) we demonstrate a WPT system based on multiple over-
lapped transmitters to enhance the transmitted power;

2) additional capacitors are adopted in the transmitters to
mitigate/ eliminate the induced voltage caused by the cross
coupling mutual inductance among the transmitters;

3) a transmitter current control scheme based on virtual ac-
tive and reactive current decomposition is presented in this
paper to suppress the current differences among transmit-
ters, and the output voltage of the WPT system can also
be regulated;

4) the reliability of the proposed WPT system is dramati-
cally improved by the proposed control method and the
overlapped structure.

II. CIRCUIT TOPOLOGY AND WORKING PRINCIPLE

A. System Configuration

Fig. 1 shows the configuration and the flux distribution of the
WPT system based on two transmitters as an example without
loss of generality, where the transmitters are totally overlapped
and located close to each other. In order to enhance the cou-
pling between the transmitter side and the receiver side, all
the transmitters and receiver are wound around U-type ferrite
cores as [21] did, which is a good alternative for railway ap-
plications. The proposed WPT system can be used for electric
railway transportation applications, which need a large amount
of power and a high reliability. It is worth noticing that the fer-
rite cores can be any other types, e.g., E-type, and/or I-type for
various applications.

As shown from Fig. 2, a finite-element analysis software Flux
is adopted to analyze and simulate the magnetic field of the dual
transmitters based WPT system. It is clear that the magnetic
field intensity of 10 A for a single transmitter (10 turns) is half
that of 10 A for each of the dual transmitters (10 turns for each
transmitter) due to the parallel overlapped structure. Therefore,
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Fig. 1. Structure and flux distribution of the proposed WPT system.

Fig. 2. Magnetic field image of the single transmitter and dual transmitters
structure with different energized currents.

the magnetic field intensity can be enhanced by using multiple
transmitters. Consequently, the WPT system based on multiple
overlapped transmitters can meet the requirements of some high-
power applications owing to the enhanced magnetic field.

It should be emphasized here that two 10-turn coils and one
20-turn coil can produce the same magnetic field for the same
given coil current. However, the voltage of the 20-turn coil is
much higher than that of the 10-turn coil due the larger self-
inductance, which will lead to overvoltage problem. Moreover,
one transmitter based WPT system suffers a low reliability. Once
a fault occurs in the single transmitter coil or the inverter, the
transmission of energy will be interrupted.

B. Operating Principle of the Proposed WPT System

The main circuit of the proposed WPT system is shown in
Fig. 3, and each transmitter is equipped with a resonant inverter.
The resonant inverter provides a high-frequency current to the

Fig. 3. Circuit configuration of the LCL-S tuned WPT system based on mul-
tiple transmitters.

Fig. 4. Schematic of protection device.

corresponding transmitter. The series resonant compensation
is employed in the secondary side to achieve constant output
voltage. An LCL compensating network is adopted for each
resonant inverter in the primary side due to its advantages [36]:

1) the inverter only supplies the active power required by the
load without any reactive power when network is com-
pletely tuned;

2) the current in the transmitter is independent of the load,
which makes it is easy to achieve constant transmitter
current control.

Lp1 − Lpn are self-inductances of the transmitters, and the
mutual inductances between the transmitters and receiver are
M1s−Mns . Since the transmitters are identically wounded
around the ferrite cores with the same shape and turns, the
mutual inductances (M1s − Mns) are approximately equal to
each other, M1s = . . . = Mns = M . A bidirectional switch
[35] is used as the protection device connected to the transmitter
as shown in Fig. 4. The function of the bidirectional switch is to
disconnect the faulty unit from the whole WPT system. Without
the protection device, the WPT system may be out of service
under faulty condition.

According to [36], the equivalent self-inductance of the trans-
mitter become L′

pn = Lpn − 1
ω 2 Cp n

correspondingly. The in-

ductance of L′
pn can be regulated by configuring Cpn . In order

to tune the LCL network in the primary side and the series net-
work in the secondary side to a constant resonant frequency,
the circuit parameters are usually designed by the following
equation [36]:

ω =
1√

LnCn

=
1

√
L′

pnCn

=
1√

LS CS

. (1)

According to [37], the equivalent load R0 of the rectified tank
connected to a resistive load RL can be expressed by

Ro =
8RL

π2 . (2)
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Fig. 5. Relevant voltage operating waveforms for PS-PWM.

Fig. 6. Generation of the synchronization signal for the PS-PWM generator.

The output voltage of the inverter is controlled by the phase-
shifted pulse width modulation (PS-PWM), and the voltage
waveform is shown in Fig. 5. Alternatively, the fundamental
output voltage of the kth inverter can be expressed as

uk (t) =
4Ek

π
cosδk sin (ωt + θk ) (3)

where Ek is the dc-link voltage and δk is half of the phase-shift
angle between the two legs of the inverter, and θk is the angle
between the output voltage and the reference signal sin(ωt). By
regulating δk and θk , it is possible to control both the amplitude
and phase angle of the output voltage. As a result, the output
voltage of each inverter can be regulated independently of other
inverter units.

The synchronization reference signal which is used for
the PS-PWM generator of the digital signal processor (DSP,
TMS320F28335) controller is generated by the synchronization
method (SM) as shown in Fig. 6. The reference signal passes
through a band-pass filter to eliminate the harmonic compo-
nents. A phase compensation circuit is applied to correct the
phase error between the reference signal and synchronization
signal caused by the filter. After that, a zero-cross detection cir-
cuit generates the square wave to the synchronization input port
of the DSP. Then, the PS-PWM generator of the DSP controller
can regulate δk and θk directly.

The fundamental voltage phasor of the kth inverter can be
expressed as

U̇k =
4Ek

π
cos δk cos θk + j

4Ek

π
cos δk sin θk (4)

where U̇k represents the phasor form of uk (t).

C. Effects of the Cross Couplings in the Proposed WPT
System and the Solution

It should be emphasized here that there is a relative large cross
coupling mutual inductance between the transmitters, since the
transmitters are overlapped and located close to each other. Mij

Fig. 7. Equivalent circuit of the proposed WPT system.

is the mutual inductance between the ith transmitter and the jth
transmitter (Mij = Mji).

The equivalent circuit of the proposed WPT system is illus-
trated in Fig. 7. The magnetic coupling between transmitter #i
and transmitter #m (m = 1, 2 . . . , i − 1, i + 1 . . . n) results
in a non-negligible induced voltage within transmitter #i. The
induced voltage can be expressed in phasor forms as follows:

U̇im = jωMim İpm . (5)

Therefore, the total induced voltages within the transmitter #i
caused by the other transmitters are given by

U̇T i =
i−1∑

m=1

jωMim İpm +
n∑

m=i+1

jωMim İpm . (6)

It is clear that these induced voltages within each transmitter,
because of the LCL resonant network, cause a large current with
the corresponding inverter which increases the current stress of
the semiconductor devices [38], [39]. It is significant to elim-
inate the total induced voltages caused by mutual couplings
between the transmitters. One of the alternatives is to adopt
an additional capacitor connected in series with the transmit-
ter. When the voltage of the additional capacitor is a reverse
voltage against the total induced voltages caused by the mutual
coupling, the effect of the mutual coupling can be suppressed
eventually.

To simplify, all the transmitter currents are assumed to be
identical, i.e., İp1 = · · · = İpi = · · · İpn . Then, the total induced
voltages can be rewritten as

U̇T i = jωİpi

(
i−1∑

m=1

Mim +
n∑

m=i+1

Mim

)

. (7)

The voltage of the additional capacitor Cki added in the ith
transmitter can be derived as

U̇ki =
İpi

jωCki
. (8)
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Fig. 8. Equivalent circuit with additional capacitors.

Fig. 9. Equivalent circuit of the WPT system based on two transmitters with
additional capacitors.

In order to suppress the total induced voltage by the additional
capacitor, the voltage of the additional capacitor should be with
the same amplitude but a different polarity as shown in Fig. 8.

Therefore, the value of the additional capacitor can be ex-
pressed as

Cki =
1

ω2
(∑i−1

m=1 Mim +
∑n

m=i+1 Mim

) . (9)

It should be noted that in the rest of this paper, the study case
is focused on the WPT system composed of two transmitters for
simplifying analysis. The analysis performed can be extended
to multiple transmitters based WPT systems without loss of
generality. Then, the equivalent circuit of the WPT system based
on two transmitters can be depicted as Fig. 9.

III. TRANSMITTER CURRENTS ANALYSIS

A. Modeling Analysis

According to Fig. 9, Kirchhoff’s voltage law is applied to
describe the relationship of voltages that are included in the

loops ©1–©2. Therefore, we can get

⎡

⎢
⎢⎢⎢⎢⎢
⎣

0

0

0

0

0

⎤

⎥
⎥⎥⎥⎥⎥
⎦

=

⎡

⎢
⎢⎢⎢⎢⎢⎢
⎣

jωL1 İ1 + U̇C 1 − U̇1

jωL2 İ2 + U̇C 2 − U̇2

jωL′
p1 İp1 − jωMİs + jωM12 İp2 + U̇k1 − U̇C 1

jωL′
p2 İp2 − jωMİs + jωM12 İp1 + U̇k2 − U̇C 2

İsRo − jωMİp1 − jωMİp2

⎤

⎥
⎥⎥⎥⎥⎥⎥
⎦

.

(10)
The inverter currents, the currents of the corresponding trans-

mitters, and the current of the receiver can be derived as

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

İ1

İ2

İp1

İp2

İs

⎤

⎥⎥
⎥⎥⎥⎥⎥
⎦

=

⎡

⎢
⎢⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢
⎢⎢⎢⎢
⎣

U̇1 − U̇C 1

jωL1

U̇2 − U̇C 2

jωL2
U̇C 1 + jωMİs − jωM12 İp2 − U̇k1

jωL′
p1

U̇C 2 + jωMİs − jωM12 İp1 − U̇k2

jωL′
p2

jωMİp1 + jωMİp2

Ro

⎤

⎥
⎥⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥
⎥⎥⎥⎥
⎦

. (11)

According to (9), the additional capacitors can be calculated
as

[
Ck1

Ck2

]

=

⎡

⎢⎢
⎣

1
ω2M12

1
ω2M12

⎤

⎥⎥
⎦ . (12)

Therefore, the voltages of the additional capacitors can be
derived as

[
U̇k1

U̇k2

]

=

⎡

⎢⎢⎢
⎣

İp1

jωCk1

İp2

jωCk2

⎤

⎥⎥⎥
⎦

=

[−jωM12 İp1

−jωM12 İp2

]

. (13)

Substituting (13) into (11), the inverter currents, the currents
of the corresponding transmitters, and the current of the receiver
can be derived as

⎡

⎢⎢⎢⎢
⎢⎢⎢
⎣

İ1

İ2

İp1

İp2

İs

⎤

⎥⎥⎥⎥
⎥⎥⎥
⎦

=

⎡

⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢
⎢⎢
⎣

U̇1 − U̇C 1

jωL1

U̇2 − U̇C 2

jωL2
U̇C 1 + jωMİs − jωM12 İp2 + jωM12 İp1

jωL′
p1

U̇C 2 + jωMİs − jωM12 İp1 + jωM12 İp2

jωL′
p2

jωMİp1 + jωMİp2

Ro

⎤

⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥
⎥⎥
⎦

(14)
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[
U̇C 1

U̇C 2

]

=

⎡

⎢
⎢⎢
⎣

İ1 − İp1

jωC1

İ2 − İp2

jωC2

⎤

⎥
⎥⎥
⎦

. (15)

The voltage induced in the receiver can be derived as

V̇o = jωMİp1 + jωMİp2 = jωM
(
İp1 + İp2

)
. (16)

In a practical WPT system, it is difficult to let L1 be equal to
L2 and have C1 be equal to C2 due to the inevitable component
tolerances. For simplifying the analysis, assuming the tolerance
of L1 and L2 is identical to α but with opposite bias and the
tolerance of C1 and C2 is identical to α. Then, we can get

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

C1= (1+α)C

C2= (1 − α)C

L1= (1+α)L

L2= (1 − α)L

ω = 1√
LC

. (17)

For convenience, the following variables are defined

A = M 2ω2 [(α4 + 4
)
(4M − L′

p1 − L′
p2) + 2L

(
α2 − 2

)]

B = R2
oω

2 {L
[(

α2 − 2
)
(L′

p1 + L′
p2 − 2M)

+α3 (L′
p1 − L′

p2)
}]

+
(
α4 + 4

)
(ML′

p1 + ML′
p2 − L′

p1L
′
p2)

+
(
α2 − 1

)
L2

D1 = L′
p2
(
2α − α2 − 2

)
+ L(α − 1)

D2 = L′
p1
(−α2 − 2α − 2

)− L(α + 1). (18)

Substituting (15)–(18) into (14), the transmitter currents can
be derived as
[

İp1

İp2

]

=
1

A2 + B2

×

⎡

⎢⎢⎢⎢
⎢
⎣

[(
AMRo + BM 2ω

) (
α2 − 2α + 2

)
+ ARoD1

]
U̇1

+
(
AMRo − BM 2ω

) (
α2 + 2α + 2

)
U̇2

[(
AMRo + BM 2ω

) (
α2 + 2α + 2

)
+ ARoD2

]
U̇2

+
(
AMRo − BM 2ω

) (
α2 − 2α + 2

)
U̇1

⎤

⎥⎥⎥⎥
⎥
⎦

− j

A2 + B2

×

⎡

⎢⎢⎢⎢⎢
⎣

[(
BMRo + AM 2ω

) (
α2 − 2α + 2

)
+ BRoD1

]
U̇1

+
(
BMRo − AM 2ω

) (
α2 + 2α + 2

)
U̇2

[(
BMRo + AM 2ω

) (
α2 + 2α + 2

)
+ BRoD2

]
U̇2

+
(
BMRo − AM 2ω

) (
α2 − 2α + 2

)
U̇1

⎤

⎥⎥⎥⎥⎥
⎦

.

(19)

Fig. 10. Current phasor diagram.

The current difference between the transmitters can be ex-
pressed as

İc = İp1 − İp2

=
1

A2 + B2

{[
2BM 2ω

(
α2 − 2α + 2

)
+ ARoD1

]
U̇1

− [2BM 2ω
(
α2 + 2α + 2

)
+ ARoD2

]
U̇2

}

− j

A2 + B2

{[
2AM 2ω

(
α2 − 2α + 2

)
+ BRoD1

]
U̇1

− [2AM 2ω
(
α2 + 2α + 2

)
+ BRoD2

]
U̇2

}

.

(20)
It is evident that the transmitter currents are not identical in

phasor forms with the phase difference and the magnitude dif-
ference due to the component tolerance, gate driver delay, and
other uncertainties. Some slight differences present in the output
voltages of the inverters, which will result in a large transmit-
ter current difference damaging the semiconductor, introducing
conduction losses in the circuit, and detuning the whole system,
will be investigated in the following section.

B. Effects of the Transmitter Currents Differences

As depicted in Fig. 10(a), the phase angles of the transmitter
currents are not equal to zero. Under this condition, the total
current İp = İp1 + İp2 which is less than the condition shown
in Fig. 10(b) with the same magnitude of two transmitter currents
as φ1 = φ2 = 0. According to (16), the difference in the phase of
the transmitter currents results in a lower induced voltage in the
receiver. Especially, when there is 180 degree phase difference
between two transmitter currents with the same magnitude, no
magnetic field exists. As a result, no power can be transferred
if the transmitter currents are completely out of phase, due to
being completely suppressed at the receiver. In order to increase
the induced voltage in the receiver, larger transmitter currents
with different phases are needed to generate the same magnetic
field compared to that with in phase currents. It will bring extra
power losses in the transmitters and the corresponding inverter,
consequently, decreasing the power efficiency.

Therefore, in order to improve the performance of the pro-
posed WPT system, the transmitter currents should be controlled
in phase, i.e., φ1 = φ2 = 0.

Additionally, the induced voltages within each transmitters
generated by the mutual cross couplings can only be efficiently
suppressed by the additional capacitors with the assumption that
all the transmitters’ currents are the same. Therefore, not only
the phases but also the amplitudes of the transmitter currents
should be controlled to be identical. In order to improve the
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Fig. 11. Diagram of current decomposition (a) İp2 lags behind İp1 , and İp1

lags behind İp2 .

transmitted power and eliminate the effects of the mutual cross
couplings, it is desirable to investigate an effective and practical
approach to control all the transmitter currents to be identical.

IV. TRANSMITTER CURRENT DECOMPOSITION BASED

CONTROL METHOD FOR THE PROPOSED WPT SYSTEM

As discussed above, it is significant to control the amplitudes
and phases of the transmitter currents. Unfortunately, the phase
detection circuits are not applicable under a small-current con-
dition. Meanwhile, it is not easy to tune the resonant circuit at
the resonant frequency in practical WPT systems, which results
in the transmitter current being distorted. Therefore, the zero
crossing point is not the zero phase of the fundamental cur-
rent and it will result in a misunderstanding of the phase of the
transmitter current.

Fortunately, the current signal can be represented as a phasor
form which consists of active current component and reactive
current component as shown in Fig. 11. Alternatively, the de-
composed active and reactive currents can be represented by a
linear function instead of detecting the current amplitude and
phase angle.

ip can be fixed to the real axis as the reference signal according
to the SM, and the transmitter currents can be decomposed into
active and reactive components against the reference signal ip
as shown in Fig. 11. An orthogonal current constructed by using
ip with π/2 phase shift is adopt to calculate the decomposed
components. To improve the reliability of the control system,
ip is chosen as the reference signal. The reference signal is not
easy to be absent, when a fault occurs in an inverter unit.

A. Decomposition of Current Into Virtual Active and Reactive
Current Components

The sum of the transmitter currents ip is feasible to be as-
sumed as a pure sinusoidal signal due to the resonant network,
which can be set as the reference signal with a zero phase:

ip= Im sin(ωt) (21)

where Im is the amplitude of the current ip .
The phasor form of ip without imaginary component can be

expressed as

İp =
1√
2
Im . (22)

The current of the kth (k = 1, 2) transmitter with the phase
of φk can be defined as

ipk = Imk sin (ωt + φk )

= Imkcos(φk )sin(ωt) + Imk sin(φk )cos(ωt) (23)

where Imk is the amplitude of the current ipk , and φk is the
initial phase of the current ipk against ip . Imkcos(φk )sin(ωt)
and Imk sin(φk )cos(ωt) are defined as the active and reactive
current components.

The phasor form of the kth (k = 1, 2) transmitter current
can be expressed as

İpk =
1√
2
Iak + j

1√
2
Irk . (24)

In addition, Iak and Irk are the amplitude of the active and
reactive current components as per ip as shown in Fig. 11, which
can be expressed as

[
Iak

Irk

]

=

[
Imkcos(φk )

Imk sin(φk )

]

. (25)

Therefore, Iak and Irk can represent the amplitude and phase
angle of the transmitter current ipk . The reference current İp

is constructed of the transmitter current phasors İp1 and İp2
through the parallelogram law. It can be figured out that Ia1

and Ia2 must be both positive. Ir1 and Ir2 must be of different
polarities as shown Fig. 11.

By delaying the phase of the total current ip by π/2, we can
get another reference current as

itp= Im sin
(
ωt +

π

2

)
= Im cos(ωt). (26)

Virtual active and reactive powers of the kth transmitter cur-
rent ipk against the total current ip are defined here. It should
be emphasized here that the virtual active and reactive powers
are not the circuit and/or physical reactions in the real system,
and it is just a mathematic method for calculating the active
and reactive current components against ip . The defined virtual
active and reactive powers are expressed as

[
Pk

Qk

]

=

⎡

⎢
⎣

Re
[
İp ·

(
İpk

)∗]

Im
[
İp ·

(
İpk

)∗]

⎤

⎥
⎦ =

⎡

⎢⎢
⎣

Im Iak

2

−Im Irk

2

⎤

⎥⎥
⎦ (27)

where (A)∗ represents the conjugate operation of A.
The multiplication of (21) and (26) by the kth transmitter

current ipk and the current ip , respectively, can be derived as
[

ispk

icpk

]

=

[
ipk 0

0 ipk

][
ip 0

0 itp

]

=

⎡

⎢
⎣

−ImkIm [cos (2ωt + φk ) − cos (φk )
2

ImkIm [sin (2ωt + φk ) − sin (φk )
2

⎤

⎥
⎦ (28)

isp = ip · ip =
−Im

2 [cos(2ωt) − 1]
2

. (29)
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Fig. 12. Block diagram of the proposed CDM.

It is evident that ispk , icpk , and isp are composed of dc com-
ponent and a second-order harmonic component. By adopting
an appropriate low-pass filter (LPF), the second-order harmonic
component can be efficiently filtered out. In the paper, a second-
order Butterworth filter with the cut off frequency of 100 Hz has
been used as the LPF. Therefore, the dc component can be ob-
tained as shown in the following equation:

⎡

⎢
⎣

iak

irk

ia

⎤

⎥
⎦ =

⎡

⎢⎢⎢⎢⎢
⎢
⎣

ImkIm cos(φk)
2

ImkIm sin(φk)
2

I2
m

2

⎤

⎥⎥⎥⎥⎥
⎥
⎦

. (30)

As a result, the amplitude of ip can be expressed as

Im =
√

2ia . (31)

Substituting (25) and (30) into (27), the virtual active and
reactive powers can be rewritten as

[
Pk

Qk

]

=

[
iak

irk

]

=

⎡

⎢⎢
⎣

ImkIm cos(φk )
2

ImkIm sin(φk )
2

⎤

⎥⎥
⎦ . (32)

Substituting (31) and (32) into (27), the amplitudes of the
active and reactive current components can be derived as

[
Iak

Irk

]

=

⎡

⎢⎢⎢
⎣

√
2iak√
ia√

2irk√
isa

⎤

⎥⎥⎥
⎦

. (33)

Therefore, the amplitudes of the active and reactive current
components of the corresponding transmitter current against
the reference signal can be calculated by the proposed decom-
position method named current decomposition method (CDM),
which is shown in Fig. 12.

B. Transmitter Current Control Diagram

The transmitter current control strategy for two-transmitter
WPT system based on the CDM is shown in Fig. 13. As depicted
in Figs. 8 and 9, in order to control the transmitter currents in
phase with each other, the amplitude of reactive currents should
be controlled to be zero. The transmitter current differences
can be mitigated by sophisticatedly controlling the amplitude
and angle of each inverter’s output voltage indirectly [40]. This

control strategy is composed of two control feedback loops for
each inverter, the active and reactive currents control loops.
A proportional-integral controller (reactive current controller)
is adopted for the reactive current control loop by setting the
amplitude of references reactive current Irk = 0. At the steady
state, all the transmitter currents are controlled in phase, which
indicates Irk = 0. Assuming that a perturbation occurs in the
phase of the transmitter currents and taking two transmitters
based WPT system, e.g., Ir1 > 0 and Ir2 < 0, the outputs of the
reactive current controller θ1 decrease and θ2 increase. However,
if the absolute magnitude of Ir1 and Ir2 is used in the reactive
current controller (|Ir1 | > 0 and |Ir2 | > 0), the reactive current
control loop will be out of order because the polarity of the
reactive currents is absent. As a result, the transmitter currents
can be controlled in phase efficiently by controlling the phases
of the inverters output voltages indirectly.

In practical WPT applications, the output voltage of the re-
ceiver should be regulated at a constant value for various appli-
cations. Therefore, the active current control loop is composed
of two controllers which are the internal active current sharing
controller and the outer output voltage controller. The ampli-
tude of active current reference is the sum of the active current
reference

∑2
j=1 Iaj /

∑2
j=1 aj and output of the outer output

voltage controller and the output voltage reference is u∗
o , where

aj is the fault signal of the jth inverter unit. In order to improve
the proposed WPT system’s reliability, each inverter is equipped
with a dedicated fault detection module, which will send signal
aj = 0 to the jth protection device in order to disconnect the
jth fault unit from the whole system when a fault occurs in
the jth inverter unit. If the inverter unit is normally operating,
aj = 1 is sent. For example, if a fault occurs in the inverter unit
#2, then both Ia2 and a2 will be zero (Ia2 = 0, a2 = 0). How-
ever, Ia1 and a1 will not be zero (Ia1 �= 0, a1 = 1) because
the inverter unit #1 is normally operating. Then, the amplitude
of active current references will be (Ia1 + Ia2)/( a1 + a2) =
(Ia1 + 0)/( 1 + 0) = Ia1 . Similarly, when no fault occurs,
the amplitude of active current reference is Iak∗ = 1

2

∑2
j=1 Iaj .

Meanwhile, the amplitude of reactive current reference is still
zero and the reference of the output voltage is not changed,
which can maintain the whole system working continually.
Thus, the reliability and availability of the IPT system can be
dramatically improved. A wireless signal communication mod-
ule (NRF24L01 +) is adopt to send the measured output voltage
(uo ) of the receiver for the closed-loop control [41].

Assuming that a perturbation occurs in the amplitude of
the transmitter currents, e.g., Ia1 increases and Ia2 decreases
(Ia1 > Ia2), the output of internal active current sharing con-
troller #1 decreases and the output of internal active cur-
rent sharing controller #2 increases. Finally, the outputs of
the active current loop δ1 decrease and δ2 increase. Conse-
quently, the amplitude of the inverter #1 output voltage de-
creases, and the amplitude of the inverter #2 output voltage
increases.

Owing to the active and reactive currents control loops, the
transmitter currents can be controlled to be identical and the
output voltage can be regulated in the secondary side. The con-
trol strategy can also be extended to multiple transmitters based
WPT systems easily.
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Fig. 13. Control diagram for the two-transmitter WPT system.

Fig. 14. Exterior appearance of the proposed WPT prototype.

V. EXPERIMENTAL RESULTS

A. Prototype System

In order to verify the performance of the proposed control
method for the WPT system based on multiple transmitters, an
experimental prototype WPT system, comprising two transmit-
ters, two resonant inverters, and a single receiver, was built in
the laboratory settings as shown in Fig. 14. The proposed con-
troller in Fig. 13 was implemented in a TMS320F28335 dig-
ital signal processing unit. CONCEPT-2SC0108T2A0-17 was
adopted as the power MOSFET driver to fulfill the requirement
of high switching frequency in the experiment. Moreover, it
has a function of fault detection. The transmitters and the re-
ceiver were wound around ferrite cores with Litz wires. The
coupler was built with N1 = 10 turns for the dual transmitters
and N2 = 20 turns for the receiver. It is worth noticing that the

Fig. 15. Transmitters and the receiver wound with Litz wire. (a) Lateral view,
and (b) front view of the coils.

ferrite cores can be any other types, and in this paper they were
U-type ferrite cores as shown in Fig. 15. The air gap between
the transmitters and the receiver was set to be 12 cm. The mu-
tual and self-inductance of the transmitters and receiver were
measured by Agilent E4980A LCR meter. An electronic load
was applied as the load connected to the receiver.

The circuit parameters of the experimental setup are listed in
Table I. In addition, in the experimental evaluation, it is assumed
that the inverters have the same power rating and the transmitters
have the same structure.

B. Experimental Results

1) Misalignment Analysis: The measured mutual induc-
tances between the transmitters and the receiver at different
lateral offsets are shown in Fig. 16. These lateral offset varia-
tions only cause the variations of the mutual inductance between
the transmitters and the receiver. If the lateral offset is increased
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TABLE I
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS OF WPT PROTOTYPE

Parameters Value

Inverter frequency f/kHz 20
DC voltage of the invert unit E1 and E2/V 120
The transmitter inductance of inverter #1 Lp 1/μH 165.4
The transmitter inductance of inverter #2 Lp 2/μH 163.5
The resonant capacitance of inverter #1 C1/nF 550.6
The resonant inductance of inverter #2 C2/μH 450.5
The resonant inductance of inverter #1 L2/μH 138
The resonant inductance of inverter #2 L2/μH 117
Compensation capacitance of inverter #1 Cp 1/nF 246.1
Compensation capacitance of inverter #2 Cp 2/nF 268.2
Mutual inductance of the transmitter #1 and receiver M 1 s/μH 63.1
Mutual inductance of the transmitter #2 and receiver M 2 s/μH 62.4
Mutual inductance of the transmitter #1 and transmitter #2 M 1 2/μH 159.7
The additional capacitor in transmitter #1 Ck 1/nF 396.5
The additional capacitor in transmitter #2 Ck 2/nF 396.5
Inductance of the receiver Ls/μH 506.2
Resonant compensation capacitance of receiver Cs/nF 124.8
MOSFET: IRFN 640N

Fig. 16. Mutual inductances and self-inductances versus lateral offset between
the transmitters and receiver.

from 0 to 20 cm, the mutual inductances (M1S and M2S ) are
reduced from 63.1 μH (62.4 μH) to34.8 μH (33.8 μH). Ow-
ing to the identical structure of the transmitters, the variations
of the mutual inductance M1S and M2S with the lateral off-
set are approximately identical. The measured self-inductances
Lp1 and Lp2 are depicted in Fig. 16. Lp1 and Lp2 vary by
a slight difference as small as 0.03% compared to its peak
value of 165.4 μH, and Ls keeps stable at 506 μH. The mu-
tual inductance between the transmitters (M12) keeps stable
at 159.7 μH with different lateral offsets. The coupling co-
efficients k1s = M 1 s√

Lp 1 Ls

, k2s = M 2 s√
Lp 2 Ls

, k12 = M 1 2√
Lp 1 Lp 2

are

depicted in Fig. 17. As a result, the additional capacitors can
mitigate the effects of the mutual cross coupling between the
transmitters with different lateral offsets.

2) Inverter Units With Asymmetrical Resonant Components:
In a practical WPT system based on multiple transmitters, it
is unlikely that all the parameters of each resonant inverter are
identical. Especially, the tolerance for high-quality commer-
cial inductors and capacitors is about 20%. It is assumed that
the experimental setup has a 20% difference in the inductors
(L1 and L2) and an approximate 20% difference in the capaci-
tors (C1 and C2).

Case I (alignment and without transmitter current control):
Fig. 18 shows the steady-state experiment waveforms without

Fig. 17. Coupling coefficients versus lateral offset between the transmitters
and receiver.

Fig. 18. Current waveforms and the output voltage waveform without trans-
mitter current control.

current phase control [the same δ and θ as shown in (3)]. The
output voltage of the receiver is controlled to be 100 V by only
controlling the magnitude of the inverters output voltage, and the
load connected to the receiver is 7 Ω. As can be seen from Fig. 18,
both the phases and the amplitudes of the transmitter currents
are different, and the amplitude of the difference (ip1 − ip2)
of the transmitter currents is about 5.5 A shown in the bottom
of Fig. 18. The phase difference of the transmitter currents is
about 28.8°. Therefore, the current difference brings an extra
power loss of the WPT system and results in an unevenly power
distribution between the transmitters. In addition, the additional
capacitors added in the transmitters cannot efficiently mitigate
the effect of the mutual cross coupling between the transmitters
due to the transmitter current difference.

The input power of each inverter and the load power are mea-
sured by a power analyzer (YOKOGAWA-WT1800) as shown
in Fig. 19. It is clear that there is about 210 W power difference
between the two inverters with the same input dc voltage due
to the current difference caused by the tolerance of the circuit
parameters. The overall efficiency from dc power supply to the
electronic load is 88.78% measured by the power analyzer.

Case II (alignment and with transmitter current control): In
order to eliminate the current difference and increase the overall
efficiency of the proposed WPT system, the proposed trans-
mitter current control method is applied to the experimental
setup. The experimental waveforms can be seen in Fig. 20. The
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Fig. 19. Capture of power from power analyzer without transmitter current
control.

Fig. 20. Current waveforms and the output voltage waveform with transmitter
current control.

output voltage of the receiver is regulated to be 100 V and the
load is also 7 Ω as shown previously. The currents of the trans-
mitters are totally identical and the current difference can be
efficiently minimized to be approximate 0.5 A. The induced
voltages caused by the mutual crossing coupling between the
transmitters can be mitigated by the additional capacitors. As
shown in Fig. 21, the input powers of the two inverters (801.5 W
for invert unit #1 and 799.5 W for inverter unit #2) are almost
identical with just 1 W difference, due to the slight difference
(0.7 μH) between M1s and M2s . It is evident that the trans-
mitted power can be enhanced up to 1.45 kW by using two
resonant inverters with a power rating of 850 W. Meanwhile,
the overall power loss is about 155 W, and the measured power
loss distribution is shown in Fig. 22 for both cases. For case
I, the current difference between the transmitters is larger, and
hence, the conduction losses on inverters, transmitters, and reso-
nant components are higher. Furthermore, the overall efficiency
of the case II is up to 90.34%, which is 1.52% higher than
that without the proposed transmitter current control. As ex-
pected, the overall efficiencies of the proposed WPT system with

Fig. 21. Capture of power from power analyzer with transmitter current con-
trol.

Fig. 22. Measured power loss distribution at 1.44 kW output with transmitter
current control.

transmitter current control are higher than those without trans-
mitter current control shown in Fig. 23 under various output
power conditions.

The performances of the proposed WPT system with trans-
mitter current control against various lateral offset between the
transmitters and receiver can be seen in Fig. 24. The power
sharing can be achieved with transmitter current control against
different lateral offsets. The efficiency declines with the increase
of the lateral offset as the mutual inductances (M1S and M2S )
drop.

3) Dynamic Performances of the Proposed Transmitter
Current Control Method: It is important and necessary to in-
vestigate the dynamic performances of the proposed control
method. Fig. 25 shows the output voltage waveform, the cur-
rents waveforms of the two transmitters, and the amplitude of
reactive current of ip1 (calculated by the controller and displayed
by the digital to analog converter). As shown in Fig. 25, the out-
put voltage decreases from 100 to 80 V with a fast transient of
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Fig. 23. Measured overall efficiencies with/without transmitter current con-
trol.

Fig. 24. Efficiency and power losses with transmitter current control versus
lateral offset between the transmitters and receiver.

Fig. 25. Dynamic tracking process of the transmitter current control strategy.

5 ms following the changes in the reference signal, and raises
from 80 V back to 100 V with a very fast response time of 6 ms
without overshoot. Therefore, the output voltage can be tightly
controlled by the proposed control method. Moreover, the am-
plitudes of the transmitter currents are regulated to be identical
not only in steady-states but also in transient states, and the
amplitude of reactive current of ip1 is controlled to be zero in-
dicating the transmitter currents are completely controlled to be
in phase.

The output voltage can be maintained to be a steady state of
100 V by changing the load resistance from 15 to 10 Ω and
changing back to 15 Ω as shown in Fig. 26. The output voltage
takes less than 7 ms to settle down in both cases, which indi-
cates that a good dynamic performance can be achieved by the

Fig. 26. Transient process of the transmitter current control strategy with load
variations.

Fig. 27. Transient waveforms of the experimental system when a fault occurs
in inverter #2.

proposed control method. It should be noted that the transmit-
ter currents are controlled to be identical since the amplitudes
and phases of the transmitter currents are identical under load
variations cases.

4) Reliability Analysis: In order to evaluate the reliability
of the proposed WPT system, it is desirable to investigate the
performance of the system with faults. The transient waveforms
of the experimental setup when a fault occurs in inverter unit
#2 are shown in Fig. 27. The output voltage is supposed to be
regulated to 50 V during normal operation. With the occurrence
of fault in one of the inverters, the faulty inverter is discontented
from the system by the protection device, and the output voltage
can be maintained to be 50 V with a fast response time of 15 ms
and with a slight transient overshoot by increasing the output
power of inverter unit #1. Although the transmitter current ip2
decreases to zero, the load cannot feel any change from the
power source and the system keeps working continuously, which
proves the availability and reliability of the proposed method.

It should be noted that the power of the inverter unit #1 should
increase to compensate the power loss of the disconnected in-
verter unit #2 in order to maintain the output voltage to be a
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constant value. Under this condition, the components of the re-
maining systems need to be rated for the full load condition. In
order to cut the cost of the whole system, the load of the WPT
system should be operated in a degraded mode. For instance, the
train should be slowed down under the faulty condition for de-
grading the power demand and the whole system can still work.
It is clear that the multiple transmitters based WPT system is
more reliable than traditional one.

C. Discussions and Future Plans

It should be emphasized that for low power applications such
as wireless EV charging applications (3.3, 7.7, 22 kW, etc.), it
is easy and economical to realize a WPT system with the tra-
ditional structure other than the proposed structure. Actually,
the proposed method is indeed complex and impractical for low
power applications where the traditional WPT system with sin-
gle inverter and single transmitter can handle the required power.
However, the demand for high-power WPT systems is on the
rise, e.g., high-speed trains and rapidly charging system for pub-
lic buses, implementation of such WPT systems using low-cost
and low-power semiconductor devices has been a challenge. Our
research goal is to use multiple relative “lower” power inverters
to achieve a high power output for some high applications and
improve the reliability of the WPT system.

A scale-down experimental setup assembled in the univer-
sity’s lab is provided to verify the proposed approach. The
scaled-down power level is based on the capability and space
limitation of our laboratory. This paper only theoretically and
experimentally proves the 1.45 kW output power effectiveness
by using two resonant inverters with a power rating of 850 W
composed of low capacity semiconductors. Therefore, the max-
imum load voltage is only 100 V. Our future work is to install
the designed WPT system on a real railway vehicle. In order
to achieve that, we will not only adopt high power inverters to
upgrade the total required power level, but also test the proposed
control method when the vehicle is in motion. Then, the load
voltages can be enhanced to meet the requirement of the real
application.

VI. CONCLUSION

Multiple overlapped transmitters based WPT systems, which
can upgrade the power capacity and improve the reliability of the
WPT system for high power applications, have been described.
Additional capacitors adopted in the transmitters are employed
to suppress the effects of the mutual cross couplings among
the transmitters. The current difference among transmitters in
the proposed WPT system has been analyzed and described in
detail. A transmitter current control method based on the CDM
is presented to minimize the current difference and regulate the
output voltage of the receiver. The availability and reliability of
the proposed WPT system can be dramatically improved by the
proposed control strategy.

A 1.5 kW experimental prototype is set up and tested. The
experimental results verify the performance of the proposed
control approach. The transmitted power of the proposed WPT
system has been enhanced up to 1.45 kW by using two resonant

inverters with a power rating of 850 W, and the overall efficiency
of the proposed system is 90.34% which is 1.52% higher than
that without the proposed transmitter current control. The output
voltage can be regulated within 7 ms and the system keeps
working continuously even with a fault.
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[33] J. Acero, C. Carretero, Ó. Lucı́a, R. Alonso, and J. M. Burdı́o, “Mutual
impedance of small ring-type coils for multiwinding induction heating
appliances,” IEEE Trans. Power Electron., vol. 28, no. 2, pp. 1025–1035,
Feb. 2013.

[34] H. P. Ngoc, H. Fujita, K. Ozaki, and N. Uchida, “Phase angle control of
high-frequency resonant currents in a multiple inverter system for zone-
control induction heating,” IEEE Trans . Power Electron., vol. 26, no. 11,
pp. 3357–3366, Nov. 2011.

[35] 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.

[36] 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.

[37] A. P. Hu, “Selected resonant converters for IPT power sup-
plies,” Ph.D. dissertation, Univ. Auckland, Auckland, New Zealand,
2001.

[38] Y. Song, U. K. Madawala, and A. P. Hu, “Cross coupling effects of poly-
phase bi-directional inductive power transfer systems used for EV charg-
ing,” in Proc. 2015 IEEE 2nd Int. Future Energy Electron. Conf., 2015,
pp. 1–7.

[39] M. L. G. Kissin, J. T. Boys, and G. A. Covic, “Interphase mutual induc-
tance in polyphase inductive power transfer systems,” IEEE Trans. Ind.
Electron., vol. 56, no. 7, pp. 2393–2400, Jul. 2009.

[40] Z. Ye, P. K. Jain, and P. C. Sen, “Circulating current minimization in
high-frequency AC power distribution architecture with multiple inverter
modules operated in parallel,” IEEE Trans. Ind. Electron., vol. 54, no. 5,
pp. 2673–2687, Oct. 2007.

[41] Nordic Semiconductor. nRF24L01+Datasheet, 2013. [Online]. Available:
http://www.nordicsemi.com/eng/Products/2.4GHz-RF/nRF24L01P.

Yong Li (S’15) received the B.Sc. degree in electrical
engineering, in 2013, from the Southwest Jiaotong
University, Chengdu, China, where he is currently
working toward the Ph.D. degree in electrical engi-
neering.

His main research interests include wireless power
transfer and resonant converters.

Ruikun Mai (M’14) received the B.Sc. and Ph.D.
degrees in electrical engineering from the Southwest
Jiaotong University, Chengdu, China, in 2004 and
2010, respectively.

Currently, he is an Associate Professor in the Col-
lege of Electrical Engineering, Southwest Jiaotong
University. His research interests include wireless
power transfer and its application in railway systems,
power system stability, and control.

Liwen Lu received the B.Sc. degree in electrical
engineering, in 2014, from the Southwest Jiaotong
University, Chengdu, China, where he is currently
working toward the M.Sc. degree in electrical engi-
neering.

He is also with NR Electric Co. Ltd., Nanjing,
China. His main research interests include control
and protection of the power system, voltage source
converter based high voltage direct current, and wire-
less power transfer.

Tianren Lin received the B.Sc. degree in electrical
engineering, in 2015, from the Southwest Jiaotong
University, Chengdu, China, where he is currently
working toward the M.Sc. degree in electrical engi-
neering.

His main research interest focuses on wireless
power transfer.

Yeran Liu (S’17) received the B.Sc. degree in elec-
trical engineering from the School of Electrical Engi-
neering, Southwest Jiaotong University E’mei Cam-
pus, E’mei, China, in 2015. Currently, he is work-
ing toward the Ph.D. degree in the School of Elec-
trical Engineering, Southwest Jiaotong University,
Chengdu, China.

His main research interest focuses on wireless
power transfer.

Zhengyou He (M’10–SM’13) received the B.Sc. and
M. Sc. degrees in computational mechanics from
Chongqing University, Chongqing, China, in 1992
and 1995, respectively, and the Ph.D. degree in elec-
trical engineering from the Southwest Jiaotong Uni-
versity, Chengdu, China, in 2001.

Currently, he is a Professor in the College of
Electrical Engineering, Southwest Jiaotong Univer-
sity. His research interests include signal process and
information theory applied to electrical power sys-
tem, and application of wavelet transforms in power

system.



<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


