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Wireless Power Transfer (WPT) technology has been applied to electric vehicles
(EVs), for its convenience, safety, and high reliability. However, for the traditional
single-transmitter-single-receiver WPT system, due to its uneven
electromagnetic field distribution, the power transfer capability and the anti-
offset performance are always insufficient. The multi-transmitter-multi-
receiver (MTMR) WPT system based on modular inverters with coils can not
only improve the transmission power of the system but also boost the system’s
anti-offset ability due to its more uniform magnetic field distribution. In this
study, the topology and transmission characteristics of the MTMR WPT system
are discussed accordingly: 1) A decoupling method of transmitting coil based on
capacitance compensation is proposed, and the particle swarm optimization
algorithm is used to derive the optimal design scheme of magnetic coupling
coil. 2) A phase-shifting control strategy is proposed to realize the phase
synchronization and current sharing control of coil current at each
transmitter. Finally, the simulation and experimental results show that the
modular wireless power transfer system with multiple transmitters and
multiple receivers has strong power transmission capability and anti-offset
performance.

KEYWORDS

wireless power transfer, multi transmit-multi receive, particle swarm optimization,
misalignment, efficiency

1 Introduction

The development of wireless power transfer (WPT) provides new solutions for certain
special occasions. Featuring safe, reliable, and highly-flexible, WPT is widely used in
medical wearable devices, portable mobile electronic products, electric vehicles (EVs), and
many other fields (Musavi and Eberle, 2014; Deflorio et al., 2015; Hasanzadeh and Vaez-
Zadeh, 2015; Riehl et al., 2015; Zhang et al., 2019; Zhou et al., 2020a; Zhou et al., 2021). In
addition, with the development of intelligent driving and automatic parking technology,

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenrg.2022.896575/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.896575/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.896575/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.896575/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.896575/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.896575&domain=pdf&date_stamp=2022-09-02
mailto:jingzhou@zju.edu.cn
https://doi.org/10.3389/fenrg.2022.896575
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.896575

Liu et al.

10.3389/fenrg.2022.896575

FIGURE 1
MTMR WPT system with DS-LCC compensation topology.

automatic and intelligent charging solutions with no human
interference will be indispensable technology in the future,
and there are several design rules to optimize the transmission
efficiency of the system (Hasanzadeh et al, 2012). Due to the
characteristics of plug-less, automatic, and superior operability
(Wu et al., 2010; Zhou et al., 2020b; Ming et al., 2021), the WPT
technology will be an indispensable part of the upcoming
intelligent transportation system. However, because of the
uncertainty of the coils’ location, the offset between the
transmitter and receiver coils will inevitably reduce
transmission efficiency (Kim et al, 2017; Li Y. et al, 2019).
Therefore, the offset problem is the fundamental problem
remaining to be solved, and an appropriate strategy which can
adaptively solve the offset problem will promote the application
and development of WPT systems in the EVs.

In order to alleviate the decrease in transmission efficiency
caused by the position offset between the coils, adjusting the
structure of the coils is one of the major methods utilized. On
one hand, there is still space for the improvement of a single
modular coil structure. Professor John T. Boys proposed a
bipolar rectangular flat coil (Double D) (Budhia et al., 2011)
and a multi-layered coil structure on an E-type iron core
(Elliott et al., 2010), which can improve the transmission
efficiency and stability of the system under coil offset. On
the other hand, as several multi-coil coupling structures have

been used in WPT systems, they guide solving the
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misalignment problem. In some studies, the multi-coil
structure is used to improve transmission efficiency (Seo,
2019; Lee and Lee, 2020; Pries et al., 2020). For example,
an approximate solution for the arrangement of coils to
achieve maximum efficiency in a multi-coil coupling system
is proposed and experiments have verified its properties (Lee
and Lee, 2020). The anti-misalignment performance of the
WPT system can be improved with a multi-coil structure (Lee
and Lee, 2020; Shen et al., 2022). In (Lee and Lee, 2020), a
neural network method to model the propagation of magnetic
resonance in multiple-input-multiple-output (MIMO) is
proposed and used to reduce the impact of the offset
problem. Additionally, a receiver position estimation
method for multi-transmitter WPT systems using the
machine learning method is proposed, and it is verified in
an experiment that the system efficiency maintains around
90% even with the misalignment (Shen et al., 2022). Moreover,
the geometrical design of the coils has also received attention
in recent years. An omnidirectional energy harvester with a
multi-coil structure is proposed and analyzed to avoid coil
misalignment (Tan et al., 2016). The cylinder-shaped coils in a
multi-coil WPT system is investigated and the system realizes
stable output power within the full range of angular
misalignment (Han et al., 2019). Therefore, it is proposed
that the WPT system with multiple coils has great potential
and future application (Cheng et al., 2019).
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FIGURE 2
Equivalent circuit of the MTMR WPT system.

However, the application of the multi-coil WPT system still
faces many difficulties, especially when applied to EVs. Even
though there are a lot of literature studying the multiple coil WPT
systems, they mainly focused on the MIMO WPT system rather
than multi-transmitter-multi-receiver (MTMR) system, while
the MIMO WPT system features multiple power outputs for
different loads (Vu et al., 2017; Vuetal, 2019; Vu et al.,, 2020). In
(Vu et al, 2019), the authors propose a multiple output WPT
system, and experimental results with the total output power of
1.5 kW are provided, but the anti-offset performance is not the
main research objective. Moreover, low power WPT systems
(usually <100 W) have higher degrees of freedom in design,
which come in a variety of geometries and some geometries (e.g.,
cylindrical, spherical, etc.) have good anti-offset performance
(Tanetal,2016; Han et al., 2019). However, in the scenario of EV
charging, the shape of the coils is limited by the vehicle chassis.
Without particular anti-offset design consideration, the wireless
charging efficiency will drop significantly when misalignment
happens. As the MTMR WPT system, is different from the widely
studied single-transmitter-single-receiver (STSR) WPT system,
there are still many uncertainties that need to be further clarified
(Bandyopadhyay et al., 2019; Li H. et al., 2019; Lee et al., 2020).
On the other hand, the MTMR WPT system commonly suffers
from a cross-regulation problem, in which the variation in
voltage or power from one output channel affects the stability
of the others (Zhang et al., 2021). Moreover, the compensation
network is important for the system, and (Hasanzadeh and Vaez-
Zadeh, 2013) have carried out a detailed analysis of the
compensation of the STSR system. But due to the special
topology of the MTMR system, the compensation capacitance
of the system still needs carefully analyzed and calculated. When
designing an MTMR magnetic coupling structure, it is necessary
to comprehensively consider the anti-offset performance as well
as the cross-coupling effect of the system.

In order to address the aforementioned problems, first, a
theoretical model of the MTMR WPT system for EV's is proposed
in this study. The decoupling method of multiple transmitter
coils based on compensation capacitors is proposed. Afterward, a
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coil optimization scheme based on the particle swarm
optimization (PSO) algorithm (Clerc and Kennedy, 2002) is
proposed, and the actual parameters are taken as an example
to describe the system setup in detail. And a decoupling method
for active and reactive currents of multiple transmitter coils is
studied and used in the phase-locking and current-sharing
control strategies. Then, a 3.3 kW experimental platform
based on multiple inverters in parallel with three transmitters
and three receivers is built to verify the theoretical analysis.
Finally, the transmission efficiency and anti-offset performance
of the system are verified when using the proposed control
strategy. The proposed method provides an accurate and
suitable approach for the WPT system with multiple inverters
in parallel and the design of the magnetic coupling structure of
the MTMR coupling structure.

2 Theoretical analysis of multi-
transmitter-multi-receiver wireless
power transfer system

2.1 Multi-transmitter-multi-receiver
wireless power transfer system based on
DS-LCC compensation network

The structure of the proposed MTMR WPT system using
double side LCC (DS-LCC) compensation topology is shown in
Figure 1. There are three transmitter coils and three receiver coils
in the MTMR WPT system, and there is an independent LCC
compensation network with an independent inverter before each
coil to provide high-frequency current. The receiver with the
LCC compensation network connects in parallel with an
independent rectifier to provide power for the load. In the
DS-LCC compensation network, when the mutual inductance
value of the system is stable, the current flowing through the load
maintains constant. The transferred power of the MTMR WPT
system is effectively increased because of its anti-offset
properties.
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FIGURE 3
Equivalent Circuit of MTMR WPT System with Capacitance
Compensation. In this picture, there are n pairs of transceiver coils.

The equivalent circuit of the MTMR WPT system is shown in
Figure 2. Uj is the source of each inverter. Ly, Lip, Gy, Cps, Cpi, and
Cs are the compensation inductance and capacitance of each
LCC compensation network. L,; and L are inductance of the
coupled coil. In addition, since there is a coupling mutual
inductance between every coil, My, _j is defined as the mutual
inductance (x = p (transmitter) or x = s (receiver)). Uy is the
induced voltage generated between coils. According to
Kirchhoff’s Law, the voltage can be expressed as:

. k=i-1 k=n .
Uppi = Zk | JoMpp_ 1k1pk + Zk:MJ‘”MpP-ikka

. k=i-1
Upsi=

k=n . (1)
k=1 ]prs 1kIsk + zk:iHJWMps_ikIsk

Based on the previous analysis, it is obvious that the current
flowing through the coils is still constant. However, the output
current of the inverter is expressed as:

_ Uppi +Upsi

ijli (2)

It can be seen that the output current of the inverter will
increase with the mutual inductance between transmitter coils.
Therefore, additional series capacitors have to be added to
achieve decoupling between the transmitter coils. The
designed equivalent circuit of the MTMR WPT system with
compensation capacitors is shown in Figure 3. In order to cancel
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FIGURE 4
The plane arrangement of three circular coils.

the corresponding induced voltage, the added series
compensation capacitance is expressed as:

1
Cj=— 3
In each transmitter LCC compensation network, the
compensation capacitor in series with the coil is:

, 1
" @ [Ly~ L+ (n- )M,

4

The induced voltage generated in the coils of the cross-
coupling inductance between the transmitter coils can be
eliminated. The compensation capacitor reduces the output
current of the inverter and provides a favorable guarantee for
the development and design of the MTMR WPT system.

2.2 Optimal design of coupling structure

In order to improve the transmission power and efficiency of the
system, a WPT system with three transmitter coils and three receiver
coils is taken as the research objective to analyze the mutual
inductance and misalignment of MTMR coils. The plane layout
of the circular multi-coil is shown in Figure 4. The coupling between
each two receiving coils or transmitting coils can be decoupled so
that their mutual inductance does not have to be concerned. When
there is an offset between the transmitter and receiver coils, the
mutual inductance between every two coils can be obtained as:

21
M, ,uONN J’J’ i (cos B cos ¢ cos & + sin Osin )
0 0

dod
Tij 4

®)
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FIGURE 5

The mutual inductance offset characteristics of MTMR coils

where r;; is the distance between the center points of the two coils.
Ny (x =1iorj) is the number of turns of the coil, and 7, (x =1iorj) is
the radius of the coil.

Assume that the current flowing through one of three coils is
I,,, when ignoring the internal resistance of the coil, according to
the superposition principle, the output currents Isi from the
receiver compensation network are:

R ) , I
T = —(TpaMax +1 g, M + T Moy ) = 2 (Mg + My + M)
Lz LZ

1i,= Liz(iPuMM + 1, M+ My ) = %(Muy + My, + M., )

.1, . . i
Is3 = _(IpaMax +Iprbx +IpcMcx) =L (Maz +sz +Mcz)
L, L,
(6)

For the DS-LCC compensation network, the receiver output
current is constant, so the total current I flowing through the
load can be expressed as:

N NN
Ii=lg+io+Is= L—"ZZM,-j @)
2 j=aj=x

Therefore, the influence of the offset on the mutual
inductance can be evaluated by the sum of mutual inductance
(Xi-a 2 -+ M;)). Taking the structure shown in Figure 4, assuming
the axial distance between the centers is 15 cm, and the angles are
0°, 5°, and 10°, when the lateral distance between the coil centers
gradually increases, the variation of mutual inductance is shown
in Figure 5. The coils in the simulation are single-turn with a
metallic material. The mutual inductance is utilized as the
Y-ordinate, for it is an instinctive and straightforward index
to indicate the performance of different coil offsets. It can be seen
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from Figure 5 that angular offset has little influence on mutual
inductance. Therefore, the mutual inductance variation due to a
certain lateral distance offset is the main factor affecting the
system efficiency.

In order to balance the transmission efficiency and anti-offset
performance of the MTMR WPT system, the PSO algorithm
(Hasanzadeh and Vaez-Zadeh, 2013) is used to reasonably
allocate the parameters of the system to find the optimal
parameter setup of the system. The optimization goal can be
summarized in the following three aspects: efficiency, anti-offset
performance, and cost of the MTMR WPT system. The
evaluation standard of the anti-offset performance is that
under the same coil offset, the higher efficiency of the system
equals better performance. The optimization conditions include:
the current of each coil is less than the rated current I, and the
total outer diameter of the multiple coils is less than the radius
limit ry. Furthermore, the efficiency of the WPT system is related
to the mutual inductance and internal resistance between the
coils. Therefore, the optimization goal can be written as:

max : f(x) = (Mpiss (x), M (x), Ry (x), P (x))

s.t. Ii (X)SIO i= 1,2, "'q
rj(x)sro j=L2p

®)

where M,,;;ss (x), M (x) represents the anti-offset performance
and they are expressed as mutual inductance. Ry (x) and P (x) are
the function of parasitic resistance and cost. In addition, x =
(ny, de, v, ns) represents the decision amount of the objective
function, where n, d., r. and n, represents the number of turns of
the coil, the distance between two coils, the outer radius of the
coil, and the number of Litz wire strands. In a word, optimization
is to achieve efficient operation of the system at a low cost.

2.3 Transmitter current synchronization
strategy

In the actual WPT system, due to the inconsistent parameters
of each element in the circuit, it is difficult to equalize the
inductance and capacitance of each resonance compensation.
As a result, assume that the tolerance between each element is a,
according to Figure 4, the actual parameter is obtained as:

Ci=(1+a)C

C=01-aC

L= (1+a)l ©9)
L,=(1-a)L

w=1/+IC

The difference between the transmit coil currents can be
derived from Kirchhoff’s law:
Io=1,-1p
B 1

A%+ B?
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Current vector diagrams. (A) The currents are not synchronized. (B) The currents are synchronized.
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FIGURE 7

The vector diagram of currents decomposed by the coil current. (A) The active currents decomposed diagram. (B) The reactive currents

decomposed diagram.

{[2BM*w(a® - 20 + 2) + AR D, ]U;

: j
- [2BMw(a® + 20 + 2) + ARD,}U, | - Yo

{[2AM?w (@ = 2a + 2) + BRD, U, - [2AM’w (o + 20+ 2)

+ BR,D,]U,}
(10)

where A and B are expressed by mutual inductance and a. As can
be seen from Eq. 10, there is a certain difference in the current
through each transmitting coil, and the vector diagram of the
current flowing through each coil is shown in Figure 6A. There
are differences in both amplitude and angle in the current vector
diagram. However, when there is no difference in the system or
the difference is minimized according to the control strategy, the
current distribution shown in Figure 6B can be achieved. In this
case, the current through each coil can be kept consistent in both
phase and amplitude, and there is no reactive power. The losses
caused by reactive currents in the compensation network will be
reduced by the synchronization strategy.
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In order to improve the output power, reduce the power
loss and achieve effective capacitance compensation, a
decoupling algorithm based on active and reactive currents
is proposed. The algorithm can synthesize the current
direction as the reference direction, and decompose the
vector of each coil current into active current and reactive
current respectively. A vector diagram of the active and
reactive currents decomposed by the coil current is shown
in Figure 7.

First, assume that the resultant current is the reference signal.
Then the kth be
Tpk = 4 1% + jI-I™%, where the I and I'* represent the

coil current can expressed  as
magnitudes of the active and reactive current components of
the kth coil. Shift the phase of synthetic current to achieve a 1/
2 delay, and then the quadrature parameters can be obtained as
i; = Ly sin(wt + %) = I, cos (wt). Second, define virtual active

and reactive components as:

ny (iG] [
YR w

Im[jp () I,I"*

2
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FIGURE 8

The proposed experimental system. (A) Three inverters and a control board. (B) The MTMR coupling structure.

In fact, the virtual can be used to indicate the consistency of
the direction and magnitude of the coil current in practice. Then
multiply the i, and the virtual components, and eliminate the
doubled signal in the result:

Lyl cos(¢y)
2
Ll sin(¢,)
2
L
2

iak
(12)

The resultant current amplitude I,, is +/2i,. Finally, the
current of each coil is decomposed into active and reactive
components. The amplitudes of the active and reactive
components of each coil can be expressed as:

[ LI cos ()
R o
Qk vk LI, sin (¢,
L 2
The magnitude can be expressed as:
i \/Ziuk
Iak iu
= (14)
[ I t :| ﬁifk
i

- a

In the control strategy, when there is parameter deviation in
the circuit, the working state of the inverter (i.e., the phase and
amplitude of the fundamental voltage output by the inverter) can
be adjusted to compensate for the differences. In addition, the
inverter phase and duty cycle can be adjusted according to the
active and reactive components in the coil current. The
transmitter’s current synchronization strategy will provide
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FIGURE 9

The proposed experimental system.

TABLE 1 Parameters of the MTMR WPT system.

Variable Value Variable Value
Wire Strands 400 Coil turn spacing 5 mm
Wire diameter 1.6 mm Coil outer radius 350 mm
Coil turns 24 Centre distance of coils 500 mm
Transmit-receive coil distance 150 mm

effective detection values for subsequent phase locking and
current sharing. Compared with the zero-crossing comparator,
the algorithm requires less accurate sampling of the current, so it
is more suitable for high-frequency and high-power power
occasions.
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TABLE 2 The comparison between the experimental results and the simulation results.

Variable Simulation results Experimental results
The self-inductance of transmitter coil 86 uH 88.2 uH

The internal resistance of transmitter coil 180 mQ 202 mQ

The self-inductance of receiver coil 86 uH 86.9 uH

The internal resistance of receiver coil 180 mQ 192 mQ

No offset mutual inductance M; (i = j) 26.5 uH 25.1 yH

No offset mutual inductance Mj; (i # j) 19.2 yH 18.7 uH

10 cm offset mutual inductance Mj; (i = j) 24.0 yH 223 uH

10 cm offset mutual inductance Mj; (i # j) 18.8 uH 15.6 uH

3 Experimental verification

In order to verify the proposed optimal design and control
method of the MTMR WPT system, according to the topology
shown in Figure 1, the experimental platform shown in Figure 8
is established. The experimental device includes three inverters, a
Figure 8 control board, and the coupler. The control board
provides drive signals for the three inverters simultaneously
and realizes the phase synchronization and current sharing
strategy of each transmitter coil current. After the receiver
passes through the LCC compensation network, there are
three different rectifiers connected in parallel, and provides
stable power for the resistive load.

3.1 Determination of coupling structure
parameters

Combined with the actual requirements of the WPT
system for EVs, the coupling structure and its parameters

Frontiers in Energy Research

are designed according to the coupling structure optimization
algorithm proposed in Section 2. First, the operation
frequency of the proposed MTMR WPT system is 85 kHz,
and the outer dimension radius of the coil is less than 1 m. In
addition, according to the parameters of Litz wire, the
constraints such as wire diameter are formulated. Then,
the conditions and functions such as mutual inductance
and internal resistance are brought into the optimization
algorithm. The Pareto frontier based on multi-objective
optimization is shown in Figure 9. It can be seen that
when the number of turns of the coil is fixed, the small
difference in the coil radius does not change the system
efficiency intensely. When the coil radius is constant, the
number of turns of the coil will have a great influence on the
efficiency and cost. The optimization result on coil
parameters is shown in Table 1.

Based on optimization results, finite element analysis is
carried out to evaluate the magnetic field distribution for two
cases: no offset between coils and 10 cm offset between coils. The
simulation result is shown in Figure 10. When there is no offset,
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FIGURE 11

Coil current and output voltage waveform when output power is 3 kW. (A) Without a control strategy. (B) With control strategy. The signal of
channel 1 represents the output voltage of the inverter from three transmitters, and the signals of channels 2, 3, and 4 represent the steady-state
currents of the three transmitter coils respectively.

the magnetic field distribution is relatively uniform, but with a

horizontal offset between coils, the magnetic field distribution
will be distorted, and it is more distinct in the edge area of coils. 90 et T T
For example, there is a point A in Figure 10, and the magnetic
field around point A is very different in Figures 10A, B.
Moreover, the parameters of the system can be measured
from the simulation, such as the self-inductance, internal
resistance, and mutual inductance.

efficiency(%)
3

Finally, the transmitter and receiver coils are wound
according to the optimization results, as shown in Figure 8B.

The self-inductance and mutual inductance of the coils were *

measured using an impedance analyzer. The comparison 307 | |—=— with synchronization strategy
between the experimental results and the simulation results is 20 . | |~ Sthatsyhehionization Salsgy
shown in Table 2. It can be seen that the WPT system with g 200 1000 300 2000 29000 1000
MTMR coils can obtain higher coupling coefficients even in the Output Power(W)

occurrence of offset, which helps to achieve higher transmission FIGURE 12

efficiency. And the actual measured values are basically The system efficiency at different output powers.

consistent with the simulation results.
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FIGURE 13
Efficiency comparison of MTMR WPT system and STSR WPT
system under different offsets.

3.2 Experimental verification of the multi-
transmitter-multi-receiver wireless power
transfer system

In order to verify the proposed transmitter current
synchronization strategy, two experiments were carried out
with different parameter setups.

First, when no control strategy is utilized, the currents in each
coil cannot be completely consistent, and there are differences in

10.3389/fenrg.2022.896575

the phase and amplitude of the currents. In addition, the current
of one coil will be larger, so the losses on this coil are also higher
than others.

Afterward, when the system adopts the control strategies, the
current of each transmitter coil can be consistent in both phase
and amplitude. At this time, the reactive component of each coil
current corresponding to the combined current is substantially
zero. In addition, the capacitance compensation method
effectively decoupled the coils, so as to ensure each inverter
maximizes its function.
the
aforementioned analysis. First, the control board provides the

Two experiments are carried out to validate
same drive signal for three different inverters as shown in
Figure 11A, which is an alternating square wave of 85kHz.
When the inverter output voltage is adjusted to 300V, the
waveform of the steady-state current of each coil is shown in
Channel 2, Channel 3, and Channel 4 in Figure 11A. As can be
seen from the waveform, the current flowing through each coil
are different in phase and amplitude. Secondly, we add the
proposed phase synchronization strategy to the control
system. The experimental result under the same input voltage
is shown in Figure 11B. With the control strategy proposed in
this study, both the current phase and amplitude of each
transmitter coil can be kept stable. The reactive component of
each coil current is approximately zero, and the active
component is basically identical. In addition, it is shown that
the capacitor compensation measures adopted at the transmitter
play a good role in cross-decoupling.

The overall output power of the system is 3.072 kW, and the

overall system efficiency is 92.49%. Compared with the system

TABLE 3 Comparison of experimental results between the multi-coil WPT system in recent years from references and the system designed in this

study.
Ref. Vu et al. (2020) Ref. Vuetal. (2019) Ref. Tan et al. Ref. Han et al. (2019) This paper
(2016)
Output 3 kW 1.5 kW 20 W 50 W 3 kW
power
Operating 85 kHz 80 kHz 100 kHz 100 kHz 85 KHz
frequency
Maximum 87.6% 93.5% 85% — 92.5%
efficiency
Coupling ]
structures
r
.xwmuwtl Receiving coil
Dynamic multi-coil wireless ~ MIMO WPT system Multi-Coil Cylinder-shaped coils WPT system  MTMR WPT system
charging Omnidirectional Energy
Harvester
Air gap 150 mm 150 mm <110 mm 250 mm 150 mm
Anti-offset — — Output power fluctuation  Stable output power within the full ~ Anti-horizontal offset
within 5% range of angular misalignment performance
Frontiers in Energy Research 10 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.896575

Liu et al.

TABLE 4 The table of acronyms and their full name.

Acronym Full name

WPT Wireless Power Transfer

EV Electric Vehicles

MTMR Multi-Transmitter-Multi-Receiver
MIMO Multi-Input-Multi-Output

without the proposed strategy, the system efficiency is improved
by nearly 27.7%. Finally, several tests were carried out with
different output power, and the experimental results are
shown in Figure 12. To summarize, during the full power
range, the efficiency can be improved with the proposed
strategy, and the active and reactive current decomposition
methods are effective.

Furthermore, in order to verify the anti-offset
performance of the system, corresponding experiments
were carried out. The experimental results of the MTMR
WPT experimental system are compared with the
experimental results of the STSR WPT system in the offset
situation, and the results are shown in Figure 13. With the
same coil distance and system power level, the transmission
efficiency under different horizontal offset conditions is
measured. It is obvious that the MTMR WPT system
outperforms the STSR WPT system in anti-offset capability.
When there is no offset, the efficiency of both systems can
achieve 90% or higher results. However, with the increase in
the offset distance, the drop rate of the STSR WPT system was
significantly faster than the MTMR WPT system. When the
offset distance is 40cm, the efficiency of the MTMR WPT
system is about 1.45 times of the STSR WPT system. In a word,
compared with the STSR WPT system, the proposed MTMR
WPT system perform much better in offset situation.

In order to present the novelty of this study more
comprehensively, a Table of comparison between conducted
related works in literature is added to the study. Table 3 shows
the comparison of experimental results between the multi-coil WPT
system in recent years in the existing literature and the system
designed in this study. As can be summarized from Table 3, low
power WPT systems (usually <100 W) have higher degrees of
freedom in design, which come in a variety of geometries and
some geometries (e.g., cylindrical, spherical, etc.) have good anti-
offset performance. However, in the scenario of EV charging, the
shape of the coils is limited by the vehicle chassis. Without particular
anti-offset design consideration, the wireless charging efficiency will
drop significantly when misalignment happens. The coupling
structure proposed in this study proves to have the much better
anti-offset capability while maintaining high power output
capability.

Frontiers in Energy Research
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Acronym Full name

Ds-LCC Double Side-LCC

PSO Particle Swarm Optimization

STSR Single -Transmitter-Single -Receiver

4 Conclusion

As the anti-offset performance of the existing WPT system
for EVs is always limited due to its uneven magnetic field
distribution. In this study, a novel multi-transmitter-multi-
receiver (MTMR) WPT system based on modular inverters
with coils is proposed. In order to improve the transmission
efficiency, the multiple transmitter coils are decoupled through
the addition of compensation capacitors. Afterward, the PSO
optimization algorithm was utilized to optimize the coil
parameters. Then, a current synchronization control strategy
of multiple transmitter coils is proposed to reduce the
unbalanced current in the system. Finally, the experimental
results show the efficiency of the MTMR WPT system is
about 1.45 times of the STSR WPT system when the offset
distance is 40 cm. The proposed MTMR system proves to
have much better anti-offset capability while maintaining high
power transmission ability, which provides a promising solution
for future WPT solutions for EVs.

5 Appendix

The acronyms mentioned in the text and their full names are
listed in Table 4.
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