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Abstract—Compactness and effectiveness are two basic con-
siderations of the inductive power transfer (IPT) system. This
article proposes a highly magnetic integrated method of LCC-
compensated IPT system in which coupling coils are integrated into
the coupler to improve the misalignment tolerance and realize the
design of zero-voltage switching (ZVS) condition. The primary-side
coupler integrates a double-layer reverse coil and an inductor coil in
the LCC resonant network to improve misalignment tolerance and
compactness. The secondary-side coupler integrates an inductor
coil in the LCC resonant network to realize the ZVS condition.
The main advantage is that extra space and magnetic cores for the
external compensation inductors are saved, accompanied by ex-
cellent misalignment tolerance and ZVS parameter configuration.
And output power stability under misalignment with fewer mutual
inductance cancel sacrifices is realized. A detailed design method
of the coupler is given based on the circuit analysis. A 3-kW power
level prototype is implemented to validate the proposed design.
Experimental results show that the IPT system with the proposed
design can retain the well-aligned power at 40% misalignment.
The mutual inductance cancellation caused by the reverse coil is
reduced to 51%, and the efficiency reaches 93.1%.

Index Terms—Inductive power transfer (IPT), integrated
magnetic coupler, LCC compensation, misalignment, reverse coil.

I. INTRODUCTION

ITH the rapid growth of population and economy, tra-
ditional energy shortages and environmental pollution
problems have become increasingly prominent. The inductive
power transfer (IPT) system has proven to be an effective solu-
tion with features such as avoiding bulky cables, availability of
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galvanic isolation, more freedom of operation, weatherproofing,
low maintenance, and higher safety. It has been widely used in
biomedical implants [1], consumer electronics [2], and electric
vehicles [3], [4], [5].

IPT systems eliminate the shackles of physical media, giving
the transmitter and receiver considerable flexibility. However,
the independence of mechanical structure makes it difficult to
ensure complete alignment. The misalignments cause a variation
in the mutual inductance between the coupling coils, resulting
in a reduction in the transferred power, instability, and more
power losses. Therefore, misalignment tolerance is an important
performance index of the IPT systems.

Based on previous studies, the misalignment tolerance im-
provement of IPT systems is mainly studied from the following
three aspects. The first one is to reduce the variation of the
mutual inductance between the transmitting and receiving coil
by changing the shape of the magnetic coupler [6], [7], [8]. The
focus of these methods is to achieve a single stable coupling for
power transfer through the design of the coil shape, magnetic
core structure, coil polarity, and winding method. The second
one is to employ control schemes to match the mutual inductance
under misalignment [9], [10], [3]. The extra control modules
increase the complexity of the IPT system, and the customization
requirements for different systems weaken the versatility. The
third one is to design the compensation topology and param-
eters to achieve stable transferred power under variation of
mutual inductance [11], [12], [13]. The constant output current
characteristics are changed in the parameter configuration of
these methods. And since the coupling channel is not essen-
tially changed, the performance of the misalignment tolerance
is limited.

The LCC compensation topology has been widely adopted
because it provides power proportional to the coupling coef-
ficient and achieves a constant output current operating mode
for battery charging applications [14]. However, more induc-
tor components are required, increasing the complexity of the
system. The external compensation inductor has problems such
as occupying more space, difficult heat dissipation, and more
magnetic cores used. In addition, it hinders the modularization
of wireless power transmission equipment.

To save the space required by the extra inductor and solve
the problem of the bulky space occupied by the resonant net-
work, Li et al. [15] first integrated the compensation coil into
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the magnetic coupler. In the preliminary research stage of the
magnetic integrated coupler, the additional coupling caused by
the integrated coil is expected to be weakened or even elim-
inated. The integrated decoupled resonant inductor coil was
proposed to improve the compactness of the magnetic coupler
[16], [17]. Later, the cross-coupling properties due to magnetic
integration were further investigated and applied to improve
the antimisalignment performance [18], [19]. These character-
istics were also applied to the electric vehicle dynamic wireless
charging system with a short-individual structure to suppress the
power fluctuation [20], [21]. The magnetic integrated method
provides a reasonable destination for the inductor components
required by the LCC topology. In addition to the magnetic inte-
gration of the compensation inductor in the resonant network, the
magnetic integration of the reverse coil was proven to mitigate
the mutual inductance variation against the charging distance or
misalignment for IPT systems. In [22], a design approach that
uses antiparallel resonant loops for IPT systems was presented.
An antiparallel resonant structure was formed by forward and
reverse loops to stabilize the transfer efficiency under dramatic
distance-related changes. In [23], a distance-insensitive wireless
power transmission system was designed using a reverse coil.
These methods are preliminary explorations of reverse coils,
and their focus is to improve vertical distance antimisalignment
ability. In [24], the magnetic field strength in some areas was
reduced by the reverse loop to suppress electromagnetic inter-
ference noise. In [25], the proposed multiple-antiparallel square
spiral coils effectively enhanced the height of the charging plane
with a uniform magnetic field. In [26], extra forward and reverse
loops were added to the existing coils to achieve uniform mutual
inductance. In [27], the integrated reverse coil was proposed
to improve the antimisalignment performance of the IPT sys-
tem. Focusing on specific misalignment problems, integrated
reverse coils had proven to convert the single mutual inductance
coupling mode into the mutual inductance difference coupling
mode, thus making the magnetic field distribution more uniform
[28], [29], [30]. Although these methods can improve horizontal
misalignment tolerance, there is still a defect. The introduction
of reverse coils greatly cancels the mutual inductance for power
transmission, which is detrimental to the system output power
capability and efficiency performance. This article proposed a
novel compact solution for the IPT system based on magnetic
integration, with excellent misalignment tolerance and a zero-
voltage switching (ZVS) working condition configuration. The
coupling coils are integrated into the coupler and make sense
in three aspects. The integrated double-layer reverse coil on the
primary side is to achieve better misalignment characteristics
with high efficiency. The integrated inductor coil on the sec-
ondary side aims to realize the ZVS condition configuration,
which keeps the output power and misalignment characteristics
unaffected. The integrated inductor coil on the primary side
is to achieve decoupling from other unipolar coils compatible
with multidirection misalignments, which improves compact-
ness without affecting the characteristics. All inductors in the
LCC resonant network and the reverse coil are integrated to form
a highly integrated (HI) magnetic coupler. The contributions of
this article include the following.
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Fig. 1. Proposed HI magnetic coupler.

1) A magnetic coupler that integrates all compensation de-
vices and has excellent antimisalignment performance is
presented. The tricky issue of magnetic coupler combined
with misalignment tolerance, compactness, and high effi-
ciency is solved, and the performance is optimized.

2) The relationship between the variation rule of total equiv-
alent mutual inductance under misalignment and the geo-
metric size of the reverse coil is clarified. And a double-
layer integrated reverse coil structure is proposed to reduce
mutual inductance cancellation. Achieving output power
stability at 40% misalignment with only 51% mutual
inductance sacrifice is realized.

3) The functional relationship between the input impedance
phase angle and the mutual inductance produced by the
integrated inductor coil and the transmitting coils is de-
rived. The design method of the integrated inductor coil is
proposed based on the expression, and better ZVS working
conditions are realized.

The rest of this article is organized as follows. In Section II,
the HI magnetic coupler is proposed. Based on circuit analysis,
the system characteristics and the influence of coupling coils
are studied and presented. In Section III, the coupling variation
characteristics of the integrated reverse coil under misalignment
are analyzed. In Section IV, the quantitative optimization design
process of the HI magnetic coupler is given based on the qualita-
tive mutual inductance analysis in Section III. In Section V, the
practical system is built and the effectiveness of the proposed
method is verified. In Section VI, the output power capability is
discussed. Finally, Section VII concludes this article.

II. SYSTEM DESCRIPTION AND CHARACTERISTICS ANALYSIS
A. Highly Integrated Magnetic Coupler

The proposed HI magnetic coupler is shown in Fig. 1. The
coupler includes a transmitting pad and a receiving pad. Each
pad consists of three layers. In the transmitting pad, three coils
are placed on the top layer as the transmitting coil, the integrated
reverse coil, and the integrated inductor coil in the primary-side
LCC topology. The magnetic core plate serves as the second
layer to enhance the coupling, and the shield plate serves as the
bottom layer to reduce electromagnetic leakage. In the receiving
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Circuit topology of IPT system with HI magnetic coupler.

Fig. 2.

pad, two coils are placed on the top layer as the receiving coil and
the integrated inductor coil in the secondary-side LCC topology.
Similarly, the magnetic core plate and the shield plate are placed
on the lower two layers.

The proposed method intends to improve the misalignment
tolerance in the x-direction and y-direction and realizes the
full integration of the LCC-compensated IPT system. Three
integrated coils share the magnetic core and the space in the layer
with the main coils, which greatly improves the compactness
of the coupler. First, the coupling variation characteristics are
changed through the integrated reverse coil, which is used to
obtain the equivalent mutual inductance difference to replace the
original single coupling. Second, the secondary-side integrated
inductor coil introduces a design variable to obtain the desired
inverter output phase angle to ensure the ZVS condition. Third,
the primary-side integrated inductor coil can be decoupled from
other coils when misaligned and well-aligned, making the full
magnetic integration more feasible.

B. Circuit Modeling

The circuit topology of IPT systems with an HI magnetic
coupler is shown in Fig. 2. Uy, is the voltage of the dc
power supply. The voltage-fed inverter is composed of MOSFETS
S1-S4. Lps and Lg; are integrated coils that serve as primary-side
and secondary-side compensation inductors, respectively. Ly
and Ly are the transmitting coil and the receiving coil, respec-
tively. L, is the integrated coil connected in reverse series with
the transmitting coil. My, Mpgst, Mp12, Mp1s, Mpas, My,
Mpasr, and Mgy are eight significant coupling mutual induc-
tances in the system. Mps¢ and Mg can be designed to be ig-
norable small values relative to the impedance of the components
by the coupler proposed in this article. The detailed design is per-
formed in Section III. Cp¢, Cy,, Cs, and Cyy are the capacitors in
the LCC compensation network, which can be made into boards
and easily integrated into the coupler. C, is the filter capacitor.
Ry, is the equivalent load. And the rectifier is composed of diodes
D-Dy. I}, and I, are the inverter current vector and the transmit-
ting coil current vector, respectively. I and I, are the receiving
coil current vector and the output current vector, respectively.
The operating frequency of the system is f and the angular
frequency is w = 27f.
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Fig. 4. Equivalent circuit of the topology with HI magnetic coupler.

To be more concise and make the calculation process simpli-
fied, the corresponding mutual inductances are defined as

Mps = Mpls - Mp2sa Mpsf = Mplsf - Mp2sf~ (1)

M s the same-side internal mutual inductance, which can
be equivalent to a T-type network, as shown in Fig. 3. Lumped
together as part of the compensated LCC network, it can be
decoupled as follows:

1
Lse = Ls +Mssf_ OJTC;

Lsfe = Lsf + Mssf

Csf

Csfe = ———————.
: 1+ W2Msstsf

@)

Also, Mp,15 is the same-side internal mutual inductance and
can be decoupled by

1

Lp = Lpl + Lp2 - 2Mp12 - WTC'F’

3)

Furthermore, the equivalent circuit of the proposed IPT
topology with HI magnetic coupler is obtained based on the
fundamental harmonics approximation method, as shown in
Fig. 4. The square-wave voltages are approximated as sinusoidal
sources U7. The rectifier and the resistance load can be equiv-
alent together to R. = 8Ry,/w%. The couplings in the circuit are
represented by dependent sources. Focusing on the theoretical
feasibility analysis of the proposed method, the power losses of
the components are neglected.

The resonant relationship is configured as

WQLprpf = WQLpCpf = WQLseCsfe = WQLsfeCsfe =1 &
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By Kirchhoff’s laws, the equation describing the system is
obtained as

0 jwLy 0 0 Iy
jwLyt 0 —jwMps  —jwMpst ' I,
0 _jo‘)MPS 0 jWLse js
0 7jWMpsf jWLse Rc jou[
U
0
= . 5
0 (%)
0
Therefore, the values of the currents are
. ’Ul ’ . Mps Ul ’
I ‘ =— |loy| = ———. 6
’ P OJLpf out WLprse ( )

From (6), I;, and I, are irrelevant to the load, so the system
possesses a constant current output characteristic. The output
power is expressed as

2 .2
Pout: Iout Re:KlMPZS Ul‘

Re (7

where K1 = 1/(w?L3L3,).

In (7), K7 is determined by the designed system parameters
and does not change under misalignment. Thus, the misalign-
ment performance depends on the square of M. The result
of mathematical derivation in (7) is compatible with the single
coupling mode, and the essence of power transmission has not
changed. For the usual single-coupled IPT system, the ability
to improve the misalignment tolerance through the design of
the coupler is limited. In contrast, the mutual difference M is
expected to achieve a stable output power under misalignment.
In this article, the integrated reverse coil is designed in detail to
optimize the stability of M.

Furthermore, the system input impedance is calculated as

L, U SR ©
' ji Mps (MpsRe - 2JWLseMpsf) .

Define the ratio of M s to My, as €. Furthermore, the tangent
value of the phase angle between the inverter voltage and the
inverter current is expressed as

Im[Ziy]  2wlee
Re[Zn]  Ro

€))

The phase angle « reflects the resonance state of the system.
Under the commonly used control strategy of the 50% duty
cycle, the ZVS working condition is closely related to the phase
angle between the inverter output voltage and current. The
positive and negative values of « represent the inductive and
capacitive, respectively. In addition, its absolute value represents
the degree to which the system deviates from the resonance
point. Through ¢, the resonance state of the IPT system can
be quantified. Based on designed M,,; parameters, the normal
output power and ZVS working state can be achieved through a
reasonable configuration of M.
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Fig. 6.  Coil structure definition of the coupler. (a) Top view. (b) 3-D view.

III. ANALYSIS OF THE MUTUAL INDUCTANCE

Fig. 5 shows a typical variation curve of the mutual inductance
My1s from well-aligned to a 180 mm (40%) misalignment.
From the well-aligned condition to a 40% misalignment, the
mutual inductance dropped by nearly 40%. For IPT systems
with single mutual inductance for power transfer, it is hard
to essentially improve the misalignment performance through
the parameter design of the magnetic coupler. Therefore, the
primary-side integrated reverse coil is considered to shape the
coupling for power transfer to improve the misalignment per-
formance. Theoretically, the variation rule of mutual inductance
generated by the integrated reverse coil is expected to be the
same as that generated by the transmitting coil. In this way, the
equivalent mutual inductance obtained by the superposition of
the two couplings can be maintained sufficiently stable under
misalignment. The position, size, and turns play a crucial role
in the design of integrated reverse coils. Considering the need
for system misalignment performance symmetry, the position of
the integrated reverse coil should be placed symmetrically at the
center of the primary coil. In this section, the influence of size
and turns on M, is analyzed.

Fig. 6 shows the schematic diagram of the coupling coils. The
integrated reverse coil is designed inside the transmitting coil
and they are center-symmetrical. Each side with multiple turns
in the coil has its equivalent position indicated by the middle line.
The corresponding parameters are marked in Fig. 6(b). The four
sides of the transmitting coil are [,,(i = 1, 2, 3, 4). The four
sides of the integrated reverse coil are I,;(j = 1, 2, 3, 4). And
the four sides of the receiving coil are /.,(v = 1, 2, 3, 4). The
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Fig. 7. Analysis of magnetic flux density. (a) Mean value of magnetic flux
density on /.1. (b) Magnetic flux through the receiving coil.

endpoints of the coils are marked for definition. Among them,
A1, By, Cy1, and D, are the four endpoints of the transmitting
coil. Aa, B2, Cs, and D are the four endpoints of the integrated
reverse coil. F, G, H, and J are four endpoints of the receiving
coil. Considering /.; and /,; are parallel, the vertical distance
from any point on /. to [,; is equal, defined as r.

The analysis of the magnetic flux density is shown in Fig. 7.
The magnetic field intensity generated by /,; at point F'is

é _ MOnwllga

cos 0y + cos [ tan™? _
Admr ! ly —rcotfy )|~
(10)

() is the distance from F to A. Q> is the superposition of the
length of /.o and Q;. In Fig. 7(a), the mean value of magnetic
flux density on /. is calculated by integral as

f:l? f(6)-do B 9612 B-df  ponwil
92—91 - 92—91 747‘&'7‘(02—01)

02
X / (cos@ + cos (tanlr>> -df. (11)
0, Iy —rcotf

The magnetic flux produced by /,; at the receiving coil Lg is

I [A1J]
b — //B~d5:/ _Honwilel
5 A p| Amr(02 —61)

92 T
X / (cos 0 + cos (tanl m) > dédr. (12)
0, b~ fano

The mutual inductance between /,; and L is obtained as

Nwa® _ proleTwiNwa N |[AyJ|
I 4m(0y — 601)  |ALF|

92 T
X / <cos€ + cos <tanlz)>d9.
01 la1 — tan@

13)

B:

MlalLs = 1

Similarly, to obtain the mutual inductances between the other
sides and the receiving coil, the relevant angles are defined in
Fig. 8. The mutual inductances between each side of the primary-
side coils and the receiving coil Ly are, respectively, expressed
as

|B1J|
|B1F|

Hol6Tw1 Twa
M, ... =
feale ™ Y (05 — 07)
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(@) (b)

Fig. 8. Definition of mutual inductance between primary-side coils and the
receiving coil. (a) Angle definition from /51, Ib1, b3, [a3 to lc1. (b) Angle
definition from l,4, lb4, b2, [a2 tO lcyq.

98 T
X / (cos 0 + cos (tanl r) ) do
or las — g

| Az J|
M, .. = — 1
torLs 47‘((94 - 93) . |A2F|

04 "
X / (cos 0 + cos (taun_1 w) ) do
0 b1 — &ng

M = Holenwag |B2 |
foaks 4m(0s — 05)  |B2F|

96 T
X / (cos 0 + cos (tanl I> ) do
05 vz — o5

~ Polenwinwa N |D1G]
47‘(’(910 — 99) |D1F|

010 T
X / (cos 0 + cos (tan_l z) ) deo
0 laa — g

_ _Holsnwingg | |ALG
47’(’(016 — 915) |A1F‘

016 T
X / (cos 0 + cos (tanl z) > dé
015 la2 " tanf

polenwanws |Da2G]|
M P—
ke = 4 (0h — 011) ! | D2 F|

012 x
X / (cos@ + cos (tan1x>)d9
011 lbs — @ng

__tolenwanwa  |AsGl
s 471'(614 — 913) |A2F|

014 T
X / (0059 + cos (tanlgC))dH.
013 Ib2 — tano

(14)

HoleTwanwa

Mla4Ls -

MlaZLs =

Therefore, the mutual inductance M; between the receiving
coil and the transmitting coil and the mutual inductance M
between the receiving coil and the integrated reverse coil are
expressed as

My =My, o, +Mp,o.+Mp,o, + M1,

My =Mp, o, + Mpy,r. +Mpy,ro, + M. (15)
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To express the characteristics of the equivalent mutual induc-
tance more intuitively, the corresponding mutual inductances are
combined as follows:

M. = My + M,
=Mp, 1, +Mp,r.) + (Mp,,r, + Mr,,1.)
+(Mp,r, + Mpysr,) + (Mp,o, + Mp,,r,). (16)

In each item, the mutual inductances generated by the trans-
mitting coil and the integrated reverse coil are included, whose
directions are opposite. In addition, the following equations can
be obtained based on (13), (14), and Fig. 8.

|A1J| |AsJ| |B1J]| | By J|
|ALF| = |AoF|" |BiF| = |BoF)|
|[A1G| _ [A2G] |D1G| _ [DoG]
|A1F| = |AoF|” [DiF| ™ |DoF|

92—91<94—93,98—07<96—05

016 — 015 < 014 — 013,010 — 0y < 012 —011.  (17)

According to (16) and (17), the integrated reverse coil ef-
fectively converts the original single mutual inductance into an
equivalent mutual inductance difference, thereby improving the
anti-misalignment performance.

Based on the qualitative analysis of the mutual inductance
expression under misalignment comprehensively considered in
(13) and (14), two features are revealed as follows.

1) Compared to the transmitting coil, the integrated reverse
coil has a smaller side length. Therefore, to make the
variation of M5 and M9, under misalignment more
similar, the turns of the integrated reverse coil are expected
to be more than that of the transmitting coil. And more
significant turns can make the variation rule of Mo closer
to M1, thereby making the total equivalent mutual induc-
tance M, more stable. However, because the parameter
of turns brings the gain of the overall mutual inductance
value, its contribution to stability is limited. In addition,
larger turns also result in more mutual inductance sacrifice.

2) A smaller side length can increase the impact of mis-
alignment distance on Mo attenuation. Furthermore, the
side length parameter is directly included in the factor
containing misalignment distance in the (13), thus it can
more effectively change the variation rule of M. It is
the main determining factor for the stability of the total
equivalent mutual inductance.

Therefore, to achieve better mutual inductance stability with
smaller mutual inductance cancellation, reducing the geometric
size of the integrated reverse coil under the same turns is an
effective solution. The most practical method to achieve this is to
increase the layers of the coil. Considering that excessive layers
could increase the difficulty of coil design and bring serious
heat dissipation issues, a double-layer integrated reverse coil is
adopted in this article, as shown in Fig. 9.

Overall, compared to the turns parameter, the side length
parameter is more effective in changing the variation rule of
mutual inductance with misalignment distance x. The turns and
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Fig. 10.  Design of the primary-side integrated inductor coil.

size can be used as coarse and fine parameters to realize the
stability of the mutual inductance. Within the range of turns
slightly larger than the turns of the transmitting coil, the mutual
inductance variation rules corresponding to different integrated
reverse coil side lengths are expected to cover the initial main
mutual inductance variation rule. Therefore, geometric dimen-
sions can be optimized to make the variation of M5 and M,
under misalignment more similar. Therefore, the design idea is
to optimize the size parameters under different fixed turns.

In addition, focusing on improving the compactness of the
coupler, the inductor in the primary-side LCC resonance network
is achieved by a coupling coil without affecting the system
characteristics. The decoupling compensation inductor method
utilizes four current loops, which can achieve decoupling with
a unipolar coil under a multidirectional misalignment. The
primary-side integrated inductor coil is designed as a special
bipolar coil considering the adaptability to the misalignment
of the x-direction and the y-direction, as shown in Fig. 10.
Unlike the usual bipolar structure, the bipolar coil proposed in
this article has eight current loops. Among them, two adjacent
current loops have the opposite polarity. The transmitting coil
and the integrated reverse coil are unipolar. Due to the central
symmetry, the primary-side integrated inductor coil naturally
decouples from them, even if misaligned both in the x and y
directions.

IV. DESIGN OF THE MAGNETIC COUPLER

With the derived formula in Section II and the analysis in
Section III, the HI magnetic coupler can be easily designed. The
magnetic coupler structure is shown in Fig. 11. The parameters
describing the coupler dimensions are defined in Table 1.

In practical applications, the sizes of the transmitting coil and
the receiving coil are subject to various restrictions based on
the purpose, environment, and structure. Therefore, the param-
eters of the initial coupler are selected considering the required
3-kW experimental prototype. At the transmitter, the size of
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TABLE I
PARAMETERS OF THE MAGNETIC COUPLER

Type Parameter Description

I Outer length of L,

Is Outer length of L

1 Inner length of L,
Initial Iy Inner length of L
parameters Nwi Turns of L,

Ny Turns of Lg

X Misalignment distance

d Transfer distance

b Outer length of L,

I8 Outer length of L,;(i=1,2,3,4)

S n Outer width of L,(i=1,2,3,4)

O£ t;ﬁg:ion Is Outer length of Ly
P Ny Turns of L,

w3 Turns of L,n(i=1,2,3,4)

Nws Turns of Ly

the transmitting coil is designed as “450 mm * 450 mm * 5
mm.” The turns n are designed as 10. At the receiver, the
size of the receiving coil is designed as “300 mm * 300 mm
* 5 mm.” The turns ny4 are designed as 12. The ferrite plate
and aluminum shield of the same size with coils are used on
both sides for magnetic field enhancement and electromagnetic
shielding, respectively. The transfer distance is d = 150 mm.
Fig. 12 shows the flowchart for the design process of the
magnetic coupler. The program starts with the analysis of
the original mutual inductance under misalignment based on
the initial parameters. And the design of the three integrated
coils is performed in sequence. For the integrated reverse coil,
the performance of the design result is evaluated by the standard
deviation o of equivalent mutual inductance M. A smaller o
means a smaller fluctuation of the equivalent mutual inductance
under misalignment, which reflects better misalignment
tolerance. Therefore, the optimization goal is to obtain the key
parameter turns and size corresponding to the minimum ¢ under
misalignment. For the secondary-side integrated coil, the side
length /5 and turns n,5 are optimized based on the design goal
of realizing the standard parameter Lysq corresponding to the
system power level. Then confirm whether € obtained from the
design results is less than 0.1 under well-aligned and misaligned.
For the primary-side integrated inductor coil, the decoupling
requirements were already met at the structural level and so
the side length I, and turns ny;3 are optimized to achieve the
standard values Ly¢q corresponding to the system power level.

Fig. 12.

Start

Set desired w, input voltage U,
equivalent load resistance Ry,
]
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parameters /1, s, I7, Is, Pw1, wa
y
Analyze original mutual inductance with
misalignment Mys o, Myis 2, -+ Mpis 18

k=1, ny,=ny,+1, L=100 mm
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Flowchart for the design process of the HI magnetic coupler.
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Fig. 13.  Variation of the equivalent mutual inductance difference M5 un-

der misalignment with different lengths. (a) Case 1: nywo = 11. (b) Case 2:
Nwo = 12.

During the design process, reference indicators represent the
performance and accuracy of optimization. The standard devia-
tion of mutual inductance difference (2%) represents the degree
of output power fluctuation under misalignment. Deviation of
self-inductance parameters (2%) means the error range between
the designed and the target parameters. And ¢ Less than 0.1
represents a weakly inductive resonant state.

Based on the analysis in Section III, the initial value of the
turns nywe of the integrated reverse coil is set to ny1+1. The
design result corresponding to nys = 11 and nye = 12 is
shown in Fig. 13. In Fig. 13(a), although the equivalent mutual
inductance fluctuation under misalignment has been alleviated,
it still cannot meet the target requirement of 2%. In Fig. 13(b),
with the increase of /5, the mutual inductance difference un-
der misalignment increases more obviously compared to the
well-aligned case. When /5 = 200 mm and /5, = 220 mm, the
mutual inductance difference under misalignment even exceeds
a well-aligned condition. When /5 = 180 mm, the mutual in-
ductance difference remains stable from well-aligned to 40%
misalignment, which achieves the design goal. The IPT system
using this mutual inductance difference for power transfer has
excellent misalignment performance. Fig. 14 further shows the
coupling characteristics of M,1s and M},2s when I = 180 mm.
The results show that the mutual inductance cancellation brought
by the integrated reverse coil with a double-layer design is 51%
of the original mutual inductance. Therefore, the size of the
integrated reverse coil is designed as “180 mm * 180 mm * 5
mm.” And the turns are designed as 12.
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Fig. 15. Design result of the equivalent inductance Lgf, of the secondary-side
integrated inductor coil affected by the turns ny5 and length /5.

With the integrated reverse coil determined, the secondary-
side integrated inductor coil is further designed to optimize the
ZVS working condition and make the coupler more compact.
According to the design process, the first step is to determine the
selection range of size and turns based on the power level of the
prototype. For the 3-kW output power level, the standard value
of the secondary-side equivalent compensation inductance Lggq
is set to 11 pH. According to Fig. 3, the equivalent inductor
in the secondary-side resonant network of the IPT system is
Lgte, which is the superposition of Ly and Mgt Therefore, the
crucial design of the secondary-side integrated inductor coil lies
in the requirements of Lyr and M. Focusing on the optimization
design of ny5 and I5, the optimization results of the equivalent
inductance Lgg. are shown in Fig. 15, where the shaded areas
represent the target value Lyfeq. According to the design process,
the first obtained turns and size results are 3 and 160 mm,
respectively. But in this situation, the calculated € exceeds 0.1,
which cannot meet the design demand. Continuing with ny5 =4
and /5 = 140 mm, the variations of M, My, and their ratio
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€ when misaligned are shown in Fig. 16. The result shows
that ¢ changes under misaligned conditions, but it maintains
between the minimum value of 0 and the maximum value of 0.1,
benefiting from M being sufficiently small relative to M. It
not only can ensure the ZVS working condition but can also
make the shutdown current not too large. Therefore, the size of
the secondary-side integrated inductor coil is designed as “140
mm * 140 mm *5 mm.” The turns nys5 are designed as 4.

Considering the space utilization of the primary-side coupler,
the length /3 of the integrated compensation inductor coil is
designed as 200 mm. And then the selection range of size and
the turns are determined based on the power level. For the
3-kW output power level, the standard value of the primary-side
equivalent compensation inductance Lyq is set to 12.5 pH.
Therefore, focusing on the optimization design of ny3 and /g4,
the optimization results of Ly are presented by the contour color
temperature map in Fig. 17. The shaded areas represent the target
value Lq. Obviously, the design results of turns ny3 and size
I, are 3 and 60 mm, respectively. In summary, the size of the
primary-side integrated coil is designed as “200 mm *60 mm *
5 mm.” The turns ny3 are designed as 3.

V. EXPERIMENTAL DETAILS

A. Verification Experiment

To verify the results of theoretical analysis and design meth-
ods, the experimental coils wound according to the design results
in Section III are shown in Fig. 18. The overall experimental
prototype is constructed as shown in Fig. 19. Consistent with
the simulation, the transmission distance is set to 150 mm.
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Fig. 18.  Prototype of the HI magnetic coupler. (a) Transmitting coil Ly1 and
integrated coils Lp2, Lyf1, Lpr2, Lpe3. Lpga. (b) Receiving coil Lg and integrated
inductor coil Lg.

Rectifier

Fig. 19.  Prototype of the IPT system with the HI magnetic coupler.

At the input, a dc source and a high-power inverter are
used to provide a 300 V ac excitation for the resonant circuit.
CREE silicon-carbide MOSFETs (C2M0025120D) with 25 mS2
internal resistance are adopted by the inverter to reduce power
loss and improve output stability. The pulsewidth modulation
control signal for the MOSFET is generated by the control chip
TMS320F28335. The output is a fixed frequency of 85 kHz. At
the output, CREE C3D20060D diodes are used for the rectifier
to provide dc current to the EA-CPS-8080 electronic load. The
electronic load is set to constant resistance mode with a resis-
tance value of 30 €2 to meet the requirements of an output voltage
of 300 V and an output current of 10 A. The coils are made from
1000-strand AWG 38 Litz-wire. The magnetic material PC95 is
used to construct the ferrite board.

The measured parameters of the coupler and the calculated
resonance parameters are given in Table II. The mutual induc-
tance between the primary-side integrated inductor coil and the
receiving coil under different misalignment conditions obtained
from experimental measurements is shown in Fig. 20. The
result shows that the mutual inductance between the integrated
inductor coil and the receiving coil is within 0.04 H in the entire
misalignment area. Compared to other mutual inductances in the
circuit, it is small enough to be neglected. In addition, M ¢y is an
extremely small value compared to M, as the self-inductance
value of the integrated inductor coil on the secondary side is
much smaller than that of the receiving coil. Therefore, the
primary-side integrated inductor coil can achieve approximate
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TABLE II
MEASURED PARAMETERS OF THE MAGNETIC COUPLER

Symbol Parameters Values
f Resonant frequency 85 kHz
Ly Transmitting coil inductance 124.1 yH
Ly Integrated reverse coil inductance 65.9 uH
Lon Primary-side integrated inducance 3.5uH
Lyp Primary-side integrated inducance 3.4 uH
Ly Primary-side integrated inducance 3.4 uH
Ly Primary-side integrated inducance 32 uH
L Receiving coil inductance 92.3 uH
Ly Secondary-side integrated inductance 7.5 uH
G, Primary-side compensate capacitor 24.1 nF
Coe Primary-side compensate capacitor 262.3 nF
Cs Secondary-side compensate capacitor 44 4 nF
Cyr Secondary-side compensate capacitor ~ 500.0 nF

—~ Mpfs (“H)

g 0.045

Q

;’ 0.042

= 0.040

3 0.038

S 0.035

= 0.033

= 0.030

g 0.028

53 0.025

E 0.023

S"%e 2 6 0 6 12 18 0.020

Misalignment in x-direction (cm)

Fig. 20. Mutual inductance Mp¢s under different misalignment conditions.
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Fig. 21. Comparison of experimental and simulated values of M5 and €.

decoupling compatible with multidirectional misalignment con-
ditions.

The experimental measurement values of M and ¢ are
compared with the theoretical values, as shown in Fig. 21. The
result shows that the theoretical and experimental results are
very close, and the trend of parameter variations is consistent.
The mutual inductance difference M,s remains stable within
the 18 cm misaligned range, with a fluctuation of £ 2% in its
square value, achieving suppression of output power fluctuation
during misalignment. In addition, the actual measured value of
¢ is close to the simulation results, which meets the optimized
configuration of ZVS conditions.
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Fig. 23.  System output power and efficiency under misalignment.

The inverter output waveforms of the system under different
misalignment distances are shown in Fig. 22. vy, is the inverter
voltage and ij,, is the inverter current. The experiment proves
that the system works efficiently under well-aligned and differ-
ent misalignment conditions. And the inverter keeps working
in an ideal weak inductive state, and the integrated coil on the
secondary side effectively optimizes the ZVS condition.

The output power and dc—dc overall system efficiency of the
IPT system against misalignment at Ry, = 30 (2 are given in
Fig. 23. Within the misalignment range of 18 cm, the output
power ranges from 2.9 to 3.1 kW. The average output power
is 3 kW. Under the working condition of 18 cm misalignment,
the output power is reduced to 2.9 kW, which is 97% of the
well-aligned value (3.1 kW). The overall efficiency of the IPT
system reaches 93.1%. The results validate that the proposed
method has good misalignment tolerance.

The performance of the proposed highly magnetic integrated
method is compared with the conventional and partially inte-
grated LCC compensation systems, respectively. The integrated
reverse coil is removed and integrated compensation inductors
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Fig. 24.  Efficiency comparison between normal LCC compensation and the
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are replaced by external inductors to form the conventional LCC-
compensated system. And two partially magnetic integrated
LCC compensation systems are formed by integrating only the
reverse coil or only the compensation inductor coil. The compar-
ison results of the dc—dc efficiency of these systems are shown in
Fig. 24. The efficiency of the proposed system is slightly lower
than the normal system, mainly caused by the more copper used
by the reverse coil. Due to the coupling effect of the double-layer
reverse coil and the internal mutual inductance effect of the
integrated compensation inductor coil on the secondary side,
the average efficiency difference under misalignment is within
1%. It is worthwhile to sacrifice such less efficiency for excellent
misalignment tolerance and compactness.

B. Comparison Experiment

To verify the constant current output characteristics of the
system and the superiority of the double-layer reverse coil, two
sets of comparative experiments were performed separately.

The experiment is conducted with load resistances of 10 €2,
202, and 30 2 under typical misaligned conditions, respectively.
Fig. 25 shows the output current and voltage results under
different load resistances. The result shows that the proposed
system has constant current output characteristics throughout
the entire working state.

In addition, a single-layer integrated reverse coil with half
turns was used as a comparative experiment, while a system
without reverse coils was used as a comparison. Based on the
theoretical analysis in Section II, the experimental parameters
are consistent with those of the double-layer integrated coil
system. The comparison of the variations in output power un-
der misalignment is shown in Fig. 26. Fig. 26 shows that the
output power of the proposed design has a good misalignment
tolerance. The output power can remain approximately constant
during 18-cm misalignment, while it changes significantly due
to the decline of mutual inductance in the system without the
reverse coil. In addition, compared with the single-layer inte-
grated reverse coil system, the proposed double-layer structure
has better mutual inductance shaping ability under the same
geometric size. Therefore, the performance of the proposed
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Fig. 26.  Comparison of output power fluctuation under misalignment.

design is better, especially in smaller mutual inductance can-
cellations. The double-layer coil design realizes output power
stability at 40% misalignment with only 51% mutual inductance
cancellation.

VI. DISCUSSION

The integrated reverse coil on the primary side is used to
partly cancel the primary mutual inductance to achieve stability,
thereby reducing the output power capability of the IPT system.
By analyzing the coupling characteristics of the integrated re-
verse coil, the relationship between the variation rule of total
equivalent mutual inductance under misalignment and its geo-
metric size is clarified. Better magnetic field shaping is realized
by the proposed double-layer integrated reverse coil. The com-
parison between this article with the latest related research is
given in Table III. The proposed method is useful in improving
misalignment tolerance, compactness, ZVS working condition,
and efficiency performance, with the cancellation of mutual
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TABLE III
COMPARISON BETWEEN THE LATEST RELATED RESEARCH AND THIS WORK
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Integrated Maximum Output Misalignment Integration ZVS Mutual Inductance
Method Efficiency Power Tolerance Degree Design Cancellation Ratio
[6] \ 1.9 kW \ \ No \
[11] 95.1% 1 kW 25% (20 cm/80 cm) \ No \
[13] 91.1% 3 kW 21% (16 cm/74 cm) Low No \
[14] 92.5% 1 kW 25% (10 cm/40 cm) Low No \
[28] 92.1% 34 kW 35% (16 cm/45 cm) Low No 75%
[29] 90.7% 0.22 kW 25% (10 cm/40 cm) Low No 70%
[31] 91.1% 1 kW 35% (16 cm/45 cm) Low No 76%
[This Work] 93.1% 3 kW 40% (18 cm/45 cm) High Yes 51%
M, (uH) inductor components in the LCC resonant network are integrated
10

Misalignment in y-direction (cm)
O =~ N W H OO N ©® ©

0 2 4 6 8 10 12 14 16 18

Misalignment in x-direction (cm)

Fig. 27.  Simulated M}, under both the x and y directions of misalignments.

inductance reduced. The double-layer coil design effectively
restricts the shaping of the magnetic field, achieving output
power stability at 40% misalignment with only 51% mutual
inductance cancellation.

To further explore the performance of the proposed system
with simultaneous misalignment in the x and y directions, the
simulated mutual inductance M,,s under both the x and y direc-
tions of misalignments is shown in Fig. 27. The result shows that
while maintaining a smaller mutual inductance cancellation, the
equivalent mutual inductance used for power transmission still
has a certain stable effect simultaneously misaligned within a
certain range both in the x and y directions.

In addition, the secondary-side integrated inductor is bene-
ficial for improving the output power capability. The internal
coupling between the secondary-side integrated compensation
inductor coil and the receiving coil reduces the compensation
inductor value under the same output power requirements.
Therefore, it is possible to improve the output power capabil-
ity of the system by reducing the demand for secondary-side
compensation inductor values under the limit of the current
withstand. The original adverse effects of integrated reverse coils
have been mitigated.

VII. CONCLUSION

In this article, a highly magnetic integrated method of LCC-
compensated IPT system is proposed in which coupling coils
are integrated into the coupler to improve the misalignment
tolerance and realize the design of ZVS condition. All the

into the magnetic coupler, and the coil in reverse series with the
transmitting coil is integrated into the transmitter. The system’s
antimisalignment performance, ZVS conditions, and compact
have been optimized and improved. And output power stabil-
ity under misalignment with fewer mutual inductance cancel
sacrifices is realized. Theoretical calculations and qualitative
magnetic field analysis are performed to reveal the working
principle and design criteria of the integrated coils. A 3-kW
prototype has been built to verify the theoretical analysis and
design method. Experiments show that the proposed magnetic
integration method will effectively optimize the ZVS condition,
maintaining 97% of the standard output power at a misalignment
distance of 40% relative to the side length of the transmitting
coil. The mutual inductance cancellation caused by the reverse
coil is reduced to 51%, and the efficiency reaches 93.1%.
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