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on Concentrated Magnetic Flux for
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Abstract—The capability of misalignment tolerance is vital
for an inductive power transfer system. This paper proposes a
novel unsymmetrical coupling structure that can remarkably
enhance the output voltage stability with respect to the horizontal,
vertical, and angular displacements. The core of this structure is
concentrated magnetic field. The optimization method to derive
the optimal loosely coupled transformer providing the strongest
tolerance to misalignment and fulfilling the requirement of the
minimum coupling coefficient is presented. The proposed structure
is compared with planar circular and square coils and double-D
(DD) coupler from the perspectives of magnetic coupling and anti-
misalignment capability. A 200-W prototype is finally fabricated,
where the primary series, secondary series-parallel compensation
topology is employed to further improve the system’s tolerance to
misalignment. A maximum output voltage ripple factor of 2.83%
and a minimum system efficiency of 91.9% are achieved when the
horizontal displacement is as high as one-third of the coupling coil.

Index Terms—Concentrated magnetic field, inductive power
transfer (IPT), magnetic design, misalignment tolerance, primary
series, secondary series-parallel (S/SP) compensation topology.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) has aroused more and

more attention in recent years due to its advantages of low
maintenance, high reliability, flexibility, safety, and environ-
mental friendliness [1]. It has been researched for many applica-
tions including electric vehicle charging, household appliances,
portable electronic devices, autonomous underwater vehicles,
satellites, medical implants, etc.
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To the best knowledge of the authors, the biggest advantage of
the IPT technology is high spatial freedom. However, the system
performance will be remarkably deteriorated if a conspicuous
misalignment takes place. In other words, the output voltage of
an IPT system is highly sensitive to the relative positions of the
primary and secondary coupling coils. This demerit has signifi-
cantly hampered further development of the IPT technology.

Many studies have been done to improve the capability of
misalignment tolerance of IPT systems. These studies can be
classified into three categories. The first type of study tries to im-
prove the system’s misalignment tolerance from the perspective
of compensation topology design. Several topologies, including
primary series, secondary series (SS) [2], primary series-
parallel, secondary series (SP/S) [3], primary series, secondary
series-parallel (S/SP) [4]-[6], primary T-type network, sec-
ondary series (T/S) [7], primary inductor—capacitor—capacitor,
secondary series (LCC/S) [8], and primary series, secondary
capacitor—inductor—capacitor (S/CLC) [9], have been proposed
in the past few years. The performance of these deliberately
designed topologies is much better than the commonly used
topologies, but is not as good as expected. The second type of
study attempts to enhance the capability of misalignment toler-
ance by optimizing the structure of the coupling coil. Until now,
several novel magnetic structures, which are insensitive to dis-
placement, have been put forward. These misalignment-tolerant
structures include double-D (DD) and double-D and quadrature
(DDQ) pads [10], H-core-based multisegment coils [11],
bipolar (BP) pad [12], unsymmetrical circular coil pair [13],
tetrahedron-type pickup mechanism [14], three-dimensional
(3-D) orthogonal ferrite coils [15], and asymmetric coil sets
(ACS) [16]. On one hand, these coupling structures indeed
improve the spatial freedom of the IPT systems. On the other
hand, these structures are not as good as desired. They have their
own drawbacks. The DD pad and H-core-based multi-segment
coils are sensitive to both the displacement along the length of
the pad and angular misalignment. It is not interoperable with
non-polarized pads either. The DDQ and BP pad necessitate two
synchronized inverters when they are utilized as a transmitter
coil. Moreover, they need more copper than non-polarized pads
with a similar size. An unsymmetrical circular coil pair provides
a minor improvement in misalignment tolerance. The coupling
fluctuation of both the tetrahedron-type pickup mechanism and
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3-D orthogonal ferrite coils are relatively large. What is more,
the tolerance to horizontal and vertical shifts is not encompassed
in [14] and [15]. The ACS proposed by Chun T. Rim and his
research partners provide high tolerance to both lateral and
longitudinal displacements and air gap variation. The ACS are
similar to the DD coil to some extent. However, for ACS, the
dimensions of the primary coil are different from those of the
secondary one; for DD coil, they are the same. The third type of
study endeavors to strengthen the anti-misalignment capability
by means of employing variable inductance or variable switched
capacitance [17]-[19]. The electrical characteristics of the
resonant tank can be altered by employing variable inductance
or variable switched capacitance; therefore, the output power
can be regulated. The employment of variable inductance
results in higher power loss since the ferrite core is sometimes
saturable. The authors firmly believe that the misalignment
issue can only be solved by comprehensively using the three
technologies which have been mentioned above.

The analysis and optimization of an IPT system against mis-
alignment tolerance is very important for performance evalua-
tion and enhancement. Fotopoulou and Flynn built an analytical
model of IPT systems, where the effects of coil misalignment
and geometry are incorporated [20], [21]. This analytical model
makes great sense in the optimization of the coil geometry for
highest misalignment tolerance. Sampath et al. proposed a fig-
ure of merit in [22] in order to obtain an IPT system with high
power transfer efficiency (PTE), strong power transfer capabil-
ity, and excellent misalignment tolerance. Misalignments in six
degrees of freedom are analyzed. The performance of the opti-
mized IPT system against misalignment is improved by using
the figure of merit.

This paper proposes a novel unsymmetrical coupling struc-
ture (UCS) based on the idea of concentrated magnetic flux.
The physical appearance and geometry parameters describing
the dimension of the structure will initially be introduced. The
optimization method to derive the best coupling coil is sub-
sequently elaborated. The comparison with the three existing
structures is also incorporated. In order to improve the capabil-
ity of misalignment tolerance, the S/SP compensation topology
is employed. The compensation parameters are deliberately de-
signed. A prototype is fabricated, based on which the verification
experiments are carried out. Several findings are summarized in
the final section.

II. PROPOSED UCS

A. Physical Appearance and Geometry Parameters of the
Proposed Structure

Fig. 1 shows the schematic view of the proposed UCS
captured from ANSYS Maxwell. The shade in gray represents
ferrite, while the shade in purple stands for winding. The
secondary winding (SW) and ferrite are in the planar square
ring form, while the primary winding (PW) and ferrite are in the
tridimensional square ring form. The parameters Dy,, OSLg,
and Hp, which are labeled in Fig. 1(b), represent the power
transfer distance (PTD), the outer side length of the secondary
coil, and the height of the primary coil, respectively. For the

3111

Secondary

ferrite Primary

ferrite

Secondary
winding

X winding Y

(@)

:: OSLs >

(b

Fig. 1. Schematic view of the proposed UCS. (a) Isometric view.
(b) Front view.

sake of clarity, the four components of the proposed UCS are
separately shown in Fig. 2. The geometry parameters which
determine the dimensions of the coupling structure are labeled
in the corresponding diagrams.

The UCS proposed in this paper is different from the ACS
proposed in [16]. First, UCS is a transformation of the con-
ventional square coils, whereas ACS is an improvement of the
conventional DD coupler. Second, UCS provides identical lat-
eral and longitudinal (X-direction and Y-direction in Table IV)
misalignment tolerance, but ACS offers unequal lateral and lon-
gitudinal misalignment tolerance. ACS provides strong lateral
misalignment tolerance but poor longitudinal misalignment tol-
erance. This characteristic limits the utilization of ACS in many
applications, such as wireless charging for consumer electronics
and kitchen appliances. Third, UCS shows excellent misalign-
ment tolerance to angular displacement. However, ACS exhibits
fairly poor capability in resisting angular displacement. This is
not vital in some applications, such as electric-vehicle charging.
Nevertheless, it is unacceptable in most applications as it re-
sults in great inconvenience to the users. Fourth, the mechanical
structure of UCS is simpler. As a consequence, the embedding,
fixing, and installation of UCS are easier.

B. Concept of Concentrated Magnetic Flux

Fig. 3 shows the two-dimensional (2-D) magnetic flux distri-
bution of the proposed UCS. The plane of Fig. 3(a) is parallel
to the X—Y plane and is located at the center of the primary and
secondary coupling coils (see Fig. 1); the areas in red and yel-
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SF: secondary ferrite
ISLsr: inner side length of SF
Wsr: width of SF
= height of SF
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SW: secondary winding VA
ISLgy: inner side length of SW S
Wsw: width of SW
Hgy: height of SW
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PF: primary ferrite
Wer: width of PF
OSLyy: outer side length of
ISLpg: inner side length of PF
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PW: primary winding
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(@
Fig. 2. Separated diagrams of the four components in the proposed UCS.

(a) SF. (b) SW. (c) PE. (d) PW.

low, which are mainly situated in the center of the square plane,
indicate a stronger magnetic flux. The plane of Fig. 3(b) is the
X-Z plane. Both the primary and secondary coupling coils are
symmetrical with respect to the plane. The length of the region
with a relatively high magnetic flux intensity (Lmr-pro) is much
smaller than 400 mm. The magnetic flux is mainly concentrated
in the space around the transmitter pad.

The 2-D magnetic flux distribution of the conventional planar
square coupling structure (PSCS) is shown in Fig. 4. Both the
primary and secondary couplers of the PSCS are the same as the
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Fig. 3. 2-D flux distribution of the proposed UCS. (a) In the plane that is
parallel to XY plane and locates at the center of the primary and secondary
coupling coils. (b) X—Z plane.
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Fig. 4.  2-D magnetic flux distribution of the conventional PSCS. (a) In the
plane that is parallel to X—Y plane and locates at the center of the primary and
secondary coupling coils. (b) X—Z plane.
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Fig. 5. Magnetic flux diagram of the newly proposed unsymmetrical
structure and the conventional planar square structure under aligned and mis-
aligned conditions. (a) Proposed structure in aligned situation. (b) Proposed
structure in misaligned situation. (c) Conventional structure in aligned situation.
(d) Conventional structure in misaligned situation.

secondary coupler of the proposed structure, but the winding
is seated on the ferrite for the primary coupler (see Table IV).
The relative orientations between the coupling coils and the
magnetic flux distribution planes are the same as those in Fig. 3.
Compared to Fig. 3(a), the area exposed to a stronger magnetic
flux becomes larger and locates farther from the center of the
square plane. This result can also be obtained by comparing Figs.
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TABLE I
SPACE CONSTRAINTS OF THE LCT AND PTD

Symbol Parameter Value

SLpri Side length of primary coil 150 mm
Hpri Height of primary coil 100 mm
SLsec Side length of secondary coil 300 mm
Hee Height of secondary coil 15 mm
Dya Power transfer distance 50 mm

3(b) and 4(b). Here, Lymr-pscs are much bigger than Lymr-pros
indicating a more dispersed magnetic flux.

In light of the comparison between Figs. 3 and 4, the pro-
posed structure provides a more concentrated magnetic field
than PSCS. More concentrated magnetic flux distribution indi-
cates a stronger capability of misalignment tolerance. This can
be explained by Fig. 5, where the magnetic flux distribution
of the newly proposed unsymmetrical structure and the con-
ventional planar square structure under aligned and misaligned
conditions are presented. The magnetic flux distribution is sig-
nificantly simplified in order to make the explanation easier to
understand. In Fig. 5(a) and (b), the interacted magnetic flux
between the transmitter and receiver pads does not vary even
though the distance of misalignment increases from zero to Dy;.
As a result, the coupling between the primary and secondary
coils will not decrease dramatically. With regard to the conven-
tional planar square structure, a large portion of the interacted
magnetic flux transforms into leakage magnetic flux when the
misalignment distance increases from zero to D), as shown in
Fig. 5(c) and (d). The decrease in interacted flux and increase in
leakage flux result in a conspicuous drop of the coupling coef-
ficient. Hence, the proposed structure offers better tolerance to
misalignment than PSCS, which will be further verified in the
subsequent sections.

III. OPTIMIZATION OF THE PROPOSED COUPLING STRUCTURE

Magnetic coupling and the capability of misalignment tol-
erance are highly associated with the dimensions of primary
and secondary ferrites (SFs) and windings. In order to acquire
optimal misalignment tolerance under the premise of preset
minimum coupling coefficient, a series of simulation optimiza-
tions is conducted. The space constraints of the loosely coupled
transformer (LCT) and PTD are given in Table I. It is important
to note the dimensions of the primary and secondary coils are
the maximum values of the superposed size of the ferrite and
winding. For example, Hy,. is 15 mm; therefore, the total height
of the SF and SW (Hgg + Hgsw, see Figs. 1 and 2) should be
equal to or less than 15 mm.

The parameters, which are going to be optimized, along with
their variation ranges, are given in Table II. These parameters are
labeled in Figs. 1 and 2. The variation ranges of these parameters
are mainly determined by the size constraints given in Table I.
OSLg is set to be equal to SLg, which is 300 mm in this study.

The optimization criteria determine the direction and purpose
of an optimization. The optimization criterion of the proposed
UCS is obtaining the strongest anti-misalignment capability
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TABLE II
PARAMETERS TO BE OPTIMIZED
Parameter ~ Description Variation range
Hp Height of primary ferrite and winding 10 to 100 mm
Wew Width of primary winding 2 to 20 mm
OSLpw Outer side length of primary winding 50 to 150 mm
Wer Width of primary ferrite 2 to 20 mm
Hsw Height of secondary winding 2 to 10 mm
Hsr Height of secondary ferrite 2 to 10 mm
Wsw Width of secondary winding 5to 50 mm
Wse Width of secondary ferrite 10 to 100 mm
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Fig. 6. Simulation results of coupling coefficient versus Hp and Dy .

while fulfilling the requirement of minimum coupling coef-
ficient. Fig. 6 shows the simulation results of the coupling
coefficient versus Hp and horizontal displacement Dy under
the following condition:

Wpw = 2 mm
OSLpw = 60 mm
Wpr = 20 mm
Hgw = 2 mm @))]
Hgg = 6 mm

Wsw = 5 mm

Wsg = 50 mm.

It is worth noting the clearance between the PW and pri-
mary ferrite (PF), which is employed for insulation, is set to be
0.1 mm throughout the simulation. With both accuracy and ef-
ficiency incorporated, the optimization step of Hp is set as
10 mm. The coupling coefficient retaining ratio (CCRR) is de-
fined by (2), where ky,;s and kj; stand for the coupling coefficient
corresponding to the misaligned and aligned cases, respectively

kmis

Kaii

The coupling coefficient increases with Hp. Moreover, the
increase of Hp has little adverse impact on the capability of

misalignment tolerance of the proposed structure. Therefore,
Hp is set as 100 mm in later simulations. It is also important to

CCRR =

@
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note the marginal addition of the coupling coefficient becomes
smaller when Hp is greater. With cost incorporated into the
system design, Hp should not be extremely large. When Hp
equals 100 mm, the CCRR stays as high as 0.856 at Dy of
100 mm. When Dy increases to 150 mm, the CCRR rapidly
decreases to 0.393. It is difficult for an IPT system to maintain
a rated output power in such a case. As a result, the maximum
horizontal displacement is determined as 100 mm, one-third of
the outer side length of the secondary coil.

Fig. 7 shows the profiles of coupling coefficient versus Wpw
and Dp. Wpyw is increased from 2 to 20 mm with a step
of 2 mm, while the outer side length of the PF is set to be
(OSLpw — 2 x Wpw). The other simulation parameters are
identical to those given in (1). The coupling coefficient de-
creases by 33.5%, from 0.0914 to 0.0608, when Wpy increases
from 2 to 20 mm. However, the improvement of misalignment
tolerance is inconspicuous. Consequently, Wpw should be as
small as possible when OSLpy is determined.

What follows is the impact of OSLpw on coupling coeffi-
cient and misalignment tolerance. OSLpw is varied from 50 to
150 mm with an interval of 10 mm. The simulation results are de-
picted in Fig. 8. On one hand, the coupling coefficient increases,
approximately linearly, with OSLpyw. On the other hand, the ca-
pability of misalignment tolerance deteriorates when OSLpy is
increased. With the coupling coefficient and misalignment tol-
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erance incorporated into the coil design, OSLpy is determined
as 120 mm.

Fig. 9 shows the simulation results of the coupling coefficient
versus Wpp and Dy. With the increase of Wpg, both the coupling
coefficient and misalignment tolerance are slightly improved.
Nevertheless, the increase of Wpr leads to a significant rise in
system weight and cost. As a result, a relatively small Wpg
should be utilized in the proposed UCS. WpE is set as 6 mm in
the following simulations.

The influence of Hgw on the coupling coefficient and mis-
alignment tolerance is investigated as well. Simulation results
in Fig. 10 indicate that the increase of Hgw results in a higher
coupling coefficient. Meanwhile, it has little adverse impact
on misalignment tolerance. Taking the abovementioned two as-
pects into consideration, Hgw should be as large as possible to
acquire a stronger magnetic coupling.

Fig. 11 shows simulation results of the coupling coefficient
versus Hgg and Dy . Hgw is set to be 5 mm in the simula-
tions. Although the coupling coefficient increases with Hgg, the
increasing slope is quite small. The coupling coefficient only
increases by 1.2% (from 0.161 to 0.163) when Hgp, as well as
the volume, weight, and cost of the SF, increases by four times
(from 2 to 10 mm). Moreover, the increase of Hsg makes little
sense in improving the capability of misalignment tolerance.
With the previous two points being incorporated into the coil
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design, Hsr should be as small as possible (under the premise of
unsaturated SF) to reduce system volume, weight, and cost. It is
finally determined as 5 mm because the ferrite strips with thin-
ner height are not easily available in the market. Accordingly,
Hgyw is set to be 10 mm.

The impact of Wsw on coupling coefficient and misalignment
tolerance is shown in Fig. 12. The coupling coefficient increases
when Wiy is increased, but the capability of misalignment tol-
erance weakens. The most important motivation of this paper is
constructing a high-misalignment magnetic coupling structure.
The coupling coefficient is next in importance to misalignment
tolerance. Hence, minimal Wsw, 5 mm, is selected in the pro-
posed UCS.

As shown in Fig. 13, the coupling coefficient keeps increas-
ing when Wgg increases from 10 to 100 mm. The deterioration
of misalignment tolerance is hardly noticeable when WsE is no
more than 50 mm. When Wgp is greater than 50 mm, the de-
creasing slope of CCRR cannot be neglected. In order to achieve
a higher coupling coefficient while maintaining sufficient mis-
alignment tolerance, a tradeoff Wsp of 50 mm is selected.

Based on the optimization of the proposed UCS, several con-
clusions can be obtained. First, the larger the Hp, the higher
the coupling coefficient is. Moreover, the misalignment toler-
ance is hardly affected by Hp. Thus, Hp should be as large
as possible. Second, the increase of Wpyw does little good to
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TABLE III
OPTIMAL VALUES OF THE GEOMETRY-RELATED PARAMETERS

Parameter Optimal value
Hp 100 mm
Wew 2 mm
OSLpw 120 mm
Wer 9 mm
Hsw 10 mm
Hsr 5 mm
Wsw 13 mm
Wsr 45 mm

the misalignment tolerance, but it does great harm to the cou-
pling coefficient. Hence, Wpyw should be as small as possible.
Third, the increase of Wpp leads to a minor improvement in
the coupling coefficient and misalignment tolerance, but it re-
sults in a significant rise in the system cost and weight. As a
result, Wpp should be relatively small. Fourth, the misalignment
tolerance is almost unaffected by Hgw. Nevertheless, the cou-
pling coefficient increases with Hgyw. Therefore, a bigger Hsw
will be a better choice. Fifth, the improvement of misalignment
tolerance by using thicker SF strips is less, but the increase of
system volume, weight, and cost is remarkable. Consequently,
under the premise of unsaturated SF, the minimum Hgg will be
the optimal choice. The final derived value of each parameter
is given in Table III. Some values are not exactly the same as
those selected in the simulations due to practical constraints,
including specifications of the ferrite strips, inductance of the
coupling coils, etc.

The flowchart to achieve the optimized coupling coil is given
in Fig. 14. For the sake of clarity, the parameters and variables
are in bold. Dyy_max represents the maximum horizontal displace-
ment, while CCRR,;;, stands for the minimum CCRR. The steps
shown in Fig. 14 are much simpler than the optimization proce-
dures mentioned above. The conclusions derived from this study,
which are summarized in the last paragraph, can be exploited to
directly determine the values of OSLg, Hp, Wpw, Wpg, Hsw,
and Hgp in later coil designs. We should follow the optimiza-
tion criteria—misalignment tolerance first, coupling coefficient
next—when determining the values of OSLpw, Wsw, and Wgg.
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Obtain the values of SLpri, Hpri, SLsec, and Hye.
according to the size constraints of the application.

v

Derive the values of D, Dmas, and CCRR,;, based on
the performance requirements of the application.

v

Determine the values of OSLs, Hp, Wpw, Wey, Hsw, and
Hp in light of the conclusions derived in this paper.

v

Determine the variation ranges and simulation steps of
OSLypvw, Wsw, and Wgg in terms of size constraints.

v

Select the most reasonable values of OSLpw, Wsw, and
Wsr on the basis of simulation results.

End

Fig. 14.  Flowchart to achieve the optimized coupling coil.

IV. CoMPARISON WITH THREE EXISTING
COUPLING STRUCTURES

Planar circular and square coils and DD coupler are widely
employed in the IPT field due to their simple structure, high-
coupling coefficient, and good misalignment tolerance. The pro-
posed structure is compared with these three coils in terms of
magnetic coupling and anti-misalignment capability. Table IV
gives more details on the comparison with respect to the single
D winding (SDW), SW, PW, SF, PF, and PTD. The coupling co-
efficient under aligned condition (C'Cy;) of the proposed struc-
ture is smaller than the other three structures, but this drawback
is inevitable for achieving high misalignment tolerance. More-
over, system efficiency decreases much slower than the coupling
coefficient. Although C'Cy; of the proposed structure is much
smaller than those of the other three structures, the system effi-
ciency with the proposed structure is not.

The capability of the misalignment tolerance corresponding
to the abovementioned four coupling structures is compared via
Figs. 15-18. Fig. 15 depicts the CCRR of each coupling struc-
ture with respect to the X-direction displacement Dy _x . The
CCRR of the proposed structure (CCRR ) stays highest when
Dy —x is no more than 80 mm. When Dy _x increases to 90
or 100 mm, CCRR, takes the second place, a little lower than
the DD coil. Generally speaking, the proposed structure and
DD coupler possess similar capability in resisting X-direction
displacement. When Dpy_x equals 100 mm, one-third of the
outer side length of the secondary coupling coil, CCRR;, ex-
ceeds CCRRpg (CCRR of planar square structure) and CCRRpc
(CCRR of planar circular structure) by 37.5% and 48.1%, re-
spectively, indicating a much better X-direction misalignment
tolerance.

Fig. 16 exhibits the CCRR of each coupling structure under
different Y-direction displacements Dz —y . CCRR,, CCRRps,
and CCRRpc in Fig. 16 are the same as those in Fig. 15 since
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TABLE IV
COMPARISON BETWEEN THE CONVENTIONAL AND NEWLY PROPOSED COUPLING STRUCTURES

Coupling structure Planar circular Planar square DD Proposed

Overview
Z Z Z Z
Enlarged coordinate % Rotation <>Rotation I»Rotation <I>Rotation
system
X Y
- SDW: SW: 300/290%5
X a X
Coil size (mm) D300/D280%5 300/240x5 300%150%5/280 130%5 PW: 120/116x100
SF: 300/200x5
Ferrite si ®300%x5 00x300%5 280%280x5
errite size (mm) 3 PF: 116/106%100
PTD 50 mm 50 mm 50 mm 50 mm
CCui 0.326 0.440 0.440 0.155

*The size of square ring is expressed in following form: outer side length/inner side lengthxheight.
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the proposed structure, planar square, and circular coils are ro-
tationally symmetric with respect to an angle of 90°. As regards
the DD coupler, the capability of Y-direction misalignment tol-
erance gets much worse than that of the X-direction. It becomes
the worst among these four structures. CCRR,, remains high-
est when Dy varies from 0 to 100 mm, implying optimal Y-
direction misalignment tolerance. When Dy equals 100 mm,
CCRRy, outstrips CCRRps, CCRRpc, and CCRRpp (CCRR of
DD coupler) by 37.5%, 48.1%, and 712.1%, respectively.

Apart from a superior horizontal anti-misalignment capa-
bility, the proposed structure also offers better vertical mis-
alignment tolerance than the other three structures, as shown
in Fig. 17. When Dy _; (Z-direction displacement) is 30 mm,
three-fifth of the PTD, the CCRR of the four structures are in de-
scending order of magnitude, 0.749, 0.6641, 0.6549, and 0.6151.
CCRRyy, leads the other three structures by 12.8%, 14.4%, and
21.8%, respectively, at maximum vertical deviation. It is worth
noting that the DD coupler is again the worst among these four
structures.

Rotational deviation is inevitable in many applications; there-
fore, the capability of resisting rotational displacement is tested.
The simulation results are shown in Fig. 18. When the receiver
pad rotates around the Z-axis, the coupling coefficient of the
planar circular coil remains constant, without any fluctuation.
The coupling coefficient of the proposed structure is steady. It
only increases by 2.1% when the rotation angle is 45°, where the
biggest deviation of the coupling coefficient occurs. By contrast,
the coupling coefficient of the planar square coil decreases by
9.7%, about 4.6 times as large as that of the proposed structure,
at a rotation angle of 45°. With regard to the DD coupler, the
coupling coefficient even decreases to zero when the receiver
pad rotates 90° with respect to the transmitter pad.

Based on the preceding comprehensive analysis, the proposed
magnetic coupling structure provides the best performance from
the perspective of misalignment tolerance. The coupling coef-
ficient can be maintained above 73.8% of C'Cy; within the op-
eration range (Dy—xy < 0.333 x OSLS, Dy—y < 0.333 x
OSLS, Dy_z < 0.6 x PTD, 0° < Dg < 360°). The output
voltage ripple of an IPT system with proper compensation topol-
ogy and a similar CCRR can be limited below 5% of the rated
value.

Apart from the coupling coefficient and misalignment toler-
ance, the electromagnetic field (EMF) level is also very impor-
tant to a magnetic coupling structure. The EMF level of the
proposed structure is compared with the planar circular and
square coils and DD coupler. The specifications of these four
structures are the same as those given in Table I'V. Fig. 19 shows
the profiles of the EMF level in the plane which are parallel to
the X-Y plane and located at the center of the primary and sec-
ondary coupling coils. These four structures are all symmetrical
with respect to both X and Y axes. Therefore, only the region lo-
cated in the first quadrant is considered. For the sake of fairness,
the excitation current and inductance are set to be identical.

Fig. 19 shows that the DD structure provides the strongest
magnetic flux intensity inside the coil and weakest outside the
coil. From the perspectives of power transfer and human safety,
the DD structure offers the optimum magnetic flux distribution.
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In addition to the DD structure, the other three structures have a
similar magnetic flux distribution. The magnetic flux intensities
inside and outside the coils are at an order of magnitude of
1075 and 1077, respectively. Compared to the planar circular
and square coils, the magnetic flux distribution of the proposed
structure does not get worse.

V. COMPENSATION TOPOLOGY AND
EXPERIMENT VERIFICATION

The S/SP compensation topology proposed by Chen et al. has
been deeply analyzed and widely employed [4]-[6]. Both theo-
retical analysis and practical experiment have demonstrated that
S/SP topology possesses stronger anti-misalignment capability
than primary series, secondary parallel topology. Besides, the
S/SP topology provides the characteristic of load-independent
output voltage when the system is operated under designed cou-
pling coefficient. Moreover, the S/SP topology only needs three
compensation capacitors. This makes great sense in improving
PTE and power density since the equivalent series resistance,
volume, and mass of a capacitor are generally much smaller
than those of an inductor.

This paper selects the S/SP topology to verify the output
voltage stability versus horizontal, vertical, and angular dis-
placements. Fig. 20 shows the circuit diagram of the S/SP
compensated IPT system that can be approximately divided
into three parts—inverter, compensation capacitors and cou-
pling coils, and rectifier and filter. The inverter is composed of
a dc (direct current) voltage source U;, and four semiconductor
switches (1 —Q)4. The four switches constitute a full-bridge in-
verter, through which the input dc component is converted into
high-frequency ac (alternating current) component. C, Co, and
Cj are three compensation capacitors. Lp and Lg are, respec-
tively, the primary and secondary self-inductances of the LCT,
while k is the coupling coefficient. The high-frequency ac cur-
rent flowing through the primary coupling coil generates high-
frequency alternating magnetic field. The secondary coupling
coil is located in the magnetic field and induces high-frequency
ac voltage, which is subsequently converted to dc voltage by the
rectifier and filter. D;—D, are four Schottky diodes. They make
up a full-wave uncontrolled rectifier. Ly and C'r are the filter-
ing inductor and capacitor, respectively, and Ry, is the resistive
load.

The tuning method of compensation capacitances are given
as follows:

Cl = 1/ [w% (1 - k?d)Lp]
Cy =1/ [wi (1 = ka) Ls] 3)
Cg = 1/ (wgdeg)

where wy is the system operation angular frequency and kg is
the designed coupling coefficient. It is very important to note
that k; can be either inside or outside the range of [Kmin, Fmax]-
kmin 1s the minimum coupling coefficient which corresponds
to the maximum displacement. k.« is the maximum coupling
coefficient, which arises in the aligned case.

The parameters employed in the prototype are listed in
Table V. Three compensation capacitors, C, Cs, and Cj, are
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Fig. 20.  Circuit diagram of the S/SP compensated IPT system.

tuned at a coupling factor of 0.314 (k; = 0.314). The valid-
ity of choosing such a kg is verified by Pspice simulation. The
simulation circuit is shown in Fig. 21(a) and the simulation
results are shown in Fig. 21(b). The inverter in Fig. 20 is re-
placed by a high-frequency ac voltage source Upg in terms of
fundamental harmonic approximation method [23]. The recti-
fier and filter in Fig. 20 is substituted with its equivalent resis-
tance Rp [24]. Fig. 21(b) indicates a nearly equal %y min and
Ugp-kmax- Lhis means the selected k&, is approximately the opti-
mal value which will result in the lowest output voltage ripple
factor (OVRF) when the coupling coefficient varies from kpy;, to
kmax- The definition of OVRF is given by (4), where Ug._max and
Uo-min represent the maximum and minimum output voltages,
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TABLE V
PARAMETERS EMPLOYED IN THE PROPOSED PROTOTYPE

Parameter Value/Type
01~0s SPW35N60CFD
Lp 135.5 uH
Ls 136.3 pH
Jomax 0.1733
Kimin 0.1288

C 37.6 nF

G 374 nF

(& 82.4 nF
Di~Ds MBR30200PT
RL 80 Q

respectively. The OVRF is as low as 1.41% in the simulation

UO —max UO —min

OVRF = .
UO —max T U()fmin

“)

The photograph of the prototype is shown in Fig. 22(a). It is
made up of five parts: dc voltage source, primary printed circuit
board (PCB), proposed coupling structure, secondary PCB, and
resistive load. They are numbered from 1 to 5 in order. The close-
up view of the proposed coupling structure is given in Fig. 22(b).
The side length of the transmitter pad is much smaller than that
of the receiver pad.
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Fig. 23.  Waveforms of Ugs and Upg under aligned situation.

The waveforms of Ugs and Upg are shown in Fig. 23. Ugs
represents the voltage between the gate and source, while Upg
denotes the voltage between the drain and source. The wave-
forms are captured under aligned situation. Upg has decreased
to zero before the arising of the driving signal. Thus, zero volt-
age switching (ZVS) turn-ON is realized and the switching loss
is significantly reduced. The duration of turn-OFF operation is
very short, which further reduces the switching loss.

Fig. 24 presents the waveforms of the current and voltage
stresses across each power stage when the coupling coefficient
is 0.1733. The input and output powers are 213.2 and 200.7 W,
respectively, indicating an end-to-end efficiency of 94.1%. Both
the voltage stresses over the compensation capacitors and the
current stresses through the coupling coils are quite small. Al-
though the power of the proposed prototype is 200 W, it can be
remarkably improved by employing higher input voltage, utiliz-
ing smaller resistive load, or manufacturing an LCT with smaller
equivalent turns ratio (Lp /Lg)%". Relatively low voltage and
current stresses guarantee the feasibility of power improvement.

The experimental results of the output voltage and system
efficiency with respect to horizontal, vertical, and angular dis-
placements are shown in Figs. 25-27, respectively, according
to which a maximum OVRF of 2.83% can be observed. Such a
small ripple of voltage is accepted in most applications. In some
special scenarios with strict OVRF requirements, a dc—dc con-
verter can be series connected to the output. The highest system
efficiency is 94.1%. It is achieved under the aligned case. The
lowest system efficiency is 91.9%. It is obtained at a horizontal
displacement of 10 cm. Even if a relatively large displacement
takes place, the system efficiency can be kept at a high level. It
is highly likely that the proposed structure will be employed in
the IPT field in the near future.

Another IPT system utilizing the conventional planar square
coils is fabricated. It is called comparative IPT system in this
paper; therefore, it will not be mixed with the proposed IPT sys-
tem, which is shown in Fig. 22. Both the primary and secondary
coupling coils of the comparative system are the same as the
secondary coupling coil of the proposed system. The compen-
sation capacitances and coupling inductances of the compara-
tive system, as well as the maximum and minimum coupling
coefficients, are given in Table VI. C, C5, and Cj are tuned
at a coupling coefficient of 0.443. The input dc voltage Uy, is
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Fig. 25.  Output voltage and overall efficiency of the proposed IPT system
versus horizontal displacement.

increased to 125 V, aimed at obtaining an output power around
200 W. The other parameters utilized in the comparative system
are identical to those employed in the proposed system.

Figs. 28-30 exhibit the experiment results of the compar-
ative IPT system. On one hand, the overall efficiency of the
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TABLE VI

PARAMETERS EMPLOYED IN THE COMPARATIVE IPT SYSTEM

Output voltage (V)

136

USING PLANAR SQUARE COILS

Parameter Value
Lr 136.2 uH
Ls 137.3 uH
Jemin 0.1892
Jmax 0.3236
Ci 46.6 nF
C 45.7 nF
Cs 57.1 nF

134F
132

130}t fonbe b

128
126}

124

—— Output voltage
--=-- System efficiency

122
120

(95) AoudId1}J0 WRISAS

1 2

3 4 5 6 7 8

Horizontal displacement (cm)

Output voltage and overall efficiency of the comparative IPT system
versus horizontal displacement.
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comparative system is slightly higher than that of the proposed
system due to a much bigger coupling coefficient. The high-
est PTE, 94.8%, is achieved when the primary and secondary
coils are aligned. This maximum PTE is 0.7% higher than its
counterpart displayed in Figs. 25-27. Although the coupling
coefficient of the proposed system in an aligned case is 46.45%
(1-0.1733/0.3236 =~ 46.45%) lower than that of the compar-
ative system, the PTE of the proposed system is only 0.74%
(1-94.1%/94.8% =~ 0.74%) lower than that of the comparative
system. Experimental results have validated the claim that the
PTE decreases much slower than the coupling coefficient. The
PTEs of the comparative system in the following three cases,
1) with 10 cm X- or Y-direction displacement, 2) with 30 mm
Z-direction displacement, and 3) with 25° angular displacement,
are 92.8%, 93.6%, and 94.4%, respectively. They are 0.9%,
0.5%, and 1.2% higher than their respective counterparts shown
in Figs. 25-27. On the other hand, the capability of misalign-
ment tolerance of the comparative system is remarkably deteri-
orated when it is compared with the proposed system. Fig. 28
indicates an OVRF of 5.10% when the horizontal displacement
varies from 0 to 10 cm. By contrast, the OVRF of the proposed
system with an identical horizontal displacement is only 2.83%
(see Fig. 25). In other words, the OVRF of the proposed system
decreases by 44.5% when it is compared to the comparative
system. In terms of Fig. 29, the maximum and minimum output
voltages are 134 and 125 V, respectively, when the vertical dis-
placement varies from 0 to 30 mm. The OVRF is subsequently
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calculated as 3.47%, which is 22.6% higher than its counter-
part in Fig. 26. Experimental results in Fig. 30 illustrate that
the comparative system is insensitive to angular misalignment
because the OVRF is only 2.34% when the receiver pad ro-
tates 45° with respect to the transmitter pad. In spite of this, the
proposed system provides a stronger capability for angular mis-
alignment tolerance. The OVRF of the proposed system is only
1.21%; 48.3% lower than that of the comparative system, when
the angular displacement varies from 0° to 45°. In conclusion,
the proposed system using UCS offers much stronger capability
in resisting horizontal, vertical, and angular displacements than
the system employing conventional planar square coils.

VI. CONCLUSION

This paper proposes a novel UCS, which can be utilized
in high-misalignment situations. The concept of concentrated
magnetic field is proposed. It is exploited to improve the ca-
pability of misalignment. The numerical optimization method
is introduced, on the basis of which the optimal LCT is ob-
tained. It is compared with the planar circular and square coils
and DD coupler from the perspectives of magnetic coupling and
anti-misalignment capability. Although the coupling factor of
the proposed structure is lower than the other three structures,
it performs much better in resisting horizontal, vertical, and an-
gular displacements. Another important conclusion is that the
DD coupler offers a stronger anti-misalignment capability only
along the width of the coupler, while it performs worse in sit-
uations with other types of displacement. With the proposed
unsymmetrical structure incorporated into the IPT system, a
maximum OVRF of 2.83% can be acquired when Dy x < 0.333
x OSLg, Dy.y < 0.333 x OSLg, Dyz < 0.6 x PTD, 0° < Dy
< 360°.
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