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Analysis, Design, and Implementation of a Spatially
Nested Magnetic Integration Method for Inductive
Power Transfer Systems

Zhuhaobo Zhang
Dehong Xu ', Fellow, IEEFE, Philip T. Krein

Abstract—Inductive power transfer (IPT) technology uses large
resonant inductors as compensation components. In this article, a
spatially nested magnetic integration method is proposed to inte-
grate discrete inductors into an IPT transformer structure. Unipo-
lar transformer coils are employed and are decoupled orthogonally
from a nested solenoidal inductance coil for various misalignment
cases. The variations of the coupling coefficients and the magnetic
flux density distribution are presented with the three-dimensional
finite-element modeling tool. An LCC series compensation circuit
is selected to implement the proposed method with an optimal
efficiency design. A 4-kW prototype with a 160 mm airgap is imple-
mented to demonstrate the validity of the proposed method. The
experimental results show that the compact structure retains the
outstanding performance and avoids significant cross coupling for
lateral, vertical, and axial misalignment. The maximum conversion
efficiency of the proposed system is 96.7 % at full output power and
stays above 91.6 % throughout the misalignment range.

Index Terms—Inductive power transfer (IPT), magnetic
integration, misalignment tolerance, orthogonal decoupling.

1. INTRODUCTION

OMPARED with the conventional plug-in power trans-
C fer, inductive power transfer (IPT) technology provides a
convenient, weatherproof, and flexible charging option [1]-[3].
These advantages make it suitable for electric vehicle (EV)
charging applications.
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This article builds on prior work with the magnetic inte-
gration of IPT systems [14]-[19]. A spatially nested magnetic
integration method is proposed to integrate discrete inductors
into IPT transformers. The proposed configuration provides
the advantages of compact structure, high efficiency, balanced
core magnetic flux density, precise inductance adjustment, low
magnetic field leakage, and low cross coupling.

In a typical IPT system for EV charging, loosely coupled
transformers with large airgaps are employed. This results in a
significant leakage inductance and a low coupling coefficient.
To compensate, various impedance circuits have been proposed
to increase power transfer capability, minimize the VA ratings of
power devices, and optimize the output characteristics [4]-[13].
Four basic compensation configurations mix series and parallel
connections of resonant capacitances, denoted as S-S, S—P, P-S,
and P-P circuits. Their characteristics have been analyzed for
various cases [4]-[6]. High-order compensation schemes, such
as LCL and LCC structures, have been proposed and employed in
[7]-19] to obtain distinct features. In these cases, inductors are
included in resonant tanks. Hybrid circuit methods have been
explored to achieve high misalignment tolerances [10], [11] and
for lithium battery charging applications [12], [13].

For compensation circuits comprising resonant inductances,
past designs generally use discrete components. Considering
the operating frequency in IPT systems, the inductors with
ferrite cores in PQ or EE geometries are common choices.
There are at least two drawbacks. First, the magnetic cores are
large and the system is bulky. The volume is proportional to the
inductance value and system power rating. Compared with an
LCL compensation circuit, one of the main improvements of an
LCC circuit is to reduce the required inductance value [8], [9].
The volume can decrease. Second, large areas of ferrite cores
are employed in the conventional IPT transformers. The overall
magnetic flux density is relatively low due to the large airgap
between the transmitter and receiver pads. The magnetic flux
density in the cores is high and close to saturation limits. This
unbalance results in the magnetic core redundancy and mismatch
of core losses.

The idea of integrating the compensation inductance coil into
the IPT transformer was proposed in [14] to overcome discrete
inductor limitations. LCC—LCC compensation circuits were em-
ployed. Magnetic integration on both primary and secondary
sides resulted in five extra coupling coefficients, including
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single-side coupling on the primary side, single-side coupling
on the secondary side, and cross coupling between primary and
secondary. Single-side coupling effects were studied in [14] and
a detailed analysis of all coupling coefficients was presented in
[15]. From the article presented in [14] and [15], the single-side
coupling can be compensated by redesigning resonant capacitor
values. Cross coupling decreases the system power capacity and
input power factor. This complicates the system design. In [16]
and [17], integrated inductance coils were designed comparable
with transformer coils. They were employed as additional trans-
mitters and receivers to transfer power. Misalignment tolerances
were enhanced at the cost of high cross coupling and high
reactive power. In order to reduce the cross-coupling effects,
planar stacked decoupling structures were employed in [18] and
[19]. Planar inductance coils were stacked on the top of planar
transformer coils.

The magnetic integration methods were applied previously to
the bipolar [18] and unipolar [19] transformer coil structures.
The integrated inductance coils were unipolar structures in [18]
and bipolar structures in [19]. Generally, unipolar structures
were horizontally symmetrical and had no directional selectivity
for misalignment [20], [21]. Bipolar structures had a dominant
magnetic flux direction along the ferrite cores [22]. Rectangular
and double D (DD) coils were employed as the unipolar and
bipolar structures in [18] and [19]. When there was no mis-
alignment, the cross-coupling coefficients were eliminated or
minimized due to symmetry. This simplified the system analysis
and benefited parameter design. Similar magnetic integration
designs were presented in [23]-[25]. For planar stacked struc-
tures, the main drawback was that the inductance coils must be
small enough. When the coils are small, cross coupling can be
eliminated or minimized for various misalignment cases.

In this article, a spatially nested magnetic integration method
is proposed to integrate discrete resonant inductors into an IPT
transformer structure for EV charging applications. Solenoidal
coils are selected as compensation inductors and are wrapped
around the unipolar transformer coils and ferrite cores. Radial
magnetic fluxes are generated by the transformer coils, and the
tangential fluxes are generated by the inductance coils. The coils
are nested spatially and the fluxes are decoupled orthogonally
for various misalignment cases. This proposed configuration
provides the advantages of compact structure, high efficiency,
and balanced core magnetic flux density. The structure inherits
the advantages of prior magnetic integration schemes [18], [19],
[23]-[25] and provides at least four unique advantages, which
are as follows.

1) Similar to the conventional ferrite inductors, the airgap
width can be selected to provide a precise integrated
inductance value.

2) The magnetic flux generated by the inductance coils is
confined mostly inside ferrite cores. This decreases the
magnetic field leakage.

3) The method has no physical position at which significant
cross coupling occurs for various misalignment cases. This
simplifies the system analysis and design.

4) The inductance coil is placed perpendicular to the trans-
mitter coil at overlap points. The proximity effects of
high-frequency ac currents are reduced.
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Fig. 1. Structure of the transformer with magnetic integration. (a) Circular
pad structure. (b) Square pad structure.

The rest of this article is organized as follows. The trans-
former structure for the proposed magnetic integration method
is presented in Section II. The LCC series compensation circuit
is analyzed in Section III. The detailed design procedures and
discussion are elaborated in Section IV to obtain a highly effi-
cient system. In Section V, the experimental results are obtained
from a 4-kW prototype to validate the proposed design. Finally,
the conclusion is given in Section V1.

II. TRANSFORMER STRUCTURE WITH MAGNETIC
INTEGRATION

The proposed transformer structure with nested magnetic inte-
gration is shown in Fig. 1. The circular and square pad structures
are shown in Fig. 1(a) and (b). Each part of the transformer is
marked with different colors and labeled with various material
compositions. The secondary backside aluminum plate is set
to be transparent. Coil Py and coil S are the circular or square
transformer coils for the conventional use. They are designed
symmetrically about the z-axis. Coil P is a solenoidal coil. It
is wrapped around coil P; and ferrite cores and is employed as
the compensation inductance in high-order resonant tanks. The
primary coils are nested in space.

Ferrite cores are included in the transformer to reduce the
reluctance substantially. As distinct from the conventional dis-
crete placements of ferrite bars, the proposed magnetic integra-
tion method requires a low equivalent reluctance path for the
integrated inductance coil. The low reluctance path decreases
the magnetomotive force (MMF) that must be imposed on the
integrated inductor. Ideally, the circular pad structure in Fig. 1(a)
works well. In practice, rectangular ferrite blocks are more
readily available. Consequently, the square pad structure in
Fig. 1(b) is selected and the corresponding design procedures
are implemented in Section III.

Circular and square coils generate a symmetrical magnetic
flux. The primary flux direction associated with the solenoidal
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Fig. 3. (a) Side view of transformer structures for the primary side.
(b) Magnetic flux paths generated by coil Pa.

coils is along the ferrite cores. As shown in Fig. 2, point A is
taken as an example to illustrate the magnetic flux paths and a co-
ordinate system transformation for the square pad structure. The
original cartesian coordinate system x—y—z can be transformed
into cylindrical r—6—z coordinates. The magnetic flux generated
by square coil P; is denoted as @ p; ¢ and is along the radial
direction. This is the main coupling flux between the primary and
secondary sides. The magnetic flux generated by solenoidal coil
P isdenoted as P ps and is along the tangential direction. Fluxes
®p1s and P py intersect perpendicularly and are decoupled
orthogonally. These flux characteristics hold for every point
within square ferrite cores on the primary side, although the
geometry is approximate near the corners. Consequently, coil
P5 is decoupled from transmitter coil P;. A side view of the
primary transformer structure is shown in Fig. 3(a). Coil P;
is transparent in this view. The magnetic flux paths generated
by coil P, are shown in Fig. 3(b). ®py’ represents a leakage
flux path. Here, /, represents the width of the airgap within the
structure. As in the conventional ferrite inductors, flux @ ps is
confined inside the core and gap. In principle, solenoidal coil
P, can be installed on any side of the square cores but the
optimal placement is on the same side as the airgap. In this case,
the airgap decreases the flux linkage between coils P, and S.
This reduces cross-coupling coefficients and benefits magnetic
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TABLE I
SPECIFICATIONS OF PROTOTYPE IPT SYSTEM

Parameters Symbols Values
Nominal power rating P, 4 kW
Input voltage Vin 350 Vv
Output voltage Vo 350 V
Nominal load resistance Ry 30Q
Transformer length / 420 mm
Transformer width / 420 mm
Transformer air gap / 160 mm
Ferrite blocks / 60x40x10 mm

integration. Consequently, coil P5 is decoupled approximately
from the receiver coil S. These decoupling principles hold for
various misalignment cases, including lateral, vertical, and axial
ones. Coils P; and P, are placed perpendicularly at overlap
points and the proximity effects of high-frequency ac currents
are reduced.

As shown in Fig. 3(a), the ferrite blocks are tightly spaced
to minimize extraneous airgaps with the coils arranged along
the surface. The cores are designed to be symmetrical about the
z-axis except for the intentional airgap inside solenoidal coil Ps.
The airgap is selected in a manner consistent with the design
of the conventional ferrite power inductors. A large airgap can
decrease the magnetic flux density and core losses but requires
more turns. The airgap width value is a compromise. Compared
with the magnetic integration methods in [14]-[22], the nested
structure will not increase the magnetic field leakage. Square
aluminum plates behind the primary and secondary pads will
help shield the backside magnetic flux. This reduces the leakage
and improves the coupling performance of the transformer.

III. SYSTEM ANALYSIS AND DESIGN PROCEDURES

In this section, an LCC series compensation circuit is selected
to implement the proposed magnetic integration method. The
circuit characteristics are analyzed. The design procedures for
transformer dimensions and resonant elements are presented
based on the system specifications in Table I. In Table I, the
system power and voltage ratings are predetermined to match
an actual prototype for EV charging applications. An area of
420 mm in length and 420 mm in width is set up in the prototype
and reserved for the IPT transformer. The airgap between the
transformer pads is held at 160 mm in accordance with the
Z?2 class in standard J2954 [26]. The ferrite block dimension
is 60 mm x 40 mm x 10 mm.

A. Analysis of the Implemented Circuit Topology

The circuit topology with LCC series compensation is shown
in Fig. 4(a). A mutual inductance model is used for the loosely
coupled transformer, as represented by the shaded area. The
primary circuit consists of a full-bridge inverter and a transmitter
coil with the LCC compensation. The inverter is composed of
four power MOSFETs (S1—S54). The secondary circuit consists of
a full-bridge rectifier (diodes D;—D,) and a receiver coil with
single capacitor compensation. Inductances Ly, Ly2, and L,
correspond to the self-inductances of coils Py, Py, and S. Their
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Fig. 4. (a) Circuit topology with LCC series compensation. (b) Equivalent
mutual inductance circuit model.

parasitic resistances are represented as R,1, R2, and R,. The
parameter kpj g is defined as the coupling coefficient between
coils P; and S. The other coupling coefficients are kp; po and
kp2 s, but these are nearly zero because of decoupling and are
not shown in Fig. 4.

The fundamental harmonic approximation method [27] is
used to analyze the basic circuit characteristics. The equivalent
mutual inductance circuit model is shown in Fig. 4(b). Ignoring
the high-order harmonics, define

(h g

where Vi, and V, are the system input and output dc volt-
ages, respectively. Here, V), and V are the magnitudes of the
fundamental harmonic voltages after the inverter and before
the rectifier, respectively. Z,, Z, 1ef, and Z, are the equivalent
impedance variables seen from various terminals of the circuit.
R;, and R, are the load and system equivalent load seen after
and before the diode rectifier, respectively.

Impedance characteristics can be obtained from loop equa-
tions. The corresponding resonant condition [9] is given by

onf 1 1 1 ( 1 n 1 )
W = 2T Js = = — - | — -
\/Lp20p1 \/LsCs Lpl Cpl Cp2
@)
where w represents the system frequency in rad/s. For the reso-
nant condition, Kirchhoff’s voltage law gives

‘} = (RpQ JFJ'WLpQ) Ip +#(jp - [t)

jwCp1
0= ]wM IS +(Rp1+jWLp1+m) It *W(Ip — [f)
0 = Iy Rac + jwM I — I(Ry + jwLa + 5—).
3)
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The circuit voltage gain, output power, and system efficiency
can be derived and are given by

Vs szLpg R

= 4)
Vin RP2 (WM)Q + (Rac + Rs)[(WL;ﬁ)Z + Rp1Rp2]
P, = Re[V, (I,)']
B V2w M? L2 Ry )
a 2
{ R + (o + R)(wLya)? + By}
_ Py _ RelViG)]
TR T R, ()]

_ WA M?L 2% R,
{Rp2(WM)*+(RactRs)[(wLp2)*+Rp1 Rel F(wWM)* + Rp1 (Rac+Re)]

(6)

From (1) and (6), the optimal load matching resistance Ropt
L to maximize system efficiency 7 can be obtained by setting
the derivative of 7 to be zero

dn

dR. 0. @)
The matching value can be found from (7) as (8), shown at
bottom of next page, showing that Ropt L is linked to parasitic
resistances, compensation inductance L,2, and mutual induc-
tance M for a fixed operating frequency. Typically, the parasitic
resistances are small compared with the load resistance R L and
mutual inductance impedance wM for EV charging applications.
This allows (4) to be simplified, leading to the voltage ratio

Vo _ w2 M Lps R M
Vin  Rpo(wM)® + (Rac + Ro)[(wLp2)®> + RpiR]  Lp2’
)

Consequently, the circuit output with this type of compen-
sation behaves as an approximate voltage source. This load-
independent characteristic provides flexibility for the system
analysis and benefits the parameter design. One drawback of the
LCC circuit is the need for the primary-side resonant inductor.
The system volume increases with the conventional ferrite cores.
The proposed magnetic integration method is implemented to
solve this problem.

B. Selecting Transformer Dimensions

Loosely coupled transformers are inherent in an IPT system.
IPT transformer pads seek to maximize quality factor Q and
coupling coefficient k, while minimizing weight and volume.
Based on the proposed nested magnetic integration method, as
shown in Fig. 2, the top views of the primary and secondary
sides are shown in Fig. 5. The design seeks to maximize the
main coupling coefficient k p; 5. Considering the transformer di-
mensions in Table I, the outlines of transformer coils, aluminum
plates, and ferrite cores are designed to be square. Transformer
dimensions for the ferrite and coil hole widths, as defined in Ta-
ble II, have been optimized with a 3-D finite-element modeling
(FEM) tool to seek the maximum coupling coefficient between
the transformer coils given the 420 mm x 420 mm limits on
the overall dimensions. The tool uses an ac analysis to include
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Fig. 5. Top view of transformer structures with designed parameters for
(a) primary side and (b) secondary side.

TABLE II
DESIGNED PAD DIMENSIONS

Parameters Symbols Values (mm)
Aluminum length A.L. 420
Square pad width P.W. 420
Square coil width C.W. 320
Ferrite hole width F.H.W. 60

Coil hole width C.H.W. 100
Solenoidal coil width S.C.W. 40
Air gap width A.G.W. (Iy) 8
o Design area ~ o

o

Coupling Coefficient

ension(mm)

F.H.W. Dimension(mm)

Fig. 6.  Simulation results of the main coupling coefficient for various trans-
former structure dimensions.

eddy currents. The nominal frequency is 85 kHz. The simulation
results are shown in Fig. 6. The low values of ferrite and coil
hole widths result in high coupling coefficients. The maximum
coupling coefficient occurs within the dotted area, as shown in
Fig. 6. This should serve as the target design area. The hole
widths are determined, as given in Table II, and the maximum
coupling coefficient is 0.235 for a 160 mm transformer airgap.
This also allows sufficient space for the inductance coil. Along
with the coupling coefficient, self-inductances can be obtained
from the FEM simulation results with a single-turn coil. As
shown in Fig. 5(a), 72 ferrite blocks are employed on the primary
side and pressed tightly to minimize extraneous airgaps. A
0.05 mm spacing is modeled among the ferrite blocks to help
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consider the effects of mechanical tolerances. Ferrite placements
are identical on the secondary side except for the designed airgap
[, to implement the magnetic integration.

The second design step is to implement the magnetic inte-
gration. From the analysis in Section II, inductance coil Py is
decoupled from the transmitter and receiver coils. The airgap
width /4, as shown in Fig. 5, and the turns count of coil Py Np2
are compromise choices similar to those in the conventional
power inductor designs. The magnetic flux ® po is given by

- —
(I)S = //Bcore 'dscore

where By is the magnetic flux density generated by solenoidal
coil Py and dS.o.e is the cross-sectional normal vector. From
Faraday’s and Ampere’s laws, the coil self-inductance can be
represented as

10)

_ NCABmaer o PJeNp22Ae
B AIp,max B le

where A, (i, and [, are the fundamental magnetic parameters
and represent the effective cross-sectional area, core permeabil-
ity, and effective magnetic path length for ® po, respectively. The
path length can be derived and is given by

L

(11)

le = lcore + ,U/rlg (12)

where j1,- represents the core relative permeability. From (11) and
(12), alarge airgap width decreases core magnetic flux density B
but increases coil turns. The airgap width value is a compromise.
From the Steinmetz formula

Pcore = chaBﬁ

max

(13)

core losses will decrease when B is reduced for a fixed operating
frequency. When the coil inductance and other circuit parame-
ters are fixed, the coil current density is almost unchanged. A
decrease in core losses can balance higher copper losses linked
to more coil turns.

For loosely coupled transformers, two points are distinct from
the conventional magnetic designs. First, a large airgap is easier
to implement and has little influence on the main coupling
characteristics. Second, due to the large volume of ferrite cores
used in the IPT systems, core loss is a major issue and low flux
density is important. Given the complicated geometry, the FEM
simulation is useful for the inductance coil parametric selection.
The simulation results, based on the ac field analysis, for the
self-inductance L,; and core losses, given various airgap widths,
are shown in Fig. 7(a). Due to the large area of ferrite cores,
narrow airgaps have little impact on the primary coil inductance
L. From Fig. 7(a), the maximum self-inductance deviation is
below 2 ;4H. The simulation results for core losses are also shown
in Fig. 7(a). The MMF imposed on the integrated inductance is
adjusted, as the airgap width changes to keep the coil inductance
value constant. In Fig. 7(a), core losses decrease as the airgap

Ropt _ 7T Lp22

2 2rM2Ry,s | 2R RpoRp1 | RpiRS2 2 2
2 (w MLPQ) [ =+ w2;p22p + :zMz +Rs]+RP1 RPQRS

L ]

w?Lpo® Ryt + Rp1” Rpo

®)
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Fig. 7. Simulation results of (a) core losses and the coil self-inductance L1
and (b) eddy current losses inside aluminum plates for various airgap widths.

width increases. The dotted area in Fig. 7(a) shows good choices
for airgap width values.

The simulation results for eddy current losses inside the
aluminum plates, given various airgap widths, are shown in
Fig. 7(b). The losses increase as the airgap width increases,
but the maximum eddy current loss is below 1 W. This is due
to the following three aspects. First, ferrite cores are closely
packed. This limits the leakage flux. Second, the airgap width
is narrow compared with the transformer dimensions. Third,
as in the conventional IPT transformers, nonmetallic materials,
such as epoxy resin boards, are used between the ferrite cores
and aluminum plates for support and isolation. This increases
the thickness of the transformer pads and decreases the eddy
current losses in the aluminum plates.

For the transformer, the magnetic flux density distribution
in the ferrite cores is shown in Fig. 8(a)—(c). The grid lines
in Fig. 8 outline the frames of ferrite blocks to demonstrate
the flux distribution. As shown in Fig. 8(a), due to the large
airgap between the primary and secondary sides, the average
flux density is below 0.025 T when the primary coil MMF is set
to 250 A. The average flux density increases when the integrated
inductance coil is employed. As shown in Fig. 8(b), an 8 mm
airgap leads to an average flux density of approximately 0.04 T
when the integrated inductance MMF is set to 90 A. When the
airgap width and inductance MMF are set to 1| mm and 48 A, the
Bdistribution is as shown in Fig. 8(c) and the average flux density
is approximately 0.08 T. These values were determined for the
nominal power. In Fig. 8(c), the maximum flux density occurs
near the inner corners of the cores. The value is approximately
0.22 T. It increases rapidly as the airgap width decreases and
tends toward the saturation for higher power ratings. In practice,
a desired flux density limit can be achieved by adjusting the
airgap width to avoid local saturation. The system parameters,
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out magnetic integration. (b) With magnetic integration.

such as coil inductances and coupling coefficients, are then
nearly constant over the intended current ranges. Decreased flux
densities and core losses benefit the system efficiency, although
they tradeoff against the power transfer capability.

The magnetic flux density distribution in the airgap between
the primary and secondary sides is shown in Fig. 9. The primary
and secondary coil currents operate in phase to produce the
maximum flux density. The flux generated by the integrated
inductance coil is confined mostly in the ferrite cores. As shown
in Fig. 9, the spatial magnetic field leakage is almost unchanged
for cases with and without magnetic integration. This character-
istic is an advantage of the proposed method for EV charging
applications.

Based on the above-mentioned procedures, the final design
dimensions are listed in Table II. To demonstrate the coupling
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Fig. 10.  Coupling coefficients for (a) lateral (x-axis) misalignment, (b) vertical
(y-axis) misalignment, and (c) axial misalignment.

performance, the simulation results of coupling coefficients ver-
sus lateral, vertical, and axial misalignment are shown in Fig. 10.
A 150-mm lateral or vertical misalignment is considered. The
variations of coupling coefficients kpi g, kp1p2, and kpog are
shown in Fig. 10(a) and (b) when the vertical or lateral offset
is zero. Similar coefficients are shown in Fig. 10(c) with axial
misalignment. In Fig. 10, coupling characteristics behave iden-
tically in the lateral and vertical directions. From the simulation
results, the maximum cross-coupling coefficient is about 0.022
within the allowed misalignment range. There is no location at
which a significant cross coupling is observed.

C. Selecting Resonant Element Parameters

The resonant circuit parameters can be selected based on the
circuit characteristics, as discussed in Section III-A. Compensa-
tion inductance Ly,2 and mutual inductance M should be chosen
as in (9). The optimal load resistance expression (8) can be
simplified for the fixed voltage gain as (14), as shown at bottom
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an approximate expression is

Ry + Ry
L ~ 8 :

R

2
R ~ oM (15)

In (15), the optimal load resistance Ropt L is proportional
to the mutual inductance M. The curves of system efficiency
for various mutual inductances and load resistances are shown
in Fig. 11. Parasitic resistances R,1, R,2, and R, are set to
the estimated values of 0.2, 0.1, and 0.2 €, respectively, as a
way to include losses. In accordance with standard J2954 [26],
the system operating frequency is 85 kHz, although this can be
adjusted slightly to match the resonance.

For the nominal 30 €2 load resistance, the optimal mutual
inductance value falls within the dotted design area in Fig. 11.
Higher mutual inductance brings little efficiency improvement
at the expense of more coil turns. Based on the mutual in-
ductance selection and the nominal coupling coefficient ob-
tained from Fig. 6, the product of transmitter and receiver coil
self-inductances is determined. For symmetry and to simplify
the design, L1 and L, are set equal. The mutual inductance
selection can be adjusted during the design with the choice of
transformer turns count. The resonant capacitor parameters can
be determined from (2).

D. Analysis of the Primary Parasitic Capacitances

As shown in Fig. 2, the inductance coil Py is wrapped around
the transmitter coil Py and ferrite blocks on the primary side.
The two-layer structure leads to parasitic capacitances between
two primary windings. The parasitic capacitances of transform-
ers have been analyzed and elaborated in [28]-[30], and an
equivalent circuit can be developed, as shown in Fig. 12(a).
The parasitic capacitances can be modeled by six independent
capacitors. The values of these six capacitors are given by

1 1 1
Cr=Cp=—5Co, C3=Ci=3Co, C5=Cg= 3G

of this page. Ignoring the high-order parasitic resistance terms, (16)
Ropt _ ﬂj (WM)4(Rp2 + Rs) + (WM)2(2Rst2Rp1 + Rles2) + Rplsz2R52 (14)
L 8 (wM)QRpl + Rp12Rp2
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Fig. 12.  (a) Equivalent circuit of two primary windings. (b) Implemented LCC
series circuit with primary parasitic capacitances.

where Cj represents the static winding capacitance. The coil
isolation material is polyimide with relative permittivity. Using
a parallel-plate capacitor model [30], C can be estimated as

S 0.007
Cy = eper— ~ 8.85x 10712 x3.4x%

a7

The parameter S represents the overlap area of the two primary
windings. Cy is relatively low because of the low solenoidal coil
width, as given in Table II.

The LCC series circuit with primary parasitic capacitances is
shown in Fig. 12(b). Capacitors Cs and Cs are in parallel with
resonant capacitors Cp,o and C,; and do not change the circuit
operation. This also applies to capacitors C; and Co because
their values are negative. They behave as inductances with high
values and have little impact compared with coil inductances Ly,
and L,3. Capacitors C4 and Cg can be analyzed using star-delta
transformations. Considering these capacitors, the maximum
deviation of resonant parameters from their nominal values is
approximately 0.7% and is comparable with component toler-
ances. Consequently, parasitic capacitances have little influence
on the system design procedures and will have their impact on
the small adjustment of frequency to match the actual resonance.

IV. EXPERIMENTAL RESULTS

A 4-kW IPT charging system prototype with LCC series
compensation was built and tested to demonstrate the feasi-
bility of the proposed nested magnetic integration method. A
picture of the primary square coil with its integrated solenoidal
inductance coil is shown in Fig. 13(a). The transformer matches
the dimensions in Table I. The transmitter and receiver coil
arrangements are identical for the primary and secondary sides
except for the airgap within the primary-side ferrite cores. A
picture of the experimental prototype is shown in Fig. 13(b).
The measured parameters of resonant components are listed in
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i Integr
Inductance

Fig. 13.  (a) Primary transformer with magnetic integration. (b) 4-kW IPT
experimental prototype.

TABLE III
MEASURED RESONANT TANK PARAMETERS

Parameters Symbols Values
Transmitter coil turns Npi 18
Transmitter coil inductance Ly 169.0 uH
Transmitter coil ac resistance Rp 0.223 Q
Receiver coil turns Ny 18
Receiver coil inductance L 161.7 uH
Receiver coil ac resistance Ry 0.222Q
Integrated inductance coil turns Np2 9
Integrated inductance Ly 37.62 uH
Integrated inductor ac resistance Rp2 0.074 Q
Primary resonant capacitance Cot 96.14 nF
Cn 26.61 nF
Secondary resonant capacitance Cs 21.78 nF

Table III. The IPT system consists of an H-bridge inverter, the
primary and secondary pads with their compensation capacitors,
adiode rectifier bridge, and load resistances. A chroma dc source
(62 100 H-450) provides the input power. An SiC MOSFET
module (SK45MH120TSCp) from Semikron is used for the
full-bridge inverter and SiC Schottky diodes are used for the
rectifier. Polypropylene film capacitors in series and parallel
combinations are used as compensation components. The con-
troller is implemented with a Texas Instruments TMS320F28335
DSP to generate switching signals for the inverter. The operating
frequency is set to 85 kHz. The system operates an open loop
with 350 V input. The nominal load resistance is 30 €.

The experimental results for coupling coefficients given lat-
eral, vertical, and axial misalignment are shown in Fig. 14(a)—
(c). The measured coupling coefficients are slightly lower than
those in the simulation results. The deviations are less than
5%. Minor differences are due to the simplifications of the
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Fig. 15.  System output characteristics for various load resistances.

transformer model, gaps among ferrite cores, and dimensional
tolerances in the actual prototype. From the measured results,
the maximum cross-coupling coefficient is about 0.02 across
the allowed misalignment range. This verifies that the integrated
inductance coil is approximately decoupled from the transformer
coils for various misalignment cases. The system has no position
at which a significant cross coupling occurs.

The experimental results for system output characteristics and
dc—dc conversion efficiency given various load resistances are
shown in Figs. 15 and 16. Three cases have been defined for the
tests. These are listed in terms of the measured values in Table I'V.
Integrated inductors are employed in cases I and II with different
airgap widths and inductance coil turns. The airgap widths are
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Fig. 16. DC-DC conversion efficiency for various output powers for (a) cases
I and II, and (b) cases I and III.

TABLE IV
MEASURED INDUCTANCE COIL PARAMETERS FOR THREE CASES

Cases Parameters Symbols Values
Integrated inductance coil turns Np2 9
Case [ Integrated inductance Ly 37.62 yH
Air gap width Il 7.8 mm
Integrated inductance coil turns Np2 5
Case 11 Integrated inductance Ly 36.86 uH
Air gap width Iy 1.4 mm
Discrete ferrite core geometry / PQ 40/40
Discrete ferrite core material / PC 40
Case Discrete core effective area Ae 210 mm?
1 Discrete core effective volume Ve 19.7 cm®
Discrete inductance Ly 37.77 uH
Discrete inductance coil turns Np2 10

7.8 and 1.4 mm, respectively. An external discrete inductor is
employed in case III with a pair of PQ 40/40 ferrite cores. The
ferrite core material is PC 40. Other resonant parameters are
identical to those in Table III. The discrete inductance value is
nearly the same as that for the two integrated cases. This leads
to almost identical system voltage gains and inductor currents
for these three cases.

From Fig. 15, the output voltage stays close to 350 V and an
operating model based on an approximate voltage-source output
is appropriate. The maximum voltage deviation shows less than
3% error due to the influences of parasitic resistances. The
nominal output power is close to 4 kW and the power decreases
to 550 W at the 240 ) light-load resistance condition. From
Fig. 16, the tendency toward the efficiency change coincides
with Fig. 12. For integrated inductor cases, when the airgap
width is 7.8 mm, the maximum system efficiency is 96.7% for
the nominal output power and decreases to 89.5% for 500 W
output power. When the airgap width is 1.4 mm, the core losses
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Fig. 17.  Thermal camera results of the operating temperatures for nominal
output power with (a) integrated inductor and (b) external discrete inductor.

increase and system efficiency is reduced. At the nominal output
power, the efficiency decrease is approximately 0.6%. For the
discrete inductor case, the maximum flux density in the ferrite
cores is set to about 0.28 T and the maximum system efficiency
is 96.3% for the nominal output power. This is slightly lower
compared with case I with an integrated inductor. The system
efficiency decreases to 91.6% at 600 W output power. This is
2% higher than for case I. The efficiency increase is due to the
reduced inductor copper loss at light load.

The thermal camera results of operating temperatures at nomi-
nal output power with an integrated inductor and with an external
discrete inductor are shown in Fig. 17(a) and (b), respectively.
The results are obtained with natural convection cooling. For
the integrated inductor case, ferrite cores are fixed between two
epoxy resin boards. The transformer and inductance coils are
nested. Consequently, ferrite temperatures can be only observed
within the dotted area in Fig. 17(a). From Fig. 8, the flux density
should be at maximum within this part of the ferrite cores. From
Fig. 17, the maximum operating core temperatures are 32 °C
and 65 °C, respectively, in an ambient of 22 °C.

From the configurations of the three cases in Table IV and
system performance in Figs. 15-17, a pair of PQ 40/40 ferrite
cores can be removed from the proposed integration structure
with little impact. The reduced volume would be approximately
20 cm?’. The integrated inductor coil does not add significant vol-
ume to the system. For the nominal output power, the proposed
integration method with a 7.8-mm airgap has higher system
efficiency than the other two cases. This mainly results from
a lower core flux density. It should be noted that the efficiency
improvement between case I and case II/I11 is limited. However,
the volume and operating temperature decreases are substantial.

The experimental results for the system output voltage and
dc—dc conversion efficiency given lateral, vertical, and axial mis-
alignment are shown in Figs. 18 and 19. For these misalignment
cases, the load resistance is held at 30 2. The output voltage
and the system efficiency decrease as the coupling coefficient
decreases, with nearly the same behavior for misalignment in the
x and y directions. The minimum system efficiency is 91.6% for
150 mm lateral or vertical misalignment. For axial misalignment
cases, the coupling coefficient retains its highest value, as do the
voltage gain and efficiency. The trends follow the simulation
results in Fig. 10 and the relation in (9). The voltage gain
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Fig. 19.  (a) System output characteristics and (b) dc—dc conversion efficiency
for the axial misalignment.

deviations are less than 3% compared with the theoretical results.
This shows good agreement.

The experimental waveforms for various load resistances and
misalignment cases are shown in Fig. 20. Voltages v, and v
are the waveforms measured for one MOSFET in the full-bridge
inverter. Here, i), and iy represent the primary and secondary
resonant currents. The two currents have opposite phases. Their
magnitudes decrease as the coupling coefficient decreases and
as the load resistance increases. The detailed views of transistor
turn-ON are also shown in Fig. 20, demonstrating that the soft-
switching conditions are met and that the zero voltage switching
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Fig. 20. Experimental waveforms of the IPT system and detailed views on
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(R,=100 ©2). (c) At 100 mm lateral misalignment (R7, =30 €2). (d) At 45° axial
misalignment (R, =30 2).

(ZVS) operation is achieved for various load and misalignment
cases.

V. COMPARISONS AMONG MAGNETIC INTEGRATION METHODS

The magnetic integration methods for IPT systems with planar
stacked decoupling structures were described in Section I. Com-
pared with the magnetic integration methods in [18] and [19],
the proposed spatially nested integration method in this article
inherits the advantages of compact structure, high efficiency,
and balanced core magnetic flux density. The reduced volume,
improved efficiency, and low peak core temperature have been
demonstrated with the experimental results.

The proposed structure has four unique advantages compared
with prior methods. First, the airgap width /,, as shown in Fig. 5,
can be adjusted to obtain a precise inductance value. A large
airgap has little influence on power coupling characteristics.
The simulation results and discussions have been presented in
Section III. This contrasts with the prior work [18], [19] in
which airgaps among ferrite cores have little impact on inte-
grated inductance values. More FEM simulations on transformer
dimensions are required in the prior approach even for minor
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Fig. 21. (a) Parallel coil structures and (b) perpendicular coil structures of
two magnetic integration methods with simulation results of the cross-sectional
current density distribution.

inductance adjustments, complicating the design process. The
proposed method is more effective and more direct for the
precise inductance adjustment.

Second, as shown in Fig. 9, the magnetic flux generated by the
integrated inductance coil is confined mostly inside the ferrite
cores. The magnetic field energy concentrates in the airgap /.
This decreases the spatial magnetic field leakage.

Third, the nested structure is favorable for decoupling. As
shown in Fig. 14, the proposed integration method has no phys-
ical position at which a significant cross coupling occurs. The
symmetry can be used in the prior work [18], [19] to minimize
cross coupling, but this would only be effective for misalignment
cases with symmetrical fluxes. For other cases in [18] and [19],
cross coupling increases gradually as the coupling reduces. This
was shown in [22]. The proposed method is more effective to
reduce cross coupling compared with the past work.

Fourth, as shown in Fig. 2, inductance coil P is placed per-
pendicular to transmitter coil P, at overlap points. This structure
decreases proximity effects compared with prior structures. The
3-D FEM simulation results for the new structure compared with
that in [18] and [19] are shown in Fig. 21 to demonstrate skin
and proximity effects. The proximity effects are more obvious
in the parallel structure. The proposed structure, at the bottom,
shows a much lower impact.
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VI. CONCLUSION

In this article, a spatially nested magnetic structure for IPT
systems is proposed to integrate discrete resonant inductors into
an IPT transformer. The magnetic flux generated by the unipolar
transformer coils and the solenoidal inductance coil is along the
radial and tangential directions, respectively. In this case, the
coils are orthogonal, so the effects are decoupled for various
misalignment cases. An LCC series compensation circuit was
selected. A 4-kW prototype was implemented and demonstrated
the feasibility and validity of the proposed method. The exper-
imental results show that the new compact structure maintains
good performance and that there is no physical position at which
a significant cross coupling occurs for lateral, vertical, and axial
misalignment. The peak efficiency is 96.7% at full power with
a 160-mm airgap. The efficiency stays above 91.6% throughout
the allowed misalignment range.
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