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ABSTRACT This paper proposes a process for measuring the rated power electrical characteristics of
inductive power transfer (IPT) coupling pads in limited laboratory environments through topology recon-
figuration. Among the components of IPT systems, the coupling pad is responsible for the main losses in the
converter. Moreover, coupling pads have nonlinear characteristics that depend on various factors, such as the
number of coil turns, the diameter, the permeability of the magnetic material, and the amount of aluminum.
Therefore, verifying the operation is necessary when applying various position and control algorithms after
configuring an IPT system. The input/output characteristics of the IPT system are mainly determined by the
coupling pad and the employed compensation topology. Verifying the operation of the coupling pad becomes
challenging when the IPT application’s required input/output characteristics exceed the experimental voltage
range in laboratory environments. The same electrical stress is applied to the coupling pad through topology
reconfiguration and resonance component tuning, and the input/output characteristics can be flexibly changed
to present a guideline that can be tested in a laboratory environment. A 3-resonance component circuit allows
for modeling various compensation topologies. The same electrical and heating stress are verified through a
3.3-kW experimental prototype.

INDEXTERMS Compensation topology, experimental testing, inductive power transfer (IPT), measurement.
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I. INTRODUCTION

Inductive power transfer (IPT) is a non-contact electrical en-
ergy transfer method that is used in various applications [1],
[2], [3], [4], [5] because IPT systems have the advantages
of safety and convenience compared to conventional wired
charging methods [6], [7]. The IPT systems are used to charge
batteries with wide output voltage characteristics, although
they require a wide range of input/output specifications to
control and compensate for power derating due to air gap
fluctuations [8], [9], [10], [11].

The component that has the greatest impact on the losses
of IPT systems is the coupling pad, which is composed of litz
wires, magnetic materials, and aluminum plates for magnetic
shielding [12]. Since most coupling pads have a low coupling

coefficient of less than 0.5 between the primary and secondary
pads [2], more current flows through the pads than high
coupling coefficient transformers to transfer same energy.
High current causes coupling pad loss and heat generation
problems, and high voltage stress applied by high current can
lead to insulation breakdown problems between coil turns and
magnetic materials as shown in Fig. 1. Therefore, when con-
ducting the IPT system, it should be designed by considering
the coupling pad stress.

Different with transformers with high coupling coefficients,
coupling pad with low coupling coefficients exhibits signifi-
cant leakage flux in the surrounding air as shown in Fig. 2.
Fig. 2(a) illustrates finite element method (FEM) of the trans-
former with a small air gap inside, indicating minimal leakage
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FIGURE 1. Voltage insulation breakdown coupling pad.
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FIGURE 2. FEM magnetic flux simulation (a) transformer and (b) coupling
pad.

flux and facilitating ease of magnetic circuit analysis. On the
other hand, Fig. 2(b) depicts the coupling pad with a wide
air gap between the primary and secondary sides. Considering
various factors such as the length of the coils constituting the
pad, winding methods, inner and outer diameters, permeabil-
ity of magnetic materials, volume, iron loss characteristics,
and differences in size between pads, there are challenges in
accurately deriving coupling pad losses.

Numerous studies have been undertaken to model and
optimize coils, magnetic materials, and the arrangement of
aluminum plates in coupling pads aiming to enhance effi-
ciency and achieve accurate derivation of loss characteristics
in IPT systems [13], [14], [15], [16], [17], [18], [19], [20].
[13], [14], [15], [16]. propose the method of calculating coil
AC resistance and loss through mathematical analysis. [17],
[18] derive and propose optimal values by repetitive FEM
simulations, and [19] propose to derive optimal efficiency
by measuring and comparing each actual coil winding. [20]
proposes iron loss calculation by calculating the properties of
magnetic materials. However, accurate losses have not been
derived through a formula that considers all the nonlinear
characteristics of the coil, magnetic material, and aluminum
plate constituting the coupling pad. In FEM simulations, ob-
taining accurate loss values demands substantial computing
resources, and discrepancies may arise when compared to the
practical test results. Therefore, to verify the voltage/current
stresses, electrical insulation, and heat generation applied to
the coupling pad through charging operation tests must be
conducted.

1268

However, measurements on a coupling pad at the rated
power are not always possible in a limited laboratory en-
vironment. Generally, IPT applications have a wide voltage
gain characteristic. If the DC source or DC load specifica-
tions in the laboratory are insufficient compared to the IPT
input/output requirements, the IPT full-load test would be
difficult.

To satisfy the input/output requirements, the addition of
DC/DC converters to the input side and the output side could
be achieved. However, adding an auxiliary DC/DC converter
with the same rated power as the IPT system would be costly
and time-consuming. Accordingly, in limited laboratory en-
vironments, a method is required that enables verification
of the rated power operation of coupling pad with minimal
additional costs and time.

This paper proposes a method to meet input/output char-
acteristics in a laboratory environment by reconfiguring the
compensation topology of an existing IPT system to the
double-sided LCC (DS-LCC) compensation topology, thereby
applying the same electrical stresses to the coupling pad.
Existing studies on topology reconfiguration have primarily
focused on proposing solutions for output compensation by
changing constant current/constant voltage modes and ad-
justing separation distances [21], [22]. However, this study
proposes a novel approach from the perspective of measuring
stress on the coupling pads.

First, the factors influencing coupling pad losses in IPT
systems are derived, and the factors affecting pad losses when
various compensation topologies are applied are calculated.
The basis 3-resonance component circuit model is proposed
for various compensation topologies generally employed in
IPT systems, and equations for calculating electrical charac-
teristics are developed. Subsequently, the DS-LCC topology
is reconfigured to achieve flexible voltage gains while deter-
mining resonance component parameters to impose identical
electrical stresses. The proposed DS-LCC topology reconfig-
uration method reduces the time and cost of manufacturing
DC/DC converters for operational verification in a limited
laboratory environment. By using DS-LCC topology recon-
figuration method, measuring the maximum electrical stress
during the rated operation of the coupling pad is possible. Fur-
thermore, the proposed method allows for the measurement of
coupling pad stresses occurring when compensation control
algorithms for rated operation are applied under misalignment
conditions. The FEM simulations and 3.3-kW class experi-
mental tests are conducted. The results of FEM simulations
and experiments confirm that when DS-LCC topology recon-
figuration method is applied, same current stresses, losses, and
temperature fluctuation occur on the coupling pad.

II. IPT COMPENSATION TOPOLOGY ANALYSIS

A. COUPLING PAD LOSS FACTORS

Prior to the DS-LCC topology reconfiguration method, an
analysis of the factors influencing the electrical stress on the
coupling pad is conducted. Fig. 3 illustrates the components
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FIGURE 3. Coupling pad loss components.

comprising the coupling pad and the associated loss factors.
The losses include copper losses from the coils, core losses
from the magnetic materials, and eddy current losses from the
aluminum plate. The losses in the coupling pad are presented
in (1)=(3), where Pcy, Pcore, and P,qqy are the total copper
losses, core losses, and eddy current losses, respectively. Ry,
is the DC resistance. Ryin, Rpox represent the skin effect resis-
tance and proximity effect resistance, respectively, which have
a significant component when high-frequency currents flow
[23]. Bye, By, are AC flux density, and maximum flux density,
respectively. K, o, and B are core material coefficient [24]. ¢
is thickness of lamination, f is frequency, V is volume of the
material. K.4qy is eddy current constant.

Py = 12(Rdc + Rskin + Rprox)~ (1)

Peore = KfefaBacﬁ- 2
_ 2,2p 2

Peddy = eda'yt f B,“V. 3)

Most of the factors that establish the losses of the coupling
pad are determined when the pad design is completed. (1)—(3)
show the electrical factors that the total coupling pad loss is
determined by the current magnitude and frequency.

B. EQUIVALENT CIRCUIT MODELING FOR ANALYZING
COUPLING PAD ELECTRICAL STRESSES

The AC equivalent circuit modeling of the IPT system is
conducted to derive the current magnitude and frequency
components that affect the loss of coupling pads. Fig. 4(a)
presents a schematic diagram of the IPT system, which com-
prises a full-bridge inverter (FBI), a resonant compensation
network, and a single-phase full-bridge rectifier (SBR).

The FBI is composed of four power MOSFETSs Q1—Q4 and
is used to convert the DC-link voltage Upc to the AC voltage
Uap. Generally, Uap is assumed to be a square wave with a
fixed duty cycle of 0.5 without dead time. The fundamental
harmonic root mean square (RMS) value (Ugp) is derived as
follows:

“)

The AC power that is converted through the FBI is trans-
mitted through a loosely coupled transformer (LCT), which
comprises transmitting and receiving coils. L; and R; (i = p,
s) are the self-inductances and parasitic resistance of the LCT

Upp = |UAB| = TUDC-
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FIGURE 4. (a) IPT system. (b) Mutual-inductance and 3-resonance
component basis circuit model of the compensation topology.

parameters on the primary (p) and secondary (s), respectively.
M is the mutual inductance of the two coils, and the coupling
coefficient k is defined as follows:

M
VL,Ls

The SBR comprises four power diodes (D1—D4) and is used
to regulate the AC output voltage to the DC battery voltage.
The output low-pass filter contains an output filter capacitor
C,, and the RMS values of the output AC and DC components
have the following relationships [25]:

n«/z
U= ——

k =

®)

242

Ly lap = —11.
T

(6)

where U,, and iy, are the RMS values of the AC output
components. Based on (6), the relationship between an AC
equivalent resistance R, 4 and the load resistance R;, can be
deduced as:

8
= (N

The FBI and SBR circuits in Fig. 4(a) can be replaced
by an AC source and an AC equivalent load by (4) and (7),
respectively. In addition, the LCT is considered equivalent
to the mutual inductance model. Therefore, the analysis and
calculations of the IPT system in Fig. 4(a) can be simplified by
representing it as a mutual-inductance model-based analysis
circuit, as displayed in Fig. 4(b).

Generally, the primary and secondary resonant networks
are configured with up to three resonance compensation el-
ements (jX; — jXs). These 3-resonance components depicted
in Fig. 4(b) are calculated according to the compensation
topology selected for various IPT systems. The secondary side
impedance Z; in Fig. 4(b) is as follows:

Ro,ac = RL-

1
Zy = joLs+ Ry + jXs + T————
m JX6+Ro,ac

®)
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TABLE 1. IPT Basic Compensation Topologies
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. Mo . M. . Mo, . M.
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! ' ‘ ‘
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Resonant JX1,jX6 =0, jX>2, jX5 =0 JX1,jX4,jX6 =0, jX2 =0 JX1,jX3,jX6=0, jX5 =0 JX1,jX3,jX4,jX6 =0
. 1 . 1 R 1 R 1 R 1 . 1 . 1 . 1
I JXy=—— JX = —— JXy=—r JXs=—— JXy=——r JXy = ——— JXy=——, JX ==
status Jjo,C Jjo,C, jo,C Jjo,C, Jjo,C Jjo,C, Jjo,C Jjo,C,
, 1
1
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Zin(w=w,) I . e . 0.ac . 1+ jo,GR, ) wM)
R JoL +——— Jjo,C+ JoL, + e e
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. UABRn,ac U R, .. [jw L+ o0,ac J UAB (ja)GCZS + 1) UAB (ja)GCZS + 1)
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r (o, M)’ (o.M 1+ jo,CR, jo.L,+Z, jo.L,+Z,
jo, MU . jo.M U(jo,C,Z, +1)
. U, 1 2 joM U,(jo,C,Z +1) L L
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Uap UABRn,ac % Jjo,MU ,, (J‘U,C,;Z.\ +1) M U (-]wr'CpZ.v +DR, .
ai s . .
oM I+jo,CR,, jol,+2, L, Jjo,L,+Z,

The reflected impedance converted from the secondary side
to primary side is deduced as follows:

M)2
z, = M) ©)
Zs
The total input impedance is derived as follows:
. 1
Zin = ]Xl + 1 1 (10)
X T X3t joL, TRy TZ,
C. INPUT/OUTPUT CHARACTERISTICS BY RESONANCE
NETWORK
. JX2 .
ip = - - - iAB- (11)
JXZ + JX3 + Ja)Lp +Rp +Zr

. JjoMi,

=, 12
Ls Z (12)
. Uas
IAB = —- (13)

m

. JXe
lab (14)

= Is.
jX4 + jXS + ijs + R + Ro,ac *

The equations for the current flowing in the IPT resonance
circuit are expressed in (11)-(14), where i, and iy are the
primary pad and secondary pad current, respectively. jX| —jX¢
are composed of inductors, capacitors, represented as short or
open circuits.

Tables 1 and 2 specify the reactance values of each reso-
nance compensation element, as well as impedance, current
magnitude of the coupling pad, and output voltage when var-
ious compensation topologies are applied to the basis circuit
model specified in Fig. 4(b). In addition to the compensation
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topologies specified in Table 1 and 2 [24], although various
other topologies have been proposed [27], [28], [29], only
some of these compensation topologies are attached as exam-
ples for simplicity. As shown in Tables 1 and 2, the output
characteristics of the IPT converter depend on the specifica-
tion of the coupling pad. Hence, the input/output range of the
experimental prototype can exceed the operational range in
the laboratory environment depending on the compensation
topology and coupling pad characteristics when manufactur-
ing the IPT system. In the subsequent section, the method
for reconfiguring various compensation topologies, including
Tables 1 and 2, into the DS-LCC topology is presented. By ap-
plying the reconfiguration method, the principle that enables
the flexible design of voltage gains while maintaining the
same electrical stress is explained under rated operating con-
ditions, allowing for testing in the laboratory environment.

IIl. TOPOLOGY RECONFIGURATION FOR COUPLING PAD
MEASUREMENT

A. BASIC ANALYSIS OF DS-LCC TOPOLOGY

Fig. 5 shows the DS-LCC topology, which is reconfigured
from Fig. 4(b). The DS-LCC topology is a high-order topol-
ogy in which one resonance inductor (L;,;, Lj,2) and two
resonance capacitors (Cp;, Cp2, Cp, Cp) are added to the
primary and secondary sides, respectively. C,; and Cp, are
parallel capacitors, while Cy; and Cp; are series capacitors on
the primary and secondary sides, respectively. U'ag, i'p, s,
and U’ are the input voltage, primary pad current, secondary
pad current, and output voltage when reconfigured topology,
respectively. The DS-LCC topology achieves electrical isola-
tion through V-C conversion by incorporating an LC network
between the input power side and the primary coupling pad,
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[z z" [z
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FIGURE 5. DS-LCC AC equivalent circuit reconfiguration. (8-S, $-P, LCL-S,LCC-S, etc.) 3D FEM
l Simulation Verification
. Select U'nc, U'L to reconfigure l
and between the secondary coupling pad and the output load DS-LCC
[27]. This setup allc.)ws for effective electrical decoupling. H/W Test and Result
Furthermore, by tuning Cf; and Cy, the system can enable
y g y
Zero volt.age S.W1tch1ng (ZVS) opergtlon [30]. Consequently, Calculate Lint to achieve i’y and
the relationship between the electrical stresses of the cou- U'as
pling pad and the input/output electrical characteristics can be End

flexibly designed. When operating at the resonance angular
frequency w,, the impedance equation and the current flow
through each loop, as determined by applying Kirchhoff’s
voltage law (KVL), are as follows:

JorLip i + — jw, e =0

! p L0 (i = 1(p), 2(s)). (15)
jorCpi Jwrcf +jerki =

. R
U'ap = (]wLml + jaC, 1)“\3 = Jac,tp
0= (]a)Lmz + ]wc > + Ro,ac) 'ap — jwlc‘pz /s

1 . 1

0= ja)Lp + Jwal + jwcpl) l/P JjoCp 1l AB — Ja)Ml $

B 1 . 1 . .
0= ({JoLs + ey, ]waz JoCp2 s = ja)szl ab ]a)Ml/p

(16)
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FIGURE 6. Design step of DS-LCC topology reconfiguration.

B. DESIGN STEP OF DS-LCC TOPOLOGY
RECONFIGURATION

Fig. 6 shows the design steps of the DS-LCC topology recon-
figuration. First, the parameters of the coupling pad (which is
manufactured for application in IPT systems) are measured.
Next, based on the measured values of the coupling pad, the
compensation topology for reducing the reactance component
of the coupling pad is selected and designed. The input/output
characteristics according to the topology and the current
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flowing through the coupling pads are derived through cal-
culations or formula calculations presented in Tables 1 and
2. After calculating the current flowing through the coupling
pad, appropriate input/output voltage specifications are se-
lected for a laboratory environment. The DS-LCC resonance
parameter varies depending on the applicable voltage range.
Based on the current flowing through the i'; and U'y,, Ly, is
calculated as follows:
U /in

Ling = ——.
Jwrl'y

A7)

The L, value calculation, based on i’ and U’y 4, is as
follows:
U/o,ac 1

.y .
[4) a)rRo,ac

Linp = (18)

After deriving L;,; and Ly, Cp1, Cp2, Cpy, and Cpp are
determined based on (15). Therefore, the analysis and calcula-
tion of the IPT system displayed in Fig. 1(b) can be modified
by reconfiguring it into a DS-LCC-based analysis circuit, as
presented in Fig. 3. The gain equations for the input voltage,
output voltage, and current flowing through the coupling pads
are as follows:

G _ i/p _ Lip _ erinlLin22
P N\U M| T 0L C2Cra®Roqe R ‘
B Wy~ Lin1Cp1~Cp2~ Ko ac o,ac
(19)
Gps = l:_s _ oM _ @rMCpoRo ac _ MRy qc . (20)
'p Zg Lins @y Lin
U'w 1
G ap = .,a = —Ro,ac = erinZRo,ac~ (21)
i's wrCp2

The currents in the DS-LCC topology are determined by
the input AC voltage and the additional resonant inductors
Lin; and L. In a limited laboratory environment, the AC
voltage range is limited. However, as shown in (15)-(18),
the resonance inductors can be designed more flexibly than
the coupling pad. The design of the DS-LCC resonance el-
ement allows the current flowing through the coupling pads
of IPT systems with various compensation topologies to be
measured while flexibly designing the input/output voltage
specification. After reconfiguration, the rated operating state
of the coupling pad is verified through a 3D simulation and an
experimental test.

IV. EXPERIMENTAL VERIFICATION

A. IPT SYSTEM CONFIGURATION AND TEST POINT
SELECTION

To verify the validity of the voltage/current stress measure-
ments using the proposed DS-LCC topology reconfiguration
method, an arbitrary IPT system was designed and a DS-LCC
reconfiguration experiment was conducted. Two of the most
popular topologies in the IPT system: the S-S topology, LCC-
S topology were selected and reconfigured. In this paper, the
S-S topology was selected and reconfigured. For the LCC-S
topology, PSIM simulation in the appendix confirmed that
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FIGURE 7. 3-D geometric IPT coupling pad and dimensions.

TABLE 3. Designed Dimensional Parameters of the LCT

Parameters Values
Air gap distance range 100-150 mm
X and Y axial offset 0 mm
Turns per coil Np:15,Ns: 19

Primary coil dimension
Primary ferrite plate dimension
Primary shield dimension
Secondary coil dimension
Secondary ferrite plate dimension
Secondary shield dimension
Litz wire coil specification
Ferrite material (Manufacturer)

580 mm x 420 mm X 5 mm
600 mm x 440 mm *x 3 mm
640 mm x 496 mm x 2 mm
320 mm x 320 mm x 5 mm
340 mm x 340 mm x 3 mm
310 mm x 310 mm x 2 mm
0.06mm/4200 strands
PM12(todaisu)

TABLE 4. Essential Parameters of the IPT System

Symbols Parameters Values
fi Resonance frequency 100 kHz
P, Rated output power 3.3kW

k Coupling coefficient range 0.214
ir Output AC current 15A
Lp align Primary coil inductance 213.2 yH
Ls,align Secondary coil inductance 134.8 uH

Mutual inductance at z = 100mm 36.2 uH
M Mutual inductance at z = 150mm 25.6 uH
Mutual inductance at x, y, z= 100mm 259 uH

it results in the same pad stress. In the S-S topology, the
input/output and the coupling pad are connected in series.
Hence, the characteristics of the coupling pad dominate the
input/output characteristics.

Fig. 7 presents a 3-D geometric IPT pad manufactured
based on the 3-D FEM simulation tool. The geometric char-
acteristics of the 3-D IPT pad are specified in Table 3, which
follows the size specifications for WPT systems as outlined in
SAE J2954 Appendix F [31], and the electrical specifications
are listed in Table 4. Fig. 8 shows the transconductance and
input phase graphs according to the maximum/minimum k
after designing the resonance capacitance of the S-S topology
based on Table 4. The equation for the transconductance and

VOLUME 5, 2024



IEEE Open Journal of
Power Electronics

Transconductance gain Gr

Input Phase Angle (degree)
<

90000 100000
Operation frequency (Hz)

110000 120000

Operation frequency (Hz)

(@

Transconductance gain (G)

Input Phase Angle (degree)

90000
Operation frequency (Hz)

100000 110000 120000 1

(b)

Operation frequency (Hz)

FIGURE 8. Phase-frequency and coupling pad frequency characteristics of the IPT system with S-S compensation topology under different R, and k

values: (a) k = 0.214. (b) k = 0.145.

Csi=11.8 nF
Cs2 = 18.8 nF
fow =100 kHz
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FIGURE 9. 3D FEM simulation results (S-S Topology) : (a) At z = 100 mm (align), (b) At z = 150 mm, and (c) at x, y, z = 100 mm.
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FIGURE 10. 3D FEM simulation results (DS-LCC Topology, Upc = 150 V) : (a) At z = 100 mm (align), (b) At z = 150 mm, and (c) at x, y, z = 100 mm.

input phase is as follows:

ia_b _1Im(Z;,)
Usg’ Re(Zin)

(22) shows the transconductance gain and the input phase an-
gle. The input phase angle of the S-S topology depends on the
coupling pad position, as specified in Fig. 8(b), which causes
a reactance component and results in efficiency and durability
reduction due to degradation. Therefore, when configuring
a practical IPT system, a control algorithm for compensat-
ing input/output characteristics according to fluctuations in
the inverter arm-shot problem as the phase is reversed to
zero-current switching during operation, or an increase in
separation distance between coupling pads is applied.

After selecting the compensation topology and control al-
gorithm method to be configured in the IPT system, the

180°
= tan

in =

(22)

T
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validity of the proposed DS-LCC topology reconfiguration
method was confirmed through simulations.

Figs. 9, 10, 11, and 12 display the results of the FEM
simulations in the aligned and misaligned states, respectively,
based on the IPT 3-D pad shown in Fig. 7. Fig. 9 shows
the input/output characteristics, iy, iy, and maximum magnetic
flux density results of the IPT system during the alignment
state (z = 100 mm) and misalignment state (z = 150 mm, x,
¥ z = 100 mm) operation of the S-S topology, respectively.
The misalignment distance range was selected considering
the SAE J2954 standard [31]. For 3.3-kW rated operation in
align state, the input voltage is selected so that the output AC
current flows to 15 A. Fig. 9(a) is the result of the alignment
simulation. The input voltage operated at 380 V. Fig. 9(b) is
the simulation result at z = 150 mm, and the input voltage is
operated at 255-V to keep the output rated power and output

1273



JO ET AL.: MEASUREMENT OF IPT COUPLING PAD STRESS BY RECONFIGURING THE DOUBLE-SIDED-LCC TOPOLOGY

Toi =370 ull
Lz = 25.0ull
Cpt = 68.3 nF
Gp2 = 101.3 nF
Gt = 14.4 nF
Cp=23.0nF
fow=100 kHz

Cp2 = 101.3 nF

Cit = 13.4nF

Cp=234nF g
=100 kHz

@

Lini = 18.9 uH
Lin2 = 25.0 ul

Cp2 = 91.9nF
Cni = 11.4nF
Cp = 20.1 nF
fsw=105 kHz

Buar = 42.9mT |-

©

FIGURE 11. 3D FEM simulation results (DS-LCC topology, Upc = 250 V) : (a) At z = 100 mm (align), (b) At z = 150 mm, and (c) at x, y, z = 100 mm.
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FIGURE 12. 3D FEM simulation results (DS-LCC topology, Upc = 500 V) (a) At z = 100 mm (align), (b) At z = 150 mm, and (c) at x, y, z = 100 mm.
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FIGURE 13. PSIM simulation results at z = 100 mm: (a) S-S topology, (b) Current component flowing through the coupling pad in S-S topology via Fourier
transform, (c) DS-LCC at Upc = 150 V, 500 V, (d) Current component flowing through the coupling pad in DS-LCC topology via Fourier transform.

AC current. Fig. 9(c) is the simulation result at x, y, z = 100
mm, and the operating frequency is selected at 105-kHz to
maintain the output AC current. The input voltage is operated
at 290-V after assuming that the duty ratio control is applied
in 0.45. The maximum magnetic flux density produced by the
coupling pad.

Figs. 13, 14 and 15 show the S-S and DS-LCC topolo-
gies in alignment and misalignment, respectively, and the
Fourier transform of the current flowing through the coupling
pad. The simulation results indicated that DS-LCC topology
reconfiguration allowed for flexible variation of the input/
output voltage characteristics while applying the same volt-
age/current stresses to the coupling pad. Figs. 13(b), 14(b) and
15(b) show the fundamental and harmonic components of the
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current flowing through the coupling pad in the S-S topology.
The DS-LCC topology reconfiguration method proposed in
this paper measured the voltage/current stresses generated in
the rated operation. When applying the rated power, the har-
monic component was negligible (less than 5%). Accordingly,
when measuring the voltage/current stresses of the coupling
pad, applying the FHA was considered reasonable.

B. COMPARISON OF EXPERIMENTAL RESULTS

A 3.3-kW experimental prototype is built, as shown in Fig. 16.
The electrical characteristics of the measured coupling pad
and the resonance circuit parameters of the DS-LCC are pro-
vided in Tables 5 and 6, respectively. The rated output and
output current of the existing IPT system to be reconfigured

VOLUME 5, 2024
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'] DC Source + Inverter + DSP r Oscilloscope + Power Analyzer '| Rectifier + DC Load
FIGURE 16. Experimental prototype.
TABLE 5. Parameters in the Coupling Pad Prototype
Symbols Parameters Values
fr Switching frequency 100, 105 kHz
P, Rated output power(S-S) 33 kW
k Coupling coefficient range 0.136-0.224
Lp,align Primary coil inductance(z = 100mm) 222.5 uH
Ls align Secondary coil inductance(z = 100mm) 160.2 uH
Lp,misalign Primary coil inductance(z = 150mm) 226.9 uH
Ls,misalign Secondary coil inductance(z = 150mm) 161.7 uH
M Mutual inductance range 25.6-42.3 uH
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TABLE 6. DS-LCC Parameter of Experimental Prototype

Values
Parameters
z=100mm z=150mm X, y, z =100 mm
Lin1 23.96 uH 15.3 uH 15.02 uH
Lin2 15.06 uH 15.0 uH 18.04 uH
Cpi 168.70 nF 165.3 nF 153.05 nF
Cp2 105.35 nF 176.1 nF 128.41 nF
Ch 12.93 nF 12.25 nF 10.85 nF
Cp 17.61 nF 18.35 nF 16.54 nF

are the same as those in Table 4. The output rated characteris-
tics in

Table 4 and the input/output voltage specifications required
in the laboratory are assumed to be below 200 V. The MOS-
FET used in the inverter is C3M0030090K, and the rectifier
diode used is IDW40E65D1FKSAL1. For the reconfiguration
of the DS-LCC topology, the cores of Li,; and Lj,» were
made of PC95 material in PQ7261 size. To measure the input
and output characteristics, a HIOKI PW6001 power analyzer
was used. Additionally, the input and output voltages and
currents, as well as the currents in the coupling pads, were
measured using an oscilloscope. The input power source was
a KEYSIGHT N8955A DC power supply, and the load was
applied using the CHROMA 63210E-1200-400 model. The

1275



JO ET AL.: MEASUREMENT OF IPT COUPLING PAD STRESS BY RECONFIGURING THE DOUBLE-SIDED-LCC TOPOLOGY

3 @ LPF:50 b Lower
247.374 V
I 13.3467 A
15.0415 A
3.3016kH
96.698

; ]

439.593 V
7.7671 A
8.1154 A
3.4144kNW
0. 1127kW

152.407 V

21.2646 A

148.490 V
23.5104 A
8.1810 A
3.4881kH
0.2472kH

(b)

I 15.1185 A

3.2409KN
92.913 ¥

Loss

FIGURE 17. Experiment results for alignment states: (a) S-S topology and
(b) DS-LCC topology.
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FIGURE 19. Experiment results for misalignment (vertical) states with DC
link control: (a) S-S topology and (b) DS-LCC topology.

input voltage is selected as 440 V, 275 V, and 290 V, respec-
tively, to ensure that the output current of the S-S topology
is 13-A during the rated power operation, respectively. The
load resistance value is selected as 18.53 Q2 to ensure that the
output power of the S-S topology is rated at 3.3 kW.

After the S-S topology operation experiment, the DS-LCC
is reconfigured and the resonant inductors and capacitors are
redesigned. In order to verify that the input voltage and the
output voltage can be flexibly designed, the input voltage and

the output voltage are designed to be 150-V in the alignment
and vertical misalignment states. During the misalignment

operation, the coupling pad current measurements of the S-S
topology are performed by controlling the DC link voltage,
switching frequency, and duty ratio.

Figs. 17 22 present the experimental results and wave-
forms, which verify that the input/output characteristics can
be flexibly designed through the DS-LCC topology reconfig-
uration. Figs. 17 and 18 show the results of operating the S-S
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and DS-LCC topologies in the aligned state. When designing
with the S-S topology, 440-V of DC link voltage is required
for 3.3-kW rated operation. However, when reconfigured with
the DS-LCC topology, the IPT system can operate at less than
200 V.

Through power analyzers and oscilloscope measurements,
the i, and /'y are 8.2-A and 15.1 A, respectively.

Figs. 19 and 20 show the results of operating the S-S and
DS-LCC topologies in the vertical misalignment state. For
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FIGURE 23. Loss distribution for the IPT systems: (a) z = 100 mm, (b) z = 150 mm, and (c) x, y, z = 100 mm.

the same 3.3-kW rated output operation under vertical mis-
alignment, the S-S topology is operated at 275 V. Moreover,
when reconfigured with the DS-LCC topology, the IPT system
designed the resonance element value to operate at 150 V.
From the power analyzer and oscilloscope measurements, the
i'p and s are 14.0-A and 14.6 A, respectively.

Figs. 21 and 22 show the results of operating the S-S
and DS-LCC topologies in the horizontal misalignment state.
When there is a horizontal separation distance, the coupling
pad inductance value fluctuated, resulting in input phase fluc-
tuations. For the S-S topology to maintain the ZVS phase, the
rating test was conducted by controlling the DC link (295-
V), operating frequency (105 kHz), and duty (0.45). When
reconfiguring the DS-LCC topology, the operating frequency
affected the iron losses. Therefore, the frequency is selected
as 105 kHz, and the ', and 7' are calculated and tested based
on Fig. 4. The experimental test results are confirmed that 7,
is 13.6-A and 7’5 is 15.6-A while achieving the input voltage
of 156-V and the output voltage of 189 V. From these three
experiments, it confirms that the DS-LCC topology reconfig-
uration method can be used for measurements by applying
the same current stress to the coupling pad, regardless of the
input/output voltage specification.

C. SYSTEM LOSSES AND TEMPERATURE MEASUREMENTS
The losses incurred when reconfigured with the DS-LCC
topology and the IPT system configured with the S-S topology
for development were different depending on the differences
in input/output characteristics and the resonance network con-
figuration.

Fig. 23 shows a graph of the loss configuration of IPT
system. The gate driver and controller were powered by a
separate DC power supply, independent of the main system,
to exclude their losses from the overall measurements. The
losses in the inverter and rectifier were calculated based on
the MOSFET’s switching losses, conduction losses, and the
diode forward power losses, respectively. The passive com-
ponent losses were calculated as the sum of the core losses
of a PQ7261 size inductor, the copper losses of the inductor
winding, and the equivalent series resistance of resonant ca-
pacitors. Since DS-LCC has lower voltage input and output
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Channel 3

Channel 2

FIGURE 24. Temperature sensor channel position in coupling pad.

TABLE 7. Temperature Change With 30-Minute Operation

Channel Position  Topology Start 30 min  Difference
Channel 1 Pricrgflry Dssj-LScc %::g gé:? ;;
Chamnel2 . DSicC 252 34 s
Channel 3 secggﬁary DSS.LSCC ijg ggg ig
Channel 4 Sl\i(:;rtllizrcy DSS-LSCC %; g g;; j;

characteristics, the DS-LCC topology has higher inverter and
rectifier losses in the process of sending the same power.
Moreover, different from the S-S topology, an additional loss
occurred in the resonant inductor. The experiments confirmed
that the total loss from the coupling pad was almost the same.

Table 7 compares the temperature changes of the coupling
pad when operating the IPT system consisting of the S-S
topology and the DS-LCC topology for 30-minute in the
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aligned state. The heat dissipation was achieved through natu-
ral air cooling without any additional cooling equipment. The
position of each temperature sensor channel, attached in areas
where the magnetic flux density is concentrated, is specified
in Fig. 24.

Table 7 confirms that the temperature increase is almost the
same. Therefore, the proposed measurement method is con-
sidered reasonable for verifying the voltage/current stresses
and losses generated in the coupling pad through the DS-LCC
topology reconfiguration.

V. CONCLUSION

This paper presents a novel method for reconfiguring the
DS-LCC topology to achieve consistent coupling pad stress
measurement and validation, regardless of the electrical spec-
ifications of the input/output equipment. The rated operational
electrical characteristics of the input, output, primary, and sec-
ondary coupling pads across various compensation topologies
were analyzed, and DS-LCC topology parameters were de-
signed to achieve ZVS of the inverter while applying the same
pad current stress. This provides flexibility to accommodate
the voltage and current constraints of input/output equipment.
Simulation and experimental results confirmed that the cou-
pling pad stress characteristics, losses, and temperature rise
trends are similar.

The proposed reconfiguration method is applicable to var-
ious IPT applications and can significantly reduce the time
and cost for researchers and developers in setting up hardware
and software infrastructure. This allows for proactive adap-
tation to rapidly changing IPT system specifications, such as
increased battery rated voltage and changes in input voltage
due to single-phase/three-phase alterations. However, since
the proposed measurement method only measures the rated
stress at specific locations, it is recommended to use the re-
configuration method in situations where the coupling pad
experiences the highest stress (e.g., increased operating fre-
quency, increased coupling pad current).

In conclusion, the proposed DS-LCC topology reconfigu-
ration method is useful for verifying issues that may arise
in coupling pads during rated power tests applied to various
applications in limited laboratory environments. This con-
tributes significantly to the advancement of wireless power
transfer technology and the resolution of engineering chal-
lenges.

APPENDIX

In addition to the S-S topology exemplified in this paper, the
PSIM simulation results for the DS-LCC topology reconfig-
uration with the LCC-S topologies is provided as examples.
Fig. 25 along with Tables 8 and 9 demonstrate that the LCC-S
topologies can also apply the same current stress through the
DS-LCC topology reconfiguration.
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FIGURE 25. PSIM simulation waveforms for the DS-LCC topology
reconfiguration with the LCC-S topology: (a) LCC-S topology and (b) DS-LCC
topology reconfiguration.

TABLE 8. Parameters in the LCC-S Topology

Symbols Parameters Values
Upc DC input voltage 650 V
UL DC output voltage 830V
Je Switching frequency 100 kHz
PL Rated output power(LCC-S) 11 kW
k Coupling coefficient range 0.2
Lpa Primary coil inductance 60 uH
Lsa Secondary coil inductance 100 xuH
Lin Resonant inductor 12.132 uH
Cp Primary parallel capacitor 208.78 nF
Cr Primary series capacitor 52.92 nF
Cs Secondary series capacitor 25.33 nF
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TABLE 9. DS-LCC Reconfiguration Parameters

Parameters Values Parameters Values
U’nc 380V Cpi 357.13 nF
UL 304V Cp2 84.43 nF
Lint 7.09 uH Cn 47.88 nF
Lin2 30 uH Cp 36.19 nF
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