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Abstract— Frequency response analysis (FRA) plays an impor-
tant role in the assessment of the mechanical integrity and hence,
reliability of high-voltage power transformers. Wireless power
transfer (WPT) system introduced by Tesla a 100 years ago
based on Faraday’s law of electromagnetic induction is similar to
a conventional power transformer. Therefore, the reliability of a
large WPT system can also be evaluated using FRA measurement.
When the WPT system is constructed, the electrical compo-
nents and the desired transfer distance need to be ascertained
accurately. Furthermore, the structure of the winding and the
electrical characteristic of the components in WPT systems may
vary due to aging or fault events. FRA measurement can examine
the discrepancy between the WPT system parameters and the
reference fingerprint data to provide cost-effective condition
monitoring-based maintenance scheme for the WPT systems. This
paper presents a detailed circuit analysis of a two-coil inductively
coupled WPT model in different compensating topologies to
accomplish efficient energy transfer. Then, FRA measurement is
used to detect the variation in the amplitude and the phase angle
of the developed circuit input impedance in a wide frequency
range. In addition, displacements due to the placement of ferrite
material and the variation of the transfer distance between the
transmitter and receiver units are investigated through practical
measurements.

Index Terms—Frequency response analysis (FRA), induc-
tive power transfer (IPT), RLC resonance, wireless power
transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is broadly adopted

for charging batteries and supplying electric power to
various devices [1]-[5]. Since WPT technology was introduced
a century ago by Tesla who dreamed of delivering free
electric energy everywhere through the earth, his idea had
been frozen until the 1990s due to the lack of funds and
technology supports [6], [7]. On the other side, the wireless
communication technology commercialized by Garratt [8]
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has been successfully developed because it requires a small
amount of electric energy for transmitting the information
over long distances effectively. WPT technology resurfaced
with increasing demands of electric vehicles (EVs), mobile
devices, and sensors. The modern design and application of
the wireless charging system for EVs were presented by Green
and Boys [9]. In 2007, Massachusetts Institute of Technology
demonstrated a transfer of electric power of 60 W at a
distance of 2 m with 15% efficiency [10]. Korea Advanced
Institute of Science Technology introduced a WPT system
that can send a few hundred watts over a distance of 5 m
in 2015 [11]. The efficiency in the demonstration of Harbin
Institute of Technology, Harbin, China to transmit electric
power of 2.86 kW at 150-mm distance reached approximately
90% [12]. WPT can be mainly categorized into near-field and
far-field applications which are also called nonradiative and
radiative applications, respectively. Near-field WPT can be
feasible under inductive power transfer (IPT) and capacitive
power transfer (CPT). Although the performance of CPT
is improving fast, IPT applications are broadly adopted for
high-power and midrange distance charging applications [13].

The principle of IPT is based on Faraday’s law of electro-
magnetic induction similar to a power transformer. An IPT
system is mainly composed of a transmitting (Tx) coil and
a receiving (Rx) coil representing a primary and secondary
winding of a power transformer. The difference between an
IPT system and a traditional power transformer is that an IPT
device has compensating capacitors at the Tx and Rx sides
to reduce the leakage inductance. Also, Tx and Rx coils are
loosely coupled without any magnetic core. When the IPT
coils are coupled at the resonance frequency, electric power
can be transferred efficiently through free space [14]. The
typical transfer distance, also known as an air gap, of the
current WPT systems is in the range of a few millimeters
to several centimeters [15]-[17]. As the public transports
(e.g., high-speed train and large ferry) adopted a wireless
charging application, IPT systems in megawatt range have
been recently introduced as shown in Fig. 1 [18], [19]. Hence,
it is expected that the size and capacity of WPT systems to
increase rapidly in the very near future. To avoid the confusion
of the terminology, WPT, in this paper, is used to refer to IPT.

Frequency response analysis (FRA) has been taking a
significant role to detect the mechanical deformation and to
certify the reliability of power transformers in the past few
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Fig. 1. Megawatt range WPT application examples. (a) High-speed train. (b) Large-scale vessel.
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Fig. 2. Compensating scheme of inductively coupled WPT system.

decades [20]-[23]. The principle concept of FRA is based on
two-port network theory [24], and it is more user-friendly,
cost-effective, and robust than a vector network analyzer for
the power industrial applications [25]. For the accurate veri-
fication of the WPT installation on site, and the maintenance
purposes in the future, FRA can perform another critical role
in the WPT industry. FRA can be adopted to clarify the
characteristic of the voltage transfer ratio (VTR) and the trans-
fer function of WPT systems [26]. In addition, the optimum
distance corresponding to the maximum power transfer and
the optimum resonance frequency could be correctly identified
in the series—series (SS) compensation WPT system using
FRA [27]. This paper introduces the characteristic of the WPT
systems in various compensating topologies to mitigate the
reactive component of the input impedance. To precisely tune
the WPT circuit at the resonance frequency, it is important
to correctly identify the compensating capacitors at the Tx
and Rx sides. The capacitors can be connected to the Tx
and Rx coils either in series or parallel, as shown in Fig. 2.
Consequently, four different compensating topologies, SS,
series—parallel (SP), parallel-series (PS), and parallel—parallel
(PP), are basically available.
The contribution of this paper is summarized as follows.

1) Analyzing the input impedance and phase of a two-coil
WPT system to tune the resonance frequency. Although
the primary purpose of FRA is to assess the mechanical
integrity of power transformers, the input impedance of
the WPT systems can be extracted accurately using FRA
measurement.

2) Presenting different patterns of the VIR over the transfer
distance. When there is any variation in the air gap
between the Tx and Rx coils, the performance of the

WPT system is critically affected. FRA is used to
identify a precise alignment and an effective calibration.

3) Presenting the discrepancy in the FRA measurements
when the magnetic coupling or the geometry of the WPT
systems changes. When the WPT system is implemented
on site, any mismatch between the designed parameters
and the installation should be identified. In addition,
it is required to monitor the changes of the electrical
components of the WPT system over the time. FRA
measurement is a useful application to diagnose the
reliability of WPT systems.

4) Veritying the efficiency of the WPT systems based on
the FRA measurements.

The rest of this paper is organized as follows.

In Section II, two-coil WPT circuit in different compen-
sations and the equivalent input impedance are presented.
Section III presents the experimental hardware setup. The
practical FRA measurements on the developed WPT system at
various operating conditions are presented in Section I'V. The
key conclusions are drawn in Section V.

IT. CIRCUIT ANALYSIS
A. Compensation Topologies

To achieve a resonant state between the Tx and Rx coils,
compensating capacitors C; at Tx side and C, at Rx side
should be precisely selected and connected either in series or
parallel with the coil. An SS topology is the simplest model as
the resonant frequency can be easily obtained. In this topology,
the value of C; should be maintained constant regardless of
the variation in the coupling coefficient factor k2 between
the two coils and the load resistance Ry.. On the other hand,
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Fig. 3. Simplified IPT equivalent circuit. (a) SS or SP topology. (b) PS or PP topology. (c) Equivalent total input impedance.
TABLE 1 When the resonance frequency is ), (for SP and PP
COMPENSATING CAPACITOR VALUE AT THE TX SIDE models), the reflected impedance Z,. of the equivalent circuit
shown in Fig. 3(a) and (b) does not include the imaginary com-
Model w C; value :
ponent from the parallel-compensated Rx side. On the other
SS W, C; = 1/(w?ly) hand, both real and imaginary impedance components are
L reflected when w, is implemented as the resonance frequency.
Ps w = 212 L L In this paper, the circuit analysis and the demonstrations are
? (%) + (w,L41)? performed based on w,. As each topology has advantages and
- disadvantages, the compensating circuit should be selected
¢, = _ G based on the operating frequency, load resistance, and air
@o 2—1(1 — k%) gap. An SS topology is preferred when the transfer distance
SP 2 and the load are static. PS, SP, and PP topologies need to
w.! C' = L,C3RE consider various parameters to continuously tune the resonance
© LT (CRE — Ly)L,y frequency when the air gap and load are changing.
= Co(1 —kfp)
w, 1=
o 24_1 {% (Ruk%)? + (1 — k;fz)z} B. Input Impedance
PP 2 When the resonant circuit is perfectly designed, only the
C.! = L,L3C3 real part of the input impedance is maintained as shown
W ! 1 = L2 L4, 4 . .
’ LiL?éCZ 22 + Mz (CZRL - LZ)Z n Flg. 3(0) . . . . .
Rl R] The resistance value in different topologies discussed earlier

the value of Cp in an SP topology is affected by k2 or RL.
In PS and PP topologies, both ki and Ry, values should be
considered for the precise calculation of C;. The value of C
as a function of circuit parameters in different topologies is
given in Table I.

Where @, = 1/(L2C2)"? and o), ((1/L,Cr) —
(1/ C%R%))l/ 2 are the resonance angular frequencies in
rad/s [28], [29]. The near-field WPT system is applicable in
a frequency range from tens of kilohertz to a few megahertz
generally [15]. As the value of the coil interturn capacitance,
generally in the range of picofarads in a high-frequency
range, is much smaller than that of the value of the external
compensating capacitor connected to the coil which is in the
range of nanofarad to microfarad, the value of the coil interturn
capacitance can be ignored [30], [31]. However, if the far-
field WPT application in a frequency range from hundreds
megahertz to few gigahertz is considered, or the interturn
capacitor level is comparable to the compensating capacitor,
the resonance frequency should be correctly tuned with the
consideration of the coil self-capacitance value [32].

as a function of the load resistance and mutual inductance
between Rx and Tx coils Mj; is given in the following:

2102
. w:M
Zin,$S(w,) = OR—LIQ (1)
2
Z; =R Miy 2
in,SP(w,) = RL— (2)
L3
2142 \2 2
5 B (C%Mlz) + (CU()LIRL) 3)
in,PS(w,) = RECUOLl
2 2
 (RMA  t{mla(Lila - MB)F
Zm,PP(w,,) = . ( )

RLM}, L3

The residual imaginary value of the input impedance hinders
the perfect performance of WPT. The derivations of the real
and imaginary values of the input impedance are provided in
the Appendix. Therefore, it is important to eliminate the resid-
ual input reactance. FRA can provide a clear photograph of the
impedance characteristic in various compensating topologies.
As shown in Fig. 3, Z represents the reflected impedance
from Rx. The capacitor compensation at the Rx side can
be either in series or parallel with the coil. The equivalent
impedance Zeq is the vector summation of Zre and X, of the
Tx coil.
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Fig. 4. Planar spiral coils design and installation.

TABLE II
PARAMETERS OF TX AND RX COILS

Winding type Planar spiral
Wire radius 1.5mm
Inner radius 105 mm

Number of turns Ly and Ly: 30
Spacing between turns 0.1 mm

Self-inductance L, and L,: 349.3 uH
10 mm gap: 0.8690
55 mm gap: 0.4868

200 mm gap: 0.1126

20 kHz, (wy = 21f,)

C, = 180 nF

Coupling Coefficient
kiz

Resonance frequency f,
C, =1/(wiLy)

III. INDUCTIVE POWER TRANSFER SYSTEM DESIGN

Planar spiral Tx and Rx coils were built to reduce the
installation space as shown in Fig. 4. To investigate the
variation of the coupling coefficient factor k1> between the
two coils over a varied separation distance, finite-element
modeling (FEM) is conducted to calculate the parameters
in Table II based on the physical dimensions provided.

The resistance of the copper wire is increased at
high-frequency range due to the skin effect which affects
the Q factor of the circuit (ratio of the active and reactive
power consumption) and reducing the overall performance of
the WPT system [33]. The usage of Litz wire also known as
magnet wire or superconductor can mitigate the undesirable
loss at high operating frequency [34], [35]. This prototype is
considered for demonstrating the wireless charging of the EV
battery which calls for electric energy transfer with a relatively
high-current level. Therefore, the coils in the developed WPT
circuit are made of 1650 stranded Litz wire, which has 0.05-
mm-diameter filament (American wire gauge 44) that are
independently insulated to suppress the skin and proximity
effects at the high-frequency range. The ampacity of the
implemented Litz wire is 20 A in a frequency range up to
850 kHz [36]. As the resistance value of the wire is 6.4 mQ/m,
the Tx (or Rx) coil of a 30-m length has 192-mQQ overall
resistance. Therefore, the parasitic resistance of the winding
can be ignored for the practical circuit analysis.

IV. EXPERIMENTAL FRA MEASUREMENTS AND ANALYSIS

FRA measurement is used to mainly identify three parame-
ters: VTR, the amplitude of the transfer function, and phase

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT
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Fig. 6. FRA measurement schematic.

angle [37]. From the VTR measurement, the accurate resonant
frequency can be identified. The input impedance (magnitude
and angle) of the WPT system can be measured using FRA
of which the characteristic of WPT system can be correctly
identified with respect to the resonance frequency and the
transfer distance between the two coils. A commercial FRA is
used to measure the FRA characteristic of the developed WPT
system shown in Fig. 5 as detailed in the following.

A. Impedance Analysis

Schematic for FRA measurement on the WPT system is
depicted in Fig. 6 in which Ry and Ry are the source and
the resistance of the FRA that measures the transfer function
H(jw) as in the following equations:

1%
VTR = 201og H(j) = 201og ‘j“‘ [dB] 5)
mn
50
Hii[O® = ——— 6
() Zinl0° + 50 ©)

The phase angle 6 of the transfer function H;,) in (6)
is a function of the input impedance and the value of Ry.
Therefore, the input impedance phase angle 6 needs to
be extracted from the obtained results to calculate the
reactive component of Zin. The unknown real and imagi-
nary values of Zin can be acquired from (5) and (6) as
follows:

Re(Zin) = % . cos(—&)] —50 [Q] (7)
10¢)
Im(Zin) = -sin(—=6) [QI. ®)

50
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TABLE III
INPUT IMPEDANCE AND PHASE ANGLE RESULTS BY FRA

Topologies Amplitude of Z;,,[Q] Phase Angle [°]
Gap SS, C; Calculated Measured Calculated Measured Tuned C; value
10mm U | 100nF 45.74 47.86 -49.61 -50.89
T | 180nF 29.64 31.59 0.39 -1.15 Independent
S5mm U| 100nF 35.86 38.28 -74.96 -73.03 from k.» and
T| 180nF 9.31 10.69 2.51 -0.23 12
S00mm | U] 100nF [ 3455 36.24 -89.17 -87.27 load
T | 180nF 0.70 1.86 44.86 -11.59
Gap SP, C; Calculated Measured Calculated Measured | Tuned C; value
10mm U| 180nF 50.44 49.59 -41.54 -41.71
T | 440nF 38.50 38.35 -11.33 -8.02
55mm U | 180nF 15.60 16.65 -40.59 -39.39 Function of
T | 236nF 11.85 13.08 1.16 -2.84 ki
200mm U| 100nF 35.12 36.77 -88.97 -87.07
T | 180nF 0.64 1.96 -6.27 -6.90
Gap PS, C, Calculated Measured Calculated Measured | Tuned C; value
10mm U | 180nF 78.40 76.85 -34.36 -32.29
T| 119nF 94.85 91.58 2.29 3.39
55mm U| 180nF 212.51 189.82 -14.39 -9.83 Function of
T | 164nF 215.59 198.84 10.68 7.00 kq, and load
U| 100nF 101.09 100.35 88.53 84.85
200mm
T | 180nF | 2763.91 1026.33 -45.50 -13.15
Gap PP, C, Calculated Measured Calculated Measured | Tuned C; value
10mm U| 180nF 34.00 34.64 -33.12 -31.10
T | 38nF 40.47 39.91 4.50 6.99
55mm U| 180nF 100.14 94.77 21.19 20.07 Function of
T | 210nF 107.38 102.10 -1.20 -2.52 k5 and load
200mm U | 100nF 98.20 97.50 88.14 84.68
T | 180nF | 3004.40 994.86 5.44 4.13

Consequently, the absolute value and the phase of Zi, can
be obtained as in the following equations:

| Zin| = \/Re(z'm)2 + Im(Zin)? [Q] )
_ Im(Zin)

9 = I 22 e, 10

tan Re(Zin)[ ] (10)

FRA measurements are performed on different compen-
sations topologies of the developed WPT at various air-gap
lengths between the two windings (10, 55, and 200 mm). For
the experiments, a load resistor Ry, of 50 Q was connected
across the output terminals at the Rx side. The reference
and source ports of the FRA are connected to the positive
terminal of the Tx coil, while the measurement port is wired
to the negative terminal of the Tx through 50-Q coaxial cables.
This connection is similar to the open-circuit FRA test of a
power transformer. The plots of the input impedance phase
based on (10) for different compensating topologies at various
air-gap lengths are shown in Fig. 7. The phase angle should be
nearly zero when the compensating capacitor C at the Tx side
is correctly tuned. The detailed results of the measurements
with a comparison to the calculated values are presented
in Table III. Results show that the resonance frequency can be
tuned precisely at a small air-gap distance of 10 and 55 mm,
while a significant error takes place at a distance of 200 mm.
The red trace in Fig. 7 at air-gap distance of 10 mm shows
a smooth characteristic in the proximity of the resonance
frequency of 20 kHz. It implies that the WPT system at a

U: Untuned, T: Tuned

small transfer distance allows a wide margin to regulate the
resonance condition. On the other hand, the slope of the green
color plot increases significantly at 200-mm transfer distance.

To demonstrate the performance of the untuned circuit,
an arbitrary capacitor of 100 nF at the Tx side is implemented
for the SS topology. As discussed earlier, in this topology,
the value of C; is maintained constant regardless of the
change in the transfer distance. On the other hand, an arbitrary
capacitor C1 of 180 nF at the Tx side was selected for the SP,
PS, and PP topologies at air-gap distances of 10 and 55 mm
for demonstrating the untuned condition. For both topologies,
the self-inductance of the Tx coil L; is utilized to extract the
resonance frequency (w, = 1/+4/L1C1) without regarding the
mutual inductance variation and the load resistance. At air-
gap distance of 200 mm in the SP, PS, and PP topologies,
an arbitrary capacitor of 100 nF at the Tx side is used
to observe the impedance characteristic for untuned circuit
condition. At this distance, the coupling coefficient k15 is very
low (0.1126). Hence, the Tx and Rx may be considered as two
decoupled coils.

An accurate frequency tuning is required to maintain zero
value for the input impedance phase angle at the resonance
frequency. The disagreement between the calculated and mea-
sured values increases for large air-gap distances even with the
tuning of C; due to the rapid steep of the phase angle slope
near the resonance frequency. As mentioned earlier, in the
SS topology, a Tx side compensating capacitor C; of 100 nF
was considered to examine the untuned WPT performance.
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Fig. 7. Phase of the input impedance (6°) using FRA measurement for various compensating topologies. (a) SS topology. (b) SP topology. (c) PS topology.

(d) PP topology.

If the operating frequency is set to 26.9 kHz, the phase angle
will be —28.3° regardless of the transfer distance as shown
in Fig. 7(a). Although the electric power can be delivered at the
untuned frequency of 26.9 kHz with a nonzero phase angle of
the input impedance, it impairs the performance of the system,
and it requires a large volt—ampere rating of the power supply
to transfer the load demand power [38], [39]. To transfer the
electric power at a frequency of 26.9-kHz efficiently in the
SS topology, the compensating capacitance C> in the Rx side
should be changed from 180 to 100 nF, while the value of Cy is
maintained at 100 nF. The amplitude of the input impedance
in the PS and PP topologies at air-gap distances of 55 and
200 mm is much higher than that of the input impedance
in the SS and SP topologies as listed in Table IIl. From
the comprehensive review of the results for the investigated
circuits, any topology as shown in Fig. 7 is barely suitable for
the WPT system at 200-mm distance.

B. Voltage Transfer Ratio Patterns Over Varied
Transfer Distance

When the distance of the air gap between the Tx and Rx
coils varies, the pattern of the VTR is affected due to the
change in the mutual inductance between the two coils. In the
SS topology, the shape of the VTR waveform in the vicinity of
the resonance frequency is narrow and sharp when the transfer
distance increases [27]. The VTR for SS and SP topologies
gradually increases with the increase in the frequency, and it

reaches a maximum level at the resonant frequency (20 kHz)
after which the VTR starts to gradually decrease as depicted
in Fig. 8(a) and (b). On the other hand, the VTR for PS
and PP topologies will have an opposite trend as shown
in Fig. 8(c) and (d).

It is worth to note that the accurate maximum or mini-
mum value of VTR is not observed exactly at the frequency
of 20 kHz for 10-mm air-gap distance due to the effect of
frequency bifurcation [28]. The frequency bifurcation can be
identified by various parameters including self-inductance and
mutual inductance of the coils, load resistance, and resonance
frequency [28]. Results also show that the amplitude of the
input impedance in the SS and SP topologies decreases when
the air gap increases as shown in Fig. 9(a) and (b). On the con-
trary, the impedance level of the PS and PP system increases
significantly over the distance as depicted in Fig. 9(c) and (d).
The shapes of the VTR signatures shown in Fig. 8 are of
the opposite trend to the impedance plots depicted in Fig. 9
because VTR and impedance level are inversely proportional
based on (5) and (6). It is also clarified from the VTR and
the impedance plots that a 200-mm air gap does not provide
appropriate performance regardless of the Rx compensation
topology as stated in Section I'V-A.

C. LCL Topology and Ferrite Material on the Coils

To examine the variation of the FRA results with the
placement of ferrite material on the coils at a distance
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Fig. 8. VTR patterns at various transfer distances. (a) SS topology. (b) SP topology. (c) PS topology. (d) PP topology.

of 55 mm, the PP topology was selected. For maintaining
resonant condition, the PP topology requires considering more
parameters than others as presented in Table I. However, it has
a high input impedance with a smooth variation in the vicinity
of the resonance frequency (20 kHz) as shown in Fig. 10.
Hence, the PP system provides a sufficient level of the input
impedance and a broad tolerance to maintain the resonant
condition.

For enhancing the power transfer rate of the WPT system,
a ferrite material is implemented with the copper wire to
strengthen the magnetic coupling between the coils and reduce
the flux leakage path [17], [40]. For the purpose of enhancing
the electrical insulation and the mechanical integrity of the
system, the Tx and Rx coils are placed between two acrylic
boards of 5 mm thickness, and the ferrite bars are positioned
on the lower surface of the Tx winding acrylic board as shown
in Fig. 11. The impact of the nonconductive obstruction in the
air gap is insignificant, and the transfer efficiency of the WPT
system with the medium between the coils is almost identical
to the WPT system in the free space [41], [42].

The width, height, and length of a single ferrite bar are
10, 10, and 160 mm, respectively. The 12 ferrite rods are
positioned at an interval of 30° as shown in Fig. 12(a).
The coupling coefficient and the inductance values at the
investigated distance are calculated using FEM as listed in
Table IV. An additional inductance L, is connected to the Tx
coil in series to achieve the resonance condition as shown in
Fig. 13. Also, this coil acts as a current filter to provide a pure
sinusoidal current signal to the WPT circuit [39]. The system

comprising a series inductance L, and PP topology is known
as LCL resonant inverter. When the ferrite rods are moderately
and significantly repositioned as shown in Fig. 12(b) and (c),
respectively, the deviations of the VTR amplitude from the
initial rods position at the resonance frequency (20 kHz)
and 55-mm air gap are measured using FRA as 0.114 and
0.132 dB, respectively, as shown in Fig. 14(a). It can also be
observed that the deviation in the VTR amplitude increases in
the frequency range around the resonance frequency. Fig. 14(b)
shows that the phase angle ¢ of the transfer function H(;)
at 20 kHz is maintained at 0° for the initial position of the
ferrite rods as the circuit was tuned based on this position.
This angle changes to 1.439° and 3.902° when the ferrite bars
are moderately and significantly relocated, respectively.

These results validate the feasibility of FRA to precisely
detect the deformation of the ferrite material in the WPT
system similar to analyzing the magnetizing characteristic of
the power transformer within the low-frequency range [43].
Also, the regular FRA results can indicate the deterioration
trends of the resistance, inductance, and capacitance compo-
nents in WPT systems over time [44]. When the WPT design is
completed, the initial FRA measurement of the system can be
obtained at the laboratory or the workshop. Then, the quality of
the WPT installation is clarified by comparing the fingerprint
to the on-site measurement data. Furthermore, the reliabil-
ity of the WPT system can be assessed by benchmarking
the future measurements for regular maintenance, relocation,
or investigation of WPT systems as described in the flowchart
of Fig. 15.
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D. Practical Demonstration of WPT System and Discussion

The efficiency of the WPT system in the PP topology with
the ferrite material and the series inductancel, is examined
on the developed WPT prototype that is shown schematically
in Fig. 13. When the value of the compensating capacitors
at both Tx and Rx sides are 173 and 175 nF as presented
in Table IV, the reactive component of the input impedance is
not clearly eliminated, and the input impedance of the WPT
prototype comprises a capacitive reactance. Therefore, L,
of 150 uH can compensate this residual capacitive reactance
and helps provide a sinusoidal current to the circuit [45].
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TABLE IV
PARAMETERS OF THE WPT SYSTEM WITH FERRITE MATERIAL

L [aH]
150

Lp[uH]
353

C,[nF]
175

Ly [pH]
4934

Cy[nF]
173

Gap
55mm

klZ
0.541

The demonstration in this paper considers that the Tx unit
is a stationary device, while the Rx unit is equipped on the
mobile device. In the developed system, an overall efficiency
1o achieved is 85.75% as depicted in Table V. When an
input dc voltage of 30 V is supplied, an output ac voltage
of 16.31 V and a current of 0.324 A with a phase difference
of 22.19° are induced across the load resistance at 20 kHz as
depicted in Fig. 16. The switching loss at the power electronic
devices (i.e., insulated-gate bipolar transistors or metal-oxide
semiconductor field-effect transistors) is a major cause of
the low efficiency in WPT systems [45], [46]. Therefore,
the recent WPT systems adopt a zero voltage switching or
zero current switching (also known as soft switching) converter
with complex gate-driver applications, and their efficiency
reaches almost 90% [12], [47].

While two-coil-based inductive coupling WPT is demon-
strated, in this paper, FRA can also analyze the characteristic
of WPT system with multiple repeaters, capacitive coupling
WPT systems, and other complex topologies (e.g., double-side
LCL and CCL) [48]-[53].
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TABLE V
OVERALL EFFICIENCY OF THE DEVELOPED PROTOTYPE.
Vdc Idc Pdc Vo ]o 90 Po No
[Vl | [A] | [W] [Vl (Al | [°1 | W] | [%]
30.0 | 0.19 5.71 16.32 0.324 | 222 | 490 | 85.75

A brief comparison of various compensation topologies is
presented in Table VI. As each compensation topology has
advantage and disadvantage, it is essential to carefully select
the optimal design parameters for better performance of the

WPT system. For instance, the SS topology is widely applica-
ble for the high-power applications such as the high-speed
train, EV battery charging because the compensating circuit
is independent of the load resistance and the air gap [12],
[18], [19], [47] and the additional series inductor to provide
a sinusoidal current to the parallel resonance circuit is unnec-
essary [38]. However, the SS topology requires a high-current
rating power supply that may result in a malfunction when
the magnetic coupling between the coils does not exist, e.g.,
k12 = 0 [54]. For this reason, the PP topology with an addi-
tional series inductor and other supplemented compensation
topologies are also adopted. The SP system is applicable for
charging a battery of a medical implement device as it supplies
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a constant voltage regardless of the load resistance [1], [S5]. energy, type of converter, and safety to accomplish a
Hence, the correct compensating topology should be selected maximum efficiency or a maximum level of the power
by considering the purpose of use, the capacity of transfer transfer.
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TABLE VI
COMPARISON OF COMPENSATION TOPOLOGY

Topology Power. supply A_ddit.ional Stability_ Compensating capacitor C; Input impedancg value
requirement series inductor |when k;,=0 when the distance increases
SS Low voltage rating| Not required Unstable | Independent from k4, and load Decrease
SP Low voltage rating| Not required Unstable Function of k4, or load Decrease
PS Low current rating Required Stable Function of k;, and load Increase
PP Low current rating Required Stable Function of k,, and load Increase

V. CONCLUSION

In this paper, FRA is employed to assess various compen-
sating topologies of the inductively coupled WPT system. The
amplitude and the phase angle of the input impedance along
with the VTR in the four available topologies (SS, SP, PS,
and PP) of the WPT system are examined at various transfer
distances (10, 55, and 200 mm). The key conclusions drawn
from the FRA measurements can be summarized as follows.

1) At air-gap distances of 10 and 55 mm, the amplitude
and phase angle can be precisely measured. Therefore,
the resonance frequency can be precisely tuned.

As the coupling coefficient is very weak at higher air-gap
distance (200 mm), a rapid change of the impedance
characteristic takes place near the resonance frequency
leading to a significant disagreement between calculated
and measured resonance frequency.

When the transfer distance increases, the width of the
VTR traces in the SS and SP becomes narrow at the
vicinity of the resonance frequency. The PS and PP
topologies exhibit the opposite trend compared with the
SS and SP topologies.

Experimental  results show  that the PP
compensation-based WPT system with ferrite rods
and series inductance in the transmitter has an overall
efficiency of 85.75%.

The FRA measurements can detect any displacement
in the additional ferrite bars on the winding, and the
geometric change of the WPT components.

When the initial FRA measurement is obtained as a fin-
gerprint, the FRA diagnosis can facilitate cost-effective
condition-based maintenance scheme and retuning sys-
tem parameters to maintain high operational perfor-
mance.

2)

3)

4)

5)

6)

APPENDIX
DERIVATIONS OF THE INPUT IMPEDANCE

As depicted in Figs. 2 and 3, the impedance on the Rx side
and the mutual inductance can be simplified as a reflected
equivalent impedance Zeq and the impedance with the series
compensation on the Rx side can be expressed as

Re(zeq se) = |Reqsel = szlzz : : (1)
, > RL 1+V2
Im(zeq,se) = |Xeq,se| =owli + szlzz T . (12)
R (1+y)

The normalized constant of the reactive component y is
equivalent to Q2 (w/w,—w,/w). When the operating frequency
reaches the resonance frequency, y vanishes. The operating
and resonance angular frequencies are denoted by w and w,,
respectively. In addition, the load quality factor Q5 is the ratio
between the load resistance and the reactance value at the
Rx side. For parallel compensation topology on the Rx side,
the equivalent impedance is

Re(zeq,pa)
= |Req,pa|

—sz)}

L1 Ly |° { (ki
Ry

D+ 5 )

2 4

2

Rf
Im(zeq,pa)
= |Xeq,pa|

oL {g—ir( ) 2—1)]

where 7 is the nominalization factor of the resonance fre-
quency and is determined from 7 = 1 — (? /a)g).

When the compensation capacitor C is connected to Z'eq,Se
or Zeqpa in series for the SS or SP topology as shown
in Fig. 3(a), the total input impedance Zin,SS and Zin,sp can
be calculated by adding the capacitive reactance value based
on Cj to (12) and (14). On the other hand, to accomplish the
PS or PP topology as depicted in Fig. 3(b), the compensating
reactance influences the resistive and reactive components of
the input impedance. The input impedance in the PS and PP
topologies is expressed as

(14)

. 1
Zin,PS CUC //(Req,Se + ]Xeq,Se) (15)

J

Zin,pp ]COC //(Req Pa + J Xeq,Pa) (16)

If the WPT circuit is correctly in the resonance condition,
only resistive parts exist as expressed in (1)-(4). However,
if the nominalized factor y or 7 is not zero, a residual value
of the imaginary component will exist and it also affects to
the resistive part of the equivalent impedance as shown in
(11)—(14). If not compensated, this residual imaginary com-
ponent results in a poor performance of the WPT system and

a large capacity power supply must be used.
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