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Abstract: This paper analyzes how over-coupled coils affect odd harmonic current and electromag-
netic interference (EMI) in a wireless power transfer (WPT) system, and proposes design considera-
tions for series inductors to solve the EMI problem. When the air gap of the coils of the WPT system
decreases below a certain level and the coils are over-coupled, the odd harmonic component of the
input impedance of the system decreases and odd harmonic currents increase. The increase in the
odd harmonic components current quickly aggravates the EMI issues. To solve the EMI problem of
the over-coupled WPT system, additional series inductors were applied to the system, and considera-
tions for designing the series inductors were analyzed. When designing additional series inductors,
power transfer efficiency, maximum power transfer, input impedance and odd harmonic components
current must be considered. Using simulations and experiments, it was confirmed that the WPT
system designed with analyzed considerations maintained relatively high efficiency and reduced
EMI issues.

Keywords: wireless power transfer (WPT); over-coupled coils; electromagnetic interference (EMI)
reduction; series inductors; topology; input impedance

1. Introduction

Wireless power transfer (WPT) systems are good candidates to replace conven-
tional wired power transfer methods in the future, because of their convenience and
safety [1-3]. WPT systems have already been commercialized and applied to mobile appli-
cations, and an international standard has been established [4-6]. Research is also being
actively conducted on how to apply a wireless charging system to electric vehicles (EVs),
which is the current automobile trend [2,3,7]. The WPT system is not limited to simply
transferring power, and a variety of methods to help automation of vehicles, which is
another electric vehicle trend, are being studied [7,8]. In addition, many studies are being
conducted to apply WPT systems to personal consumer applications such as drones [9]
and to industrial automated guided vehicles (AGVs) [10].

In the WPT system, a transmitting (Tx) side and a receiving (Rx) side are electrically
insulated, and power is transferred wirelessly through a magnetic field. To transfer power
wirelessly, an electric current with a frequency of several tens of kHz to several MHz is used
to form a strong magnetic field, and as a result there is high concern about magnetic field
leakage [11]. Nearby humans can be exposed to the electromagnetic field (EMF) leaked
from the WPT system, and various studies are being conducted to see how EMF affects
the human body and how it can be reduced [12,13]. In addition, if there is an electronic
device near the WPT system, the WPT system may cause electromagnetic interference
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(EMI) problems in the device. Not only the fundamental of the operating frequency of the
system, but also the odd or even harmonic components of the frequency, can cause EMI
problems [14]. Various studies have also been conducted to solve the EMI problem caused
by such a WPT system [11,15,16].

Systems that perform wireless charging after stopping, such as drones, AGVs, and
EVs, have a high potential for misalignment between the Tx coil and the Rx coil. There are
two types of misalignment. One is a lateral misalignment in which the Tx coil and the Rx
coil are mismatched left and right [17], and the other type is a vertical misalignment in
which the air gap between the Tx and Rx coils is different than the designed value. Various
studies have been conducted on these two types of WPT coil misalignments. In addition,
problems that appear when the coils are over-coupled, where they become closer than the
designed value of the coils, have also been studied [14,18-20].

When over-coupling between coils occurs, the zero-phase angle (ZPA) of the equiv-
alent input impedance of the WPT system is split into three points [18-20]. This is also
called the frequency splitting phenomenon. When the ZPA is split into three points, it
becomes very difficult to select an operating frequency for zero voltage switching (ZVS)
for stable operation of the inverter [21]. In addition, when the ZPA is split into three points,
the minimum value of the input impedance is split from one point into two points, and
it is possible for the frequency of maximum power transfer (MPT) to also split into two
points [20]. However, even if the frequency of MPT and ZPA are split, the maximum
power transfer efficiency (PTE) has at the resonant frequency of the Rx side [20]. Since the
frequency of the MPT and the frequency of the maximum PTE are different, it becomes
very difficult to select a resonant frequency. One study proposed to automatically change
the operating frequency of the inverter to the MPT frequency [22].

However, previous research studies on over-coupled WPT systems have two limita-
tions. First, there is no study on the correlation between EMI and the over-coupling of WPT
coils, which is known to be a major disadvantage of the WPT system, as described above.
It can be inferred from the previously reported results that the input impedance changes
according to the coupling between WPT coils. It can therefore be predicted that when the
coupling changes, the magnitude of the current of the harmonic component also changes.
However, none of the previous studies have linked the over-coupled WPT system and the
EMI problem.

Another limitation of the previous studies is that there has been no study to closely
adjust the frequency of the MPT and the frequency of the maximum PTE. The most
significant problem with the frequency split phenomena is that the frequency of the MPT
and the frequency of the maximum PTE are different. All of the studies up to this point
have been limited to analyzing this phenomenon, but a study to adjust the above two
frequencies is absolutely necessary.

This paper analyzes, first, how the over-coupled WPT system affects the harmonic
currents. Next, the study examined how these harmonic currents change according to the
coupling between the WPT coils, and finally, how the WPT system EMI problem changes
depending on the coupling between the coils. In addition, factors affecting the design
of additional series inductors to mitigate the various problems of an over-coupled WPT
system were investigated. Various problems related to the over-coupled WPT system
(the EMI issues, the difference between the MPT and PTE frequencies) were alleviated by
applying the series inductor proposed in this paper. It was validated through simulations
and experiments.

This paper is arranged as follows. In Section 2, after a brief review of the over-coupled
WPT system, the correlation between EMI and the over-coupled WPT system is analyzed.
In Section 3, considerations about designing series inductors are mentioned, and how they
affect the over-coupled system is analyzed. In Section 4, the effects of the analyzed design
considerations are demonstrated through simulation and experiments. After discussing the
some contents of this paper in Section 5, and finally in Section 6, conclusions are presented.
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2. Analysis of an Over-Coupled WPT System

There have been various basic studies of over-coupled WPT systems [14,18-20]. In
this paper, we first analyze an over-coupled WPT system based on the previous research.
In addition, the relationships between the slope of the input impedance and over-coupling,
which have not been covered in previous studies, are analyzed. All of the analyses of the
WPT systems in this paper were conducted assuming that a series—series (SS) compensation
topology was used.

In a WPT system, a phenomenon in which the ZPA is split into three points instead of
a single point due to the increase in the coupling coefficient (k) of the coils above a certain
level is called the ZPA bifurcation. In this paper, a WPT system in which this phenomenon
occurs is referred to as an over-coupled WPT system.

2.1. Criterion of an Over-Coupled WPT System

Before analyzing the over-coupled WPT system, it is necessary to look at the coupling
coefficient at which over-coupling occurs. For this, the input impedance of the SS topology
shown in Figure 1 is analyzed. In Figure 1, ‘Vj," is the phasor form of AC input voltage, and
‘C1x’, ‘L1, ‘R, ‘Cry, LRy, and ‘Rgy” are the compensation capacitors, the inductance of
the coils, and the resistance of Tx and Rx coils, respectively. In addition, 'k’ represents the
coupling coefficient between the Tx and the Rx coils as shown in Equation (1).

M
S 1
\/LTX*LRX ()

‘R represents equivalent load. In most cases, the load resistance is much larger than that
of the Rx coil, so the Rx coil should be included in the load resistance (Rgyx + Ry ~ Ry ).

Input impedance (Z;,)

Figure 1. The equivalent circuit of a WPT system with an SS topology.

Based on this assumption, the input impedance of the WPT system with the SS
topology viewed from the power source is as shown in Equation (2) under the conditions
of Equations (3) and (4).

w?M?
Zin =Rin +iX.,, =Rpy +iXo, + =————— 2
in in T JAin Tx T JATx RL +RRX +]XRX ( )
1
X1x = WLy — 3
Tx = Whtx wCry 3)
1
XRX - wLRx - wCRx (4)

As described above, since the criterion for determining an over-coupled WPT system
is established by the ZPA of the input impedance, the point where the phase of the input
impedance becomes zero is calculated. The ZPA can be obtained as follows:

LZin(w) = arctan(§m> =0 (5)

in
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The solution in Equation (5) is the same as in Equations (6) and (7) under the condition
of Equation (8) if the values of electrical constants on Tx and Rx sides are identical [20].
In the process of calculating the frequency with the reactance component of Equation (2)
as zero, Equation (6) is the solution to make all reactance on the Tx and Rx sides 0, so it
is not related to the resistance values of the coils. However, the solutions in Equation (7)
depend on the resistance of coils, load resistance, and coupling coefficient of the coil. In
Equation (8), Q; is a quality factor on the Rx side. In the case of a WPT system with an SS
topology, ZPA generally has three points. Figure 2 shows a conceptual graph where the
ZPA is split into three points (w1, wy, w3) according to the coupling coefficient.

1 1

\/LTXCTX \/LRXCRX

1-2Q%+ \/1 —4Q3 + 4K°Q4
Wy, w3 = wq 2 2 , (w3 > wy) @)

2(12 - 1)Q3
o 1 LRx

Q2 - RL CRX (8)

27y [degree] K<k
criritical
E ;k>kcrmtica\
®p w1, ws o [rad/s]

Figure 2. Schematic diagram of the phase of the input impedance according to the coupling coefficient
and frequency.

In order to mitigate the frequency split, the three frequencies of the ZPA must converge
into one point. That one point should be the resonant frequency (w1) of the coil, which is
the intentionally designed. First, among the ZPA’s solutions, Equation (7) is converged to
one point. This can be achieved as follows [20]:

1-4Q% +4K*Q3 =0 )
\/4Q3 — 1
critical — W (10)

The solution to Equation (9) is Equation (10) [20]. Equation (7) converged through
Equation (9) is equivalent to the following [20]:

(11)

In a typical WPT system, a high quality factor is selected to reduce loss, and the
coupling coefficient between the Tx and Rx coils is usually less than 0.2 [23]. Therefore, the
squared values of Q, and the coupling coefficient satisfy the conditions of Equations (12)
and (13).

Q4 >1 (12)
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1> k2 (13)

Therefore, in the case of a typical WPT system, the frequency of ZPA converges to one
point as in Equation (14).
w1 ™~ Wy ™~ W3, (14)

The coupling coefficient with the condition of Equation (10) is called the critical
coupling, and it is referred to as ‘Keyitical’” [20]. When the load resistance and the cir-
cuit constants including the coil are determined, Ksicqa is determined. When the air
gap between the coils becomes smaller and the coupling coefficient of the system in-
creases more than kgica;, the ZPA is divided into three points and a frequency split
phenomenon occurs.

2.2. Power Transfer Efficiency and Maximum Power Transfer of Over-Coupled WPT System

Over-coupled WPT systems differ from non-over-coupled systems in many ways. In
this chapter, the power transfer efficiency (PTE) and maximum power transfer (MPT) of an
over-coupled WPT system which have been previously analyzed are reviewed [19].

If the frequencies at which the reactance of the Tx and Rx sides become 0 are wy; and
Wny, respectively, it can be expressed as Equations (15) and (16).

X1x| =0 (15)

W=Wn1

XRX‘(,U:(A)HZ =0 (16)
The PTE of the WPT system with an SS topology is as shown in Equation (17).

WK Ly Lra Ry W2k Ly LRy

n= ~
Rry [ (Re+ Res)” + X | + 0L LRes + W2K2LLreRL  Rr | (Re 4 Riw) + X | + 02K LrLieRe

(17)

As can be seen from Equation (17), the frequency of maximum PTE is the same as the
Rx resonance frequency (wnz) at which Xgx becomes zero. It can be concluded that the
frequency of the maximum PTE is not affected by the coupling coefficient at all, as shown
in Figure 3.

PTE(m)[%]
100

W = Wn2 w [rad/s]

Figure 3. Schematic diagram of the power transfer efficiency of a WPT System.

Meanwhile, the MPT delivered to the load in the WPT system with an SS topology is
as shown in Equation (18).

w?K*LyLre VinRL
2
|:RTX (RRx + RL) — X1xXRrx + wzkzLTXLRX} + [RTXXRX + (RRx + RL)XTX]z

Pout =

(18)

Unlike the frequency of the maximum PTE, previous papers have reported that the
frequency of the MPT is dependent on the coupling coefficient [19]. The frequency of MPT
converges to the frequency of Equation (6) when the coupling coefficient is less than Kitical,
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and diverges into the two frequencies of Equation (7) when it is greater than kgyijcq1- This is
shown in Figure 4.

Relative 1
power
transfer

[W] ‘v'l': k<kcr|m|ca\

k>kcrmt|ca\

w [rad/s]

Figure 4. Schematic diagram of the transferred power to load according to the coupling coefficient
and frequency.

As can be seen from the previous studies, the frequency of the maximum PTE in the
over-coupled WPT system and the frequency of the MPT are different. In previous studies,
in an over-coupled WPT system, the operating frequency was changed by tracking the
frequency for MPT [22]. When the frequency splitting phenomenon occurs, the WPT system
selects one of the split ZPAs as the operating frequency. In this paper, the higher frequency
(w3) among the frequencies in Equation (7) was selected as the operating frequency. The
reason can be seen in the phase graph in Figure 2. If the lower frequency is selected among
the split frequencies (w>), the phase of the input impedance operates in the capacitive
region (£Z;, < 0°) when the WPT coil is not over-coupled (k < Kgitical)- For the ZVS
operation of the inverter [21], the phase of the input impedance must always operate in the
inductive region (£Zi, > 0°), so a higher frequency wj3 is used.

In other words, in an over-coupled WPT system, it is not possible to transfer power
wirelessly with the highest efficiency at the frequency of MPT. In this paper, series inductors
were applied to the WPT system to mitigate the difference between the two frequencies.
Considerations involved in determining the additional series inductance value were also
analyzed. Details on this will be analyzed in Section 3.

2.3. Analysis of Relation between the Over-Coupled WPT System and EMI

In this section, how the over-coupled WPT system affects EMI is analyzed. To analyze
the EMI of the WPT coils, an analysis of the magnetic field of the circular coil must be
conducted. The calculation of the magnetic field of the circular coil is shown in [24]. The
calculation results are specified in Appendix A. As can be seen from Equations (A1)—(A3),
when all geometric parameters are determined, the magnetic field caused by the circular coil
depends on the magnitude of the current. The current in the coil is not only a component of
the fundamental frequency of the WPT system, but also harmonic components (especially
odd harmonics). Therefore, in order to mitigate the EMI of the WPT system, the current of
the harmonic component must be reduced.

The current of a typical WPT coil varies according to the magnitude of the impedance,
as shown in Equation (19).

Z(w)

If the magnitude of the impedance in harmonics increases, the current will decrease,
and the EMI issue will be improved. Therefore, it can be inferred that if the magnitude
of the input impedance of Equation (2) in the harmonic of the WPT system is increased,
the harmonic magnetic field will be reduced and the EMI issues of the WPT system will
be improved.

ot ()] = \
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The magnitude of the input impedance in Equation (2) is the same as that in

Equation (20).
’Zin| =V Rizn + Xizn (20)

However, at a frequency sufficiently higher than the resonant frequency (w > w1), the
relationship in Equation (21) is established. The magnitude of the input impedance consid-
ering the circuit constants of the Tx and Rx sides, respectively, is shown in
Equation (22).

Xin > Rin (21)
|Z ‘ X X1x (R% + XIZQX) - wzkzLTXLRxXRx (22)
in| = Nin — R% + Xﬁx

Therefore, the slope of the input impedance according to operating frequency is equal
to Equation (23).
AXin

Slope of |Zi,| ~ v (23)

Since the operating frequency of the WPT system is usually several tens of kHz to
several MHz, when calculating the slope of the input impedance, the value can be approx-
imated by using the coefficient of the highest order term in Equation (23). Considering
Equations (21) and (22), approximating through the sixth order term, which is the highest
frequency order in Equation (23), the slope of the magnitude of the input impedance with
respect to frequency is equal to Equation (24).

@® (L Lr — KL, )
woLE,

Slope of |Zin| ~ ~ Lty (1 — kz) (24)

That is, as the inductance of the coil of Tx increases and the coupling coefficient
decreases, the magnitude of the slope increases. Figure 5 shows a schematic diagram of
this result. Note that the condition in Equation (21) is meaningful only at a frequency
that is sufficiently larger than the resonant frequency. Only then can Equation (23) be
satisfied, and thus Equation (24) is satisfied only at a frequency greater than at least the
third harmonic frequency of the fundamental frequency.

Zin| [€2] 200

100

w [rad/s]
Figure 5. Schematic diagram of the input impedance according to the operating frequency.

Further analysis of Equation (24) shows that as the coupling coefficient increases,
the slope of the input impedance with respect to the frequency decreases. If the two
WPT systems have the same minimum impedance at the resonant frequency, the smaller
the slope of the input impedance, the smaller the input impedance value at an arbitrary
harmonic frequency. A conceptual graph explaining this in more detail is shown in
Figure 6. Zj,_1 and Z;j,_, are the input impedances of the two systems, respectively,
and k; and k; are the corresponding coupling coefficients. Since k, is greater than
ki (ky > k1), the slope of the magnitude of the input impedance of the k; system is smaller
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than that of k1 (A|Zin—1| > A|Zin—2]|). Therefore, the input impedance of the system of k;
at the frequency of the harmonic component is smaller than that of k; (|Zijn_1| > |Zin—2]).
In an over-coupled WPT system, since the coupling coefficient is higher than a certain
level (Kqitical), the coupling coefficient is relatively high, and the input impedance has a
relatively low value at the frequency of the harmonic components.

[Zin| [Q] 200
Ky
|Zin—1|
b ©»
i k
100 .. ! s 2
~. I .
ay-——— ;i'i 77777777 - ;‘T/
~. N }
IZin—Zl }
: |
0 : |
w1 W3rd
w [rad/s]

Figure 6. Conceptual graph of the input impedance of two systems depending on the value of
coupling coefficients.

According to Equation (19), the magnitude of the low input impedance leads to a high
harmonic current. Therefore, it is possible to deduce that when the coupling coefficient
increases, the magnetic field in the harmonic component increases and an EMI problem
occurs. In other words, the EMI problem worsens in an over-coupled WPT system with a
relatively high coupling coefficient.

3. Factors to Consider When Designing a WPT System with Additional
Series Inductors

In this paper, series inductors were connected to the Tx and Rx sides to improve the
various issues of the over-coupled WPT system described in Section 2. The equivalent
circuit of a WPT system with series inductors is shown in Figure 7. In Figure 7, L,34_tx and
Ladq4—rx represent the inductance values series on the Tx side and Rx side, respectively, and
Radd—tx and R,g4-rx represent the resistance values of each of the series inductors. Other
circuit constants are the same as in Figure 1. In fact, it is very common to add a series
inductor as a filter to improve the EMI of electronic products [25]. In addition, there is
a previous study which confirmed a reduction in EMI using series inductors in a WPT
system [26]. However, the previous study was limited in two points. First of all, they did
not analyze the factors used to determine the inductance value of the series inductors. In
addition, it did not address how to improve performance by applying it to over-coupled
WPT systems.

, kM)
Laddtx Raddex C'rx ¢ C'pre Laddrx Raddrx

Input impedance (Z;,)
Figure 7. A WPT system with series inductors on the Tx and Rx sides.

This paper analyzes the effect of applying series inductors to an over-coupled WPT
system. In the over-coupled WPT system with the additional series inductors, the frequency
of the maximum PTE and the frequency of the MPT become close, enabling high power
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transfer efficiency and high power transfer at the same time. In addition, when the series
inductors were applied to an over-coupled WPT, the input impedance of the WPT system
at the frequency of the harmonic component increased, and the EMI problem resulting
from the magnetic field caused by the harmonic frequency was alleviated.

3.1. Resonant Frequency and Circuit Constant of WPT System with Series Inductors

The WPT system assumed in this paper is also applicable to applications which
have a high potential of changing air gap, such as AGVs. Usually, the WPT system
applied to AGV is designed to avoid the frequency split region. Therefore, as described in
Section 2.2, the design is based on the condition that the operating frequency and the
resonant frequencies of Tx and Rx are all the same (w1 = wp1 = Wyp).

In a general WPT system that is not over-coupled, the resonances of the Tx and Rx
sides are selected as shown in Equations (25) and (26). Equations (6), (25) and (26) are
values that make the reactance components of Tx and Rx sides to zero, and are not related
to the resistance component.

1
W1 = Wp1 = (25)

\/(Laddftx + LTX>C/TX
1
\/(Ladder + LRX)C/RX

As shown in Equations (25) and (26), in a WPT system with series inductors, the
compensation capacitances of Tx and Rx are selected considering these inductors. The
transferred power and PTE graphs show the characteristics of Figures 3 and 4 because the
compensation circuit is selected by considering the inductance values series to each side of
Tx and Rx (Lgd—tx Ladd—rx) @nd the inductance values of the coils (Lty, Lry). As shown
in Figure 3, PTE has a maximum value only when the operating frequency is the same as
the Rx side resonance frequency Equation (26), apart from over-coupling between coils.
On the other hand, as shown in Figure 4, in the case of an over-coupled WPT system, the
frequency of MPT is split into two points.

Before conducting the analysis of the WPT system with the series inductors, the circuit
constant that changes after the inductor series is applied is newly defined, as shown in
Table 1. The inductances on each side (L, Lg, ) and the equivalent resistances of the coils
on each side (Rf,, Ry, ) are defined by taking the values of the series inductors into account,
and each reactance value (X’,, Xg,) is also calculated by considering the series inductance
value. Please note that the capacitance of the compensation circuit is calculated using
Equations (25) and (26). Meanwhile, the newly defined coupling coefficient considering
the added series inductors is defined as follows:

(26)

W1 = Wn2 =

K =M/ /Ly Lk 27)

Table 1. Defined circuit constants taking into account the series inductors.

Parameters Defined

Lffx Ly + Ladd—tx

LI/{x Lrx + Ladd—rx data
R/Tx Rrx + Radd—ix data
R}{x Rpx + Raddl—rx

/
XTx wLTX T wChy
Xf{x wLi{X - L
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In Equation (27), the mutual inductance is not related to the series inductors because
it depends only on the coupling between the coils. In other words, the mutual inductance
is not related to the series inductors.

3.2. Analysis of the MPT and PTE of the WPT System with Series Inductors

The PTE according to frequency change was analyzed when series inductors were
applied to the Tx and Rx sides. It should be noted that in Equation (17), not only the
resistance of the coil but also the resistance of the series inductance must be included. If
this is expressed again in the equation, it is equal to Equation (28).

WKLy Ly R

‘n =
Riy [(Re + Rig) + X '] + 2K/ Ly L Ry + 02K Ly L R

(28)

Therefore, when designing a WPT system with series inductors, modeling of the series
inductors is very important. Inductance and resistance calculations through modeling
of toroidal inductors have been performed in various previous studies [27-29]. One is a
method using mathematical calculation [27,28], and the other is a calculation method using
a magnetic field EM simulator [29]. In either case, when calculating the PTE in a WPT
system including series inductors, not only the inductance of the series inductor, but also
the resistance must be reflected in the calculation of Equation (28).

Second, the change in MPT according to the frequency of the WPT system, including
the series inductors, was analyzed. As can be seen from Equation (11), when the equivalent
inductance of Ry (Li{X = Lgx + Ladd—rx) increases, the two divided frequencies w; and w3
become closer to one point of wy. That is, the frequencies (w,, w3z) with the MPT approach
the frequency with the maximum efficiency (w;) as shown in Figure 8. It can be concluded
that the series inductors improve the difference between the frequency of the MPT and
the frequency of maximum PTE as the coupling coefficient increases, which is one of the
biggest drawbacks of the over-coupled WPT system.

Relative 1 With Without

power series L series L
transfer .

W]

w [rad/s]

Figure 8. A conceptual graph showing the change in the MPT frequency according to the presence or
absence of inductors.

3.3. EMI in the WPT System with Series Inductors

As mentioned in Section 2.3, the electromagnetic field of the WPT system is pro-
portional to the current in the Tx and Rx coils, and the method to reduce the harmonic
components current is key to improving the EMI problem of a WPT system. In order to
reduce the harmonic component current, the magnitude of the impedance at the harmonic
frequency must be increased.

The current of the Tx coil is determined by the magnitude of the input impedance.
This can be expressed as follows:

Vin ( w) ‘ (29)

(e = | o

Note that the condition in Equation (29) is that the input voltage is constant. As
the inductance of the Tx side increases, the slope of the inductance magnitude increases.
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Therefore, when a series inductor (L,44_tx) is applied to the Tx side, the impedance of the
harmonic component, which is sufficiently higher than the natural resonance frequency
(w > w1), increases, as shown in Figure 9. Therefore, the current of the harmonic compo-
nent decreases. The series inductors on the Tx side reduce the current in the Tx coil, and it
can be inferred that the EMI issues will also be mitigated, as shown in Appendix A.

1Zin| [Q] 200
|Zin—1|
(With L,qq)

10 - Zin-al
7

(Without
Lad,)

d)l W3rd
w [rad/s]

Figure 9. Equivalent input impedance of Rx side viewed from Rx equivalent source.

Similarly, the current in the Rx side coil is equal to Equation (30).

(30)

()] = | 2]

Zin—rx(w)

The difference between the current on the Rx side and the current on the Tx side is

that V3 is the voltage induced by the Tx side current (I;). This can be seen in Figure 10,

and the equivalent impedance viewed from the equivalent power source (V3) of Rx is
as follows:

Zinfrx(w) =Ry + Rf{x + jxiix' (31)

C’Rx Ladd_rx Radd_rx

RRX

Equivalent impedance of Rx side
(Zin-rx)

Figure 10. Equivalent input impedance on the Rx side, viewed from an Rx equivalent source.

At a frequency sufficiently greater than the natural resonance frequency (w > w1),
the magnitude of input impedance is as follows:

|Zin—mx ()] 2 Xiy- (32)

At a frequency sufficiently greater than the natural resonance frequency (w > w1),
Equation (32) increases as Ly, increases, so when L,gq_rx is a series, the magnitude of
equivalent impedance on the Rx side (|Zj_rx(w)]|) in harmonic component also increases,
as shown in Figure 9. Likewise, since the current in the harmonic component causing
the EMI issue decreases as the impedance increases, it can be inferred that L,qq_rx also
alleviates the EMI issue.
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3.4. Considerations on Desgining a WPT System with Additional Series Inductors

Based on the analyses, as the additional series inductance increases, the effect on
the MPT, the magnitude of the impedance, and the PTE are as summarized in Table 2.
When the series inductance increases, the frequency of the MPT approaches the resonant
frequency of the maximum PTE, and the magnitude of the input impedance increases,
thereby reducing the harmonic component current, improving the EMI issue. However, as
the series inductance increases, the resistance of the series inductance also tends to increase,
resulting in a lower PTE.

Table 2. Advantage and disadvantage of applying additional series inductors.

Components Change as Added Inductance Increases
Frequency of MPT Approaching to w, (Advantage) data
Higher magnitude of Z;;, in harmonics

Magnitude of impedance data

(Advantage)
PTE at natural resonance frequency =~ Lower power transfer efficiency (Disadvantage)

Figure 11 shows the considerations when designing a WPT system with series induc-
tors. First, when designing a WPT system with the possibility of a changing air gap, check
the coupling coefficient that can be maximized (kmax). If the maximum coupling coefficient
(kmax) is less than the critical coupling coefficient (Kcritica1), the series inductors can be
designed only to improve EMI. On the other hand, if the maximum coupling coefficient
(kmax) is greater than the critical coupling coefficient (Kyitica1), series inductors should be
designed both to bring the frequency of the MPT close to the frequency of the maximum
PTE and to improve the EMI issue. Finally, efficiency must be considered in all cases. The
series inductors in the WPT system must be properly selected based on the importance of
efficiency and EMI issues, MPT frequency and maximum PTE frequency.

Estimate the minimum air gap (maximum coupling
coefficient ko) of the WPT system

kma)( < kcri!i(:al kmax > kcri(i(:al

v

Design for approaching the frequency of MPT to the
frequency of maximum PTE

Design for improving EMI issues ] 1

[ Design for improving EMI issues ]

\ 4 *
v

[ Check of decrease in PTE ]

and
adjustment of series inductance

Figure 11. Design considerations of series inductors according to the maximum coupling coefficient of the WPT system.

4. Verification through Simulations and Experiments
4.1. Simulation Results

Figure 12 shows the structure of the WPT coils designed using an electromagnetic
(EM) field simulator. The contents proposed in this paper were verified using the coil
in Figure 12. The design specifications of the coils on the Tx and Rx sides are the same.
The structural information of the coil and the wire is specified in Table 3. In addition,
the simulation results are shown in Table 4. The resonance frequency was selected to be
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60 kHz, and the mutual inductance values and coupling coefficient according to the air gap
are listed in Table A2 in Appendix B.

\ : 4 v P 4 Air-gap
I 7
2.8mm Ty /

(a) (b)

Figure 12. WPT coils designed by an electromagnetic field simulator: (a) bird’s eye view;
(b) top view.

Table 3. Structural and material specifications of WPT coils.

Parameters Value
Wire of coil 0.05 mm /1300 strands Litz wire data
Diameter of the wire 2.8 mm data
Layer of coil 1 layer
Number of turns 12 turns

Table 4. EM simulation results of coils.

Parameters Value
Frequency 60 kHz
Inductance 35.6 uH data
Resistance 43 mQ)

First, the magnitude of the input impedance according to the coupling coefficient
analysis was analyzed. The circuit simulation was conducted with the configuration shown
in Figure 1, and the magnitude of the input impedance was analyzed as the coupling
coefficient (k) changed. Information on the detailed setup of the circuit simulation is shown
in Table 5.

Table 5. Setup of circuit simulations.

Parameters Value
Resonance frequency (wyn1, wn2) 60 kHz
Tx and Rx coils inductance (Lty, Lry) 35.6 uH data
Resistance of coils (Ryy, Rrx) 43 mQ)
Compensation capacitor of Tx and Rx side (Cty, Crx) 197.6 nF
Coupling coefficient (k) 0.10~0.51 (5 steps) 1
Load resistance (Ry)) 240

! Corresponding coupling coefficient according to air gap change (5 steps from 20 mm to 100 mm in 20 mm steps)
in Table A2.

Figure 13 shows the changes in the magnitude and phase of the input impedance,
respectively. As expected in Section 2.3, as the coupling coefficient increases, the slope
of the input impedance decreases. Since the slope of the input impedance decreases, the
magnitude of the input impedance also decreases in the harmonic components. This is
shown in Figure 13a. In addition, as expected in previous studies, as the coupling coefficient
increases, the ZPA gradually moves away from the original resonance frequency of 60 kHz.
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This is shown in Figure 13b. Note that the critical coupling coefficient (K.tica) Obtained
using Equation (10) is 0.176.

Magnitude of Z;,[Q]
5 8

Frequency [kHz]

o

o

o

(9]

ke

“E of

N

“6 fr———————
—20 mm (k=0.51) b4 —20 mm (k=0.51)
—40 mm (k=0.30) & —40 mm (k=0.30)
—60 mm (k=0.21) T —60 mm (k=0.21)
—80 mm (k=0.14) —80 mm (k=0.14)
—100 mm (k=0.10 —100 mm (k=0.10)

. . : 3 1001 | I T |
200 250 300 350 400 20 60 100 140 180
Frequency [kHz]
(@) (b)

Figure 13. Change in input impedance according to air gap (coupling coefficient): (a) input impedance magnitude change
according to frequency change; (b) input impedance phase change according to frequency change.

Next, the effect on the WPT system with series inductors was analyzed. As mentioned
above, the calculation of the inductor is divided into a method using calculation [27,28] and
an analysis method using an EM solver [29]. In this paper, the inductor was designed using
a toroidal core, and the inductance and resistance values of the inductor were calculated
using an EM solver. Detailed design information about the inductors is presented in
Appendix C.

As described in Section 3, not only the inductance of the series inductor, but also the
resistance of the series inductor is very important, and the calculation results are shown in
Table A4. The circuit simulation was configured as shown in Figure 7 and the basic circuit
simulation setup is shown in Tables 6 and 7. The coupling coefficient was selected to be
0.37 for a 30 mm air gap in Table A2. The capacitance of the compensation circuits (Cf,,
Cpy) was calculated by considering the resonance frequency and the equivalent inductance
of each Tx and Rx (L%, L, ) and is calculated through Equations (25) and (26).

Table 6. Setup for circuit simulation of changing input impedance according to L,qq4.

Parameters Value
Resonance frequency (wp1, wpo) 60 kHz
Tx and Rx coils inductance (L1y, Lgry) 35.6 uH
Resistance of coils (Rty, Rry) 43 mQ)
Coupling coefficient (k) 0.37
Load resistance 240

Figure 14 shows the change in the input impedance as the series inductance changes.
Figure 14a shows the magnitude of the input impedance. As expected from
Equation (24), as the inductance value of the series inductors increases, the input impedance
at the frequency of the harmonic component increases. Since Loqq—tx, Ladd—rx are increased
in units of 10 puH, the slope of the input impedance increased very regularly, as expected
in Equation (24). In addition, as can be seen from Figure 14b, as the value of the series
inductance increases, the ZPA frequencies (w1, wy, w3) converge to the original resonance
frequency (wq) of the system. Particularly, as described in Section 3, when the WPT system
is over-coupled and a frequency splitting phenomenon occurs, w3 is used as the operating
frequency. It has been determined that wj3 is the frequency of the MPT. On the other hand,
as described in Section 3, the frequency of the maximum PTE is the original resonant
frequency (w1) of the system. Therefore, w3 getting closer to w; means that the frequency
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of maximum PTE and the frequency of MPT are getting closer, which can improve the
disadvantages of the conventional over-coupled WPT system. In an over-coupled WPT sys-
tem, the difference between the frequency of maximum PTE (w; = 2mtf;) and the frequency
of MPT (w3 = 27tf3) is defined as follows:

Af =5 — f;. (33)

Table 7. Inductance of series inductors (L,q4) and corresponding compensation capacitance values

(CTXI CRx)-
Inductance of Coils (Ltx, Series Inductance (L gq_ Compensation Capacitance
Lgx) [uH] Lagd_nd [HHI (C'x, C'Rx) [nF]
0 195.5
10 152.9
20 126.6
30 107.2
40 93.1
356 50 8222
60 73.6
70 66.6
80 60.9
90 56.3
500 ! T T 100 [

400

o
o

——Ladd=0
—Ladd=10 uH
Ladd=20 uH
—Ladd=30 uH
——Ladd=40 uH
——Ladd=50 uH
—Ladd=60 uH
—Ladd=70 uH
——Ladd=80 uH
Ladd=90 uH

@
o
o

T

n
[=3
o

T

Phase of Z;[degree]
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Z |

Magnitude of Z;,[Q]

@
o

100 |y

o . -100 L .
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@) (b)

Figure 14. Input impedance change according to the series inductance value (L,gq—_tx, Lagd—rx): () input impedance
magnitude change according to frequency change; (b) input impedance phase change according to frequency change.

Figure 15 shows the PTE and the relative power transferred to the load as a function
of the additional series inductance. Here, PTE is the ratio of the power delivered to the
equivalent load (Ry) to the power supplied from the power source (Vj,), and the power
transfer capacity is the relative amount of power transferred to the equivalent load (Rp)
in the setup in Figure 7. The relative amount of transferred power means the ratio when
the maximum transferred power is set to unity. As shown in Figure 15a, it always has the
maximum efficiency at the resonant frequency regardless of the inductance value of L,4q.
This is what was expected in Equation (17). As the value of L,44 is increased, the overall
efficiency decreases due to the parasitic resistance (Ryqq—tx, Radd—rx) of Lagq- Figure 15b
shows the relative power transfer capacity according to series inductance. As expected from
the impedance phase in Figure 14b, the frequency (wz, w3) of MPT gradually approaches
wj as the series inductance increases. Note that the relative MPT gradually decreases
as series inductance increases. This is a reasonable result considering that all parasitic
resistance values are located in the denominator in Equation (18).
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—Ladd=0
——Ladd=10 uH
Ladd=20 uH
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——Ladd=50 uH 7]
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Power transfer efficiency [%]
Relative transferred power
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Frequency [kHz] Frequency [kHZ]

(a) (b)

Figure 15. PTE and relative transferred power to load change according to the series inductance value (L,qq—tx, Ladd—rx):
(a) change in PTE according to frequency change; (b) change in relative transferred power according to frequency change.

Figure 16a shows the difference between the maximum PTE frequency in Figure 15a
and the MPT frequency in Figure 15b. As previously analyzed, the difference between the
two frequencies decreases as the series inductance value increases. Meanwhile, Figure 16b
shows that the power transfer efficiency decreases as the series inductor increases.

16 T T . - =100 . .
0147 -
N o |
= Zos
120N 95.9
5 :
=3 <105 ® o6h. 1
3 . - o ‘248 o3
= 8.2 S gy T 439 ese o )
Esl o« o7 & T +2° 927
— .. (5] el
W - 57 g %2 *919
o $-e.., 49 44 5} ~
=, - W44 39 5 90 e,
L - 4 ‘B 897\“
= 35 4, § ot RS
< e 87.2
oL L L ' | L | ] b L L L ! I
0 10 20 30 40 50 60 70 8 90 g o 10 20 |30 | 4 5 60 70 8 9
Added series inductor (L,qq) [UH] & Added series inductor (Lagq) [MH]
(a) (b)

Figure 16. The difference between the MPT frequency and the maximum PTE frequency, and the power transfer efficiency
change at the MPT frequency according to the change in the series inductor (Lyqq—tx, Ladd—rx): (a) change in the difference

between the MPT frequency and the maximum PTE frequency (Af); (b) change in the power transfer efficiency change at
the MPT frequency.

Additionally, Figure 17 shows the fast Fourier transform (FFT) results at the fun-
damental frequencies of the Tx current and Rx current and the third, fifth, and seventh
harmonic frequencies when the circuit simulation of the 30 W class WPT system was
conducted. As expected from Section 2, the input impedance increased as the inductance
of the series inductor increased, so that the current in the harmonic frequency component
decreased. As the series inductance increases, the magnitude of the current decreases at
the frequencies of all harmonics except the fundamental component. Meanwhile, as the
series inductance increases, the MPT decreases slightly, as shown in Figure 15b, so in order
to transfer the same power (30 W), the fundamental component of the Tx current must
increase slightly, which is shown in Figure 17a. Since the output power is all the same at
30 W, the fundamental of the Rx current is the same, which is also shown in Figure 17a.
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Figure 17. Changes in current harmonic components according to the value of the additional series inductors (Lyqq_tx,

Ladd—rx): (a) fundamental components of Tx and Rx currents; (b) 3rd harmonic components of Tx and Rx currents; (c) 5th

harmonic components of Tx and Rx currents; (d) 7th harmonic components of Tx and Rx currents.

In this paper, the additional series inductor was selected to be 30 uH. The PTE of the
WPT system decreases by 2% or less compared to when the series inductor is not added.
It is up to the WPT system designer to choose whether to focus on efficiency or EMI in a

WPT system.

In order to analyze the components of the current harmonics of the WPT system
including the designed L,q4, a power transfer circuit simulation setup was constructed,
as shown in Figure 18. All circuit simulation parameters except the load resistance were
configured as shown in Tables 4 and 5. The load resistance was set to 3 ohms so that
the input resistance considering the rectifier was equivalent to 2.4 ohms, as shown in
Figure 18 [21]. The input power Pj, is the real power output from the inverter, and the
output power Pqy is the real power input to the rectifier, as also shown in Figure 18.
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Figure 18. Circuit simulation setup for current harmonic component analysis according to L,qq.

Table 8 shows the simulation results when operating a 30 W class WPT system. As
previously targeted, it can be seen that the PTE of the WPT system with the series inductor
added is 2% lower than that of the system without the series inductor added.

Table 8. Simulation results of a 30 W class WPT system according to the presence of L,q4 (30 pH ).

Parameters Without L, 44 With L, 44 (30 uH)
Input voltage (Vin) 9.8 Vims 10.3 Vims
Input current (I1) 3.74 Arms 3.87 Arms
Input power (Pjy) 31.5W 321W
Output voltage (Vout) 8.5 Vims 8.5 Vims
Output Current (I) 3.74 Aims 3.54 Aims
Output Power (Pout) 302 W 30.15 W
Power transfer efficiency (Pout/Pin) 95.87% 93.93%

4.2. Experiment Results

For the measurement, WPT coils to be used in the WPT system are fabricated. The
manufactured coil has design specifications as shown in Figure 12 and Tables 3 and 4, and

the actual shape is shown in Figure 19, and the measured electrical data are shown in
Table 9.

Figure 19. Fabricated actual WPT coils.

Table 9. Measured inductance and resistance of the WPT coils.

Parameters Inductance [uH] Resistance [()]
Coil 1 35.4 0.059
Coil 2 355 0.054

In addition, Table 10 shows the mutual inductance and the coupling coefficient at each
air gap of the coils of the WPT system.
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Table 10. Measured inductance and resistance of WPT coils.

Air Gap between Tx and Rx Coils [mm] Inductance [pH] Coupling Coefficient
30 14.33 0.40
60 8.00 0.26
90 4.75 0.13

Next, toroidal inductors were fabricated for the series inductors. The toroidal cores
had the design specifications shown in Table A3 in Appendix C. The shape of the actual
fabricated core is shown in Figure 20, and the calculated resistance values and measured
resistance values at each inductance are shown in Table 11. The toroidal inductances for
the experiments were produced by selecting three representative values (30 uH, 60 pH,
90 pH) from the series inductance values (10 to 90 pH) used in the simulation in Table 7.
Although there was a difference of up to 30% between the measured resistance value of the
inductor and the resistance value calculated by the EM solver, it can be concluded that the
calculation of the resistance value by the EM solver is reliable enough to design an actual
WPT system.

, ? &q; s 9 /8

i

<30 pH > <60 uH > <90 puH >

Figure 20. Toroidal inductors manufactured for use as series inductors.

Table 11. Measured resistance and calculated resistance value of the manufactured inductor.

Inductance [uH] Calculated Resistance [()] Measured Resistance [()]
30 0.050 0.066
60 0.081 0.116
90 0.258 0.370

Meanwhile, Table 12 shows the value of the compensation capacitance selected using
(25) and (26) according to the inductance value of the coil and the inductance value of the
series inductors.

Table 12. Inductance of series inductors (L,q4) and corresponding compensation capacitance values
(C,TX/ C,Rx)-

. Series Inductance Compensation
Inductance of Coils @ L ) Capacitance (C" Resonance
add—tx” ~add—rx Txrs
(Ltx, Lrx) [#H] [LH] C'ry) [nF] Frequency [kHz]
0 200 59.73
30 107 60.12
355 60 74 59.87
90 56 59.98

Using the fabricated and measured WPT coils, series inductors, and compensation
capacitors, the setup was constructed as shown in Figure 7 and the input impedance was
measured. The load resistance (Ry) was selected to be 2.4 ohms as in the simulation, and the
inductance of the load resistor was less than 10 nH, so it had little effect on the resonance of



Energies 2021, 14, 2791

20 of 28

Magnitude of Z;,[Q]

250 |

the WPT system. The input impedance was measured as shown in Figure 21; an impedance
analyzer (Keysight E4990A) was used for the measurement.

Tx & Rx coils Tx & Rx capacitor (Cry, Cgry),
(Lro Lrx) series inductor (Lagq.txo Lagd.rx)

Figure 21. Input impedance measurement using an impedance analyzer.

First, the slope and phase of the input impedance change were measured according
to the coupling coefficient. The input impedance was measured by changing the air gap
between the WPT coils to 30, 60, and 90 mm, and the result is shown in Figure 22. As
in the simulation conducted above, it can be seen from Figure 22a that the smaller the
air gap between the coils (the larger the coupling coefficient of the coils), the smaller the
slope of the input impedance and the smaller the magnitude of the input impedance in
the harmonic components. In addition, it can be seen from Figure 22b that as the coupling
coefficient increases, the ZPA frequencies (fp, f3) gradually become farther from the original
resonant frequency (f; = 60 kHz).

1007
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Figure 22. Measured input impedance according to air gap (coupling coefficient): (a) input impedance magnitude change

according to frequency change; (b) input impedance phase change according to frequency change.

Figure 23 shows the change in the input impedance when the series inductors were
added to the WPT system. As in the simulation, as the series inductance value increased,
both the slope of the magnitude of input impedance and the magnitude of impedance at
the harmonic component frequency increased, as shown in Figure 23a. Likewise, it can be
seen from Figure 23b that as the series inductance increased, the frequencies of ZPA (f;, f3)
rather than the resonant frequency gradually approach the original resonant frequency
(f; = 60 kHz).
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Figure 23. Measured input impedance change according to the series inductance value (Lyqq—tx, Ladd—rx): (a) in-

put impedance magnitude change according to frequency change; (b) input impedance phase change according to

frequency change.

Figure 24 shows the experimental setup used for measuring the current harmonics and
transferred power of a WPT system. Measurements were performed using an oscilloscope
(Keysight MSO-X4154A) and a power analyzer (YOKOGAWA WT1802E). Input and output
power were measured based on Figure 18, from the output of the inverter (Pj,) to the
input of the rectifier (Poyt). Table 13 shows the voltage, current, and power of the input,
output, respectively, with and without series inductance when performing a 30 W class
WPT experiments. Compared to the WPT in the previous simulation, the PTE decreased by
4.5% both with and without the series inductance. For that reason, first, the resistance of the
compensation capacitor was ignored in the simulation, but the parasitic resistance of the
actual compensation capacitor was about 20 to 40 m(), which cannot be ignored, compared
to the resistance of the WPT coils (about 50 mQ)). The second reason is that the resistance
of the fabricated coil and the series inductor was measured to be slightly higher than that
of the simulation. However, as in the simulation, the difference between the measured
PTE with and without the series inductor was less than 2%, so it can be concluded that the
design considerations of the WPT system with the series inductor analyzed in this paper
are valid.

Series inductor (L,4q4..x) Series inductor (Lagq.rx)

Figure 24. Experimental setup for measuring the transferred power and harmonics of current in a
WPT system.
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Table 13. Experimental results of a 30 W class WPT system according to the presence of L,q4 (30 uH ).

Parameters WO L,44 With L,44 (30 uH)

Input voltage (Vin) 14.2 Vims 14.7 Vims

Input current (I) 4.00 Arms 4.15 Arms
Input power (Pj,) 36.5W 364 W

Output voltage (Vout) 10.73 Vims 10.4 Vims

Output Current (I2) 3.41 Arms 3.44 Arms
Output Power (Pout) 333 W 325W
Power transfer efficiency (Pout/Pin) 91.23% 89.29%

Table 14 shows the peak values of the fundamental components among the current
components of the Tx and Rx coils. As in the previous simulation, the fundamental
component of the Tx coil current when the series inductance was applied is higher than
when the series inductance was not applied. Figure 25 shows the current in the odd
harmonic components of each coil with and without series inductors, when conducting
a 30 W class WPT experiment. As in the simulation, the current of the odd harmonic
component when the series inductance was applied was reduced by a minimum of 35% to
a maximum of 73% compared to when the series inductance was not applied.

Table 14. Measurement results of the Tx and Rx fundamental current components when operating a
30 W class WPT according to the presence of Ladd (30 uH ).

Parameters WO L,4q With L, 44 (30 uH)
Input fundamental current (Iy) 4.05 Apeax 4.27 Apeak
Output fundamental current (I) 3.48 Apeak 3.50 Apeak
120 80 779
T 100 I Without L ,uq T o I Without L g
E E.60
2 . »
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5 E
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Figure 25. Measurement of the FFT of Tx and Rx current waveforms when operating a 30 W class WPT according to the
presence of Ladd (30 uH): (a) comparison of odd harmonic components of Tx current (I1); (b) comparison of odd harmonic
components of Rx current (I).

Finally, the EMI was measured at a distance of 3 m in accordance with CISPR 14-1
standard [30], while the 30 W class WPT system was operating. Figure 26 shows the
measurement setup. Table 15 shows the measured EMI data of the WPT system, and when
the series inductance was applied. When the series inductance was applied, it reduced
from 3.42 dBpA/m to a maximum of 9.02 dBpuA /m compared to when it was not applied.
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Figure 26. Equipment setup for measuring the EMI of the WPT system.

Table 15. Comparison of EMI results for WPT systems with and without series inductors (30 pH ).

Frequency Measured EMI EMI Reduction
WO L,qq [dBuA/m]  With L,44 (30 uH) [dBuA/m] [dBuA/m]
Fundamental 17.05 22.21 +4.6
3rd harmonic 1.46 —7.56 —9.02
5th harmonic —11.32 —15.97 —4.65
7th harmonic —18.39 —21.81 —3.42

Meanwhile, Table A5 of Appendix D shows the standard of radiation emission defined
in CISPR 14-1. Comparing the EMI measurement results of Table 15 with the EMI limit
specifications of Table A5, it can be seen that all measurement results, whether the series
inductor is added or not, do not exceed the limit specifications. This is because the
power transfer capacity is relatively low (30 W class), and if the power transfer capacity is
increased, the measured EMI results may exceed the limit standard. Although there is a
difference between the limit standard and the measured EMI values, it can be said that the
WPT design with the additional series inductors has proved sulfficiently effective because it
effectively reduced EMI (maximum —9.02 dBuA/m).

5. Discussion

In this paper, we proved the contents analyzed by equations in the analysis through
a system with resonance frequency of 60 kHz. The reason why a system with a resonant
frequency of 60 kHz can be representative in the verification process is that the characteris-
tics of an over-coupled WPT system and a WPT system with series inductors analyzed in
the paper do not depend on resonance frequency. By looking at Equation (17) representing
the PTE, Equation (18) representing the transferred power, Equation (24) representing the
magnitude of the input impedance, and Equations (29) and (30) representing the current
component of the coil, it can be seen that even if the resonant frequency changes, the
analyzed characteristics do not change.

Figure 27 shows the analysis of the input impedance in the case of a WPT system with a
resonance frequency of 100 kHz. While the WPT system analyzed in the paper has a resonant
frequency of 60 kHz, the resonant frequency in Figure 27 is 100 kHz. Except that the natural
resonance frequency (w1) has been shifted from 60 kHz to 100 kHz, all characteristics are
identical. That is, it can be seen in Figure 27a that the slope of the input impedance increases
in proportion to the added series inductance, and as the series inductance increases, the other
two points of ZPA (w,, ws3) converge to the natural resonance frequency (wi). Therefore,
it can be inferred that the input impedance and series inductors of the over-coupled WPT
system analyzed in this paper can be applied regardless of the resonance frequency.
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Figure 27. Input impedance change according to the series inductance value (L,3q—tx, Ladd—rx) When resonance frequency

is 100 kHz: (a) input impedance magnitude change according to frequency change; (b) input impedance phase change

according to frequency change.

6. Conclusions

In this paper, two problems of the over-coupled WPT system were analyzed. First,
the over-coupled WPT system had a problem in that the slope of the input impedance in
the harmonics was reduced, and the EMI issue in the harmonics component worsened.
It was analyzed mathematically. In addition, another problem was analyzed—that the
over-coupled WPT system has a limitation in that the frequency of the MPT and the
frequency of the maximum PTE are different. This means that the MPT and maximum PTE
values, which are very important in the WPT system, cannot be achieved simultaneously
at operating frequency.

In order to solve the problems of the over-coupled WPT system, design considerations
of the WPT system with series inductors were proposed. When series inductors are added
to the WPT system, the slope of the input impedance in the harmonic component increases
in proportion to the additional series inductance. It was found that the increase in the input
impedance slope in harmonics has the effect of relatively increasing the input impedance,
and the EMI issue is improved by reducing the current of the harmonic component of the
WPT system with series inductors. Another problem of the over-coupled WPT system, the
problem that the frequency of the MPT and the frequency of the maximum PTE is different,
was also proven to be improved by applying series inductors.

The analysis was verified through simulation and experiment, and EMI was measured
in a 30 W class WPT system with series inductors. The WPT system with added series
inductors designed in consideration of the proposed contents of this paper has proven its
effectiveness by obtaining a maximum EMI reduction of 9.02 dBpA /m with a 2% reduction
in power transfer efficiency.

In the WPT system with series inductors analyzed in this paper, the efficiency decreases
due to the parasitic resistance of the series inductance, but the relatively simple structure
has the effect of reducing EMI, and the maximum PTE frequency and the MPT frequency
become closer. Consequently, the proposed system has a total of two advantages. This
simple structure has a certain advantage over other EMI reduction methods (reactive shield,
active shield [15]) of the WPT system, and has the advantage that its versatility is very high
as analyzed in this paper.
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Appendix A

Figure A1 shows a typical circular coil. The coil has n turns. The magnetic field
calculated at an arbitrary measurement point is as shown in Equations (A1)—-(A3) [24].

.
|B| = /BS + B (A1)

I 1—o?—p?

= e (B0 g K9 (a2
I 1 2 2

B, = %{E(k)w —K(K)} (A3)

n turns

N

leoit

Figure A1. Magnetic field produced by a circular coil.

The detailed meaning of each character in Equations (A1)—(A3) is specified in
Table A1 [24].
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Table A1. Characters required for calculating the magnetic field of a circular coil.

Parameters Value
o r
B %
&
Y T
Q [(1 + )2+ [32]
1
k ) ﬁ“
K(k 1 file)
®) nfo —Ksin? 0
E(k) JoF V1— k% sin? 040

K(k) is the complete elliptic integral of the first kind, and E(k) is the complete elliptic

integral of the second kind [24].

Appendix B

Table A2. Simulation results of coil mutual inductance and coupling coefficient according to air gap.

Air Gap [mm] Mutual Inductance [uH] Coupling Coefficient
5 28.54 0.8
10 24.68 0.69
15 21.56 0.6
20 18.8 0.51
30 134 0.37
40 10.8 0.30
50 8.9 0.25
60 7.32 0.21
70 6.09 0.17
80 5.11 0.14
90 43 0.12
100 3.65 0.10
Appendix C
Table A3. Specifications of the toroidal core used to make the inductor.
Parameters Value
Toroidal core model ORB330H060
Outer diameter 33.83 mm data
Inner diameter 19.3 mm
Height 11.61 mm
Cross section 0.672 cm?
Path length 8.15 cm?
Window area 2.93 cm?
Permeability 60 n
AL value 61 [nH/N?]
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Table A4. Results for the toroidal inductors as analyzed by EM solver 1

Inductance [uH] Number of Turns [turns] Resistance [mQ)]
10 13 29
20 18 41
30 22 50
40 26 57
50 28 65
60 31 80
70 34 111
80 36 171
90 38 248

! Wire diameters used in all inductors are all equal to 1.0 mm.

Appendix D

Table A5. CISPR 14-1 Standard (EMC-Requirements for household appliances, electric tools and
similar apparatus, Part 1: Emission) [30].

Frequency Range [MHz] Limits at 3m Distance [dBuA/m]
0.009 to 0.070 69
0.070 to 0.150 Decreasing linearly with logarithm of frequency from 69 to 39
0.150 to 4.0 Decreasing linearly with logarithm of frequency from 39 to 3
4.0t0 30 3
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