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Abstract—This letter proposes a method for selectively reducing
harmonic magnetic field. When a wireless power transfer (WPT)
system transmits power using a magnetic field as a medium, a
leakage magnetic field inevitably occurs nearby. Meanwhile, a
square wave voltage is generated by high-frequency switching of the
inverter or rectifier used in the WPT system, and this square wave
voltage is divided into fundamental and harmonic components.
Harmonic components are radiated through the coil and can cause
interference in other electronic devices, resulting in an electromag-
netic interference (EMI) problem. The proposed method selectively
and completely reduces harmonics by modifying the double-sided
LCC topology. The approach was verified through an experiment,
showing that the third harmonic and fifth harmonic can be reduced
by 16.03 and 18.27 dB, respectively.

Index Terms—Double-sided LCC topology, electromagnetic
interference (EMI), wireless power transfer (WPT) system.

1. INTRODUCTION

IRELESS power transfer (WPT) technology has been
W employed in various applications that require low power
as well as high power [1], [2], [3]. This versatility is achieved
by using a magnetic field as the medium to wirelessly transfer
power from the transmitter (TX) to the receiver (RX). During the
transfer process, a leakage magnetic field inevitably occurs. This
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leakage magnetic field can cause a malfunction or even damage
to other electronic devices, a problem known as electromagnetic
interference (EMI) in WPT systems.

Previously, to mitigate harmonic radiated fields, a reactive
shielding method and adding a series inductor were proposed.
In [4], a method of shielding two components was proposed,
but because it adds a coil, it had the disadvantages of increasing
the volume of the system. Hong et al. [5] proposed an opti-
mal resonant frequency for the shield coil to selectively shield
EMI. However, because it was applied to a tightly coupled
WPT system for mobile applications, it did not consider EMI
generated in the RX. Sim et al. [6] proposed a shield coil
design method that reduces EMI while increasing efficiency.
The reported performance was 1.1 dB, which is insufficient, and
the location of the shielding coil was in the exact center of the
TX and RX coils, making it unsuitable for actual applications.
Shin et al. [7] proposed an EMI suppression method that added a
series inductor in a series—series (SS) topology. In the SS topol-
ogy, adding more series inductors improves EMI performance.
However, as the inductance increases, the parasitic resistance
also increases, which can lead to a significant decrease in power
transfer efficiency.

This letter proposes a method to selectively and completely
cancel harmonics in the double-sided LCC topology, which is
widely used in WPT systems. Section II explains the principle
of selectively cancelling harmonics. In Section III, the proposed
method is verified through experiment. Finally, Section IV con-
cludes this letter.

II. METHOD FOR SELECTIVELY SUPPRESSING A HARMONIC
MAGNETIC FIELD

Fig. 1 shows the EMI source of the WPT system. Typically,
WPT systems use an inverter and a rectifier, which are composed
of switching elements such as MOSFETs and diodes. As a result,
these power electronics circuits generate a square wave volt-
age. This square wave voltage contains harmonic components,
and WPT systems generally exhibit odd harmonic components,
which are the primary cause of EMI issues [8].

Fig. 2 shows the proposed double-sided LCC topology. The
resonance condition of the existing double-sided topology can
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Fig. 1. EMI sources of the WPT system due to the power electronic circuits.
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Fig. 2. Proposed double-sided LCC topology in a WPT system to selectively
suppress EML.

be summarized as follows [9]:

1 1
W, = =
VLs1Cp1 +/(Ltx — Ls1)Cs1
B 1 - 1 )
VLs2Cp2  \/(Lrx — Ls2)Cs2

Fig. 3 shows the equivalent circuit of the double-sided LCC
topology depending on the frequencies. Fig. 3(a) shows the
equivalent circuit of the double-sided LCC topology at the
operating frequency. Equation (2), represents the general form
of the Kirchhoff’s voltage law (KVL) equations for the four
loops in Fig. 2, including both the fundamental and harmonic
components, and is expressed in a matrix form (2) shown at the
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Fig. 3. Double-sided LCC topology depending on the frequencies (a) at the
operating frequency and (b) at the harmonic frequencies.
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The matrix equation in (2), when n equals 1, represents the
KVL at the operating frequency. When (4) is satisfied, Lin(w,)»
Itx(w,)s IRX(w,)> and Loy (w,) can be expressed as in (5)
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where the subscript (w, ) represents the components of operating
frequency.

As shown in (5), the proposed topology retains the charac-
teristic of the double-sided LCC topology, where Itx ) and
Tout(w,) remain constant regardless of the load.

At the nth harmonic frequencies, the harmonic current of Ipx
and Irx should be zero to make the harmonic magnetic field
ideally zero. In Fig. 2, the harmonic impedance that contains
Cp1, Ly1, and Cq can be calculated as

1
+ jnwoL g1 + ~
1

Z _— _—
JnwoCyp JnwoCr1

pl(nw,) — + Rfl (6)
where Z1(ny,) is the impedance at the nth harmonic, which
includes Cp1, L1, and Cyy.

Cp1 and C'y; can be calculated from (1) and (4) as

1
= — 7
Pl WOZLSI ( a)
Cr = 1 (7b)
e WOQLfl )
Substituting (7) into (6), we obtain
woLSI . woLfl
Zolinw.) = ——— oL - R
P1(nw,) in +nwolip1 + n + g
 Lsi+(1—n?)Lp
= — ( ) Ly + Ry 8

Ly, which makes an imaginary part of (8) zero, can be
calculated as

Lsi
n?—1
In addition, if the same condition applies to the RX side, L yo
can be calculated as

Ly = 9

Lso
n2—1
Fig. 3(b) shows the equivalent circuit of the double-sided LCC
topology at the harmonic frequencies. The matrix equation in (2)
represents the KVL at the harmonic frequencies. When (9) and

(10) are SatiSﬁedv Iin(nwo), ITX(nwD)a IRX(nwo)a and Iout(nwo)
can be expressed as

Ly = (10)

I _ jVinv(nwo)
in(nw,) — Ls1nw,
ITX(nwO) =0
IRX(nwo) =0
jVout(nwo)
Iout(nwo) = - m (11)

where the subscript (nw,) represents the components of the
harmonic frequencies.

As shown in (11), when the proposed method is applied, the
nth current of the TX and RX coils is ideally zero, which means
that the harmonic magnetic field is also ideally zero. In practice,
due to parasitic resistance and the fact that the resonance of the
circuit components in (4), (7), and (9) is not perfectly satisfied,
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Fig. 4. Equivalent circuit of the RX side at the harmonic frequencies.

it is impossible to ideally eliminate the harmonic current of the
TX and RX coils.

There are two sources for the harmonic currents of the TX
or RX coils. The first is the harmonic current in the RX coil
caused by the harmonic voltage induced in the RX coil by the
harmonic current flowing into the TX coil, and the second is the
harmonic current in the RX coil caused by the input voltage of
the rectifier in the form of a square wave, as shown in Fig. 4. On
the RX side, the first source can be eliminated by making the
TX harmonic current zero using (9), and the second source can
be eliminated by making the harmonic current of the RX coil
zero using (10), thus ideally removing all radiated EMI sources.
The same applies to the TX side as well.

By applying KVL in Fig. 4, (12) can be obtained, and by
calculating Irx (nw,) and Ioug(nw,)» (11) can be obtained again

Jnwe M ITX(nwO) =0

) IRX(nwo)

- Vout(nwo) + jnwoLSQ Iout(nwo) =0.

= ] OL N

12)

In the first KVL in (12), since the induced voltage of the har-
monic component from the TX coil is zero, it can be confirmed
that Irx (nw,) 18 also zero. In the second KVL in (12), because
the components C'pa, L ¢2, and C'¢ act as a short circuit, it can
be confirmed that the current caused by V gy (n,,) does not flow
through the loop that includes the RX coil.

While the proposed method selectively reduces harmonic
components to zero ideally, further analysis of the impact of
other harmonics on the system is also necessary. Considering
only the TX side in Fig. 2, the conventional system, where L fq
and C'y; are absent, can be expressed in matrix form using KVL,
as shown in (13). Using (1) and (7a), the nth harmonic of Itx
is given by (14)

. 1 1
[]nwOle 1 FreeCr e,
1 1 1 .
7jnWoCP1 Jnw,Cp1 + Jnw,Csi + ]nWOLTX
Iin conv Vinv
X ’ — 13
|:ITX,conv 0 ( )
nV;
ITX(nwo),conv = inv(nw,) (14)

—jwo(n? — 1)*Lrx + jwoLs1

In addition, considering only the TX side in Fig. 2, the pro-
posed system, where L1 and C'y; are present, can be expressed
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Fig. 5. Experimental setup. (a) Overall system configurations. (b) EMI mea-
surement setup.

in matrix form using KVL, as shown in (15) shown at the bottom
of this page. Using (1) and (7b), the nth harmonic of Itx is given
by (16) shown at the bottom of this page,

Depending on the system, specific harmonics can cause EMI
issues. For example, if the third harmonic is problematic, using
the proposed method, Ly in (9) for n = 3 ideally reduces the
third harmonic in (16) to zero. When L, is set to the value for
n = 3 in (9), the magnitude relations of the third, fifth, seventh,
and ninth harmonics for both conventional and proposed systems
can be summarized as follows:

ILTx (300, ) conv| > |TTX (30, prop| (= 0)
L1x (500, ) cconv | < |TTX (50, prop |
L (7w),conv | < [T (700 rop |
’ITX(QwO),conv| < ‘ITX(QwO),prop" (17

Another case occurs when L4 is set to the value forn = 4 in
(9); the magnitude relations of the third, fifth, seventh, and ninth
harmonics for both conventional and proposed systems can be
summarized as follows:

L1 (30, comv| > [T (30, prop |
L1 (500, comv | > [T (500, prop |
L (7w )sconv | < [T (700 rop |
L1 (900, conv| < |TTX (000, prop| - (18)

Therefore, the magnitude of harmonics can vary depending
on the value of . As confirmed in (17), when n = 3, the proposed
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Fig. 6. EMI measurement results when the proposed method is applied (a) for
n = 3 and (b) for n = 5, as indicated in (9) and (10).

system can ideally reduce the third harmonic to zero, but other
harmonics increase. As shown in (18), when n = 4, the proposed
system cannot ideally eliminate the third and fifth harmonics,
but it can reduce them compared to the conventional system,
while the seventh and ninth harmonics may increase. From these
results, it is evident that reducing a specific harmonic can result
in an increase in other harmonics. This suggests that, depending
on which specific harmonic poses an issue with respect to the
EMI regulations for WPT systems, the value of n in (9) can be
selectively adjusted. For example, if the EMI results of a WPT
system show that the fifth harmonic significantly exceeds the
EMI regulatory limit while other harmonics remain well below
the limits, the value of n can be chosen as 5 to address this
specific harmonic. On the other hand, if both the third and fifth
harmonics slightly exceed the regulatory limits, n can be selected
as 4 to balance the reduction of these harmonics. While the
proposed method has the clear advantage of being able to com-
pletely eliminate a specific harmonic, the tradeoff of increasing
other harmonics presents a limitation, and this aspect requires
further research.

III. VERIFICATION THROUGH EXPERIMENT

Fig. 5 shows the experimental setup. As shown in Fig. 5(a),
the experiment was conducted with a dc power supply, TX and
RX coils, inverter and rectifier, oscilloscope, and electronic load.
The output power was set to 500 W in the experiment. Fig. 5(b)

JjnwoLg1 + m + f (Lfl)

~rmcer — 1 (L)

—f(Lp) jnwolcpl

nvinv(nwo) ((TL

"~ jnwoCp

; . |:Iln,Pr0p:| — |:V1nv:| (15)
+ Fnm.0er T inwolrx f(Ly1) Irx prop 0
2_1)Ln+1L
)L 51) (16)

ITX(nwO),prop = B
]wo(n -

1)2Lrx (Lj1 + L) + jwo (n* = 1))Ly1 — Ls1)Ls1
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TABLE I
PARAMETERS OF THE EXPERIMENT

Parameters Value

Operating frequency 85 kHz

R, 16 Q

Lrx/Rrx 38.5 uH/41.1 mQ
Lx/Rrx 42.8 uH/70.2 mQ
M 6.5 uH
Lg1/Rsy 20.8 uH/44.2 mQ
Cpy/Repr 167.5 nF/9.3 mQ
Cs1/R¢s1 192.8 nF/7.5 mQ

Lf1/RLf1 (7=3)
Cr1/Rcpy (n=3)
Lg1/Rpf1 (n=5)
Cr1/Rcpy (n=5)

3.53 uH/9.2 mQ
1104 nF/44.2 mQ
0.92 uH/5.1 mQ
3956 nF/21.3 mQ

Lsy/Rs; 7.1 pH/17.5 mQ
Cp2/Rcp 502.5 nF/6.7 mQ
Cs2/Rcs2 100 nF/12.3 mQ
Lga/Ryfp (n=3) 1.2 uH/6.3 mQ
Cra/Rcpa (n=3) 3127 nF/4.6 mQ
Lga /Ry po (n=5) 0.33 uH/4.3 mQ

Crz/Repz (n=5) 10062 nF/3.8 mQ

shows the setup used to measure radiated noise from the TX and
RX coils, and the loop antenna was 3 m away from the center
of the TX and RX coils. Fig. 6 shows the EMI measurement
results. To suppress the third or fifth harmonic magnetic field,
Ly and Lo were set to n = 3 or 5 in Table I. As shown in
Fig. 6(a), when n is 3, the proposed method can suppress the
third harmonic magnetic field by 16.03 dB, compared to the
conventional method. Also, as shown in Fig. 6(b), when 7 is 5,
the proposed method can suppress the fifth harmonic magnetic
field by 18.27 dB, compared to the conventional method. Table IT
shows the input and output voltage, current, output power, and
dc—dc efficiency. The result indicates that the input voltage did
not change, because the proposed method was designed so that it
would not affect the operation of the WPT system. When L ; and
Cy was added, the dc—dc efficiency decreased up to 0.6% due
to parasitic resistance components. The fact that Vpc remains
around 99 V implies the following. The added values of L and
('t satisfy (4), meaning that they do not affect the systems at
the operating frequency. In other words, the proposed system
has the advantage of maintaining the fundamental component,
as described in (5), even with the addition of L and C'y, while
selectively reducing only the harmonic components. This makes
it a versatile technology with broad applicability.
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TABLE II
VOLTAGE, CURRENT, AND EFFICIENCY RESULTS OF CONVENTIONAL AND
PROPOSED METHODS

Conventional P(r;)pzos;)d P(r;pzosse)d

Vpe [V] 98.9 99.4 99.3

Inc [A] 6.1 6.07 6.07

Ppc [W] 601 604 603
Vour[V] 90.9 90.9 913

Iout [A] 5.5 5.5 5.5

Pour [W] 501 500 502
DC-DC efficiency [%] 83.4 82.8 83.1

IV. CONCLUSION

This letter proposes a method for completely suppressing
the harmonic magnetic field selectively. The double-sided LCC
topology is modified to reduce the harmonic current of the TX
and RX coils. The proposed method can selectively reduce the
harmonic current flowing in the TX or RX coils to ideally zero, so
the radiated noise can be suppressed to the maximum. The pro-
posed method was verified through simulation and experiment.
The experimental results showed that the proposed method can
suppress EMI by 16.03 dB for the third harmonic and 18.27 dB
for the fifth harmonic. As the power level of the WPT systems
increases, this method will effectively suppress radiated noise
to satisfy EMI regulation.
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