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ABSTRACT Dynamic wireless power transfer (DWPT) has emerged as a technology for delivering sus-
tainable energy to mobile electric vehicles without charging cables. Magnetic beamforming is a well-known
DWPT strategy for increasing power transfer efficiency (PTE) by calculating an optimal weight for focusing
the magnetic fields from the transmitting (TX) coils to the desired receiving (RX) coils. However, when
magnetic beamforming is applied to multi-inputs and multi-outputs (MIMO) WPT, the cross-coupling at
TX and RX coils inevitably emerges, resulting in deterioration of the PTE and power factor (PF). This paper
presents a magnetically decoupled modular coil array for MIMO-WPT applicable to a DWPT environment.
First, we present a mathematical analysis of the influences of magnetic couplings in MIMO-WPT. Then,
we derive the criteria of magnetic couplings in terms of improved PTE and PF and design a modular coil
array that satisfies the derived criteria. Finally, we compare the proposed modular coil array with an existing
square coil array in a DWPT environment via a 3D finite element analysis simulator. The proposed modular
coil array achieves PTE improvement of up to 30 %, whereas the existing square coil array ends up to 18 %,
as the number of receiving coils increases from one to five. In addition, the PF of the proposed modular coil
array is close to 1.0, whereas that of the existing square coil array is attenuated up to 0.5.

INDEX TERMS Magnetic beamforming, cross-coupling, dynamic wireless power transfer (DWPT), mod-
ular coil array, 3D finite element analysis (FEM), power transfer efficiency, power factor.

I. INTRODUCTION
Various industries, such as those that make mobile devices,
sensors, vehicles, and biomedical devices, have shown inter-
est in wireless power transfer (WPT) [1]–[3]. The best-known
WPT technique is resonant inductive power transfer (RIPT),
which uses a magnetic field as a power transmission
medium [4]. As shown in Fig. 1, a WPT system using the
RIPT technique is configured as a power source, compensa-
tion network, rectifier, load, and magnetic coupler composed
of transmitting (TX) and receiving (RX) coils. However, the
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RIPT technique has a limited charging distance due to the
rapid decay of the magnetic field. Despite this drawback,
it has been widely utilized owing to its simple structure, the
convenience of use, and safety.

As an application of the RIPT technique, dynamic wireless
power transfer (DWPT) for charging a moving receiver has
recently been in the spotlight in vehicle industries, such as
for electric/hybrid vehicles [1], unmanned aerial vehicles [5],
and automatic guided vehicles [6]. There are two structures
of magnetic couplers available for DWPT: lumped and dis-
tributed topologies [7], [8]. The lumped topology utilizes
a long track coil laid beneath the road. It achieves a low
cost advantage, but high power transfer efficiency (PTE) is
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FIGURE 1. Structure of WPT using RIPT technique.

challenging to achieve because of the low quality factor and
coupling. The distributed topology involves an arrangement
of multiple small coils and shows relatively better perfor-
mance than the lumped topology.

However, the distributed topology requires a complicated
control algorithm to switch the output power of the TX coils
based on the position of a moving object. Despite the control
system, the received power in the distributed topologymay be
reduced or even zero when the moving object passes between
the TX coils [9]. This phenomenon where the received power
repeatedly increases and decreases is called the power pul-
sation problem, and it occurs because the magnetic field
strength varies depending on the object’s position. This power
pulsation problem is typically solved by rearranging the TX
coils to minimize any gaps between them [10].

Meanwhile, magnetic beamforming is a promising tech-
nology that can overcome the power pulsation problem and
increase the average performance of the WPT system [11].
With this technology, the magnetic fields from the TX coils
are focused at the location where the RX coils are located
by adjusting the TX voltages and currents, which transfers
more power to the devices. In [11], magnetic beamforming is
applied for the first time to a multi-inputs and single-output
(MISO)-WPT having multiple TX coils and a single RX coil.
The same research team extended the work done in [11] to
includemulti-inputs andmulti-outputs (MIMO)-WPT having
numerous TX coils and RX coils in [12].

However, it is necessary to arrange several TX coils to
apply magnetic beamforming, which causes cross-coupling
between TX coils. Typically, the cross-coupling causes
performance degradation such as field leakage [13], phase
distortion [14], and power attenuation [10]. In [15], the influ-
ences of cross-coupling between TX coils in MISO-WPT
withmagnetic beamformingwas analyzed, and it was verified
that cross-coupling causes power factor (PF) attenuation.
However, this study only considered the arrangement of a
single RX coil. Therefore, the first contribution here is to do a
theoretical analysis of the influences of all magnetic coupling
of MIMO-WPT with magnetic beamforming and then derive
the criteria for improving PTE and PF.

According to [16], a design of a magnetic coupler (TX and
RX array) is critical for good WPT performance; therefore,
the second contribution here is to design a magnetic coupler
satisfying the derived criteria. As will be explained in the text,
the fewer cross-couplings between the TX and RX coils, the

better the WPT performance in PTE and PF. There are many
studies regarding the reduction of the cross-coupling between
coils [17]–[24]. These studies, however, may not be suitable
for use in magnetic beamforming for the following reasons:
coil shape [17]–[19], variation of self-inductance [20], dif-
ferent direction of magnetic flux [21], limited number of
coils [22], [23], and requirement for additional power [24].

Therefore, we proposed a modular coil array with the
reduced cross-couplings between coils in the same array and
the increased magnetic couplings when used to form TX and
RX arrays for MIMO-WPT. Our proposed modular coil array
is based on a modified-bipolar coil with a bent structure to
facilitate assembly to provide a flat surface when forming an
array. Under the DWPT environment modeled using 3D finite
element method (FEM) simulation, the modular coil array
outperforms the existing square coil array in PTE and PF.

In summary, the contributions of this paper are:

• Analysis of the influences of all magnetic couplings in
MIMO-WPT with magnetic beamforming.

• Derivation of the criteria for magnetic couplings in
terms of improved PTE and PF.

• Proposal of a modular coil array satisfying the derived
criteria.

• Demonstration of the superior performance of the pro-
posed modular coil array than the existing square coil
array in a DWPT environment.

This paper is organized as follows. Section II provides
a theoretical background. Section III is a theoretical analy-
sis of the magnetic couplings of MIMO-WPT and derives
relationships between these couplings and the PTE and
PF. Section IV proposes a modular coil array suitable for
MIMO-WPT with magnetic beamforming. Section V pro-
vides a performance comparison between the existing square
coil array and the proposed modular coil array in a DWPT
environment via 3D FEM simulation. Finally, Section VI
offers the conclusion.

II. THEORETICAL BACKGROUND
A. CIRCUIT MODELING FOR WPT
TheWPT using the RIPT technique in Fig. 1 can be described
using circuit equations as follows [12].

1) SISO-WPT
Fig. 2 shows a schematic of a SISO-WPT: (a) a typical circuit
and (b) an equivalent circuit of TX and RX at resonant state.
C , L, and R denote the capacitance, self-inductance, and the
intrinsic resistance of the coil, respectively.V and I denote the
voltage source and current, respectively. The subscripts T and
R denote the TX and RX. The terms TX and RX refer to trans-
mitting and receiving when used with other nouns, while they
refer to transmitter and receiver when used alone. RL denotes
the load impedance indicating the charging device.M denotes
a mutual inductance calculated by M = k

√
LTLR, where

k is a coupling coefficient determined by the distance and
orientation of both coils LT and LR.
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FIGURE 2. Schematic of SISO-WPT: (a) typical circuit and (b) equivalent
circuit at resonant state.

Weuse a series-series (S-S) compensation network to bring
the TX and RX circuits into a resonant state at the same
frequency. The S-S topology is commonly utilized in the
automotive industry due to its advantages as a simple topol-
ogy with an independent load [25]. The inductance L and
capacitance C of the S-S topology are chosen to cancel each
other at the resonant frequency ωr (i.e., jωrL+1/jωrC = 0).
Fig. 2(b) is an equivalent circuit at ωr , and the TX and RX
circuits are described by the following two equations:

VR = Z inR IR = jωrMIT , (1)

VT = Z inT IT =
(
RT + RRT

)
IT , (2)

where RRT is the reflected resistance appearing at TX fromRX
and it is calculated by RRT = ωr

2M2/Z inR . Z inT and Z inR are the
input impedance seen from VT and VR, respectively.

Equation (1) describes how the TX current IT induces RX
voltage and current, VR and IR. The influence from the TX
to RX appears as a current-dependent voltage source VR,
as shown in Fig. 2(b). Equation (2) describes the RX influence
on the TX as a reflected resistance RRT . Based on (1), (2),
and Fig. 2(b), the PTE, denoted by ηSISO, can be derived.
As shown in Fig. 2(b), the power allocated at the reflected
resistance RRT is the power transferred to the RX, denoted by
PR; from this, the TX efficiency ηT is given by

ηT =
PR
Pin
=

RRT
RT + RRT

=
ωr

2M2/Z inR
RT + ωr 2M2/Z inR

. (3)

In the same way, the RX efficiency ηR is given by

ηR =
PL
PR
=

RL
RR + RL

. (4)

Therefore, the overall ηSISO is obtained bymultiplying ηT and
ηR, which is given by

ηSISO =
PL
Pin
=

ωr
2M2/Z inR

RT + ωr 2M2/Z inR

RL
RR + RL

. (5)

The derivations above are the most fundamental equations
utilized to analyze the WPT. According to 5, the ηSISO is
highly dependent on the mutual inductance M that indicates
the magnetic coupling strength between TX and RX. This
indicates that the design of a magnetic coupler that incor-
porates both the TX and RX coils is critical for improved
performance.

2) MIMO-WPT
Fig. 3 is a schematic of a MIMO-WPT configured as n TX
coils and m RX coils (i.e., n×mMIMO-WPT): (a) a general
circuit and (b) an equivalent circuit of the TX i and the RX u at
the resonant state. Different from the SISO-WPT, a MIMO-
WPT has three types of magnetic coupling, as shown in
Fig. 3(a): 1) the magnetic coupling between TX i and RX
u (Miu and kiu), 2) the cross-coupling between TX i and TX
y (MTiy and kTiy), and 3) the cross-coupling between RX u
and RX v (MRuv and kRuv). By considering these additional
couplings, (1) and (2) are expanded as follows:

Z inRuIRu +
m∑
v=1
v6=u

jωMRuvIRv =
n∑
i=1

jωMiuITi, (6)

VTi = RTiITi +
n∑
y=1
y6=i

jωMTiyITy −
m∑
u=1

jωMiuIRu, (7)

where Z inRu is the input impedance of RX u.
To analyze theMIMO-WPTmore conveniently, (6) and (7)

can be re-derived using the matrices and vectors listed in
Table 1 as follows:

−→
IR = H

−→
IT , (8)

−→
VT =

(
ZT + ZR

T

)
−→
IT , (9)

where H is a magnetic channel that directly connects
−→
IT and

−→
IR , and ZR

T is a matrix of reflected impedance appearing at
TX circuit. Here, H and ZR

T are given by

H = jωZ−1R M, (10)

ZR
T = ω

2MTZ−1R M, (11)

where the superscript T and −1 denote a transpose and an
inverse of a matrix. The derivation of (10) and (11) are
provided in Appendix A.

As shown in Fig. 3(b), the influences of magnetic cou-
plings from other TX and RX to a specific TX i appear as
the reflected impedance ZTTi and Z

R
Ti, which are derived by

dividing (7) by ITi as follows:

ZTTi =
n∑
y=1
y6=i

jωMTiy
ITy
ITi
, (12)
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FIGURE 3. Schematic of MIMO-WPT: (a) typical circuit and (b) equivalent
circuit at resonant state.

ZRTi = −
m∑
u=1

jωMiu
IRu
ITi
. (13)

As a consequence, the input impedance of TX i, denoted by
Z inTi , is given by Z inTi = VTi/ITi = RTi + ZTTi + Z

R
Ti.

On the other hand, the influence of magnetic couplings
from all TX and other RX to a specific RX u appear as a
current-controlled voltage source VRu (shown in Fig. 3(b)),
which is given by

VRu =
n∑
i=1

jωMiuITi −
m∑
v=1
v6=u

jωMRuvIRv. (14)

The first term in (14) is the derived voltage from the TX
current

−→
IT (denoted by V T

Ru), and the second term is the
derived voltage from the RX current

−→
IR (denoted by V R

Ru).
Both induced voltages are connected in series and cause
current to flow in the RX circuit.

There is knowledge to consider before deriving the PTE
of MIMO-WPT, denoted by ηMIMO. Equations (12) and (13)
indicate that the input impedance Z inTi , seen from the voltage
source VTi, is a complex value including resistance and reac-
tance. As a result, the power supplied from the voltage source
VTi is complex power S inTi divided into active power P

in
Ti and a

reactive powerQinTi (i.e., S
in
Ti = P

in
Ti + jQ

in
Ti) [26]. According to

TABLE 1. Vector and matrix denotations.

power engineering, the active power (or the real power) is a
time average of net transfer energy assigned at the resistance.
On the other hand, the reactive power only oscillates between
the source and the load, with no net energy transfer to the
load [27]. Therefore, the PTE of TX i and of RX u, denoted
by ηTi and ηRu, are given by the resistance ratio as follows:

ηTi =
PRTi
PinTi
=

Re
(
ZRTi
)

RTi + Re
(
ZRTi + Z

T
Ti

) , (15)

ηRu =
PLu
PRu
=

RLu
RRu + RLu

, (16)

where the term Re is a real component of a complex number.
Different from ηSISO of (5), ηMIMO cannot be easily derived
from (15) and (16). It can be derived from the combination of
ηTi and ηRu or the ratio of the sum of output active power to
the sum of input active power, given by

ηMIMO =
PL
Pin
=

∑m
u=1 PLu∑n
i=1 P

in
Ti

, (17)

where PLu is the power allocated at the load impedance RLu
of RX u, and PinTi is the input power supplied from the voltage
source VTi, respectively.
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In addition to the PTE, there is another indicator for mea-
suring the WPT performance: a PF, denoted by pf . The pf is
defined as the ratio of the active power to the apparent power,
where the apparent power is an absolute value of complex
power S inTi [26]. According to [1], the pf of the SISO-WPT
configured as S-S topology is unity in the magnetically reso-
nant state. This is because the input impedances of the TX and
RX circuits are real values, as shown in Fig. 2(b), resulting
in all supplied power from the voltage source being active
power. However, in theMIMO-WPT, the input impedance Z inTi
is a complex value (shown in Fig. 3(b)). For this reason, the
reactive power QinTi is supplied from VTi, causing a variation
of pf . Therefore, the PF should be considered, and the PF of
TX i, denoted by pfTi, is given by

pf Ti =
PinTi∣∣S inTi ∣∣ =

Re
(
Z inTi
)∣∣Z inTi ∣∣ . (18)

The PF in an AC power system defines how effectively the
power input from the source is allocated as active power,
which is a different concept than PTE [27]. As a result, when
designing and evaluating the MIMO-WPT system, both PTE
and PF should be considered.
Notation: For ease of understanding, the list of notation

used to describe MIMO-WPT is summarized in Table 2.

B. MAGNETIC BEAMFORMING
Magnetic beamforming, a scheme applicable to a MISO- or
MIMO-WPT, focuses the magnetic field from TX coils to
the RX location, achieving maximum PTE [11], [12]. This
scheme is applied by controlling the TX voltage and current
to match the beamforming voltage and current, denoted by
−→

Vbf
T and

−→

IbfT . The derivations of
−→

Vbf
T and

−→

IbfT are explained as
follows.

When the total input active power Pin (i.e., Pin =
∑
PinTi)

is applied to theMIMO-WPT, Pin is distributed at TX and RX
circuits as follows:

Pin = PT + PR =
−→
IT ∗RT

−→
IT +

−→
IR∗RR

−→
IR , (19)

where PT and PR are the sums of active power assigned
at the TX and RX circuits, and * is a complex conju-
gate. RT and RR are Re(ZT) and Re(ZR), respectively.
By substituting (8) into (19), Pin is a function of

−→
IT as

follows:

Pin = PT + PR =
−→
IT ∗RT

−→
IT +

−→
IT ∗H∗RRH

−→
IT . (20)

As explained, magnetic beamforming achieves the maximum
PR under the constraint ofPin. Thus, the beamforming current
−→

IbfT is given by:
−→

IbfT = argmax
(
−→
IT ∗H∗RRH

−→
IT
)
, where the

constraint is Pin of (19).

According to [12], the beamforming current
−→

IbfT can
be calculated via convex optimization, which is given
by

−→

IbfT = c maxeig
(
H∗RRH

)
, (21)

TABLE 2. List of notation for MIMO-WPT.

wheremaxeig is an eigenvector νmax ofH∗RRH that satisfies
the largest real eigenvalue λmax (i.e., (H∗RRH) νmax = λmax
νmax), and c is a constant determined by Pin. The beamform-

ing voltage
−→

Vbf
T is given by substituting (21) into (9).

Here is a summary of magnetic beamforming. The beam-

forming current
−→

IbfT calculated by (21) flows in the TX circuits

when the beamforming voltage
−→

Vbf
T is applied to the MISO-

or MIMO-WPT. Under the constraint of Pin, the magnetic
fields generated by the beamforming currents are concen-
trated at the RX location, transmitting the maximum PR to the
RX circuits, and resulting in the maximum PTE. A detailed
description of magnetic beamforming is provided in [11]
and [12].

III. ANALYSIS ON MAGNETIC COUPLINGS IN MIMO-WPT
This section provides closed form solutions for two RX coils
with multiple n TX coils (i.e., n × 2 MIMO-WPT). Fur-
thermore, a numerical analysis of a MIMO-WPT with more
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than three RX coils is presented because deriving the inverse
matrix of ZR in (10) is not feasible for more than three RX
coils due to high mathematical complexity.

A. THEORETICAL ANALYSIS
1) BEAMFORMING CURRENT EQUATION FOR n× 2
MIMO-WPT
According to [15], the beamforming current

−→

IbfT of a
MISO-WPT having multiple TX coils and a single RX coil
is proportional to the mutual inductanceM between each TX
and RX coil. In Appendix B, we derive a simple beamforming
current equation for n× 2 MIMO-WPT having two RX coils
with the same value of resistance and inductance (i.e., RinR =
RinR1 = RinR2 and LR = LR1 = LR2). The derived equation is as
follows:

−→

IbfT = c′ maxeig
(
M∗M

)
, (22)

The constant c′ is determined by the constraint of Pin or cal-
culated using c′ = cω2/det(ZR), where det is a determinant
of a matrix.

Equation (22) provides the properties of the beamforming

current
−→

IbfT . The ratio of beamforming current, not its absolute
amplitude, is solely determined by the mutual inductance
M between TX and RX coils, regardless of the other cross-
couplings MT and MR (MT and MR denote the sets of
mutual inductanceMTiu andMRuv, respectively). This allows

the beamforming current
−→

IbfT to be calculated simply by
estimating the mutual inductance M. Furthermore, all the
beamforming currents are positive real values. This is because
the eigenvector νmax of a non-negative matrix H∗RRH,
which corresponds to the largest eigenvalue λmax , has all
non-negative components due to the Perron-Frobenius the-
orem [28]. As a result, the beamforming currents flowing in
the TX circuits are all in phase.

Based on the equivalent circuits and derived equations
above, the influences of all the magnetic couplings that occur
in the MIMO-WPT when applying magnetic beamforming
are examined below.

2) EQUIVALENT CIRCUIT ANALYSIS OF n× 2 MIMO-WPT
WITH MAGNETIC BEAMFORMING
As shown in Fig. 3(b), the influences of all magnetic cou-
plings in MIMO-WPT emerge as the reflected impedance ZTTi
and ZRTi, and the induced voltage VRu at equivalent TX circuit
and RX circuit, respectively. Therefore, these magnetic cou-
plings can be examined theoretically through equivalent cir-
cuit analysis. It is necessary to make the reflected impedance
ZTTi and Z

R
Ti, and the induced voltage VRu as a function of the

TX currents
−→
IT to derive the influences of magnetic couplings

when applying magnetic beamforming. This is because mag-
netic beamforming requires adjustment of the TX current to

the beamforming current
−→

IbfT . For simple analysis, we assume
that the MIMO-WPT is configured as TX and RX circuits
having identical components (i.e.,RR = RT ,LR = LT , and

CR = CT ), and that the load impedance of all RX circuit is
identical (i.e., RL = RL1 = RL2).

For theoretical analysis, a magnetic channel H of (10)
should be algebraically analyzed to replace the

−→
IR with

−→
IT .

SubstitutingH of (10) into
−→
IR of (8), IR1 and IR2 are given by

IR1 =
1

det (ZR)

n∑
i=1

(
ω2Mi2MR12 + jωMi1RinR

)
ITi, (23)

where det (ZR) = ω
2MR12

2
+ RinR

2
and RinR = RR + RL . The

RX current IR2 is given by replacing 1 with 2 in (23). By sub-
stituting (23) into (13), the reflected impedance ZRTi is divided
into the reflected resistance RRTi and reflected reactance X

R
Ti as

follows:

RRTi =
RinR

det (ZR)

 n∑
y=1
y6=i

(
2∑

u=1

ω2MiuMyu
ITy
ITi

) , (24)

XRTi = −
ωMR12

det (ZR)

[
2∑

u=1

ω2Miuαu

]
, (25)

where αu is defined as α1 =
∑n

y=1
y6=i

Mi2ITy/ITi and α2 =∑n
y=1
y6=i

Mi1ITy/ITi. As explained, the beamforming current
−→

IbfT

of n×2 MIMO-WPT is always in phase; therefore, substitut-

ing in-phase
−→

IbfT into (24) and (25), RRTi and X
R
Ti become pure

resistance and capacitance, respectively. That is, the reflected
impedance ZRTi consists of the reflected resistance RRTi and
the reflected capacitance XRTi when magnetic beamforming is
applied. Here, the power allocated at the reflected resistance
RRTi is the power wirelessly transferred to the two RX coils
from TX i, denoted by PRTi in Fig. 3(b).

In the same way as above, the reflected impedance ZTTi
of (12) becomes a pure inductance XTTi due to in-phase

−→

IbfT ,
which is given by

XTTi =
n∑
y=1
y6=i

jωMTiy
ITy
ITi
. (26)

Equation (26) indicates that the reflected impedance ZTTi has
no resistance component when magnetic beamforming is
applied.

On the other hand, the induced voltage source VR1 is given
by VR1 = V T

R1 + V
R
R1, where V

T
R1 and V

R
R1 are

V T
R1 =

n∑
i=1

jωMi1ITi, (27)

V R
R1 = −

ωMR12

det (ZR)

n∑
i=1

(
ωMi2RinR−jω

2Mi1MR12

)
ITi. (28)

VR2 is obtained by replacing 1 with 2 in (27) and (28).
Based on the derivations above, the equivalent circuits

of TX and RX in Fig. 3(b) are altered to those in Fig. 4,
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FIGURE 4. Equivalent circuit of MIMO-WPT under magnetic beamforming
status: (a) TX i and (b) RX u.

when magnetic beamforming is applied. In summary, when
magnetic beamforming is applied to n × 2 MIMO-WPT,
the equivalent circuit of TX becomes a series RLC circuit
composed of two resistances RT and RRTi, one inductance X

T
Ti,

and one capacitance XRTi. Additionally, the equivalent circuit
of the RX has one induced voltage source VRu composed of
the serially connected V T

Ru and V
R
Ru.

3) INFLUENCES OF MAGNETIC COUPLINGS ON THE PTE
AND PF
a: M: MAGNETIC COUPLINGS BETWEEN TX AND RX ARRAYS
In general, the mutual inductance M, which depends on the
coil specification and the relative distance between TX and
RX arrays, has the most significant impact on determining
the WPT performance [8]; therefore, elaborate design of the
magnetic coupler is essential. This property is also applicable
to magnetic beamforming.

First, the mutual inductance M is the most decisive fac-

tor for the beamforming current
−→

IbfT . According to (22),
M determines the ratio of beamforming current, while the
total input power Pin determines its amplitude. In other
words, because the coil specification and the total input power
Pin are fixed once set, the relative distance between both
arrays is the decisive factor for beamforming current.

Next, the reflected impedance ZRTi and the induced voltage
VRu are a function of M, as shown in Fig. 4. We compared
two cases for ease of analysis on M: the specific M and dM
(d is a positive real value). According to (22), bothM and dM
have the same ratio of beamforming current. This is because
the unit eigenvectors of M and dM are the same according
to linear algebra [29]. For this reason, ITy/ITi in (24) and (25)
can be replaced by a constant in both cases. As a result, it can
be known that RRTi and X

R
Ti are proportional to the square of

d by substituting dM into (24) and (25). This confirms that,
as M increases (d > 1) or decreases (d < 1), RRTi and X

R
Ti

increases or decreases, respectively.
Based on the above analyses, the influences of M on the

PTE and PF can be theoretically derived. As explained, the
reflected resistance RRTi and reflected capacitance X

R
Ti increase

as M increases. In terms of the PTE, an increase in RRTi
improves ηTi of (15). Because ηRu is a constant value once

set, increasing ηTi leads to an improved overall PTE ηMIMO.
On the other hand, the relationship between pf Ti and M
requires calculation. This is because the numerator of pf Ti
contains only RRTi, while the denominator contains both RRTi
and XRTi, respectively, as shown in (18). In conclusion, M
is proportional to the PTE when magnetic beamforming is
applied, but the calculation is required to derive the PF due to
the complicated relationship.

b: MT: CROSS-COUPLINGS AT TX ARRAY
When multiple TX coils are arranged to extend the wireless
charging range, the mutual inductance MT, indicating the
cross-coupling at TX coils, inevitably emerges. Prior stud-
ies have reported that MT causes the leakage fields, which
leads to performance degradation [10], [13]. Based on these
studies, it is expected that MT at the TX coils worsens the
PTE and PF. However, MT worsens the PF but has no effect
on the PTE when magnetic beamforming is applied. This
is because, as shown in Fig. 4(a), the reflected impedance
ZTTi of (26) emerges only as the reflected inductance XTTi at
the equivalent TX circuit when magnetic beamforming is
applied. For this reason, ηTi of (15) as determined by the
resistance ratio, is unaffected, while pf Ti of (18) is affected by
an increase in its denominator. The term pf Ti decays as MT
increases, indicating that more apparent power is required to
supply the same amount of active power. In addition,MT has
no influence on the RX circuits when magnetic beamforming
is applied, as shown in Fig. 4(b).
Meanwhile, MT increases the amplitude of beamforming

voltage
−→

Vbf
T that drives the beamforming current

−→

IbfT . As MT
increases, the magnitude of input impedance Z inTi (denoted by∣∣Z inTi ∣∣) increases according to (12). Because−→IbfT is independent
of MT, an increase in MT directly increases the amplitude

of
−→

Vbf
T according to (9). This indicates that as MT increases,

a higher voltage is necessary to supply the beamforming
current of the same amplitude; therefore, the components in
TX circuits must withstand high voltage, meaning increased
cost.

c: MR: CROSS-COUPLINGS AT RX ARRAY
The mutual inductanceMR, indicating the cross-couplings at
RX coils, must be considered when the WPT is configured
as multiple TX and RX coils. Similar to M, MR influences
both the PTE and PF when magnetic beamforming is applied.
This is because MR affects the reflected resistance RRTi and
reflected capacitance XRTi, as shown in Fig. 4(a). However,
unlike M, which is proportional to the PTE, an increase in
MR lowers the reflected resistance RRTi of (24), reducing ηTi.
This is equivalent to the case that increased MR weakens
the magnetic coupling strength between the TX and RX,
thereby inhibiting power transmission. On the other hand, the
reflected reactance XRTi fluctuates depending on MR. This is
because the denominator and numerator of XRTi in (25) are
both composed of a function of MR. For this reason, the
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TABLE 3. Summary of theoretical analysis.

influence of MR on the PF requires calculation, the same as
forM.

Table 3 shows a summary of the theoretical analysis.
In consequence, when using magnetic beamforming in the
MIMO-WPT, M should be increased, and MR should be
minimized to boost the PTE, but the PTE is unaffected byMT.
Additionally, MT and MR generate a reflected inductance
and capacitance, respectively, in the TX equivalent circuit,
attenuating the PF. Therefore, it is necessary to increase
M and reduce MT and MR for a higher PTE and PF in
MIMO-WPT.

4) ADVANTAGES OF MAGNETICALLY INDEPENDENT TX AND
RX ARRAYS
Based on the analyses of M, MR, and MT, the advantages
of magnetically independent TX and RX arrays (i.e., MT
and MR are zero) can be derived. Fig. 5 shows an equivalent
circuit of MIMO-WPT using the magnetically independent
TX and RX array: (a) TX i and (b) RX u.
Regarding the TX circuit, the reflected inductance XTTi

and reflected capacitance XRTi are eliminated when both TX
and RX arrays are magnetically independent, resulting in a
PF of 1.0. This indicates no reactive power circulating in
the TX circuit and that all the apparent power supplied is
active power. In addition, operation with low beamforming

voltage
−→

Vbf
T is possible. This is because the magnitude of

the input impedance,
∣∣Z inTi ∣∣, decreases due to the eliminated

imaginary part of the input impedance Z inTi whenMT andMR
are removed. Furthermore, the reflected resistance RRTi of (24)
changes as follows:

RRTi =
1

RinR

 n∑
y=1
y6=i

(
2∑

u=1

ω2MiuMyu
ITy
ITi

) . (29)

Comparing (24) and (29) shows that removing MR provides
the maximum reflected resistance RRTi, resulting in the highest
ηTi when M is fixed at a specific value. In addition, (29)
indicates that ηTi is absolutely a function ofMwhenmagnetic

FIGURE 5. Equivalent circuit of MIMO-WPT using magnetically
independent TX and RX arrays: (a) TX i and (b) RX u.

beamforming is applied. This is because RinR of (29) is a fixed

constant once specified, and the beamforming current
−→

IbfT is
also a function ofM, as explained in (22).

As a consequence, when the TX and RX arrays are magnet-
ically independent, the PTE ηTi under magnetic beamforming
is only determined by M once other parameters are fixed.
This can be seen from the fact that RRTi in Fig. 5(a) is deter-
mined only by M. This makes the PTE calculation of the
MIMO-WPT much simpler, similar to that of the SISO-WPT
in (3)−(5). From the RX perspective, the induced voltage VRu
is only determined by M, without being interfered with by
other RX coil. This makes it easy to calculate the current and
power transferred to the RX coils.

B. NUMERICAL ANALYSIS VIA MATLAB
A numerical analysis was carried out to supplement the
theoretical analysis above. We set a 3 × 3 MIMO-WPT
with three TX coils and three RX coils, as shown in Fig. 6.
The parameters for analysis are listed in Table 4. We used
the coupling coefficient instead of the mutual inductance to
specify the magnetic coupling strength as a normalized value.
To consider the scenario where the distance between TX and
RX arrays varies, we set three cases depending on the critical
coupling kc: 1) under-coupled when k < kc, 2) critical-
coupled when k = kc, and 3) over-coupled when k > kc.
The critical coupling kc is defined as kc = 1/

√
QTQR, where

QT and QR are the quality factor of LT and LR [30]. For
simple analysis, 1) under-coupled and 3) over-coupled cases
were set by multiplying kc by a random number uniformly
distributed in the interval [0.5,1] and [1,1.5], respectively.
That is, in 2) critical-coupled case, all the coupling coeffi-
cient k between each pair of TX and RX coils are the same
value as the critical coupling kc. In the other two cases, each
TX coil has a different coupling coefficient k . We executed
100 iterations to evaluate as many results as possible with a
different random number in 1) under-coupled and 3) over-
coupled cases. Then, we compared the maximum, minimum,
and average results of the two cases to the critical-coupled
case results. In addition, for simple analysis, kT and kR are
equally adjusted from 0 to 0.2 in all cases (i.e., kT = kT12 =
kT23 = kT31 and kR = kR12 = kR13 = kR31).
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FIGURE 6. Concept of 3 × 3 MIMO-WPT for numerical analysis.

TABLE 4. Parameters of numerical analysis for 3 × 3 MIMO-WPT.

Fig. 7 shows a PTE ηMIMO depending on kT and kR:
(a) ηMIMO when kT is adjusted from 0 to 0.2 and kR is 0 and
(b) ηMIMO when kR is adjusted from 0 to 0.2 and kT is 0. The
variation bar at each point of the over-coupled and under-
coupled cases indicates the maximum and minimum values
for an iteration, while the line represents the average value.
As shown in Fig. 7(a), the average ηMIMO increases from
80 % to 90 % when k increases from under-coupled to over-
coupled. However, ηMIMO is determined regardless of kT at
each case. This is because the influence of cross-coupling at
TX coils emerges only as a reflected inductance independent
of ηMIMO, as explained previously.
Meanwhile, both k and kR affect ηMIMO, as shown in

Fig. 7(b). The over-coupled case has the highest average
ηMIMO of all the cases, and there is no intersection point of
ηMIMO with the other cases when kR is adjusted from 0 to 0.2.
In addition, the minimum point of the over-coupled case
extracted through the variation bar is higher than that of the
other cases. This result indicates that the charging distance
between TX and RX coils has a decisive impact in ηMIMO.
On the other hand, ηMIMO is continuously reduced as kR
increases from 0 to 0.2. This result is because an increased
kR weakens the magnetic coupling strength between TX and

FIGURE 7. PTE ηMIMO: (a) ηMIMO when kT varies from 0 to 0.2 and
(b) ηMIMO when kR varies from 0 to 0.2.

RX coils, as explained previously. Furthermore, the PTE
attenuation caused by kR is more pronounced as k is lowered.
While kR is adjusted from 0 to 0.2, ηMIMO attenuation of over-
coupled, critical-coupled, and under-coupled cases are about
17 %, 26 %, and 34 %, respectively.

Fig. 8 shows a PF pfMIMO, an average of pfTi, depending on
kT and kR (the maximum and minimum values are omitted,
and only the average value is displayed): (a) under-coupled,
(b) critical-coupled, and (c) over-coupled. The results of three
cases show pfMIMO is affected by all of the magnetic cou-
plings in MIMO-WPT: kT , kR, and k . The results show that
the influences of these magnetic couplings are the same as the
theoretical analysis of MIMO-WPT having two RX coils.

First, kT significantly attenuates pfMIMO. As kT increases
from 0 to 0.2, pfMIMO of all cases gradually attenuates to 0.
This is because the reflected inductance XTTi, which attenuates
pfMIMO, is linearly proportional to kT according to (26). Next,
pfMIMO increases as k increases, which is evidently shown
by comparing the area where pfMIMO is higher than 0 in the
three cases. In the over-coupled case, pfMIMO remains above
0.8 until about 0.05 of kT , as indicated by the red color in
Fig. 8(c). However, in the under-coupled case, the area of
pfMIMO ≥0.8 sharply decreases as kT increases, as shown
in Fig. 8(a). This comparison indicates that the closer the
charging distance, the pfMIMO is less affected by kT . This is
because an increase in k increases the reflected resistance
at each TX equivalent circuit; therefore, the real part of the
numerator and the denominator of pfTi in (18) increases.
Thus, it consequently contributes to increasing the overall
pfMIMO. In all cases, there are combinations of kT and kR that
achieve a pfMIMO of 1.0, which is the highest value of the
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FIGURE 8. PF pfMIMO: (a) under-coupled, (b) critical-coupled, and
(c) over-coupled.

PF. The first point is a combination where both kT and kR
are eliminated (i.e., kR = kT = 0), which indicates that the
TX and RX arrays are magnetically independent. The first
point can be achieved regardless of k . The second point is a
combination where the reflected inductance and capacitance
are canceled out by the samemagnitude. However, the second
point depends on k , so it is difficult to achieve pfMIMO of
1.0 by satisfying this combination.

Based on the numerical analysis, the influences of k , kT ,
and kR on the PTE and PF of the MIMO-WPT with three RX
coils are confirmed. The results show that the above theoreti-
cal analysis can be applied to many more RX coils than three.
The PTE is proportional to k and inversely proportional to kR.
The PF is determined by k , kT , and kR. Based on theoretical
and numerical analysis, the criteria of a magnetic coupler
for higher PTE and PF of a MIMO-WPT applying magnetic
beamforming are as follows: elimination of kT and kR, and an
increase of k .

IV. PROPOSAL FOR A MODULAR COIL ARRAY
Thus far, we have derived the criteria of M, MT, and MR
for improving PTE and PF when applying magnetic beam-
forming to MIMO-WPT. Section IV proposes a modular coil
array, a magnetic coupler that satisfies the above-derived
criteria.

A. BASIS SQUARE COIL FOR MIMO-WPT
According to [4] and [31], a rectangular or square coil has a
larger coupling area than circular or elliptical coils with the

FIGURE 9. Basis square coil for WPT: (a) single square coil and (b) square
coil array for MIMO-WPT.

FIGURE 10. Magnetic field distribution when the two coils are deployed
in a BP arrangement.

same horizontal and vertical dimensions; thus, these forms
are most widely used in WPT for EV charging [32]. For this
reason, we chose a square coil as the basis for designing the
MIMO-WPT, as shown in Fig. 9: (a) single square coil and
(b) square coil array. A specification of the basis square coil
is as follows: 1) it is made of copper, 2) the overall width
and height are both 60 cm, and 3) the thickness, width, and
space of each copper line are 10, 10, and 5 mm, respectively.
The self-inductance and intrinsic resistance derived using
HFSS are 24 µH and 0.2 �. Fig. 9(b) is a square coil array
configured as three coils. The gap between each coil is 5 mm.
The derived coupling coefficient between adjacent coils is 0.1
(i.e., kT12 = kT23 = 0.1), while kT31 is 0.

B. FLUX CANCELLATION BY BP ARRANGEMENT
As shown in Fig. 9(b), cross-coupling between adjacent coils
inevitably emerges when an array is composed of multi-
ple coils. This phenomenon causes many problems while
transferring power. A bipolar (BP) arrangement, partially
overlapping each coil to another coil, is a great way to solve
the cross-coupling problem [33], [34]. Fig. 10 shows a mag-
netic field distribution when the two coils are placed in a BP

42130 VOLUME 10, 2022



K. Kim et al.: Magnetically Decoupled Modular Coil Array for Dynamic Wireless Power Transfer With Magnetic Beamforming

FIGURE 11. Coupling coefficient kT 12 between TX 1 and TX 2 in Fig 10.

arrangement, where both coils are magnetically decoupled
(TX 1 is powered and TX 2 is not powered). This magnetic
decoupling occurs due to flux cancellation between coils.
As shown in Fig. 10, when two coils partially overlap in a spe-
cific area, the downward magnetic flux induced by TX 1 that
penetrates TX 2 is canceled out by the upward-directed mag-
netic flux induced by TX 1. As a result, the net flux linkage
between two coils is zero, resulting in no magnetic coupling
between them [2]. Because the shape of the coil determines
the extent of the overlap area causing a zero magnetic cou-
pling, it is appropriate to utilize the FEM simulation to find
the specific overlap area that satisfies the BP arrangement.

Fig. 11 shows the coupling coefficient kT12 between two
adjacent coils TX 1 and TX2 in Fig. 10 as thewidth of overlap
area varies. The flux cancellation point where two coils are
magnetically separated is around 150 mm. At this point, the
two coils are magnetically decoupled, allowing them to be
driven independently without interference from another coil.

C. MODULAR COIL ARRAY BASED ON THE BP
ARRANGEMENT
1) DESIGN CONCEPT
a: DISADVANTAGES OF THE BP ARRANGEMENT
Despite its outstanding efficacy in reducing cross-coupling
between adjacent coils, the BP arrangement has drawbacks.
To begin with, insulation between overlapping coils is a
non-negligible concern in practical use [9]. When two coils
come into physical contact, the characteristic of each coil
completely changes, causing performance variation. Further-
more, in terms of scalability, it is difficult to configure a BP
arrangement with more than two coils by placing multiple
coils at the exact flux cancellation point. As a result, many
studies of BP arrangements are limited to two coils, as the
term ‘‘bipolar’’ implies.

Meanwhile, the surface of the BP arrangement is not flat
due to the height difference between the two coils. Because
of the non-flat property, an empty gap occurs when the
BP arrangement is placed over materials of ferrite or alu-
minum (components of a typical WPT system) or under such

FIGURE 12. Proposed modular coil.

materials as acrylic or glass plates for protection. As a result,
the thickness grows, and the ability to withstand weakens.

Furthermore, fluctuations in the received power may occur
because of its non-flat property. Assume that the RX coil
traverses the BP arrangement in Fig. 10. Because of the height
difference in the two TX coils, the quantity of magnetic flux
transferred from the two TX coils to the RX coil differs,
causing fluctuations in the received power [34]. As a result,
it may not be suited for DWPT environments where reliable
power transfer is required when the RX is moving.

b: PROPOSED MODULAR COIL ARRAY
To solve the non-flat problem of the BP arrangement, the
author of [34] provides a simple solution that bends one coil to
share the same plane when configuring the BP arrangement.
The solution, however, is confined to only two coils. To make
an array forMIMO-WPT consisting ofmultiple coils, we pro-
pose an easily scalable coil shape based on a bending solution.

Fig. 12 shows the proposed modular coil based on the
square coil in Fig. 9(a). The design principle of the proposed
coil is lowering the depth of the partial overlap area at the
flux cancellation point identified in Fig. 11. For this rea-
son, in constructing an array, the proposed coil inherits the
advantage of reducing cross-coupling of the BP arrangement,
and it has a considerable advantage in terms of simple scal-
ability. Fig. 13 shows an array configured as two proposed
modular coils. By utilizing the proposed coils, configuring
and expanding the array for MIMO-WPT is as simple as
assembling a manufactured module; therefore, we refer to the
proposed coil as amodular coil, and the array is amodular coil
array.

VOLUME 10, 2022 42131



K. Kim et al.: Magnetically Decoupled Modular Coil Array for Dynamic Wireless Power Transfer With Magnetic Beamforming

FIGURE 13. Array configured as two modular coils.

FIGURE 14. Coupling coefficient kT of Square and Modular .

The detailed specifications of the modular coil are as fol-
lows. As shown in Fig. 11, the overlap width and height at the
flux cancellation point are 150 mm and 70 mm, respectively.
We modified the width and height to 160 mm and 80 mm,
as shown in Fig. 13, to set a design and implementation
margin. The depth of the modified area is 15 mmwith a 5 mm
margin.

2) COMPARISON BETWEEN SQUARE AND MODULAR COIL
ARRAYS
As explained in Section III, the criteria of a magnetic coupler
for MIMO-WPT with magnetic beamforming in terms of
improved PTE and PF are as follows: 1) increasedM between
TX and RX arrays and 2) reduced MT and MR at TX and
RX arrays. In this subsection, we compare the two arrays of
the proposed modular coils (Fig. 13) and the existing array
configured as square coils (Fig. 9(b)) to evaluate which array
is most suitable for magnetic beamforming.We set each array
to consist of three coils for a simpler comparison. The term
Square stands for the existing square coil array, whereas the
term Modular stands for the proposed modular coil array.
Fig. 14 shows a coupling coefficient kT indicating the

cross-coupling strength of the two arrays, and Fig. 15 shows
a magnetic field plot when only TX 2 is excited. As shown
in Fig. 14, theModular successfully mitigates kT12 and kT23

FIGURE 15. Magnetic field plot for analyzing the cross-couplings in array:
(a) Square and (b) Modular .

between adjacent coils owing to the flux cancellation com-
pared to Square. However, kT31 increases in the Modular
compared to the Square due to the narrowed distance between
TX 1 and 3, as shown in Fig. 15(b). Despite the Modular’s
kT31 being higher than that of the Square, the Square has an
average kT of 0.07, whereas the Modular has an average kT
of approximately 0.01, which is significantly lower, as shown
in the purple histogram in Fig. 14. This result can be verified
through the magnetic field plot in Fig. 15. In the Square plot
in Fig. 15(a), the voltage is induced at the adjacent TX 1
and TX 3 due to the cross-coupling, whereas little voltage is
induced at the adjacent coils in theModular plot in Fig. 15(b).

Additionally, the Modular provides a stronger magnetic
coupling between the TX and RX array. As previously stated,
the location where the RX coil is subjected to the weakest
magnetic field is at the midpoint between two adjacent TX
coils; thereby, the power pulsation phenomenon occurs at
that location. The proposed Modular could offer a break-
through to solve the power pulsation problem. Fig. 16 shows
a magnetic field plot when a single RX coil is located at the
midpoint of energized coil 1 and 2, and its height is 200 mm.
As shown, more magnetic flux passes through the RX coil in
the Modular than the Square. This is because the distance
between TX coils 1 and 2 and the RX coil is narrowed
due to overlapping structure in the Modular . The distance
between the TX coils and the RX coil is about 300 mm and
360 mm, in the Modular and Square, respectively. For this
reason, the amount of magnetic flux induced from each TX
coil passing the RX coil increases. Fig. 17 shows an average
coupling coefficient between the TX coils 1, 2, and the RX
coil depending on the RX height at the midpoint of two TX
coils. The result shows that the proposed Modular has a
stronger magnetic coupling than the Square as the RX height
varies.

Based on the above analyses, we have verified that the pro-
posed modular coil array satisfies the criteria for improving
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FIGURE 16. Magnetic field plot for analyzing magnetic couplings between
TX and RX: (a) Square and (b) Modular .

FIGURE 17. Coupling coefficient k depending on the charging distance.

FIGURE 18. TX array configurations for simulation: (a) Square and
(b) Modular .

the PTE and PF of a MIMO-WPT applying magnetic beam-
forming. For Section V, we configured theMIMO-WPTwith
the proposed modular coil in a DWPT environment to verify
the improved performance via 3D FEM simulation.

V. PERFORMANCE COMPARISON IN A DWPT
ENVIRONMENT
A. CONFIGURATIONS
Fig. 18 shows the candidates of the TX array configured
as five coils for comparison. Fig. 19 shows TX and RX
array deployment for simulation. As shown, the TX array

FIGURE 19. Array deployment for simulation: (a) Square and (b) Modular .

is fixed with five coil arrangements, whereas the RX array
is configured as one to five coils. This adjustment shows
the variation in performance relative to the area of the RX
array. The height of the RX array, denoted by dTR, was
adjusted in 50 mm increments from 50 to 400 mm. To model
a DWPT environment that charges a moving RX, the center
of the RX array moves from -600 to 600 mm relative to the
center of the TX array, as shown in Fig. 19. The term dRmov
denotes the distance between the centers of the TX and RX
arrays. The resonant frequency is set to 85 kHz, which is the
industry standard for charging electric vehicles. Simulation
parameters are included in Table 5.

B. MISO-WPT WITH MULTIPLE TX AND SINGLE RX
We carry out simulations ofMISO-WPT having five TX coils
and one RX coil (i.e., 5× 1 MISO-WPT). Fig. 20 shows the
mutual inductance M when dTR is 100 mm, as the distance
dRmov is adjusted from -600 to +600 mm with respect to the
center of TX array. UtilizingM in Fig. 20, the power transfer
capability of the Square and Modular can be verified.

Comparing Fig. 20(a) and (b), the peak-to-peak distance is
shorter for theModular than for the Square. TheModular has
a peak-to-peak distance of 450 mm due to the overlap for flux
cancellation, while the Square has a peak-to-peak distance of
about 600 mm, which is the width of one square coil. The TX
array placed beneath each graph confirms this. As a result,
the Modular has M of about 5.5 µH at the midpoint of two
adjacent TX coils, which is greater than the Square’s M of
around 4 µH. Next, the peak value of M of the Square is
about 10 µH, while that of the Modular is slightly reduced
below 10 µH. This is because the flux cancellation by the BP
arrangement reduces the magnetic field delivered to the RX
coil when the RX coil is situated in the center of each TX coil,
thereby lowering the magnetic coupling strength.
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TABLE 5. Parameters for simulations.

FIGURE 20. Mutual inductance M of MISO-WPT at dTR = 100 mm:
(a) Square and (b) Modular .

According to [21], the power transfer capability of WPT
can be measured as the sum of the mutual inductance M
denoted by

∑
M. Fig. 21 shows the sum ofmutual inductance∑

M between the five TX coils and the single RX coil at dTR
from 100 to 400 mm when dRmov is adjusted from -600 to
600 mm. At dTR of 100 mm, the average of the Modular’s∑

M is 10.5 µH with a deviation of 0.16 µH, whereas the
average of the Square’s

∑
M is 8.5 µH with a deviation of

0.86 µH. Other results show a similar tendency: theModular
has a higher average and lower deviation compared to the
Square. Therefore, the Modular is expected to transfer more

FIGURE 21. Sum of mutual inductance M: (a) Square and (b) Modular .

FIGURE 22. The results of 5× 1 MISO-WPT: an average of (a) ηMISO and
(b) pfMISO.

power wirelessly with a lower deviation than the Square
under the same input power.

From now on, the results provided are of a 5 × 1 MISO-
WPT applying magnetic beamforming with M in Fig. 20.
Fig. 22 shows the average results at dTR from 50 to 400 mm:
(a) ηMISO and (b) pfMISO. The results in Fig. 20 are the average
of the instantaneous outcomes when the RX coil traverses
from -600 to 600mm.Owing to the increased

∑
M in Fig. 21,

the Modular achieves a 1-2 % improvement in PTE ηMISO
compared to the Square. Furthermore, the Modular keeps
the average pfMISO near 1.0 regardless of the dTR, whereas
that of the Square rapidly decreases as dTR increases. The
steep attenuation of pfMISO in the Square is caused by the
fact that the real part of the TX input impedance decreases
as dTR increases, whereas the imaginary part remains constant
regardless of dTR. On the other hand, the pfMISO improvement
of theModular is attributable to the reduced cross-couplings
at the TX coils, as shown in Fig. 14.

Fig. 23 shows an instantaneous ηMISO when the RX coil
traverses from -600 to 600mm relative to the center of the TX
array. As shown in Fig. 23(a), the Square has the maximum
ηMISO when the RX coil is at the center of the TX coil,
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FIGURE 23. Instantaneous PTE ηMISO: (a) Square and (b) Modular .

while the minimum ηMISO is obtained when the RX coil is
at the midpoint of two adjacent TX coils. This phenomenon
is the power pulsation problem, as mentioned above. As the
distance dTR is adjusted from 100 to 400 mm, the maximum
andminimum ηMISO differences are about 10, 13, 12, and 8%,
respectively. On the other hand, it is intuitively obvious
that the Modular has less deviation of ηMISO, as shown in
Fig. 23(b). In the Modular , for dTR from 100 to 400 mm,
the maximum and minimum ηMISO differences are approx-
imately 3, 3, 2, and 1 %, respectively. This improvement is
due to theModular

∑
M in Fig. 21 having small fluctuation.

The results indicate that the Modular helps solve the power
pulsation phenomenon encountered while the RX moves.

Fig. 24 shows an instantaneous pfMISO under the same
conditions. Similar to ηMISO in Fig. 23, the Square has the
minimum pfMISO when the RX coil is located between two
adjacent TX coils and the maximum pfMISO when the RX coil
is at the center of the TX coil, as shown in Fig. 24(a). This
result indicates that the RX coil is strongly affected by the
cross-couplings of the TX array when it is located at the mid-
point of two adjacent TX coils. Furthermore, as the distance
dTR increases from 100 to 400 mm, variation between the
maximum and minimum pfMISO value rapidly increases. This
is because the reflected inductance by MT is independent
of dTR, whereas the reflected resistance by M is inversely
proportional to dTR. Meanwhile, as shown in Fig. 24(b), the
Modular maintains a pfMISO close to 1.0 regardless of dTR,
owing to the reduction ofMT.

FIGURE 24. Instantaneous PF pfMISO: (a) Square and (b) Modular .

Consequently, it is confirmed that the Modular achieves a
more improved ηMISO and pfMISO than the Square does due to
the increased

∑
M and reduced MT. Based on these results,

the following subsection verifies the extent of performance
improvement in MIMO-WPT provided by an increased num-
ber of RX coils.

C. MIMO-WPT WITH MULTIPLE TX AND RX COILS
In this subsection, we compared the performance of the
Square and Modular applied for the MIMO-WPT. The
MIMO-WPT configuration was as follows: five TX coils
were deployed, and the number of RX coils was increased
from two to five. This configuration allowed us to investigate
changes in performance relative to the number and area of
the RX arrays as the number of coils was increased. Fig. 25
shows the sum of mutual inductance M of two RX coils
(RX 1 and 2) in the 5× 2 MIMO-WPT. The

∑
M in Fig. 25

has a nearly identical shape to
∑

M of the MISO-WPT in
Fig. 21, but the amplitude is twice as large. This is because
each RX coil experiences the same mutual inductance in
Fig. 10 while moving.

Fig. 26 shows the average results of ηMIMO of a
5 × 2 MIMO-WPT applying magnetic beamforming at dTR
from 50 to 400 mm. As can be seen, the Modular has
about 4 % PTE improvement compared to the Square, which
is superior to a 2 % PTE improvement of the SISO-WPT
in Fig. 22(a). As shown in Fig. 22(a), the benefit of the
proposedModular in the MISO-WPT is not great at the long
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FIGURE 25. Sum of mutual inductance M: (a) Square and (b) Modular .

FIGURE 26. The results of 5× 2 MIMO-WPT: an average of (a) PTE ηMIMO
and (b) pfMIMO.

dTR because the PTE only depends on M. However, in the
MIMO-WPT, the proposed Modular can provide at least a 4
% improvement in PTE far away from the TX array because
it eliminates the large attenuation caused by RX cross-
couplings. In other words, theModular’s ηMISO improvement
is only due to the increasedM, whereas ηMIMO improvement
is due to both increased M and lowered MR, resulting in a
more notable improvement. Meanwhile, pfMIMO in Fig. 26(b)
exhibits the same tendency as pfMISO in Fig. 22(b): pfMIMO
of the Square rapidly drops as dTR increases, while that of the
Modular is close to 1.0 regardless of dTR. In this case, pfMIMO
has a higher attenuation rate than pfMISO does. The cause of
this phenomenon is explained in the following instantaneous
results.

Fig. 27 shows an instantaneous ηMIMO when the RX array
with two coils traverses from -600 to 600 mm relative to the
center of the TX array. Similar to ηMISO in Fig. 23, the ηMIMO
of the Square is on average lower and the deviation is larger
than the ηMIMO of theModular . The maximum and minimum
ηMIMO differences in Square are about 5, 6, 4, and 3 %,

FIGURE 27. Instantaneous PTE ηMISO: (a) Square and (b) Modular .

respectively, for the dTR from 100 to 400 mm. On the other
hand, Modular has ηMIMO differences of roughly 1, 0.5, 1,
and 2 %, respectively, at the same dTR.
Fig. 28 shows an instantaneous pfMIMO under the same

conditions. The pfMIMO of the Square rises and falls while
the RX array is moving, which is the same tendency as with
pfMISO in Fig. 24(a). The Square has the maximum pfMIMO
when dRmov is 300 and -300 mm. This is because the two TX
andRX coils are facing each other at these positions, resulting
in the greatest reflected resistance. The minimum pfMIMO is
obtained when the RX array is located at the center of the TX
array (i.e., dRmov = 0). This indicates that the cross-couplings
of TX 2 and 3, and TX 3 and 4 (i.e., kT23 and kT34) have more
significant influence on pfMIMO at this position. On the other
hand, the Modular achieves higher pfMIMO (0.97 or above),
even when dTR is 400 mm, which is slightly lower than the
pfMISO in Fig. 24. This is because, as the area of the RX array
increases, more cross-coupling of the TX array affects the
MIMO-WPT while transmitting power.

According to the results above, the Modular outperforms
the Square in PTE and PF when used for MIMO-WPT.
We repeated the same simulation with more RX coils to
make the results more generic. The results of instanta-
neous ηMIMO and pfMIMO according to the dRmov movement
(Fig. 23, 24, 27, and 28) show similar tendencies regardless
of the number of RX coils. Therefore, the instantaneous value
according to the dRmov is omitted, whereas the average value
is used as an indicator of performance.
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FIGURE 28. Instantaneous PF pfMISO: (a) Square and (b) Modular .

Fig. 29 and Fig. 30 show the variation ratio of PTE and
PF of the MIMO-WPT relative to those of the MISO-WPT
(Fig. 29: ηMIMO/ηMISO and Fig. 30: pfMIMO/pfMISO), as the
number of RX coils was adjusted from two to five. Both
results confirm the influence of adjusting the number of RX
coils on the WPT performance when the number of coils in
the TX array is fixed.

Based on the graphs, two properties are confirmed in
Fig. 29. First, both the Square and Modular show that the
PTE improvement ratio, according to the increase in the
number of RX coils, is more pronounced as the RX height dTR
increases. The highest PTE improvement ratios of the Square
andModular at 200 mm of dTR are 3.8 % and 6.2 %, respec-
tively. On the other hand, both arrays improve PTE up to 17%
and 30 % at 400 mm of dTR, respectively, compared to that
of the MISO-WPT. In other words, it is effective to configure
the RX array with multiple coils for improving PTE when the
RX height dTR is farther. Second, the Modular has a higher
overall PTE improvement ratio than the Square. As shown
in Fig. 29, the Modular consistently outperforms the Square
for the same number of RX coils. Even the Modular with
two RX coils has a more remarkable PTE improvement than
the Square with five RX coils. This intuitively indicates that
using theModular can improve PTE compared to the Square,
even when the RX array area is small. As shown in Fig. 29,
the Square has little PTE increases when the number of RX
coils increases from two to five. As stated, this is because the
cross-couplings at the several RX coils lower the magnetic
coupling strength between the TX and RX coils, thereby
reducing the amount of power transferred from the TX array.

FIGURE 29. PTE variation depending on the number of RX coils.

On the other hand, the PF of MIMO-WPT drops as
the number of RX coils increases in both the Square and
Modular , as shown in Fig. 30. This phenomenon is more
evident as the RX height dTR increases. To express this intu-
itively, the PF is severely reduced if the area of the RX array
is expanded to boost PTE at a long charging distance. There
are two reasons for this phenomenon. First, the reflected
resistance induced by the RX coils in the TX equivalent
circuit decreases as the RX height dTR increases, resulting in
PF attenuation. Second, as the area of the RX array expands,
more cross-couplings at the TX coils affect the WPT, which
reduces the PF.

In the Square, the PF of MIMO-WPT is higher than
that of the MISO-WPT when dTR is less than 100 mm,
as shown in the top-left graph in Fig. 30. This is because
the reflected reactance caused by cross-coupling MR at the
RX array cancels out with the reflected inductance caused
by cross-coupling MT at the TX array, thus reducing the
total reactance of the input impedance. However, because the
reflection capacitance is inversely proportional to dTR, it grad-
ually decreases as dTR increases; therefore, the reflected
capacitance has almost no influence on the PF as dTR
increases. In addition, theModular is robust compared to the
Square in terms of PF variation according to the number of
RX coils. When dTR is 400 m, the PF variation of the Square
reaches 50 %, whereas that of the Modular is just 10 %,
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FIGURE 30. PF variation depending on the number of RX coils.

at most. This result is due to the advantages of the Modular
that eliminates cross-couplings at the TX and RX coils and
increases magnetic couplings between the TX and RX coils.

D. SUMMARY
When applied to the TX and RX arrays of MIMO-WPT,
the suggested modular coil array outperforms the existing
square coil array in terms of PTE and PF. While the RX array
travels, the suggested modular coil array transfers constant
power with minimum fluctuation, as opposed to the results
with the existing square coil array. The PTE of the modular
coil array improves as the number of RX coils rises, whereas
the square coil array does not. Consequently, the suggested
modular coil array has been shown to be suitable for use in a
DWPT environment employing magnetic beamforming.

VI. CONCLUSION
In this paper, we first provided a theoretical analysis of mag-
netic couplings in MIMO-WPT (magnetic coupling between
the TX and RX arrays, and cross-coupling at each TX and RX
array) when applying magnetic beamforming. Our analysis
showed the magnetic coupling criteria for improved PTE and
PF performance: an increase in magnetic coupling between
TX and RX arrays and a reduction of cross-coupling at TX
and RX array. We also confirmed the validity of this criterion
with a large number of coils using numerical analysis in
MATLAB. Then, we proposed a modular coil array that can

be used for MIMO-WPT. The proposed modular coil array
can reduce cross-couplings at the TX and RX arrays and
increase magnetic coupling between TX and RX array, satis-
fying the derived criteria for improved PTE and PF. There is
also the benefit of having a flat surface and robust scalability
when the proposed modular coils are arranged in an array.
A 3D FEM simulation showed that the proposed modular coil
array outperforms the existing square coil array in the DWPT
environment.

Based on these findings, the proposed modular coil array
is expected to be useful in various industries that use static
or dynamic WPT. The proposed modular coil design can
be optimized to achieve maximum performance in various
applications by changing the geometry of the coil. For max-
imizing the PTE of the overall WPT system, such optimiza-
tion must be combined with impedance matching, including
load impedance optimization. Due to eliminating the cross-
coupling, future work will allow receiver localization and
weight calculation for magnetic beamforming to be realized
with less computational complexity than in the traditional
channel estimation method.

APPENDIX A
DERIVATION OF (10) AND (11)
• Magnetic channel H of (10)
In the SISO-WPT, the RX voltage is given by multiplying

the jωM by the TX current, as explained in (1). Thus, in the
MIMO-WPT, the RX voltage

−→
VR is given by

−→
VR = jωM

−→
IT . (30)

Since
−→
VR is calculated by

−→
VR = ZR

−→
IR , multiplying both

sides of (30) by the inverse matrix of ZR gives
−→
IR =

jωZ−1R M
−→
IT . Here, the jωZ−1R M term that directly relates

−→
IT and

−→
IR is defined as a magnetic channel H (i.e.,H =

jωZ−1R M).
• Matrix of reflected impedance ZR

T of (11)

As above, in the MIMO-WPT,
−→
VT is given by

−→
VT = ZT

−→
IT−jωMT−→IR . (31)

Substituting
−→
IR = jωZ−1R M

−→
IT into (31) gives

−→
VT = ZT

−→
IT + ω2MTZ−1R M

−→
IT . (32)

Here, the second term ω2MTZ−1R M on the right side related
to the

−→
IR is defined as a matrix of reflected impedance ZR

T
(i.e.,ZR

T = ω
2MTZ−1R M).

APPENDIX B
SIMPLIFIED EQUATION OF BEAMFORMING CURRENT
FOR SPECIFIC CONDITIONS
In N×2 MIMO-WPT
This Appendix B provides a simple equation of beamforming

current
−→

IbfT derived for N ×2 MIMO-WPT. As shown in (21),
the beamforming current for a typical MIMO-WPT requires

42138 VOLUME 10, 2022



K. Kim et al.: Magnetically Decoupled Modular Coil Array for Dynamic Wireless Power Transfer With Magnetic Beamforming

to calculate H∗RRH. Substituting the magnetic channel H
of (10) into H∗RRH, it is calculated byM∗Z−1R

∗
RRZ−1R M.

Here, when the MIMO-WPT is configured as n TX and
two RX coils A and B, Z−1R

∗
RRZ−1R is given by

Z−1R
∗
RRZ−1R =

1
det (ZR)

[
RRb 0
0 RRa

]
, (33)

where det (ZR) is ZR = ω2M2
ab + RRaRRb. When the two

RX circuits have the same resistance values (i.e., RRa =
RRb = RR), Z−1R

∗
RRZ−1R becomes a constant by (33). Thus,

H∗RRH of (21) is abbreviated toMTM, which results that the

beamforming current
−→

IbfT is given by
−→

IbfT = c′·maxeig (M∗M).
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