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A 50-kW Three-Channel Wireless Power Transfer
System With Low Stray Magnetic Field

Abubakar Uba Ibrahim

Abstract—Adopting high-power wireless charging systems, par-
ticularly for heavy-duty electric vehicles (EVs) and fast charging
of regular EVs, becomes extremely imperative. The stringent re-
quirements of safety guidelines, high efficiency, and high-power
density would continue to impede the rapid penetrations of wire-
less power transfer (WPT) systems for EVs at high power. This
article investigates the potentials of multichannel WPT systems to
achieve high-power transmission under such requirements. A mul-
tichannel WPT system consists of multiple power-transfer paths
such that adjusting the number of channels affords the system
become adaptive to multiple power levels that could eventually
present an opportunity for developing high power, which would be
seriously challenging with the conventional single-channel systems.
Moreover, different channels can cooperate to achieve superior
performance, such as a low stray magnetic field. A three-channel
WPT system is designed in this article, and its capability of signif-
icantly reducing the stray magnetic field is investigated. By prop-
erly determining the power-sharing proportion of the channels,
the magnetic field reduction of 80% and 63% can be achieved
compared with the rectangular-pad and double D (DD) pad sys-
tems (under similar total pads area), respectively. A three-channel
50-kW prototype is produced with a de-dc efficiency of 95.2%
across the 160 mm air gap. The measured results of the magnetic
field agree well with the simulation ones.

Index Terms—Wireless power transfer, inductive power transfer,
multi-channel WPT.

1. INTRODUCTION

LTHOUGH its first proposition by Nicola Tesla was more
A than a century ago [1], [2], magnetic resonant wireless
power transfer (WPT) has been gaining ground, and the technol-
ogy is rapidly maturing. Recently, it is widely used for charging
industrial equipment, cellphones, electric vehicles (EVs), etc.
[3]-[5]. A clear demand for developing fast wireless charging
facility as well as charging heavy-duty EVs incentivizes a rapid
increase of the power level of the WPT. Besides the high-power
(above 50 kW) systems developed for dynamic charging [6]-[8],
considerable efforts have been made in developing high-power
stationary WPT with 50 kW or above [9]-[11].
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One critical issue of the high-power WPT is its intense stray
magnetic field emissions, which is a big challenge to meet
the safety restrictions. To promote the compliance of safety
guidelines by the International Commission of Nonionizing Ra-
diation Protection, the Society of Automotive Engineers (SAE)
recommends the maximum magnetic field exposure of 27 T
rms and 15 uT rms for the general public and possible people
with body-implanted medical device, respectively [12], [13].
Table I summarizes a few reported results of the stray magnetic
field generated by various WPT systems. The measuring point
is outside the area covered by the vehicle, which is about 0.8 m
from the center point of the coupled pads (i.e., in the middle of the
air gap), which falls under region 2a according to the provision
of SAE J2954 [13]. If there is a misalignment, this center point
will be unchanged with respect to the vehicle. The 50 kW WPT
system, as presented in [9], has a stray magnetic flux density of
approximately 24 uT rms. While in [14], the stray B-field of a
3.3 kW system slightly exceeds the safety limit, which might be
mainly due to the large misalignment. Therefore, it is reasonable
to deduce that a similar system to the one in [9] might violate
the safety limit of 27 uT rms if a large misalignment occurs.
Moreover, magnetic flux density grows proportionately to the
square root of the power level [15], which implies that it is more
challenging to design the high-power WPT systems under this
safety constraint.

Shielding methods based on generating counter magnetic
fields have been widely adopted to cancel out the stray magnetic
field and weakens the flux density at the interested positions.
There is generally passive shielding [16]—[21] and active shield-
ing [22], [23]. Passive shielding has an upper limit in terms
of shielding effectiveness [24], and active shielding usually
requires extra installation space and increases the complexity
of the whole system [23].

Polyphase WPT systems could essentially be effective in
reducing stray magnetic fields comparing with single-phase
systems. For example, the 50-kW system using double D (DD)
pads has a large reduction in the stray magnetic field com-
pared with its counterpart using rectangular pads [9], as given
in Table I. However, it is appropriate to note that DD pads
WPT systems can be regarded as a two-phase system whose
windings of the two phases are connected in series with the
opposite winding directions. This structure was later developed
into a bipolar pad (BPP) whose two windings are decoupled
by adding an overlap [25]. Apart from DD and BPP, which
are virtually two phases, numerous studies have been carried
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TABLE I
STRAY MAGNETIC FLUX DENSITY OF WPT SYSTEMS
Ref Power Winding Pad Size Air Gap Operating Conductive Misalignment B-field
' [kW] Structure [m?]? [mm] Frequency [kHz] Shielding Layer [mm] [uT RMS]
] 50 Rectangular 0.24 160 85 Smaller than coi ® 0 24
50 DD 0.24 160 85 Smaller than coil® 0 13
[10] 50 Bipolar 0.26 180 88.5 None 0 347
(three-phase) ’ ’ ’
Pri.: Tripolar pad 0.35 Same size
(4] 33 Sec.: Circular pad 0.2 150 20 as the pads (150,150) 287

“Including coil and ferrite.

bShielding in these systems is designed to reduce eddy current loss in the resonant capacitor rather than to eliminate the stray magnetic field.

out on three-phase WPT systems [26]-[32]. However, almost
all of the polyphase WPT systems share a common problem,
which is known as interphase cross coupling. Cross couplings
in the context of this article include all other couplings except
the main primary—secondary coupling of each channel. The
major effect of the cross couplings is causing unbalance power
sharing and power circulation among phases [33]-[36], etc.
Thus, it causes the degradation of power transfer capability and
efficiency of polyphase WPT. The cross couplings of the coils
in the same side (i.e., either primary side or secondary side) can
be largely reduced by using the partially overlapping structure
as a BPP [14] or by mere adjustment of magnetic couplings
among the primary (or secondary) coil [35]. It is also possible to
eliminate the adverse effects of the same-side cross couplings by
a proper design of compensations [31], [37]. However, for those
multiphase systems with identical pads in both the primary and
secondary sides, there are still interphase couplings between
the coils from different sides. The diagonal placement of the
magnetic pads containing four-solenoid windings, as proposed
in [36], drastically reduces the unwanted cross couplings, but
this approach cannot be directly applied to circular pads.

This article investigates the potential of a multichannel WPT
system to achieve superior performance. By adjusting the num-
ber of channels, the power level of a multichannel system can
be adaptive to many different applications and a lot of effort on
designing and testing new systems can be saved. Another major
merit of multichannel WPT is that the stray magnetic fields gen-
erated by different channels can be controlled to cancel out each
other, thereby significantly attenuating the extended stray mag-
netic flux density. As an example, a three-channel WPT system is
designed and the cross couplings are minimized. To leverage the
ability of flux cancelations due to currents phase angle difference
in multichannel WPT systems, a study is undertaken to demon-
strate the extent of stray magnetic field reduction (which is criti-
cal for high-power WPT). A prototype of 50 kW is built, and the
experimental results are consistent with the simulation results.

The rest of the article is arranged as follows. Section II
presents the general concept of multichannel WPT systems as
well as the theory of magnetic field cancelations. Section III
discusses the effects of cross couplings. Section IV gives the
design of a practical three-channel WPT system and investi-
gates the potential of multichannel WPT systems in attenuating
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Fig. 1. Multichannel WPT system.
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Fig. 2. Circuit topology of a multichannel WPT system (cross mutual induc-

tances not shown).

stray magnetic field through case studies. The experimental
verification is presented in Section V. Finally, Section VI con-
cludes the article.

II. MULTICHANNEL WPT
A. General Concept

Fig. 1 shows the general schematic of a multiple-channel WPT
system with n channels and Fig. 2 shows the circuit topology
of the system. Each channel is basically the traditional WPT
system consisting of one primary-side inverter, a pair of coupled
LC resonators, and a secondary-side rectifier. The circuit model
of n-channel series—series compensated WPT system is given



IBRAHIM et al.: 50-KW THREE-CHANNEL WIRELESS POWER TRANSFER SYSTEM WITH LOW STRAY MAGNETIC FIELD

by (1) [48], where subscripts P and S denote the primary side
and secondary side, respectively; R, (i = P1, S1, ..., P,, Sp) 1S
the parasitic resistance [the sum of the resistance of winding-
i, the equivalent series resistance (ESR) of capacitor-i]; X; is
the reactance (wL;-1/(wC;), L; is the inductance, and C; is the
capacitance; /; is the current in resonator i; M,; is the mutual
inductance between resonators i and j; Upg and Rpsq (¢ = 1, 2,

., n) are the voltage source and the load resistance of channel-
g, respectively; and w is the operating angular frequency.

As indicated in (1), all the cross couplings will participate
in the operation of the system, forming power flowing paths
for either active power or reactive power. However, the most
efficient power path for transferring active power from the source
to the load is formed by the main coupling of each channel
(M pys;) because these main couplings are expected to have a
higher coupling coefficient k relative to other cross couplings.
Therefore, all the power paths created by cross couplings might
degrade the performance of the system in terms of efficiency
(due to circulating power paths) and power transfer capability
(due to reactive power). In addition, these cross couplings could
also complicate the control of the system.

B. Analysis of Stray Magnetic Field

In a multichannel WPT system, the phase angles of the wind-
ing currents, as well as the ratio of magnetomotive force (MMF),
i.e., the product of the number of turns N and the current of a
winding /, will affect the stray B-field of the system. This is first
investigated through theoretical calculation without considering
ferrite layers and shielding layers for simplicity. The method to
calculate the B-field generated by one or multiple windings is
reported in [38] and [39] and will be repeated as follows.

The magnetic flux density of a rectangular loop at a point P(x,
¥, z) is determined by the total contribution of each segment of
the loop [38]-[40]. Fig. 3 depicts the positioning of multiple
rectangular coils. The origin of the coordinate system is located
at the center of Coil-1. For Coil-h (h = 1, 2, 3, ..., n), its
current is denoted as i,(f); the number of turns is denoted as
Ny,; the outer dimension of the coil is denoted as 2a;, by 2by,;
the distance between its center and the origin is denoted as dj,;
the distance between two neighboring turns is denoted as dp;
and the distance between each corner of the sth turn (s =1, 2, 3,

., Np,) of Coil-h to the observation point P is described as rys7,
T'hs2, T'hs3, and rp,s 4, where the subscripts 4 and s represent Coil-/
and the sth turn of Coil-A, respectively. The total magnetic field
due to the alternating currents flowing through the coils can be
described by the vector [38]

where

N
n-S O3

rZ
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—Ch54 =T+ ap — (S — 1) drp,
—Chss = —x+ap — (s —1)drp.

To investigate the effects of the phase difference of the wind-
ing currents and the ratio of N/ (i.e., the product of the number of
turns and the current of a winding) on the stray magnetic field, we
take a three-channel WPT system as an example. To maintain
generality, we use single-turn coils to represent ordinary flat
windings. Totally, there are three channels and six identical
coils, i.e., Channel 1 with Coil-P1 (primary) and S1 (secondary),
Channel 2 with Coil-P2 and S2, and Channel 3 with Coil-P3 and
S3, as shown in Fig. 4. The distance between the centers of the
primary and secondary windings is 160 mm. The coil dimension
is 0.3 m by 0.3 m, and the distance between the centers of each
adjacent coil is 0.5 m. The origin of the coordinate system is
located at the center of Coil-P1. The observation plane (x =
—0.8 m) is 0.8 m away from the center of the coils (along the
—X-direction). Three primary windings share 10 A current, and
three secondary windings also share 10 A current. First, equal
current sharing, i.e., each coil carrying 3.33 A, is investigated
with different current phases. The phase angles of the currents
are denoted as O p;, O ps, Ops, 051, 050, and 0 g5 for Coil-P1, P2,

Br (t) =By i+ Byj+ B:k 2 P3,51,52,and S3, respectively. It should be noted that each of the
Rp1+jXp1 JwMpis1 JwMp1p2 JwMp1ipn I_Pl> Up1

JjwMpis1 Rsi+ Rpsi+jXs1 jwMsipa JwMs1pn I_s1) Ag

JwMp1p2 JwMs1p2 Rps+jXpa -+ JwMpapn Ips | = | Ups 1)

JwMpisn JwMs1sn JjwMpasn -+ Ren + Rpsn + 7 Xsn T 0

o
3
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Fig. 3. Multiple rectangular windings placed in a straight line.
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Fig. 4. Winding structure of an example three-channel WPT system and the
position of the observation plane of the stray B-field.

secondary currents should normally lag the respective primary
current of the same channel by 90° in order to efficiently transfer
active power, i.e.,0g; =0p; —90°,05,=0ps —90°,and O g3 =
0ps — 90°. Based on (2), the maximum B-field of each point on
the observation plane can be calculated. Fig. 5 shows the B-field
plots on the observation plane of three cases in which we assume
Opo =0°.
1) The currents of the same side are in-phase, i.e., 0 p; =
= 9[.)3 =0°and 051 = 952 = 951 = —90°.
2) Each of the currents is 120° out of phase to the other two
in the same side, i.e., 0 p; = —120° (or 120°), ps = 0
and 0 p3 = 120° (or —120°), and 05; = —210° (or 30°),
Ops = —90°, and O ps = 30° (or —210°).
3) The aside coil currents are 180° out of phase to the middle
coil currents, i.e., 0 p; = 180°, 0 po = 0°, and O p3 = 180°,
and 6g; = 90° Opg = —90°, and O p3 = 90°.

0 p2

The calculated results are confirmed with finite-element simu-
lation results. From Fig. 5, it can be seen that both the case with
180° current phase difference and the case with 120° current
phase difference provide significant B-field reduction compared
with that of the case with in-phase currents, and the case with
180° current phase difference is the best among the three.

It is also motivational to ascertain the influence of the ratio
of the product of the number of turns and current (NI) since the
contribution to the magnetic field by each coil is dictated by
NI. 1t is, therefore, very relevant to determine the optimal N/
ratio among the channels in such a manner that the magnetic
field cancelations could be optimal. This case study is also
based on the above three-channel system with single-turn coils.
Therefore, the NI ratio becomes the current ratio. The total
current in the described three-channel system is 10 A on both
the primary and secondary sides. The current amplitudes of two
aside channels are assumed identical, i.e., Ip; = Ipg and Ig;
= Ig3. The current ratio is then defined as the ratio between
the current of the aside channels and the current of the middle
channel, e.g., Ip; (or Ips)/Ipe. We also assume [g;/(or Igs)/
Iss = Ip;/Ipe, which is normally valid in a parallel input and
parallel output multichannel system. Fig. 6 shows the calculated
and simulation results of the maximum B-field on the said
observation plane under different current ratios and different
current phase differences of 120° (fp; = —120°, 8 p2 = 0°, and
Ops=120°and0gs; = —210°, 60 ps = —90°, and 6 p3 = 30°) and
180° (91)1 = 1800 Hpg = 0O and 9}33 = 1800 and 951 = 900
0 ps = —90°, and 6 p3 = 90°), respectively. The optimal point is
found when the current ratio is 0.7 (i.e., Channel-2 outputs about
40% of the total power) and the current phase difference is 180°.
For the case with a 120° current phase difference, changing the
current ratio barely affects the minimal stray B-field.

Magnetic ferrite layers are necessary for most of the real-life
applications of WPT. It is, therefore, imperative to evaluate
whether the ferrite cores can lead to any significant alteration
on the B-field results. Simulations are performed on the three-
channel system with plate ferrites, as shown in Fig. 7. The
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Fig. 5. Calculated maximum B-field on the observation plane with identical
current amplitude and different current phase differences among channels.
[Red bars represent the projections of the windings on the plane.] (a) In-
phase—calculated Bmax 184 nT (simulation value 188 nT). (b) —120°, 0°,
120°—calculated Bmax 58.9 nT (simulation value 58.5 nT). (c) 180°, 0°,
180°—calculated By, ax is 55.8 nT (simulation value 56.2 nT).

results are given in Fig. 8 and compared with the results in
Fig. 6. As shown in Fig. 8, the ferrites only slightly enhance
the stray magnetic field compared with the simulation results of
the system without ferrite.

III. EFFECTS OF CROSS COUPLINGS

For a multichannel WPT system, the critical challenge is the
cross couplings among every two different channels. To clarify
the effects of these cross couplings, theoretical analysis and
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Fig. 7. Three-channel WPT system with ferrite layers.
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Fig. 8. Effect of ferrites core on the stray magnetic flux density on the
observation plane with currentratio. [Ferrite plate dimension: 350 mm x 350 mm
x 5 mm; and the gap between ferrite and winding: 1 mm.].

a case study are provided as follows based on a two-channel
WPT system (i.e., P1-S1 and P2-S2). The parameters of the
two channels are identical, i.e., Mp;5; = Mpsg2, Rp; = Rpa,
Rs; = Rgsa, and R s; = Rys2. The operating frequency equals
the resonant frequency of the resonators, i.e., Xp; = Xps = Xg;
= Xg2 = 0. The circuit equations of the system are

- _ — _ —
Rp1Ipi +jwMpipa Ipo +jwMpigi Ist
] — —
+ jwMpis2 Is2 = Upy 3)
) — — _ —
jwMpip2 Ip1 +Rpa Ips +jwMpasi Is1

) — —
+ jwMpas2 Is2 = Ups 4
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— — —
JwMpis1 Ip1 +jwMpasi Ipa +(Rsi + Rrsi) Ist
—
+ jwMsi152Is2 =0 )
. *) . % . H
JwMpis2 Ipy +jwMpoge Ipe +jwMsis2 151

.
+ (Rs2 + Rrsz2) Is2 = 0. (6)

— —

If the secondary currents /g1 and Igo are given (e.g., the
secondary currents are with the same required amplitude and
180° out of phase to minimize the B-field), the primary currents

— —

Ip; and Ipy can be determined by solving (5) and (6) as [49]

.

[jwMpasiMs1s2 — Mpasa(Rs1 + Rrsi)] Ist

—

jﬁ + [Mpasi(Rs2 + Rrs2) — jwMsi1saMpasa] Isz
i Jw(Mpis1Mpasas — MpirsaoMpast)

(N

.

jwMpisiMsis2 — Mpisa(Rs1 + Rrsi)] Ist

—

F +[Mp1s1(Rs2 + Rrs2) — jwMsi1saMpisa] Is2
2 —jw(Mp1s1Mpasa — Mp1saMpagst)

®)

A. Primary-Side Cross Coupling

It should be noted that the primary-side cross mutual induc-
tance Mp;p2 is not required in (7) and (8). In other words,
—

—
Mp;ps does not affect the calculation of Ip; and Ips when
— —

Isy and Ig are given. Under this condition, M p;ps does not
affect the system efficiency. This principle is the same as that in
a single-channel system, i.e., the compensating condition of the
primary resonator will not affect the power transfer efficiency
of the coupled resonators.

On the other hand, it is clear from (3) and (4) that M p; p» will
affect the required input voltages Upq and Ups to generate the
desired secondary currents.

B. Secondary-Side Cross Coupling

First, the diagonal cross couplings, i.e., Mpzg; and Mp;ga,
are assumed to be zero. We examine the difference in the primary
currents to output the same amount of secondary currents (i.e.,
given Ig; and I g», and Is; = Ig2) when the secondary-side cross
coupling M g;52 is zero or nonzero.

With zero M g; 52, the required primary currents to output /sy
and Igp are given as follows, according to (5) and (6):

(Rs1+ Rrsi)Isi

Ipy = O

o wMpis1 )

Iy = (Rs2 + RLS2)IS2_ (10)
wMpago

The power loss in the primary resonators is

(Rs1 + RLSI)QIEHR
Pl

I}% RPl + 11232RP2 =2
! W2M1%151

an
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With nonzero Mg;s2, we take I;l as the reference (with a
phase angle of zero). We assume that the other secondary current
has the same amplitude and an arbitrary phase angle. So, its
phasor representation is

5
Iso = Is140s2. (12)

According to (5) and (6), the primary currents are given by

— —
;7 —(Rs1 4+ Rpsi) Ist —jwMgis2 Is2
I'py = : (13)
JwMpis1
) — —
1,732 _ —jwMgig2 sz1 —(Rs2+ Rrs2) 152. (14)
JwMpago

It can be seen from (13) and (14) that the phase difference
between two secondary currents largely affects the amplitudes
of the primary currents. For example, if 652 = 0 or 180°, both
I'p; and I py increase; if g2 = 90° and Mg;52 < O (as for
two planar windings put side-by-side), I p; increases and I’ py
decreases.

With (12), the power loss in the primary resonators can be
calculated as

I'b Ry + by Rpo

[(351 + Rps1)” + w2M§152] 1%,

=2 Rp;. 15
w?ME g, o >

By comparing (11) and (15), it can be seen that the primary
loss increases as |M ;92| increases and the efficiency is indepen-
dent of the phase difference of the secondary currents.

C. Intersides Cross Coupling

Generally, intersides cross couplings, such as Mp;g2, pro-
vide additional power paths between the primary windings and
secondary windings. The power paths might deliver real power
or reactive power or both, depending on the phase difference
between two currents in the coupled windings. If only the real
power is delivered from the primary winding to the secondary
winding, it means the same primary current can generate higher
output power compared with the counterpart with zero intersides
cross couplings. Therefore, the efficiency of the system can be
improved. By contrast, if the real power is delivered from the
secondary winding to the primary winding, a circulating power
loop is formed in the system, which leads to lower power transfer
efficiency.

A case study is provided based on an imaginary two-channel
WPT system, whose parameters are listed in Table II. For each
independent channel, the output power is 3.3 kW at the given
load resistance; the primary voltage applied to the resonator is
Vpo = 185.9 V; the primary resonator current /pg = 17.75 A;
and the power transfer efficiency is 98%.

The calculation results of the efficiency, the input voltages
(Vpaz» x = 1 or 2), which are normalized to Vpy, the primary
currents (I, x = 1 or 2), which are normalized to Ipy, and the
phase difference between two primary currents, under variations
of the phase difference of two secondary currents, are shown
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TABLE I
PARAMETERS OF AN IMAGINARY TWO-CHANNEL WPT SYSTEM
Lpi, Lpz, Lsi, Ls2 Rp1, Rp2, Rsi, Rz I, R Is, Is
0.1068 Q @ 85 kHz 85 kHz,
100 pH (0 = 500) 1068 O 17.58 A
kpisz,
kP/S/: kP_’S! kP/PZ kSISZ kPISZ
P2S1
0.2 variable variable variable
100 1.5 180
14 Ve Y 160
Veo [
98 13f 1.4 140t
12 I I
1.2 120
9 [ | |
n L Ve 1 I 1 6,5'2100
[%] Veo Ip | [°] 80t
Aar osl
. 60t
ot 0.6 40f
0.4t 20f
90 0
0 180 180 0 180 0 180
Fig. 9. Efficiency, input voltage, primary currents, and phase difference be-
tween two primary currents as functions of the phase difference of two secondary
currents for the system with kp;pg = —0.1 (other cross couplings are zero).
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Fig. 10. Efficiency, input voltage, primary currents, and phase difference
between two primary currents as functions of the phase difference of two
secondary currents for the system with ks;52 = —0.1 (other cross couplings
are zero).
in Figs. 9-11 for the system with kp;ps = —0.1 (other cross
couplings are zero), ks;s2 = —0.1(other cross couplings are
zero), and kp;s; = kpag; = 0.1 (other cross couplings are zero),
respectively.

As revealed in the above analysis and verified in Fig. 9, the
primary cross coupling does not affect either the system effi-
ciency or the primary-side currents. However, the input voltages
of the two channels become unbalanced if the phase difference
of two secondary currents is not 0° or 180°. Nevertheless, when
the phase difference of two secondary currents is 180° as desired
to realize the low stray B-field, the input voltages are 10% higher
than that of the single-channel system. This slightly increases
the VA rating of the primary-side circuits.
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Fig. 11. Efficiency, input voltage, primary currents, and phase difference

between two primary currents as functions of the phase difference of two
secondary currents for the system with kp;s; = kpag; = 0.1 (other cross
couplings are zero).

As for the system with kg;52 = —0.1, the system efficiency
drops by 0.2%, as shown in Fig. 10, which agrees with the
previous analysis. Moreover, the secondary-side cross coupling
causes unbalance in both the primary currents and the input
voltages when the phase difference of two secondary currents is
not 0° or 180°.

With nonzero intersides cross couplings, the efficiency could
be higher or lower than the efficiency of the single-channel
counterpart, as shown in Fig. 11. In the case with kp;5; =
kpos; = 0.1, the efficiency is improved by about 0.5% when
the secondary currents are in-phase. This means each of the
primary currents will deliver active power to both the secondary
windings, which is a more energy-efficient way than the original
single-channel system. However, when the secondary currents
are totally out of phase as desired to eliminate the stray B-field,
a significant efficiency drop appears. If the coupling coefficients
become negative as when the lateral distance of two windings
is large enough, this conclusion changes to the opposite, i.e., 0°
phase angle of the secondary currents leads to efficiency drop
and 180° out of phase increases the efficiency.

IV. THREE-CHANNEL WPT SYSTEM

A. Prototype Magnetic Coupler Design

Similar to the analysis of Section III, interside cross couplings
in the three-channel WPT system presented below will also lead
to a serious efficiency drop when the secondary-side resonators
transmit real power to the primary-side resonators. Likewise,
primary-side cross couplings will increase the required input
voltage of the system to generate the required output currents
and cause input voltage unbalance when the phase difference of
the output currents is not 0° or 180°, whereas the secondary-side
cross couplings will slightly decrease the system efficiency and
increase the primary currents, also cause input voltage and pri-
mary current unbalance when the phase difference of the output
currents is not 0° or 180°. Moreover, all of the cross couplings
form additional power paths in the system for either real power
or reactive power or both. These power paths become serious
challenges when trying to control the current amplitudes and



9948

Secondary Windings

Primary Windings

Fig. 12.  Three-channel WPT system with decoupled neighboring windings.

TABLE III
COUPLING COEFFICIENTS OF THE PADS IN FIG. 12

kpisi, kpas2, kpsss kpisz, ks2ps | ksipz, kpass kpiss, ksips

0.195, 0.198, 0.195 0.033 0.029 -0.060
ksis2, ksass ksiss kpips kpipa, kpops
-0.004 -0.079 -0.086 -0.005

phase angles, as desired to eliminate the stray B-field. Therefore,
in designing a multichannel WPT system, all cross couplings
should be minimized, especially from the control point of view.
However, it is usually impossible to eliminate all the cross
couplings by designing the structure of the couplers. Moreover,
there are also other considerations in practical implementations,
such as compact receiving pads.

Straightforward, the method of adding an overlap to decouple
two neighboring windings [14], [25] can be adopted to deal with
the same-side cross couplings. This three-winding structure is
exactly the same as a DDQ pad developed in [25], [46], and [47],
which can significantly enhance the misalignment performance
of a WPT system. But it should be noted that a DDQ pad does not
require perfect decoupling between two neighboring windings
as the three-winding structure in Fig. 12 does. By repeating this
structure, every two adjacent windings in either the primary or
the secondary side can be decoupled, as shown in Fig. 12, but the
interside cross couplings will still be present. In the simulations,
plate ferrite structure is adopted for better performance [41].
The simulation results of the coupling coefficients are given in
Table II1.

An asymmetric structure is proposed to eliminate those diag-
onal couplings and produce more compact receiving windings,
as shown in Fig. 13. The windings of the primary (or secondary)
side are using a partially overlapping structure, whereas the
windings of the other side use smaller windings. The air gap of
the prototype is determined to be 160 mm for a fair comparison
with the results obtained in [9]. The coupling coefficients of the
windings are given in Table IV. Compared with that in Table III,
the diagonal couplings’ coefficients, as shown in bold, have been
significantly reduced.

After properly eliminating the undesired cross couplings,
currents with 180° phase difference can be injected into two
neighboring windings, as suggested by Fig. 14, and thus, they
generate canceling magnetic fields outside the winding area.
Taking the primary windings as an example, Fig. 14 visualizes
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Secondary Windings

Primary Windings
X
Fig. 13.  Asymmetric pad design for the three-channel WPT system.
TABLE IV
COUPLING COEFFICIENTS OF THE PROTOTYPE
kpis, kpsss | kpas2 kpisz, ks2ps ksipz, kpass kpiss, ksips
0.157 0.176 0.006 -0.0007 -0.024
ksis2, ksass ksiss kpips kpip2, kpaps
-0.053 -0.012 -0.055 0.004
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Fig. 14.  Top view of the magnetic field directions and cancelation mechanism

of the primary windings.

the field cancelation mechanism from a top view. The currents
in windings P1 and P3 are in the same direction, while that
of winding-P2 is in the opposite direction. As a result, the
magnetic field generated by winding-P2 is always canceling that
generated by windings P1 and P3 outside the winding area. In
the three-winding array, as shown in Fig. 13, windings P1 and P3
are designed to be identical and have the same current direction
and amplitude. Therefore, it is reasonable to have a larger MMF
(i.e., NI) in the middle winding so that the field cancelation will
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Fig. 15. Lumped circuit model of a single-channel WPT system.

be more comprehensive, as also indicated in Fig. 14. Case studies
are carried out to determine the optimal power-sharing ratio
among the channels for minimizing stray magnetic flux density
on the observation planes. Based on the dimensions given in
Fig. 13, the windings are designed separately for each channel.
The wire is supposed to conduct 4 A/mm? of the sectional area.
The dc input voltage fed to the primary-side inverter of each
channel is 800 V, and the dc output voltage is 600 V. The rated
power is 50 kW, and the operating frequency is 85 kHz. The
number of strands (diameter of strand 0.1 mm) of the wire for
each winding can then be determined with a given power-sharing
ratio among the channels. The number of turns of the windings is
determined with the same method of designing a single-channel
WPT system, which is described as follows.

Fig. 15 shows the lumped circuit model of a single-channel
WPT system. The KVL equations of this model are given by

vil
HE
Ri+7 (le — %Cl) JwM
ﬁﬂlR2+RL+j<wLy—j%)
. Il
I |

If both the transmitter and the receiver resonate at the oper-
ating frequency, the rms values of the secondary current /5 and
primary current /; can be derived as

(16)

P,
I, =4/ =2 17
2=\ 7 a7
Rr + Ro
VT TonfMm P (18)

If the parasitic resistance is neglected, the output voltage of
the system equals the induced voltage in the secondary side

Vo =wMI (19)

where V is the rms value of the load voltage v2. On the other
hand, if the input voltage of the system, i.e., V;, is given, the
winding current /; is determined by the rated power of the
system. Thus, the required mutual inductance of the system
at the rated operation point is given by (19). The number of
turns of the windings can then be determined to create the
required mutual inductance. Multiple solutions for the numbers
of turns of the transmitting and receiving windings might exist
for given winding and wire dimensions. An empirical practice
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Fig. 16.  FEA simulation result of the magnetic flux density on the observation
planes (total pads area = 0.53 m?).

is to balance the numbers of turns of both windings, considering
the sizes and the thermal management ability of the windings.

B. FEA Simulation Outcomes

After the parameters of the windings are determined, the am-
plitude values of the currents (already calculated from the given
input voltage, output voltage, rated power, and power-sharing
ratio) are used as excitation in finite-element analysis (FEA)
simulations. The current directions of each of the two neighbor-
ing windings are opposite. The simulation results are given in
Table V. It is evident from the results that the field cancelation
mechanism has been utilized to significantly reduce the magnetic
field at the observation distance. The optimized power-sharing
ratio should be that the middle channel outputs larger power
than the aside channels. In this case study, the optimal power
distribution is close to 2:6:2, achieving an 80% reduction in
the stray magnetic field compared with the measured value of
the single-channel system, as reported in [9] (i.e., 24 1 T). While
compared with the measured value of the system using DD pads,
which is also given in [9] (i.e., 13 ©T), the reduction is 63%. By
using average power distribution, the reductions are 58% and
23% with respect to 24 and 13 uT, respectively. However, other
factors, such as cooling system design, should be considered in
real applications, and therefore, it might be easier for practical
design and implementation by using identical pads for all the
channels. In this article, the power ratio of 3:4:3 is adopted
to demonstrate the significance of the power ratio on the stray
magnetic field attenuation. The FEA simulation setup and the
result of the optimal case are shown in Fig. 16.

Another comparison is provided between the three-channel
system and another single-channel system with compact pads.
Details of the single-channel system with aluminum shielding
plates are provided in Table VI. The system is designed to
output 50 kW at the same input and output voltages, i.e., 800 V
and 600 V, respectively, and the same air gap of 160 mm. The
windings and ferrite layers are identical, but the shielding layer
on the secondary side is larger, as suggested by the SAE [13]. The
maximum stray B-field at 0.8 m distance is 10.2 pT, as shown in
Fig. 17(a). If the shielding layers are removed, the stray B-field
becomes 26.9 4T, as shown in Fig. 17(b). The B-field attenuation
of the shielding layers is consistent with the results reported in
[24].
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TABLE V
EFFECT OF POWER-SHARING RATIO OF CHANNELS
1.5:7:1.5 2:6:2 3:4:3 L:1:1
Power Sharing Ratio (middle channel outputs (middle channel outputs (middle channel outputs (average d1s tribution)
70% of the total power) 60% of the total power) 40% of the total power) &
Wire of Winding-P1 and -P3 0.1 mm x 350 strands 0.1 mm x 450 strands 0.1 mm x 700 strands 0.1 mm x 750 strands
& outer diameter 2.62 mm outer diameter 3.00 mm outer diameter 3.70 mm outer diameter 3.83 mm
Number of turns of Winding-P1 and-P3 46 41 33 32
Wire of Winding-S1 and -S3 0.1 mm % 450 strands 0.1 mm x 600 strands 0.1 mm % 900 strands 0.1 mm x 1000 strands
& outer diameter 3.00 mm outer diameter 3.43 mm outer diameter 4.20 mm outer diameter 4.43 mm
Number of turns of Winding-S1 and -S3 33 28 23 22
Wire of Winding-P2 0.1 mm x 1600 strands 0.1 mm x 1350 strands 0.1 mm % 900 strands 0.1 mm x 750 strands
e outer diameter 5.60 mm outer diameter 5.15 mm outer diameter 4.20 mm outer diameter 3.83 mm
Number of turns of Winding-P2 21 23 29 30
Wire of Winding-S2 0.1 mm % 2100 strands 0.1 mm x 1800 strands 0.1 mm x 1200 strands 0.1 mm x 1000 strands
& outer diameter 6.42 mm outer diameter 5.94 mm outer diameter 4.85 mm outer diameter 4.43 mm
Number of turns of Winding-S2 15 16 19 22
Maximum B-field (RMS) at the
observation plans at 50 kW >5uT 48 uT 82T 10T
Reduction compared with the single- o o o o
channel in [9] (i.e., 24 uT) 7% 80% 66% 58%
Reduction compared with the system o o o o
with DD pads in [9] (i.e., 13 uT) 8% 63% 37% 23%
TABLE VI
DIMENSION OF THE TWO IDENTICAL PADS IN Fig. 17 B [teslal
1.0152E-85
. 9. 6202E-06
Winding %lllltzrr_' fggi;‘gg Primary @7.25mm I 9.0883E-06
dimension (mm) S winding wire (20.1mmx2500) 8.5563E-06
Single layer 8.0244E-06
Ferrite Secondary @7.94mm 74925686
dimension (mm) 420420~ winding wire (©0.1mmx3000) :: :22:2.::
Aluminum . . 5.8967€-05
Shicld dimension Pri.: 450x450%3 Number of Pri. 13 5. 3648E-26
Sec.: 600x600%3 turns Sec. 10 4. 8329E-26
(mm) 4. 3010E-26
Gap between Gap between : ;gjig:g:
winding and 2 ferrite and 10 . 70525506
ferrite (mm) shield (mm) 2.1733E-06
Inductances Pri. 94.7uH, Sec. 55.6uH, M 14.3uH
B [teslal
For the three-channel system, the effect of shielding layers . e
(pri.: 350 mm x 950 mm x 3 mm; sec.: 500 mm x 900 mm e
x 3 mm; and the gap between ferrite and shield: 10 mm) is 2 ueeros
investigated in Fig. 18. After adding the shields, the stray B-field e
becomes a bit higher than that in Fig. 16. This is consistent L sorocos
. . . . . . 1.4731E-
with the observation that shielding layers might increase the 1. 3384 05
. 1.2038E-05
stray B-field of BPPs, as reported in [15]. Nevertheless, the stray 1.0691€-05
B-field of the shielded three-channel system is still 45% lower 7~ oaroc08
than that of the shielded single-channel system with compact keins
pads. (b)
V. EXPERIMENTAL VERIFICATION Fig. 17.  Simulation results of the single-channel system with compact pads.

A. Setup for Experiments

The inductances of the system with a 3:4:3 power ratio, as
described in Table V, are obtained from FEA simulation and
then used in a circuit simulator to estimate the performance of
the system. Using the design of power ratio 3:4:3 in Table V,
the output power is lower than 50 kW according to circuit
simulations when all cross couplings are included. Therefore, the

(a) With an aluminum shielding layer. (b) Without shielding.

number of turns of winding-P2 is reduced to 25 so that the mutual
inductance is smaller and can transmit more power for a given
input voltage. The wire of windings P2 and S2 is changed to
1000 and 1300 strands, respectively, for higher current carrying
ability. The other parameters are unchanged.
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point.

Experimental setup. (a) Aerial view. (b) Flux density observation

The photographs of the complete setup are displayed in
Fig. 19, and Table VII presents the measured inductances com-
pared with the simulation results. Note that the little disagree-
ment between the measured and simulated values of the induc-
tances in Table V was largely due to lengthy terminals of the
prototype windings and other factors, such as imperfect edges
of the rectangles in the constructed windings. The compensating
capacitances of the prototype are listed in Table VIIIL.

The topology in Fig. 2 is adopted for the prototype. A
three-phase transformer and a three-phase rectifier channel are
used to generate the desired input dc voltage. The inverters
are developed using MOSFET C2M0025120D from Cree. Two

Simulation results of the three-channel system with shielding layers.
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Fig. 20. Waveforms at rated power of 50 kW. (a) Inverter output voltage:
500 V/div and time: 5 ps/div. (b) Primary windings current: 20 A/div and time:
2 ps/div. (c) Secondary windings current: 20 A/div and time: 2 ps/div.

discrete MOSFETs with a common gate driving signal are used in
parallel for each switch of the full-bridge inverter, to guarantee
the current carrying capacity of up to 20 kW of each inverter.
Eight number of 5 pF, 900 V dc-link capacitor is used on each
inverter with a layout similar to what is obtained in [42]. For
the full-bridge rectifier, a diode RURG80100 from Infineon is
adopted, having a single device on each switch. A film capacitor
of 20 pF, 1.1 kV is placed at the output of each rectifier. The
approach to thermal management of the identical converters
is similar to that of the article presented in [43]. The load
resistance is fixed at 7.2 € for different output powers. Magnetic
flux density is measured using Narda ELT-400 flux probe and
Yokogawa WT1800 precision power analyzer is used to capture
the de—dc efficiency.

B. Results and Discussion

Waveforms of the primary and secondary winding currents
at 50 kW rated power are captured and given in Fig. 20. The



with the simulation result.

currents of the middle channel, i.e., ips and ige, are basically
180° out of phase with the currents of the aside channels, i.e.,
ips and ipg, and ig; and igs. In both the primary and secondary
sides, the middle windings have larger currents than the two
adjacent windings and the middle receiving winding outputs
39.3% of the total power, which is close to the designed value.
The magnetic flux density is measured at an 80 cm distance
from the midpoint of the couplers under perfectly aligned condi-
tion, as displayed in Fig. 19(b). It should be noted that this point
does not necessarily have the maximum B-field. However, it is
difficult to precisely locate a point in three-dimensional space in
practice. Therefore, the measured B-field at this said point is first
compared with the FEA simulation results at the same point, as
given in Fig. 21, when the output power is increased from 10
to 50 kW. In the FEA simulations, the windings’ currents are
obtained in circuit simulations with the circuit topology, as given
in Fig. 2, and with the measured inductances and capacitances. It
is obvious from Fig. 21 that the simulation results are basically
identical with the measured ones. Then, we can easily obtain
the maximum stray B-field on the observation plane in the
simulation. As shown in Fig. 22, the maximum stray B-field
is 8.0 uT when the phase angle of the primary current ip;
is about 30°. Compared with the benchmark value of 24 uT
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TABLE VII
INDUCTANCES OF WINDINGS
LPI LSI LPZ LSZ LP3 LS3 MPISI MPIPZ MPISZ MP1P3 MP]S3
Simulation 509.9 181.8 265.1 123.5 507.9 182.0 47.90 1.38 1.53 -28.06 =717
Measured 505.7 180.3 259.8 124 506.9 186 51 0.25 2.75 -23.00 -5.60
MS'IPZ MS'ISZ MS’]PS MS‘]SS MPZSZ MPZP3 MPZS3 MS‘ZP_? MS‘ZS_? MP3S3
Simulation -0.135 -7.91 -7.14 -2.17 31.80 1.36 -0.130 1.53 -7.93 47.85
Measured -0.45 -5.85 -5.13 -1.75 345 0.25 -1.25 -1 -6.25 49.03
TABLE VIII
COMPENSATING CAPACITANCES OF THE PROTOTYPE
Cri Csi Cp: Cs: Cps Cs; B Ctesial Practical
s.0150¢-05 Measuring Point
7.1nF | 20.5nF | 12.6nF | 28.1nF | 7.5nF | 20.4nF . b
o
8.0 7.3 74 N s v 90
B Measured ™ Simulation . 3usse-o8
5.6 5.7 Soseteoe
o 60 5251 s
i 4.6 4'6 2.3133E-06
~— 4.0 4.0 1.996BE-26
240 3232
[}
)
20
Fig.22.  Simulation of maximum B-field on the observation plane at 50 kW.
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Fig. 23.  Measured dc—dc efficiencies. (a) Output power of 50 kW. (b) Output
power of 5 kW with only the inverter of the aside channel (P1-S1) activated.

(single-channel system) and 13 pT (DD pads) [9], the reduction
is, respectively, 66.7% and 38.5%.

The efficiency performance of the system has been care-
fully investigated. Since the proposed system consists of three
traditional WPT systems, which are basically decoupled with



IBRAHIM et al.: 50-KW THREE-CHANNEL WIRELESS POWER TRANSFER SYSTEM WITH LOW STRAY MAGNETIC FIELD

each other, the efficiency of the proposed system was expected
to be close to that of the traditional single-channel system.
The screen capture of the power analyzer indicating the dc—dc
efficiency at 50 kW is 95.2%, as shown in Fig. 23(a). When
the output power is lower than the rated power of one of the
channels, only one channel is activated to push up the light-load
efficiency. It should be noted that the other two channels are not
disconnected from the system under this operation. Therefore,
the nonactivated channels also experience some power flows,
which might degrade the efficiency. Even so, the efficiency at
one-tenth of the full power, i.e., 5 kW, is still as high as 93.3%,
which is only 1.8% lower than the full-load efficiency, as given
in Fig. 23(b).

VI. CONCLUSION

The concept of multichannel WPT exposes a new approach
to develop the high-power WPT systems under stringent safety
requirement and efficiency performance. The design of a three-
channel WPT system with minimized cross couplings is pre-
sented so that the amplitudes and phase angles of the winding
current in each channel can be easily regulated without the
interference of other channels. A three-channel WPT of 50 kW
is conceptualized and simulated. The simulation results are
compared against the conventional single-channel WPT systems
of the same power rating, and the reduction in the stray B-field
turns out to be 78% (compared with circular pad) and 63%
(compared with DD pad) when the power-sharing ratio is 2:6:2.
A prototype with a power-sharing ratio of 3:4:3 is built and
the performance of the system at the maximum rated power
of 50 kW is measured. The measured stray B-field verifies the
simulation results. The efficiency performance of the prototype
is considerably appreciable.

This design is perfect for self-driving vehicles with high po-
sitioning accuracy. In both research and commercially available
products, the positioning accuracy of self-driving vehicles, such
as automated guided vehicles, has been reported to be within
several millimeters [44], [45]. Considering the fast-developing
speed of self-driving techniques, self-driving vehicles with high
positioning accuracy will surely be popularized in the near
future, and thus, misalignment will be no longer an issue. On the
other hand, the field cancelation and cross-coupling minimizing
design procedure could be harnessed to provide an alternative
technique for developing a high-power WPT system with low
stray magnetic fields and reasonable efficiency performance.
This is promising in developing fast wireless charging systems
and promotes the competition of EVs.
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