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Reconfigurable Resonant Topology Linking Two-,
Three-, and Four-Coil Modes for WPT With Large
Coupling Range and Fixed Frequency

Wenxing Zhong

Abstract—In wireless power transfer (WPT) applications, it is
usually desired to transfer full power from the transmitter to the
receiver in a position range as large as possible. However, the
full-power operation range of a WPT system is typically designed
for a small position range. This article proposes a reconfigurable
resonant topology adopting the splitting coil structure in both
the primary and secondary sides. The proposed reconfigurable
resonant topology can output high power when the air gap varies
in a wide range. Simulation and experimental results are provided
to demonstrate that the proposed reconfigurable resonant topology
can output full power in a large coupling range without significantly
increasing the VA rating of the system. The measured dc-dc effi-
ciency of the 3.3-kW prototype in an air gap range of 95-215 mm
is 92%-95%.

Index Terms—IPT, reconfigurable resonant topology, WPT.

1. INTRODUCTION

HE wireless power transfer (WPT) technology will be
T widely adopted for charging electric vehicles and all kinds
of robots in the near future. A lot of efforts have been devoted
to developing advanced wireless charging techniques [1]-[4],
[35]. One of the main challenges of wireless charging is the
wide coupling range caused by parking position deviations and
different chassis heights of different types of vehicles.

Conventional WPT systems cannot transfer rated power over
a wide coupling range without significantly increasing the volt-
ampere (VA) capacity of the system. Among many compen-
sation topologies, series-series (SS) is widely used due to its
simplicity. However, one critical issue of SS WPT is that its
output power decreases as the coupling increases if the operating
frequency is fixed. Moreover, frequency splitting occurs in the
overcoupling range [5]-[9]. Therefore, if an SS system with a
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fixed operating frequency needs to output a rated power in a wide
coupling range, its VA capacity must be significantly increased
[4] because the output power of such a system is determined
by the product of the mutual inductance and the primary and
secondary currents.

In order to improve the power transfer capability of SS sys-
tems in strongly coupled regions, several methods have been
proposed, such as the following.

1) Under the condition of strong coupling, the operating
frequency is changed to the splitting frequencies to ef-
fectively increase the output power [6], [10]. However,
this method needs to adjust the operating frequency,
which relies on complicated control circuits. Moreover,
the frequency-tuning control is sensitive to the resonant
frequencies of the coupled resonators. With different pa-
rameters, the gain—frequency characteristic of the system
will be different and might affect the control and soft
switching of the primary inverter.

2) Many studies have been carried out on higher order
compensation topologies [11]-[14], especially on the
inductance—capacitance—capacitance (LCC) compensa-
tion [15]-[19]. Studies have shown that LCC can better
cope with the misalignment conditions compared with
SS [19], which implies that higher order compensation
topologies may help to improve the power transmission
capability of the system with a wide coupling range.
However, according to the results in [15] and [19], when
the LCC systems work at the worst-coupling positions
(i.e., with the largest air gap and the largest misalignment),
the output powers of the systems drop significantly.

3) Methods have been proposed based on switchable capac-
itor [20]-[23], switchable winding structure [24]-[28], or
reconfigurable LC resonator structure [29]. These methods
can change the inherent impedance characteristics of the
system to improve the performance of the system in a wide
coupling range.

A four-coil coupled structure, consisting of one drive coil (or
power coil), one transmitter coil (or Tx coil), one receiver coil
(or Rx coil), and one load coil, was proposed in [30]. The Tx
and Rx coils are self-resonant utilizing the parasitic capacitances
of the coils or lumped capacitors as the resonant capacitances,
and they are not connected to other circuits. Compared with the
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typical two-coil WPT system, the four-coil system offers more
degrees of freedom for impedance matching, which is essential
to achieve higher output power and/or higher power transfer
efficiency. In [31], the transmitter coil of a two-coil WPT system
is split into two, one for the drive coil connected to the source
and one for the relay coil. Using this structure, the efficiency
drop caused by the source impedance can be largely eliminated.
By changing the parameters of the four coils, e.g., the number
of turns of the relay coil [32] or the diameter of the driving
coil [28], the power transfer capability and/or efficiency can be
improved in a large coupling range. In [29], a reconfigurable
resonant topology based on a splitting receiver coil is proposed.
The system can operate in the conventional two-coil mode, or
the three-coil mode with one receiver-side relay resonator, and
thereby significantly improve the power transfer efficiency for a
large coupling range.

A reconfigurable resonant topology with four operation
modes, i.e., the 1-to-1, 1-to-2, 2-to-1, and 2-to-2 modes, is
proposed in this article. Each operation mode has a different
coupling and compensation structure and can transfer full power
within a different coupling range. The full-power coverage
ranges of the 1-to-1, 1-to-2, and 2-to-1 modes are theoretically
derived under practical input voltage and current constraints.
Based on this, the strategy of linking four operations modes
to enable the system to output full power in a substantially
larger coupling range is investigated in simulations. A 3.3-kW
prototype is built, and experimental results confirm the operation
of the proposed reconfigurable resonant topology.

The rest of this article is organized as follows. Section II
reviews the issue of a conventional SS WPT system with a
case study. Section III first introduces the concept of the re-
configurable resonant topology, then proposes one practical
implementation of the conceptual topology, and theoretically
analyzes four operation modes of the topology. Simulation and
experimental verifications are given in Section I'V. Finally, Sec-
tion V concludes this article.

II. ISSUE OF CONVENTIONAL SS WPT

The structure of the couplers, the circuit topology, and the
fundamental harmonic approximation (FHA) circuit model of a
conventional SS WPT system are shown in Fig. 1, Fig. 2, and
Fig. 3, respectively. The FHA circuit equations of the system are
given in (1) and (2) [5]

(Rp + jXp)in + jwMpslo = Vig )]
jwMpgIin + (Rs + Ry +7Xs)Ip =0 (2)

where X; = wL;—1/(wC;), L;, C;, and R;, i = P or S, are the re-
actance, the self-inductance, the compensating capacitance, and
the equivalent series resistance of resonator-i, respectively; M pg
is the mutual inductance; Ry, is the equivalent load resistance;
w 1s the operating angular frequency; V;, and I, are the input
voltage and input current in phasor representation, respectively;
I, is the phasor of the output current.

An SS WPT system outputs less power when the coupling
becomes stronger if the operating frequency is fixed at the
resonant frequency. Therefore, the coupling range in which an
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Fig. 1.  Structure of the couplers of a conventional two-coil WPT system.
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Fig. 2. Circuit topology of an SS WPT system.
Fig. 3. FHA circuit model of an SS WPT system.
TABLE I
PARAMETERS OF THE EXAMPLE SS WPT SYSTEM
Litz wire 0.1 mm x 500
structure (® 3.3 mm) No. of turns 30
Coil outer 350 mm X Coil inner 152 mm x
dimension 350 mm dimension 152 mm
. 350 mm X . . 350 mm x
'Femt'e 350 mmx5 Alum'mum'Shleld 350 mmx3
dimension dimension
mm mm
Coil and ferrite Femt'e and
2 mm aluminum 20 mm
clearance
clearance
Lpand Lg 485 uH Cpand Cs 7.2 nF
Ry 393Q

SS WPT system with a fixed operating frequency can output the
required full power is normally small. An example is given as
follows. In the example system, the rated power is set at 3.3 kW;
the input and output dc voltages are both 400 V, and the operating
frequency is 85 kHz, which is adapted for a fixed-frequency
WPT system by the Society of Automotive Engineers standard
J2954 [34]. Table I lists the parameters of the system.
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Fig. 4. Required input voltage and current to output the rated power as the
coupling coefficient changes in the example SS WPT system.

Operating at the resonant frequency, the coupling range in
which an SS WPT system can output a required power is
determined by the input voltage and current limits of the system.
For a dc input voltage of 400 V, the rms value of the fundamental
component of the inverter output voltage is approximately 360V,
which is the input voltage upper limit. To provide a VA rating of
1.5 times the rated power (3.3 kW), the input rms current limit is
setat 14 A. Fig. 4 shows the required input voltage and current of
the example SS system to output 3.3 kW at an output voltage of
400 V. As the coupling becomes stronger, the SS system (oper-
ating at the resonant frequency) transfers less power. Therefore,
the input voltage must be increased to maintain the required
output power. In this example system, the upper limit of the
coupling coefficient is 0.15. With a coupling coefficient larger
than 0.15, the input voltage will not be sufficient for generating
3.3 kW output power. On the other hand, if the coupling becomes
weaker, the primary coil current will be larger for the same
output power. Within the said current limit of 14 A, the lower
limit of the coupling coefficient is 0.1. This coupling coefficient
range of 0.1-0.15 is corresponding to an air gap range of 175—
215 mm (i.e., 40 mm full-power air gap) in this system without
misalignments.

III. RECONFIGURABLE RESONANT TOPOLOGY

Fig. 5 shows the proposed reconfigurable resonant topology,
and Fig. 6 shows the corresponding coupler structure. In Fig. 6,
the original primary coil of a conventional two-coil WPT system
splits into two coils, coil-1 and coil-2; similarly, the original
secondary coil splits into two coils, coil-3 and coil-4. Coil-1,
-2, -3, and -4 correspond to Ly, Lo, L3, L4, as shown in Fig. 5.
Two switches, one in the primary side and one in the secondary
side, are used to determine whether the two same-side coils
are working in series or not. In Fig. 5(a), the switches are
located at the common path of the two same-side resonators.
For example, S, is in the loop of resonator L;—C; and also
the loop of resonator Ly—Cs. When S, is switched OFF, L
is in series of Ly, which is actually the original primary coil
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(b)

Fig. 5. Conceptual reconfigurable resonant topology. (a) Two switches lo-
cated at the common paths of two resonators. (b) Two switches located at the
noncommon paths of the resonators.

Coil-3 and Coil-4

Coil-2
Coil-1

Y

S

Fig. 6. Coupler structure for the proposed reconfigurable resonant topology.

before splitting; When S, is switched ON, resonator L;—Cj is
connected to the power supply, while resonator Ly—Cs plays as a
relay resonator. Another possible structure is shown in Fig. 5(b),
where the switches are located only in one of the same-side
resonator loops. When the switch is ON, the circuit is the same,
as shown in Fig. 5(a), but when the switch is OFF, only one
of the split coils is activated, which is different from that in
Fig. 5(a). Table II lists the operation modes of the proposed
topology in Fig. 5(a), where 0 means the switch is OFF and
1 means ON.

In practical implementation, one challenge is to realize
zero-voltage switching (ZVS) ON for the primary inverter,
which is essential for high efficiency and stable operation,
in all four operation modes. More compensating components
are required to address this issue. For example, a topol-
ogy for implementation is proposed in Fig. 7, with two
more inductors and two single-pole double throw (SPDT)
switches. The rest of this article will focus on this practical
topology. The analysis of each operation mode is provided
as follows.
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TABLE II
OPERATION MODES OF THE PROPOSED RECONFIGURABLE RESONANT
TOPOLOGY IN FIG. 5(A)
Mode | S, | Sy Operation Mode

Resoantor-1 and -2 are in series, and Resonator-
1-to-1 . . . .

Mode 0 | 0 | 3and -4 are in series, forming a conventional 2-
resonator system.

Resonator-1 is connected to the power source
2-to-1 | 0 and Resonator-2 forms a relay resonator;
Mode Resonator-3 and -4 is in series and connected to

the load.

Resonator-1 and -2 are in series and connected
1-to-2 0 | to the power source; Resonator-3 forms a relay
Mode resonator and Resonator-4 is connected to the

load.

Resonator-1 is connected to the power source
2-to-2 | | and Resonator-2 forms a relay resonator;
Mode Resonator-3 forms another relay resonator and

Resonator-4 is connected to the load.

|
. s
DC Inverter Rectifi
—L . SRD_Tz ccurnier —-|- Load
il
Ly
Fig.7. One practical implementation of the proposed reconfigurable topology.

DC Inverter Rectifi
-I—— €cC ler_TLoad

Fig. 8. Connection of the 1-to-1 mode.

A. Operation Modes Analysis

1) 1-to-1 Mode: The connection of the 1-to-1 mode is given
inFig. 8, which s basically a conventional two-coil WPT system.
In Fig. 8, vi, and i;, are the input voltage and input current
applied to the primary resonator, respectively, and the rms values
of their fundamental components are denoted as Vi, and [,
respectively; v, and i, are the output voltage and output current
fed into the rectifier, respectively, and the rms values of their
fundamental components are denoted as V,, and /,, respectively.
Use R;, to denote the equivalent ac load resistance, which is
given by [33]

Vo

Ry =—.
L T

3

Use the subscripts P and S to denote the variables of the
primary and secondary sides, respectively. Therefore

LP:Ll +L2—|—2M12 (4)
Lg = L3+ Ly+2M3y @)
Mps = Mg + Mys + Mas + Moy (6)
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DCJ‘_ Inverter
1] -

Rectifier _-|- Load

Fig. 9. Connection of the 2-to-1 mode.

where My; (i, j = 1, 2, 3, or 4) is the mutual inductance between
coil-i and coil-j; M pg is the mutual inductance between two
original coils before splitting.

For high efficiency and zero-phase-angle (ZPA, [5]) opera-
tion, the primary and secondary resonators should resonate at
the operating frequency [5], i.e.,

1 1
Xp=wlp - —— — —— =0 7
p=wlp 0O w0 (7N
1 1
Xs=wly — —— — —— = 8
s =wLg 00s w0, 0 (8)

By neglecting the power losses of the resonators, the input
impedance of the system is given by

w2 M?
Zin =——L3 9
R, €))
and the input voltage can be derived from (1) as
Vin =wMpslo (10)
and the input current can be derived from (2) as
Vo
Iin = . 11
Mg (1)

The limits of the input voltage and input currents are given by
(12)
(13)

With ZPA operation and for the given minimum power, (13)
is equivalent to

‘/in < ‘/inmax

Iin < Iinrnax-

P,
Vin > Vinmin = ——— (14)
Iin max
where Vi, min 1S the minimal input voltage.
The impedance is limited as follows:
V2 V2
111 1M1 < Z1n< 1nmax . (15)
o) Po

Combining (10)—(12) and (14), the mutual inductance range
for full-power operation under the input voltage and current
limits is

‘/in min ‘/in max

< Mps <

16
OJIO wIO ( )

2) 2-to-1 Mode: In this mode, L, participates in the res-
onance of resonator-2; L; is bypassed, as shown in Fig. 9.
Neglecting the parasitic resistances, the circuit equations of this
mode are as follows:

JX1Iin + jwuMioIy + jwMislo = Vin  (17)
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JwMilin + X515 + jwMoslo = 0 (18)
JwMisIin + jwMasIs + (Rr + jXg)Io =0 (19)
where
Mg = M3+ My (20)
Mog = Moz + Moy (21)
1

X =wly — — 22
1= wig wCs (22)
Xy = w(ls+ La) = —— =0 (23)

2 =W 2 a CUCQ — Y.

The input impedance of this mode can be derived as
M — j2wMy9 M7 s M-

Z = Xy + LRL — j2wMia My s 25 24)

Mg
By solving Im(Z;,,) = 0, the required X; to realize ZPA is
derived as

2wl M g
X = ———F==. (25)
! Mss
With (25), the input impedance becomes
M2
Zin = —2Ry,. (26)
Mg

With (12), (14), and (26), the constraint of the mutual induc-
tances of this mode can be derived as

Ve M. Vi
o DM Yo @7
Vvin max M12 ‘/in min
3) I-to-2 Mode: In this mode, L, is bypassed and L; partic-
ipates in the resonance of resonator-3. Neglecting the parasitic
resistances, the circuit equations of this mode are as follows:

JXpL + jwMpsls + jwMpslo = Vin ~ (28)
JwMpslin + X313 + jwMszslo = 0 (29)
JwMpalin + joMszsIs + (R + jX4)Io = 0 (30)
where
Mp3 = M3 + Mas (31)
Mpy = My + Moy (32)
X3 =w(Ls+ Ly) — %6,3 (33)
Xy —why— —— —0. (34)
wCy

To ensure a high transfer efficiency, the receiving resonator
connected to the load is still working at its resonant frequency,
i.e., X4 = 0. The input impedance of the system is derived as

wrMZs Ry + j(w?Mp X3 — 2w3MP3MP4M34)
wiM3, + jX3Ry,

Zin -

(35
To realize ZPA, the compensating state of the relay resonator,
i.e., resonator-3, as shown in Fig. 10, should be adjusted. By
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Fig. 10.  Connection of the 1-to-2 mode.

solving Im(Z;;,) = 0, the X3 that can realize ZPA can be derived
as

QWSMngP4M§4
2]\41234M34 M1233R2

X3 = (36)

Then, the input impedance becomes
Zin =

w4M1233M324RL + X3RL( 2M1234X3 — ngMngp4M34)
wiM$, + X3R?

(37

With (12), (14), and (37), the mutual inductance range for
full-power operation under the input voltage and current limits
is determined by

V2 ‘ Zu| _ V2
_ nmin min < < 11 max (38)
V2 Ry|~ V&

4) 2-to-2 Mode: The 2-to-2 mode is a four-resonator system,
which can be described with the following circuit equations:

JX1Lin + jwMioIs + jwMi3l3 + jwMiglo = Vin
(39

JwMiolin + jXoIo + jwMazls + jwMaslo = 0
(40)
JwMi3lin + jwMasls + j X313 + jwMzdlo =0
(41
JwMi4lin + jwMayly + jwM3zyds + (R + jX4)lo = 0
(42)
where X7 is determined by (25); Xo = 0; X3 is determined by
(36); X4 = 0. The output power is given by
Via(M35RE + 4w M3, M3, )
Rrw?(MigMsy + Myz Moy — MygMyz)?
_ Iiansz(MuMM + Mi3Moy — ]\/-"14]\423)2
M223R% + 4“’2M224M3?4 '

Po =

(43)

Thus, the mutual inductance range for full-power operation
under the input voltage and current limits is determined by

14 < (M33R7 + 4w® M3, M3,) < V5
Vi max  WH(MigMsy + MizMay — My Mas)® — ‘/112111(122‘-)

5) Summary of Calculating the Values of the Compensating
Components: The known parameters in the compensation net-
work are the self-inductances and mutual inductances of the
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coils, which can be obtained with finite-element analysis tool.
The unknown variables in the compensation network are Cy_4,
Ly, and L. The procedure of calculating these six unknown
variables is described as follows.

a) In the 1-to-2 mode and the 2-to-2 mode, Ly and C, are
resonant at the operating frequency, and thereby, Cy is
determined with (34).

b) In the 1-to-1 mode and the 2-to-1 mode, C3 in series with
C, are resonant with Lg, and thereby, C3 is determined
with (8).

¢) In the 1-to-2 mode, L; is set at a value for ensuring ZPA
and so Ly is determined with (33) and (36).

d) In the 2-to-1 mode, C; is adjusted to realize ZPA, and
thereby, C; is calculated with (22) and (25).

e) In the 1-to-1 mode and the 1-to-2 mode, C; in series with
C, are resonant with Lp, and thereby, Co is determined
with (7).

f) Inthe 2-to-1 mode and the 2-to-2 mode, L, L, and C5 are
resonant, and thereby, L, is calculated with (23).

B. Voltage and Current Stresses of SPDT1 and SPDT2

1) 1-to-1 Mode: Referring to Fig. 8, the current flowing
through one switch of SPDT1 is I;j,, and the voltage across the
other switch of SPDT1 is given by

Vi_to-1,spDT1 = J(WL2 — E)Iin
+ jwMioLin + jw (Mas + May) Io. 45)
Combining (2) and (8), it can be rewritten as

Vi to-1,sPDT1 =

J(wLy — )+ jwMys +

]. w2Mp5 (M23 + M24) I
wCQ RL m
(46)
Similarly, the current flowing through one switch of SPDT2 is
I, and the voltage across the other switch of SPDT2 is derived
as

1 wMp
Vi_to-1,SPDT2 = { [(ML __TC?») + wMM} Rr }Iin.
+]w (M13 + M23)
(47)
2) 2-to-1 Mode: Referring to Fig. 9, the current flowing
through one switch of SPDT]1 is the combination of I;, and
12, i.e.,

Io_to-1,sPDT1 = Lin — I2. (48)
Combining (18) and (19), I can be solved as
wMysMag + jMi2 Ry,
I, =- Lin. 49
2 WMQQS ( )
Then, (48) can be rewritten as
_ wMag (Mys 4 Mas) + jMis R,
Iz to-1,8sPDT1 = 5 L.
wMyq
(50)
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Fig. 11.  Connection of the 2-to-2 mode.
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Fig. 12.  Determine the full-power air gap ranges of the 2-to-1 mode with

different turns ratios.

The voltage across the other switch of SPDT1 equals the
voltage across L, i.e.,

Va_to-1,sPDT1 = WLoI2 (51)
which can be rewritten as
M s M- iMioR
Vi o 1.8ppm1 = — L, oSS IMTL Y (5

Mg
The current flowing through one switch of SPDT2 is I, and
the voltage is derived as

V2 _to-1,SPDT2

Mo Moz Ry, Mo — §eMisMog
iz, T JwMis — T
- M Lin.

| 1 (53)
—J A{;; (ng — ng) + WM34]

3) 1-to-2 Mode: Referring to Fig. 10, the current flowing
through one switch of SPDT1 is I;y,, and the voltage across the
other switch of SPDT1 is given by (45). With (28)—(30), I;,, and
Ipcan be solved, and the voltage of SPDT1 can be calculated
with (45).

For SPDT2, the current is the combination of I;;, and I, i.e.,

Ii_to-2,sPpDT2 = I0 — I5. (54)
Combining (29) and (30), I3 can be solved as
Mz M iMps R
13:w 34Mps + g Mp3 LIO (55)

wMsysMps — Mps X3
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Then, (54) can be rewritten as

Ii to-2,sPDT2
_ WM, (Mp3 — Mpy) — Mpy X3 — jRL Mp3
wMzyMp3 — Mpy X3

The voltage across the other switch of SPDT2 equals the
voltage across Ly, i.e.,

Io. (56)

Vi to-2,spDT2 = wlipl3 (57)
which can be rewritten as
Ms4 M iMpsR
Vi_to—2,sPDT2 = wwa 34Mps 4 J Vps LTo.  (58)

wM34Mp3 — Mpy X3

4) 2-to-2 Mode: Referring to Fig. 11, the current flowing
through SPDT1 is given by (48), and the voltage is given by (51).
For SPDT2, the current is given by (54), and the voltage is given
by (57). After the currents are calculated with the equations of
(39)—(42), the voltage and current stresses of SPDT1 and SPDT2
can be calculated.

C. Full-Power Coupling Range

Based on the same 30-turn coil described in Table I, the
splitting ratios of the primary and secondary coils and the
respective full-power coupling range of the four operation modes
are investigated. To simplify the analysis, misalignment is not
considered in this study and, thus, only air gap changes.

The full-power coupling range of the 1-to-1 mode is given
by (16) and it is 175-215 mm in terms of the air gap range
as discussed in Section II. The full-power air gap range of the
2-to-1 mode can be obtained, as shown in Fig. 12. In this mode,
the ratio between the mutual inductance of coil-2 and coil-§
(i.e., Myg) and that of coil-1 and coil-2 (i.e., My3) is in the
range given by (27), which can be calculated as 0.1-0.15, for
full-power operation under the input voltage and current limits.

& 0
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Full-power air gap ranges of the 1-to-1, 2-to-1, and 1-to-2 modes with different turns ratios.

This range is corresponding to a different air gap range for each
given turns ratio, as shown in Fig. 12. For example, for turns
ratio of Ni:N2:Ng = 3:27:30, the full-power air gap range is
about 206-247 mm. Similarly, the full-power air gap ranges of
the 1-to-2 mode can be identified with the help of (38).

D. Linking Operation Modes

With the above method to determine the full-power coupling
ranges of the 1-to-1, 2-to-1, and 1-to-2 modes, we now consider
how to link the four modes so that they can perfectly cover a large
coupling range. Also, take the system with the 30-turn coils as an
example. According to (16), (27), and (38), the full-power air gap
ranges of the 2-to-1 and 1-to-2 modes with different coil splitting
ratios are obtained and visualized in Fig. 13. The full-power
air gap range of the 1-to-1 mode is also shown in Fig. 13. The
corresponding inductances with different coil splitting ratios are
given in Fig. 14. It can be seen that to link the 1-to-1 mode with
the 2-to-1 mode, the splitting ratio of the primary coil should
be N1:No = 3:27 or 6:24; to link the 1-to-1 mode with the 1-
to-2 mode, the splitting ratio of the secondary coil should be
N3:Ny = 26:4 or 21:9.

To perfectly link all the four operation modes, the 1-to-1 mode
should be at least linked to either the 2-to-1 mode or the 1-
to-2 mode. Therefore, the splitting ratio of the primary coil is
first set at 3:27 or 6:24 to link the 1-tol mode and the 2-to-1
mode, and the full-power air gap ranges of the other two modes
are plotted, as shown in Fig. 15, as the splitting ratio of the
secondary coil (i.e., N3:N4) changes. Then, the splitting ratio
of the secondary coil is set at 26:4 or 21:9 to link the 1-to-1
mode and the 1-to-2 mode. Combining (44), the full-power air
gap ranges of the other two modes are plotted in Fig. 16. From
Figs. 15 and 16, the possible turns ratios that can connect all
the four operation modes with minimal overlaps and gaps are as
follows.



8720

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

600 B 600
S Lp
% 500 —— Ei 500 ——
F 400 g 400
g g L;
£ 300 L S 300
2 g
£ 200 £ 200
o [5)
“ 100 L “100 L,
0 :Q q,'\ qf’J q:B .’1,\ \o’ <\ \6’ \ﬂ) 0 '\ ,\-'.5 - A N >N <\
NTsT GV A 9 N T BT PTAT DT P9 Y EY
Ni:N; N;:Ny
(a) (©
120 120
100 Mg 100 Mps
T 80 T 80
Eg 60 M EE 60 M,
= =
=R =R
2 40 S 40
2 2
20 Vs 20 i
0 0
S N oSO O e O N B S 5 O
N A R AR DT AT ST P D9 @Y 8 o
N]INZ N52N4
(b) (d)

Fig. 14.

Inductance changes with turns ratio in the 2-to-1 and 1-to-2 modes. (a) 2-to-1 mode (Ng = 30, air gap = 140 mm). (b) 2-to-1 mode (Ng = 30, air gap =

140 mm). (¢) 1-to-2 mode (Np = 30, air gap = 140 mm). (d) 1-to-2 mode (Np = 30, air gap = 140 mm).
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Fig. 15. Full-power air gap ranges of the 1-to-2 and 2-to-2 modes with fixed Fig. 16.  Full-power air gap ranges of the 2-to-1 and 2-to-2 modes with fixed

N1:Na and varying Ns:Ny. (a) N1:Na = 3:27. (b) N1:No = 6:24. N3:N4 and varying N1:Na. (a) N3:Ng = 26:4. (b) N3:N4 = 21:9.
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1) N1:N2:N3:Ny = 3:27:27:3 (air gap: 175-320 mm).
2) N1:N2:N3:Ny = 6:24:17:13 (air gap: 95-215 mm).
3) Ni:N3:N3:Ny = 6:24:27:3 (air gap: 140-290 mm).
4) N1:N2:N3:Ny = 9:21:26:4 (air gap: 110-260 mm).
5) Ni:N2:N3:Ny = 2:28:21:9 (air gap: 145-290 mm).
6) N1:No:N3:Ny = 8:22:21:9 (air gap: 100-215 mm).

E. Process of Determining Turns Ratio

The process of determining the turns ratio, i.e., N1:No:N3:Ny,

is summarized as follows.

1) The total numbers of turns of the primary windings and
the secondary windings, i.e., Np and Ng, are first supposed
to be given by the application or designed as follows.
Because the 1-to-1 mode ideally eliminates reactive power
or circulating power, it is good assumption that this mode
covers the weakest coupling region in the application.
Based on this assumption and the basic theory of the
conventional 1-to-1 SS WPT theory [4], Np, Ng, and the
full-power coupling range of this mode can be determined.

2) The full-power coupling ranges of the 2-to-1 mode and the
1-to-2 mode are found with different N1:No and N3:Ny,
following the procedure described in Section III-B.

3) The possible turns ratios of N;:No and N3:N, are deter-
mined, which make the full-power coupling ranges of the
2-to-1 mode and the 1-to-2 mode favorably linking the
full-power coupling range of the 1-to-1 mode.

4) The full-power coupling ranges of the 2-to-2 mode are
obtained with the selected turns ratios of N1 :No and N3:Nj.
Then, the possible turns ratios of N1:N5:N3:N,4, which can
link all four modes, are eventually found, as described in
Section III-C. Among all possible solutions, the one that
meets the coupling range requirement best is selected as
the final design.

F. Discussion

It can be noticed from Figs. 13, 15, and 16 that there are
similar patterns of the full-power air gap changing with the turns
ratio. With increasing Nj:Na, the full-power air gap decreases
in both the 2-to-1 and 2-to-2 modes; with increasing N3:Ny, the
full-power air gap increases in both the 1-to-2 and 2-to-2 modes.
For the 2-to-1 mode, this pattern can be analytically explained
as follows.

With (26), the output power of the 2-to-1 mode is given by

_ M3 Vi
; M122 Ry

Po (59)

Therefore, the output power of this mode is determined by the
ratio of M5 g/M15 and is not affected by M, g. With a small N;:No,
such as 1:29, M, is also small, as shown in Fig. 14. Therefore,
the M>g for outputting the rated power is also small, which
means the rated power coupling is weak, and thus, the power
transfer distance is large to output the same rated power when
M2 is small. As N1:N» increases to approaching 1:1, M also
increases, and the corresponding M» g for the rated output power
increases as well, meaning the power transfer distance becomes
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TABLE III
INDUCTANCES FROM FINITE-ELEMENT METHOD (FEM) SIMULATIONS

Parameter Air Gap 215 mm Air Gap 145 mm
(uH) (uH)
L, 70.7 70.9
L, 280 283
L; 257 259
Ly 86.4 86.5
M, 66.7 67.5
M;; 9.70 194
My 5.67 10.8
Mo; 21.7 48.3
Moy 11.7 233
M;y 70.8 71.6
TABLE IV
COMPENSATING COMPONENTS
Parameter Value Parameter Value
C, 187.2 nF Cy 40.5 nF
C, 7.52 nF L, 183.6 pnH
C; 8.80 nF L, 70.7 uH

smaller for the same rated output power. This is consistent with
the results given in Fig. 13.

However, analytically explanations cannot be easily obtained
for the 1-to-2 mode and the 2-to-2 mode. A qualitative hypoth-
esis is provided instead. In the transmitter side of the 2-to-1 or
2-to-2 mode, coil-1 and coil-2 with a smaller N;:Ny perform as
a boosting transformer to some extent. Thus, a higher voltage
is applied to resonator-2 so that the same amount of power can
be transmitted to a further position, no matter in what form the
receiver is (i.e., either one resonator or multiple resonators).
Similarly, the receiver side with larger N3:N, acts as a step-
down transformer, which also increases the full-power transfer
distance.

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS
A. Simulation Verification

Different turns ratios can be selected according to different
applications to realize full-power transmission in a wide cou-
pling range. To verify the design method and the operation of
the reconfigurable topology, we take the turns ratio of 8:22:21:9
as an example. Finite-element simulation is done to obtain the
inductances, as given in Table IIl. Following the procedure
described in Section II-A, the values of the compensation com-
ponents are determined as given in Table I'V.

The simulation results obtained from circuit simulations are
given in Fig. 17. Four operation modes cover an air gap range
of 95-215 mm with slight power drops at 175 mm. Compared
with the range of the conventional SS WPT system (i.e., 175—
225 mm) under the same constraints, the full-power coupling
range has been significantly improved.

B. Experimental Verification

A 3.3-kW prototype operating at a fixed frequency of 85 kHz
has been built for experiments, as shown in Fig. 18(a). The
primary winding structure is shown in Fig. 18(b) and the circuit
connection follows Fig. 7. The turns ratio of the coils adopts
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TABLE V
2-to-2 2-to-1 1-to-2 1-to-1 MEASURED INDUCTANCES (1:H)
Mode Mode Mode Mode
P 100 Air Gap 215 mm 140 mm 120 mm
- L 69.0 69.0 69.8
P, Raed 50 T L 270.5 270.4 272.6
(%] L; 251.0 254.1 257.6
0 Ly 85.0 85.6 86.44
M 64.1 64.7 66.3
360 [6) o) 8 \>o M 5.86 21.0 25.9
300 (o) (e} 0 (@) My 9.51 12.2 15.1
Vi [V] 55040 O o o ° 5 Mo 20.9 52.6 68.3
) ® ® Mo, 11.8 26.4 333
200 M, 70.0 72.1 72.8
14(20 o U? o9 TABLE VI
12 | o : o COMPENSATING CAPACITANCES AND INDUCTANCES
o o o
LAl 10} 16) 0% CE)O
8 95 s 145 1 7 3 215 Parameter | Calculated Value | Parameter | Calculated Value
. C; 204nF Cy 42.14nF
Air gap [mm]
C, 7.84nF L 175uH
Fig. 17.  Performance of the system with the proposed topology (simulation C; 9.02nF Ly 69uH
results).
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Fig. 19. Measured output power, input voltage, input current, and efficiency

Fig. 18.
of the prototype.

(b)

Setup for experiments. (a) Experimental platform. (b) Primary coils

in the air gap range of 95-215 mm.

N1:No:N3:N, = 8:22:21:9. Coil-1 and coil-4 are the outer coils
after splitting. The parameters of the compensation components
are given in Tables V and VI. SiC MOSFET C2M0025120D and
fast recovery diode IDW100E60 are used in the inverter and the
rectifier, respectively.

The measured output power, which is normalized to the rated
power, input voltage, input current, and dc—dc efficiency in the
air gap range of 95-215 mm are given in Fig. 19, which are
consistent with the simulation. The dashed line in the output
power plot indicates the experimental output power of the tradi-
tional two-coil system. In general, the power transfer capability
of the system with the proposed reconfigurable topology is
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Fig.20. Inverter output voltage and current waveforms. (a) 1-to-1 mode (air gap 175 mm). (b) 1-to-2 mode (air gap 175 mm). (c) 2-to-1 mode (air gap 120 mm).
(d) 2-to-2 mode (air gap 120 mm).

TABLE VII
VOLTAGE AND CURRENT WAVEFORMS OF SPDT1 AND SPDT2

SPDT1 SPDT2
Mode - - - - - -
(Air gap) Simulation Experiment Simulation Experiment
(500V/div; 10A/div) (500V/div; 10A/div) (500V/div; 10A/div) (500V/div; 10A/div)
isppTI VSPDT] ; VeppT2
. VsSPDT f fr 7 fi ISPDT2
IspDT} ':"‘. (A---- 1y ".‘( s ISpDT: YSPDT2 I Mooy
1-to-1 T il
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3 isppTI . I
fspoT1 \SPRIL i A E T isppr2  VSPDT2
2-to-1 N Y
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MEASURED VOLTAGE AND CURRENT STRESSES OF SPDT1, SPDT2, AND RESONANT COMPONENTS

RMS 1-to-1 mode 1-to-2 mode 2-to-1 mode 2-to-2 mode
values (air gap: 215mm) (air gap: 140mm) (air gap: 140mm) (air gap: 120mm)
SPDTI1 985V/14A 620V/9.0A 683V/15A 790V/13.2A
SPDT2 443V/8.6A 310V/9.4A 430V/9.7A 314V/9.5A

C 128.5V/14A 82.6V/9.0 A 91.8V/10A 92V/10A

C 3340V/14A 2150V /9.0A 2173V/9.1A 2126V/8.9A
C; 1788V/8.6A 1515V /71.3A 1850V/8.9A 1600V/7.7A
Cy 382.87V/8.6A 378V /8.5A 395V/8.9A 382V/8.6A
L, 0V/0A 0V/0A 683V /9.1A 695V/8.9A
Ly 0V/0A 310V/7.3A 0V/0A 314V/1.7A

significantly improved compared with the conventional two-coil
system operating at a fixed frequency. The measured dc—dc
efficiency in the given coupling range basically stay in the range
of 92%-95%, as shown in Fig. 19. The inverter output voltage
and current waveforms of the four operation modes are given in
Fig. 20, showing that ZVS-ON is realized.

The measured voltage and current waveforms of SPDT1 and
SPDT?2 are given in Table VII, compared with the simulation re-
sults. The measured voltage and current stresses of the resonant
components are given in Table VIIIL.

V. CONCLUSION

A reconfigurable resonant topology with two switches and
four operation modes is proposed for WPT with a large air gap
range. Considering to realize ZPA and ZVS-ON, one practical
implementation of this concept is proposed, analyzed, and ver-
ified. With different connections of the switches, the proposed
topology changes among four operation modes. Each operation
mode is able to output the desired power in a specific air gap
range under the input voltage and current limits, with a fixed
switching frequency. By properly choosing the turns ratio of the
coils, the full-power coupling ranges of four operation modes
can be linked together and, thus, substantially enhance the power
transfer capability of the system in a much wider air gap range.
Both simulation and experiment show that this reconfigurable
resonant topology is capable of high-efficiency WPT with a fixed
switching frequency and with a large coupling range wider air
gap range.
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