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Strategy of Topology Selection Based on
Quasi-Duality Between Series—Series and
Series—Parallel Topologies of Resonant Inductive
Coupling Wireless Power Transfer Systems

Masataka Ishihara

Abstract—Series—series (SS) and series—parallel (SP) topologies
are widely used in resonant inductive coupling wireless power
transfer systems for various applications. However, the selection
of an appropriate topology to achieve higher output power or
higher efficiency is typically difficult because design optimization
of the circuit parameters (e.g., characteristic impedance, load re-
sistance, and mutual inductance) for each topology is generally
separately discussed using different equivalent circuits with multi-
ple resonance modes. Therefore, the purpose of this study involves
proposing a simple strategy to select an appropriate topology. The
proposed strategy is based on quasi-duality between the SS and
SP topologies that are elucidated from the novel equivalent circuits
derived using Lagrangian dynamics. Based on the quasi-duality,
the output power and efficiency of the SP topology are calculated
via the equivalent circuit of SS topology. Thus, the quasi-duality
offers a simple comparison between the SS and SP topologies. The
proposed strategy selects an appropriate topology by comparing
only the equivalent ac load resistance, which is the ac resistance
including the rectifying circuit and the load resistance, the char-
acteristic impedance, and the ac load resistance that achieves the
maximum efficiency or maximum output power of the SS topology.
Experiments verify the appropriateness and effectiveness of the
proposed strategy.

Index Terms—Circuit topology, efficiency, equivalent circuit,
inductive power transmission, lagrangian dynamics, output power,
series—parallel topology, series—series topology, wireless power
transmission.

1. INTRODUCTION

IRELESS power transfer (WPT) techniques are attract-
W ing significant attention as an emerging technology for
power supplies. The WPT techniques can overcome the need
for physical cable connections. Thus, the WPT techniques real-
ize convenient, reliable, and safe power supplies. Specifically,
resonant inductive coupling WPT (RIC-WPT) systems via the
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Fig. 1. Typical resonant inductive coupling wireless power transfer system.

magnetic induction between loosely coupled coils are widely
studied as a high-efficiency WPT technique for various appli-
cations including electric vehicles [1]-[3], mobile devices [4],
and biomedical devices [5], [6].

Fig. 1 illustrates the typical RIC-WPT system where W and
Wj, denote the transmitting and receiving coils, respectively. As
shown in Fig. 1, significant leakage flux is generated because
magnetic coupling between the coils is typically significantly
weak. Reactive impedance due to the leakage flux decreases
the power factor and output power. Therefore, in the RIC-WPT
systems, the resonance capacitor is connected to each coil to
cancel the reactive impedance [2], [3], [7]-[13].

The RIC-WPT systems are mainly classified into two basic
topologies known as series—series (SS) and series—parallel (SP)
topologies based on the connection of the secondary resonance
capacitor [1]-[16]. Between the SS and SP topologies, an ap-
propriate topology must be selected based on specifications for
various applications at the beginning of the RIC-WPT design.
The output power at a given voltage of the source [2], [7] and
efficiency [13], [14] are typically considered as the performance
criteria to select an appropriate topology.

However, the selection of an appropriate topology is typically
difficult when comparing the output power and the efficiency
between the SS and SP topologies. The SS and SP topologies are
analyzed and designed separately based on different equivalent
circuits with multiple resonant modes due to the frequency
splitting phenomenon [2], [5], [6], [10], [12], [17], [18]. The
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complicated operating principle due to the multiple resonant
modes prevents a straightforward comparison of the circuit
performances based on the values of the circuit parameter such
as characteristic impedance, equivalent ac load resistance, which
is the ac resistance including the rectifying circuit and the load
resistance, and mutual inductance.

Strategies to select an appropriate topology between the SS
and SP topologies are discussed in a few previous studies [13],
[14]. Extant studies, including [13] and [14], investigated which
SS and SP topologies achieve higher efficiency based on a
value of the operating frequency [13] or the equivalent ac load
resistance [14]. The strategies are simple, and effectiveness was
successfully confirmed in the aforementioned studies. However,
the discussions in [13] and [14] are limited to a basic case
wherein the operating frequency is equal to the natural reso-
nance frequencies of the transmitting resonator (transmitter) and
receiving resonator (receiver). Thus, the strategy of the topology
selection is not clear at different frequencies from the natural
resonance frequency of the resonators that includes frequencies
corresponding to the multiple resonant modes. Additionally, the
strategy of the topology selection in terms of the output power
is still unknown. Establishing the strategy of topology selection
in terms of the output power is more difficult than in terms of
efficiency because the output power is easily affected by the
frequency splitting phenomenon.

Certainly, [19] compared the SS and SP topologies at some
more operating frequencies other than the natural resonance
frequency. However, this study also specified the operating
frequency for comparison. Therefore, the operating frequency
for comparison is still limited in these extant studies. The reason
for this limitation may lie in the fact that these extant studies
analyzed the SS and SP topologies using the circuit theory.
According to the circuit theory, the SS and SP topologies have
different circuit configurations, which make the comparison
difficult over a continuous operating frequency range near the
natural resonance frequency.

A key to establishing a straightforward strategy for the topol-
ogy selection may correspond to the duality relation between the
SS and SP topologies. The duality [20], [21] is well known as a
promising concept for the derivation of novel circuits [22] and
the analysis of circuit behavior [9], [23], [24]. Two circuits under
the duality relation exhibit the same behavior in terms of the
input/output power. Conversely, the current and voltage of circuit
elements are interchanged. Hence, the circuits under the duality
relation follow the same circuit equations with the exception that
the role of the voltage and current are interchanged. Therefore,
the performance of the circuits under the duality relation is
analyzed via the same equivalent circuit. Hence, if the duality
relation between the SS and SP topologies can be elucidated,
then the analysis result of either topology may be shared with the
other topology. This can result in a straightforward comparison
of the output power and efficiency based on the change of various
circuit parameters. Furthermore, sharing the same equivalent
circuit will lead to avoiding the problem of the extant studies for
comparing the SS and SP topologies. Consequently, the duality
relation can result in a simple but generalized topology selection
strategy that is not limited to some specific frequencies but can
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be applicable over a continuous operating frequency range near
the natural resonance frequency.

Recently, the duality relation between the SS and SP topolo-
gies was elucidated via analyzing novel equivalent circuits de-
rived using Lagrangian dynamics [9]. Based on [9], the SP topol-
ogy approximately works as the dual of the SS topology in which
the equivalent ac load resistance R is replaced by Z?/R where Z
denotes the characteristic impedance of the receiver. An extant
study by [9] referred to the relation as quasi-duality because it is
close to duality. This knowledge is promising because the output
power and efficiency of the SP topology are calculated using
the equivalent circuit of SS topology in which the equivalent
ac load resistance is transformed. Thus, the selection of an
appropriate topology is reduced to determining which R and
Z?[R are preferable in the equivalent circuit of SS topology.

However, the selection of an appropriate topology discussed
in [9] continues to be complicated. In order to select an appro-
priate topology, it is necessary to calculate and compare output
power and the efficiency at the two types of equivalent ac load
resistances corresponding to each topology by using the equiva-
lent circuit of SS topology. This procedure is potentially tedious
and time consuming. If simple boundaries for the performances
(i.e., the output power and efficiency) between the SS and SP
topologies are elucidated using quasi-duality, a more simple and
general strategy for topology selection can be obtained.

Therefore, the purpose of this article is to propose a straight-
forward topology selection strategy from the SS and SP topolo-
gies. The proposed strategy can choose the preferable topol-
ogy with greater output power and better efficiency by only
comparing the three resistances explicitly defined using the
circuit parameters. The derivation of the strategy is based on the
quasi-duality relation between the SS and SP topologies, which
was elucidated in [9] using the Lagrangian dynamics. Along
with the review of [9], i.e., the quasi-duality relation, this article
presents the analysis of the quasi-duality relation, which is newly
performed to derive the proposed strategy. The derivation of this
strategy is the additional content from [9].

The proposed strategy is only applicable to the topology
selection between the SS and SP topologies, although a number
of other topologies have been proposed in the literature [25].
Therefore, the practical application of the proposed strategy may
still be limited. However, the derivation of the topology selection
strategy is based on the quasi-duality relation, which has been
recently elucidated by [9] using the Lagrangian dynamics. The
Lagrangian dynamics is a recently developed analysis technique
[21], [24], [26]-[30]; and therefore, the application know-how of
this technique is still under development. Currently, Lagrangian
dynamics succeeded to derive the quasi-duality relation between
the SS and SP topologies. However, this technique can be
expected to elucidate the similar relations among various topolo-
gies in the near future. Then, the topology selection strategy
can also be expected to be derived for various topologies based
on a similar analysis method as that presented in this article.

The study is organized into the following four sections.
Section II reviews the quasi-duality between the SS and SP
topologies based on [9]. Section III proposes a strategy for
topology selection based on quasi-duality. Section IV verifies
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the appropriateness and effectiveness of the proposed strategy
via experiments and simulations. Finally, Section V concludes
the study.

II. QUASI-DUALITY BETWEEN SS AND SP TOPOLOGIES
A. Procedure for Elucidation of Quasi-Duality

First, this subsection shows the procedure to elucidate the
quasi-duality between the SS and SP topologies. Fig. 2 shows
the circuit model of the SS and SP topologies of the RIC-WPT.
Symbol E denotes the voltage of voltage source; R denotes the
equivalent ac load resistance; N1 and Ny denote the number of
turns of the transmitting coil (W) and the receiving coil (W3);
r1 and ro denote the parasitic resistance of W; and Wy; Py,
P», and Pj; denote the permeance of the flux ¢1, ¢o, and ¢y,
respectively; k denotes the coupling coefficient between W1 and
Ws; and Cy and C, denote the capacitance. Fig. 3 illustrates the
equivalent circuits of Fig. 2 in which the loosely coupled coils are
replaced with the T-shaped equivalent circuit. Symbol L; and Lo
denote the self-inductance of W1 and W5 ; M denotes the mutual
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inductance; and g1, g2, and gr denote the time integration of the
current, and a dot over a variable indicates its time derivative.
Additionally, Ly, Ly, and M are defined as follows:

Ny
Ly = Lieaps + ~—=M
1 l k1+N2

Ny
Ly = Lieq —=M
2 l k2+N1

M = k\/L1Ly = N1 NPy,
Lleakl = N12P1
Lleak2 = N22P2 (1)

where Lje,r1 and Lje.r2 denote the leakage inductance of the
transmitting and receiving sides, respectively.

Any duality between the SS and SP topologies is absent as
shown in Figs. 2 and 3. However, quasi-duality is elucidated
by analyzing the equivalent circuits based on the following five
steps [9].

1) The novel equivalent circuit of SS topology is derived
by applying Lagrangian dynamics [26] to the original
equivalent circuit, i.e., Fig. 2(a).

2) Asinstep 1, the original equivalent circuit of SP topology,
i.e., Fig. 2(b), is transformed via Lagrangian dynamics.

3) The duality transformation is applied to the equivalent
circuit of the SP topology obtained in step 2.

4) Furthermore, the A-Y transformation, Thevenin’s theo-
rem, an impedance transformation, and practical approxi-
mations are applied to the dual circuit of the SP topology
obtained in step 3.

5) Finally, the dual circuit of SP topology obtained in step
4 is compared with the equivalent circuit of SS topology
obtained in step 1.

B. Lagrangian Equivalent Circuit of SS Topology (Step 1)

Recently, the Lagrangian modeling method originally pro-
posed in [26] was demonstrated to be effective for power
electronics researches. Lagrangian dynamics can derive various
equivalent circuits that can scarcely be derived using circuit
theory. Thus, Lagrangian dynamics offers novel insights (e.g.,
the quasi-duality between the SS and SP topologies of the
RIC-WPT) that are not obtained using only circuit theory. Other
applications of Lagrangian dynamics include the derivation of
simple analysis models for integrated magnetic components
[27], [28], duality transformation method for nonplanar circuits
[21], elucidation of the quasi-duality between the SS and SP
topologies of the resonant capacitive coupling WPT systems
[24], derivation of a novel simple equivalent circuit of the
RIC-WPT system with dual transmitting resonators [29], and
Lagrangian-based development of a sliding-mode control for
the synchronous converter [30].

The derivation method of a novel equivalent circuit using
Lagrangian dynamics consists of the following three systematic
procedures. First, the Lagrangian and dissipation function, i.e.,
the Lagrangian model, of the conventional circuit model is
configured. Second, an appropriate coordinate transformation is
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applied to the Lagrangian model obtained via the first procedure.
The coordinate transformation conserves the circuit behavior
for power. Thus, another Lagrangian model belonging to a
different circuit topology is obtained in the procedure. Third,
the Lagrangian model obtained in the second procedure is trans-
lated into a circuit diagram. In this study, the equivalent circuit
obtained using Lagrangian dynamics is termed as the Lagrangian
equivalent circuit.

Based on [9] and [26], we construct the Lagrangian model of
SS topology shown in Fig. 3(a). For the purpose of convenience,
all the capacitors are assumed to not exhibit an initial charge. The
Lagrangian Agg and dissipation function Dgg are formulated
as follows:

Ass = Nigi (¢1 + dar) + Nado (¢2 — o) — 3 /2P

— ¢3/2Py — $%; /2P — 47 /2C1 — 43/2C5 + Eqy
)

Dgs = RG3/2 4+ 1147 /2 + rag2 /2. (3)

In the right-hand side of (2), the first to fifth terms denote the
Lagrangian of W1 and W; the sixth and seventh terms denote
the Lagrangian of the capacitors; and the eighth term denotes the
Lagrangian of the voltage source. Furthermore, in the right-hand
side of (3), the first term denotes the dissipation function of the
equivalent ac load resistance, and the second and third terms
denote the dissipation function of the parasitic resistance.

Subsequently, an appropriate coordinate transformation is
applied to (2) and (3) to yield another Lagrangian model that
belongs to another circuit model. Thus, new variables ¢4, ¢z,
¢4, and ¢p are introduced as follows:

_a(NoCoqr + N1Ciga)

4= 2N,
= B (Niqi — Nago)
2Ny
pa =P (p1+ ¢2)/(PL+ )
¢p = (Pap1 — P1¢p2)/(P1 + ) “

where the dimensionless quantity of a and § are defined as
follows:

2NECy
o= ——
N%Cl + N2202

- 2N3Cy

We substitute (4) into (2) and (3) to obtain the following
expressions:

Ass = 2Ns (Gada + 4o + ddr) /B — ¢4 /aCy
— % /BCy — ¢4 /BPL — ¢% /8Py — ¢3;/2Pur

B (&)

+ EqaN2 /Ny + EqgN,C1/N2Co (6)
Dss = R(4a — 45)*/2 + Cir1/Cs (4a/a + d5/B)
+ (Cory — Cir1) (44 — G)*/2C5. @)
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In order to derive (6) and (7), we introduce the practi-
cal approximation, i.e., Lieqi1C1 = LijeqroCo. We assume that
the resonance frequencies of the transmitter and receiver are
equal as is natural for a common design of the RIC-WPT
systems. Furthermore, in the RIC-WPT, the magnetic cou-
pling between W; and Wy is generally weak. Hence, the
self-inductance of W; and Wy are approximately equal to the
leakage inductance of W; and Wy under a small coupling
coefficient k. Therefore, the approximation, i.e., Lieqr1C1 ~
Licqi2Co is reasonable while designing a practical RIC-WPT
system.

By translating (6) and (7) into a circuit model, the Lagrangian
equivalent circuit of the SS topology is obtained as shown in
Fig. 4. The circuit behavior for the output power and efficiency
are identical as shown in Figs. 3(a) and 4 because the coordinate
transformation conserves power.

C. Lagrangian Equivalent Dual Circuit of SP Topology
(Steps 2 and 3)

Asin the case of the SS topology, we construct the Lagrangian
model of the SP topology shown in Fig. 3(b). The Lagrangian
Agp and the dissipation function Dgp are formulated as fol-
lows:

Asp = Nig (61 + énr) + N2 (G2 + Gr) (d2 — dnr)
— 12 /2P1 — $2° 2Py — 63, /2Py — 02® /201
—42°/2C2 + Equ ®)
Dsp = Ri/2 + 11d3/2 +r2(d2 + 4r)*/2 ©)

Subsequently, new variables qq, gy, g, @, and ¢, are intro-
duced as follows:

_ NyCoq1 + N1Cligo _ Nigi = Nogo
da 2N101 2N2
=12 4 _ 2P (41 + ¢2) " _ 2(P¢1 — Pr1¢y)
€T g e P+ P b P+ P

(10)

We substitute (10) into (8) and (9) to obtain the following
expression:

ASP =Ny [(Qa + Qc) ¢a + (Qb - QL) ¢b + Q(Qb - Q(,) ¢M]
—aq?/Cy — Bgt/Cy — ¢2 /4o Py — @7 /4 Py

— ¢ /2Py + aN2E (qq + qu) /N1 (11)
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Dgp = 2RG? + ara(da + Ge)* + Bralds — de)’

+ (N1 /N2)? (Cyry — Cars) (da + d5)%/2C.
(12)

Equations (11) and (12) are translated into Fig. 5. The output
power and the efficiency of Fig. 5 are identical as shown in
Fig. 3(b).

In order to discuss the quasi-duality, Fig. 5 is further trans-
formed to obtain the equivalent dual circuit of the SP topology.
Hence, the duality transformation is applied to Fig. 5 to yield
Fig. 6.

D. Elucidation of Quasi-Duality (Steps 4 and 5)

As shown in Figs. 4 and 6, the circuit networks are consider-
ably different from each other. Therefore, any duality between
the SS and SP topologies is still not observed. Hence, in this
subsection, we elucidate the relationship between the SS and
SP topologies by further analyzing the dual circuit of the SP
topology, i.e., Fig. 6.

First, we apply the A-Y transformation to the subcircuit
denoted by the blue dashed line in Fig. 6. When the A-Y transfor-
mation is applied to Fig. 6, the following two approximations are
introduced in addition to the already introduced approximation
of Lleaklcl ~ Lleak202~

1) The operating frequency is in the vicinity of the reso-

nance frequency of the transmitter and the receiver. Hence,
w? ~ 1/L,Cy =~ 1/LyC5, where w denotes the operating
angular frequency.

2) The Q-factor of the transmitter and the receiver, i.e., O

and O, sufficiently exceeds one. Hence, w Ljeqr1 /71 > 1
and leeakg/Tz > 1.

Hence, we obtain Fig. 7.

Second, we further apply Thevenin’s theorem to the subcircuit
as denoted by the red dashed line in Fig. 7. Thus, we obtain Fig. 8.
In the transformation, output power is conserved. Conversely,
input power is not strictly conserved because the subcircuits

6789

Fig. 7. Equivalent circuit applying A-Y transformation to Fig. 6.

NLE 0 of, ¢ ak
N, jo2L,,, +2r, E " —ar] jw(zal‘/mklNZ/Nl +4M)

Fig. 8. Equivalent circuit applying Thevenin’s theorem to Fig. 7.

7
al E

! Jjo(aL,,N,/N,+2M)

Fig. 9. Result of impedance transformation of Fig. 8.

apply Thevenin’s theorem including the resistive component,
i.e., 1/2ary or 1/2r9. However, based on the approximations
of 01>>1 and Q2>>1, we assume the current in 1/2ary and
1/28r4 are sufficiently lower than the current in the capacitor
connected parallel to 1/2ary or 1/28rs. Therefore, the input
power of Figs. 7 and 8 are approximately equal to each other.
Hence, the output power and efficiency are almost identical
between Figs. 7 and 8.

Subsequently, an impedance transformation is applied to
Fig. 8. Specifically, the voltage and current are multiplied by 27,
and 1/27.., respectively, where Z.. is defined as Z2 = Ly /Cy ~
Liear2/C5 and corresponds to the characteristic impedance of
the receiver. Thus, we obtain Fig. 9.

Finally, we transform the subcircuits marked by the dash lines
(1)—(@v) in Fig. 9 via the previously introduced approximations.
The voltage sources denoted by the red (i) and blue (ii) dashed
lines are correspondingly approximated as follows:

N,  ZE N, [I E
Ny jwLicara + 72 N1V Co jwLicare + 12



6790

~ _& Lleak’Z E
NV Co jwLliearz

13)

aZ.E M [Ly E
w (aLjeak1 N2/ N1 +2M) ~ Ny

072 jWLleakl

(14)

Subsequently, the impedance denoted by the green dash lines
(iii) is defined as Z;. The impedance 7; is represented as follows:

Qarg aLleakQ
Z; =1
-1 /(G550

222

2 Cl . 2L2
—|— — | =r1—r | +jw—.
CQ «

The first term in the right-hand side of (15) is approximated
as follows:

QAT9 .

as)

- 22(2. T2 7ij2

aLleakQ)

27?2 o 19?2 +w?L3
277 o 272 1
T a w23 a jwls

2 1
NO&(2+JC) (16)

We substitute (16) into (15) to obtain the following expression:
~ (2/&) (7"101/02 + 1/ij2 +jWLleak2) . (17)

As in Z;, the impedance denoted by the purple dash lines (iv)
is defined as Z,.. The impedance Z,. is represented as follows:

2L 2 (C
. = j(,uiﬁ2 + B (C; ry — 7”2)
M NQ)] . (18)

Bra BLicar1 C1
+1/[2Z2+ 272 G | 2N,

The first and third terms in the right-hand side of (18) are
approximated as follows:

J2wLa/B = j2wLhicaka/B + j2w (N2/ N1) M/

~ j2wLicara/B + j4w (N2 /N1) M/B*  (19)

1 ﬂTQ + /BLleakl Cl M N2
272 272 Z2 N,
B

= 1/zzz [’“2 e (L2 * mMﬂ

2z 1

T B ra+ jwLy

~ (222/B) (ro/w’L} — j/wLs)

~ (2/B) (r2 +1/jwCs) . (20
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Fig. 11.  Analytical model for SS and SP topologies based on quasi-duality.

We substitute (19) and (20) into (18) to obtain the following

expression:
2Lleak2 4 N2 )
+ M)+
< B B% Ny
(21

We apply (13), (14), (17), and (21) to Fig. 9 to obtain Fig. 10.
The input power and output power are almost conserved via the
process of deriving Fig. 10. Therefore, Fig. 10 approximately
works as the dual circuit of the SP topology.

Figs. 4 and 10 show the same topology and the same pa-
rameters with the exception of the equivalent ac load resis-
tance. Strictly speaking, the parameter of the voltage sources
of Fig. 10 includes the imaginary unit j. However, the phase
relation between the two voltage sources in the equivalent circuit
is identical in Figs. 4 and 10. Therefore, with respect to the case
of analyzing the input power and output power per unit time, the
difference due to the presence or absence of the imaginary unit
is ignored.

Based on Figs. 4 and 10, the SP topology of the RIC-WPT
system approximately behaves as the dual of the SS topology in
which the equivalent ac load resistance R is replaced by Z2/R.
The relation is termed as the quasi-duality. Based on the quasi-
duality, the output power and efficiency of the SP topology [see
Fig. 3(b)] are calculated via the original equivalent circuit of the
SS topology [see Fig. 3(a)]. The insight offers a straightforward
comparison between the SS and SP topologies.

III. PROPOSED STRATEGY OF TOPOLOGY SELECTION
BASED ON QUASI-DUALITY

Fig. 11 shows the unified analysis model for the SS and SP
topologies based on quasi-duality. For the calculation of the
output power and efficiency of the SS topology, the equivalent
ac load resistance should be set at R. On the other hand, for the
calculation of the SP topology, the equivalent ac load resistance
should be set at Z2/R. In this section, we propose a strategy of
the topology selection between the SS and SP topologies based
on the following three steps.
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1) Based on Fig. 11, we derive the output power P, and
efficiency 7 of the SS and SP topologies by referring to
[31].

2) We derive the boundary resistance of P,, i.e., the equiv-
alent ac load resistance wherein the superiority in terms
of P, of the SS and SP topologies are exchanged. Sub-
sequently, based on the boundary resistance of P,, we
propose the strategy of the topology selection in terms
of P,.

3) Asin step 2, we derive the boundary resistance of 7, i.e.,
the equivalent ac load resistance by which the superiority
in terms of 7 of the SS and SP topologies are exchanged.
Subsequently, based on the boundary resistance of 7, we
propose the strategy of the topology selection in terms of 7).

A. Derivation of Output Power and Efficiency of SS and
SP Topologies (Step 1)

First, we set the equivalent ac load resistance to R. Based on
Kirchhoff’s voltage law, Fig. 11 is described as follows:

E=(ri+jX1)It + jwM (Itq — I2)

JwM (Ipy = Ir2) = [(r2 + R) + jXo] I (22)
where jX; and jX, are defined as follows:
JX1 =j(wly —1/wC)
JXo = j(wLls — 1/wCs). (23)

Subsequently, from (22) and (23), the transmitter current I
and the receiver current I7o are correspondingly derived as
follows:

= E(Nir +jNi1) /Dy
= E(Nar + jNor) /D,

I

Ips (24)

where Nig, Nir, Nag, Noy, and D), are defined as follows:
Nig = w?M?(ro + R) 4+ 1 {(7‘2 +R)* + Xg]
Nip = ®M2X, — X, [(rg + R+ Xﬂ
Norp = wM [X; (19 + R) + Xor]
Nor = wM [w?M? + 11 (ro + R) — X1 Xo]
Dy, =2w”M? [r1 (ro + R) — X1 X5 + w?>M? /2]
+ (2 4+ X,2) [(rg TR+ Xg} . (25)

From (24) and (25), the input power P; and output power P,
are correspondingly derived as follows:

P; =Re(E-I1) = E>?N1r/D,
= RE?w*M?/D,

(26)
Py=R-Ip5- I

2(,L12M2 7’1 (ro + R) —

2 2
= RE“w*M ) ) )
/ 7’1+X){(T2+R) +X2}

X1X2 + szQ/Q}

27
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By dividing the output power by the input power, 7 is derived
as follows:

n = P,/P; = Rw*M?/N1r
Rw?M?
_ d . (28)
WIM?2(rg + R) 411 |(re + R)2 + X2

Subsequently, we define the equivalent ac load resistance
values to achieve the maximum P, and maximum 7 as Rss_pmax
and Rss_pmax. From (27) and (28), Rss pmax and Rss pmax
are derived as resistance values that satisfy 0P,/0R = 0 and
0n/OR = 0, respectively. Therefore, Rgs pmax and Rss_pmax
are derived as follows:

2w2M2 (7'17"2 — XlXQ) -+ w4M4
RSS_Pmax = \/ T% + X12 + T% + X22
(29)
RSy max = (/w2 M?ra/ry + 13 + X3. (30)

Equations (22)—(30) correspond to the common analysis re-
sults of the SS topology. The analysis results are well known
[31], [32].

However, based on the quasi-duality, the input power, output
power, and efficiency of the SP topology are easily calculated
by replacing only the equivalent ac load resistance R of (26)—
(28) with Z2/R. Additionally, based on the quasi-duality, the
resistance RRgp pmax to achieve the maximum power of the
SP topology and resistance I25p_,max t0 achieve the maximum
efficiency of the SP topology are easily derived as follows:

ZCQ/RSS_p max RSP_n max — ZCQ/RSS_W max-
31
The maximum output power of the SS and SP topologies are
identical due to the maximum power of Fig. 11 corresponding
to the maximum power of both the topologies. Similarly, the
maximum efficiency of the SS and SP topologies are identical.
The insights follow those derived in extant studies [13].

RSP_p max —

B. Proposed Strategy of Topology Selection in
Terms of Output Power (Step 2)

Subsequently, we derive the boundary resistance for the out-
put power. In order to ensure the simplicity of the calculation,
we divide the denominator and numerator of (27) by R. Thus,
the terms for R appear only in the denominator. Subsequently,
we extract only the terms for R in the denominator and define
the sum of the terms as x. Furthermore, we denote x as xgs when
the equivalent ac load resistance is set at R, whereas we denote
x as xgp when the equivalent ac load resistance is set at ZC2 /R.
Thus, xgg and xgp are derived as follows:

zgs = w?M? [2(rim2 — X1 Xo) + w”M?] /R

+ (ri+X7) [(r3 + X3) /R + R] (32)
zsp = w?M? [2 (rire — X1X2) —|—w2M2] R/Zf
+ (ri+X7) [(r3 + X3)R/Z2+ Z2/R] . (33)
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TABLE I TABLE IT
APPROPRIATE TOPOLOGY TO ACHIEVE HIGHER OUTPUT POWER APPROPRIATE TOPOLOGY TO ACHIEVE HIGHER EFFICIENCY
Equivalent AC 0 Equivalent AC .
tput P P q
load resistance R wiput Frower &, load resistance R Efficiency 7
R<ZC SS tOpOlOgy > SPp tOpOlOgy R<ZC SS topo]ogy > SP top()]ogy
s pmax ~Ze R=Z, SS topology = SP topology 55 gmax ~Ze R=Z, SS topology = SP topology
R>Z, SS topology < SP topology R>Z, SS topology < SP topology
< J)maX:Z( Load Independent SS topology = SP topology S5 pmax e Load Independent SS topology = SP topology
R<Z, SS topology < SP topology R<Z, SS topology < SP topology
55 pmax Ze R=z, SS topology = SP topology 5y Ze R=Z, SS topology = SP topology
R>Z SS topology > SP topology R>Z, SS topology > SP topology

The magnitude relation of the output power between SS and
SP topologies is calculated via analyzing the magnitude relation
between rsg and rsp.

In order to discuss the magnitude relation between zgg
and zgp, we calculate xgs — xsp. If 55 —xgp <0, the
SS topology achieves higher output power than the SP topol-
ogy. Conversely, if xss — zgp > 0, the SP topology achieves
higher output power than the SS topology. Furthermore, if
rss — xgsp = 0, the output powers of the SS and SP topologies
are identical. Subsequently, xss — xsp is calculated as follows:

rss —Tsp = (T% + X12) (Zz - RSS_[) Inax2)

x (R/Z2—1/R). (34)

The factor of (r;> + X;?) in the right-hand side of (34) is
always positive. Therefore, the sign of xgs — xgp is deter-
mined by the signs of (Z2 — R%S_pmax) and (R/Z? — 1/R).
Thus, an appropriate topology to achieve higher output power
is only determined via the magnitude relationship between Z.
and 55 pmax and the magnitude relationship between Z. and
R. Therefore, the boundary resistance for the output power
corresponds to Z.. Finally, an appropriate topology to achieve
higher output power is summarized as shown in Table 1.

From Table I, Z. denotes the critical factor to select an appro-
priate topology in terms of the output power. Generally, the SS
topology is appropriate when the equivalent ac load resistance is
low, and the SP topology is appropriate when the equivalent ac
load resistance is high [6]. However, Table I indicates that this
common knowledge is not always the case.

C. Proposed Strategy of Topology Selection in
Terms of Efficiency (Step 3)

As in the case of the output power, we derive the boundary
resistance for efficiency. First, we divide the denominator and
numerator of (28) by R. Thus, the terms for R appear only in
the denominator. Subsequently, we extract only the terms for
R in the denominator and we define the sum of the terms as y.
Furthermore, we denote y as ygss when the equivalent ac load

resistance is set at R, whereas we define y as ysgp when the
equivalent ac load resistance is set at Z 3 /R. Thus, yss and ysp
are derived as follows:

yss = [W?M?ro + 11 (r3 + X3)] /R+ 1R
ysp = [W2M?ry + 11 (r3 + X3)| R/Z2 + 1 Z2/R. (36)

(35)

The magnitude relation of the efficiency between the SS and
SP topologies is calculated via analyzing the magnitude relation
between yggs and ysp.

In order to discuss the magnitude relation between yggs and
ysp, we calculate yss — ysp. If yss — ysp < 0, the SS topol-
ogy achieves higher efficiency than the SP topology. Conversely,
if yss —ysp > 0, the SP topology achieves higher efficiency
than the SS topology. Furthermore, if yss — ysp = 0, the effi-
ciencies of the SS and SP topologies are identical. Subsequently,
yss — ysp is calculated as follows:

yss —ysp =11 (Z2 — Rss_ymax_) (R/Z2 —1/R). (37)

As in (34), the sign of yss — ysp is only determined by
the magnitude relationship between Z. and Rgs ymax and the
magnitude relation between Z. and R. Therefore, the boundary
resistance for the efficiency corresponds to Z.. The boundary
resistances for the output power and efficiency are identical to
each other. Finally, an appropriate topology to achieve higher
efficiency is summarized as shown in Table II.

However, when we compare the efficiency between the SS
and SP topologies, we should consider only the condition
of Rss pmax < Zc. In several practical RIC-WPT systems,
Rgs ymax 18 typically lower than Z.. Subsequently, we cal-
culate R%S_mnax — Z?2 to show that the magnitude relation-
ship of Rgs pmax < Z. is satisfied in several practical RIC-
WPT systems. Based on the already introduced approximations,
R%s ymax — Ze is expressed as follows:

Rss pmax- — 22 = (W2MPry/r1 + 135 + X3) — Lo /Co

~ (w2k2L1L27"2/7"1 -+ 7"%) - W2Lg

=r” (FQ1Q2+1 - Q3)
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Fig. 12. Circuit configurations for experiments. (a) SS topology. (b) SP
topology.

~1501Q2 (K2 — Q2/Q1) .

In order to satisfy Rss pmax > — Z2 < 0 (i.e., Rss ymax <
Z,), the factor of k&> — Q/Q, must be negative. In several prac-
tical RIC-WPT systems, the coupling coefficient k is typically
less than 0.3. Therefore, k% tends to be 0.1 or less. Conversely,
02/0; typically exceeds 0.1. Generally, it is a rare case that Oy
is ten or more times than Qs. It should be noted that Q> was
defined as nonload Q-factor in Section II. Hence, the condition
of Rss nmax = Z, is typically ignored.

Tables I and II denote the proposed strategy of the topology
selection based on quasi-duality. The resistances of Rss pmax
and g5 pmax are well known in RIC-WPT studies. Therefore,
based on the proposed strategy, we easily understand which
topology achieves higher performance by only comparing the
simple resistances after designing the transmitting and receiving
coils.

(38)

IV. VERIFICATION

In this section, we perform experiments to achieve the fol-
lowing two purposes.

1) We verify the appropriateness of the unified analysis

model shown in Fig. 11.

2) We verify the appropriateness and the effectiveness of
the proposed strategy of the topology selection shown in
Tables I and II.

Fig. 12 shows the circuit configurations for the experiment
related to SS and SP topologies. Furthermore, Fig. 13 shows
the photograph of the experimental setup of the SS topology. In
the experiment, the ac sinusoidal voltage source in the equiv-
alent circuit is generated by the dc voltage source and the
full-bridge inverter. The voltage generated by the full-bridge
inverter corresponds to a rectangular waveform. However, when
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Rectifier and

output filter
Full-bridge
inverter i

Photograph of experimental setup for SS topology.

Fig. 13.

the quality factor of the transmitter sufficiently exceeds one, the
rectangular waveform is assumed as a sinusoidal wave wherein
the amplitude corresponds to a fundamental wave [4], [15].

In this experiment, the load is configured as the rectifying
circuit with the load resistance R . Therefore, the equivalent ac
load resistance R is not identical to Ry,. In general, R is affected
not only by Ry, but also by the output filter C'y and Ly [19].
However, in order to simplify the relation between R and Ry,
we designed C'y and L y to be sufficiently large so that the voltage
of C'y and the current through L are almost constant. In this
case, R is simply dependent only on Ry,. According to [33], the
relation between R and R, can be expressed by (39) in the case
of the SS topology and by (40) in the case of the SP topology as
follows:

8

R= R, (39)
2
R= %RL. (40)

Subsequently, in the experiment and the theoretical analysis,
Cy of the SS and SP topologies are selected to resonate with
Ly at a designed resonance frequency fy. Therefore, Cs uses the
same value for the SS and SP topologies. Conversely, C; of the
SS and SP topologies are selected to achieve a unity power factor
at fy after determining Cs [2], [3], [5], [12]. Thus, C; of the SS
and SP topologies are determined as follows:

Ciss = LaCa/Ly, Cisp=LyCo/Ly (1 -FK*) (41

where C'y_gg corresponds to C; for the SS topology and C; sp
corresponds to C; for the SP topology. Therefore, C; gg and
C1_gp are different from each other. It should be noted that
(41) satisfies the approximations of Ljeqx1 C1~LjeqroCo and
1/L; C1=1/LsCy introduced in Section II when & is sufficiently
smaller than one.

Table IIT shows the circuit parameters of the transmitter and
receiver used in this section. As shown in Table III, ro only
includes the parasitic resistance of Wy. Conversely, 71 includes
the output resistance of the full-bridge inverter (=0.022 (),
parasitic resistance of the resonance capacitor (=0.018 €2), and
parasitic resistance of W1 (=0.160 €2). When the efficiency is
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TABLE III
CIRCUIT PARAMETERS FOR RESONATORS

Symbols / Parameters Values
L, Self-inductance of W, 140.90 uH
L,  Self-inductance of W, 55.20 uH
M Mutual inductance between W, and W, 8.73 uH
k Coupling coefficient between W, and W, 0.099
r Whole parasitic resistance of transmitter 0.200 Q
r Parasitic resistance of W, only 0.084 Q
Iy Designed resonance frequency 105.0 kHz
0 O-factor of transmitter 464.8
03 Non-load Q-factor of receiver 433.5
Cf» Capacitance of output filter 100 pF
L, Inductance of output filter 1.1 mH
C 1ss  Capacitance of transmitter gi;zgglen 9 ig;; EE
C, s  Capacitance of transmitter gi;z;iyrzlen 0 1(6)32 EE
C, Capacitance of receiver gig(e)grilen 0 jii% 2}}2

TABLE IV
CIRCUIT PARAMETERS FOR VERIFICATION OF APPROPRIATENESS OF UNIFIED
ANALYSIS MODEL

Values
20V
100.0 Q,249.7 Q,1011.2 Q

Symbols / Parameters

Ve Input DC voltage

R Load resistance

low, the transmitter current is typically high. Thus, the output
power is especially affected by r;. Therefore, we accurately
model r; to calculate the accurate output power in low-efficiency
conditions.

A. Appropriateness of Unified Analysis Model (Fig. 11)

In this subsection, we demonstrate that the output power
and the efficiency of the SP topology are calculated using the
unified analysis model of Fig. 11 according to quasi-duality. As
discussed in Section II, Fig. 11 is derived using the coordinate
transformation of the Lagrangian model and a few practically
acceptable approximations. Therefore, the appropriateness of
Fig. 11 should be validated not only in comparison with the
theoretically calculated performance of the original equivalent
circuit, i.e., Fig. 3(b) but also in comparison with the exper-
imentally evaluated performance of the prototype circuit, i.e.,
Fig. 12(b). Consequently, the output power and the efficiency
are compared among the following three circuits: Fig. 11 with
the equivalent ac load resistance set as Zf/ R, Fig. 3(b), and
Fig. 12(b).

Tables III and I'V show the circuit parameters in the evaluation
in this subsection. We adopt three types of R to show that the
unified analysis model of Fig. 11 is valid irrespective of the
frequency splitting phenomenon. When R is set as 100 €2, the
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Fig. 14.  Verification of appropriateness of unified analysis model. (a) R =

100.0 Q. (b) R =1249.7 Q. (c) R =1011.2 Q2.

frequency splitting phenomenon does not occur. Conversely,
when R is set as 249.7 or 1011.2 €, the frequency splitting
phenomenon occurs. Specifically, the frequency splitting phe-
nomenon significantly occurs when R is set as 1011.2 €2.
Subsequently, Fig. 14 shows the output power and the effi-
ciency of the SP topology based on the operating frequency f.
In Fig. 14, the dashed lines denote the theoretical analysis
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TABLE V
CIRCUIT PARAMETERS FOR VERIFICATION OF APPROPRIATENESS OF PROPOSED
STRATEGY OF TOPOLOGY SELECTION

Symbols / Parameters Values

= Ve Input DC voltage 6V

2 ) (Theory) 105.00 kHz
g 12 Operating (Experiment of SS topology) ~ 105.09 kHz
3 ' frequency (Experiment of SP topology) 104.95 kHz
o Ve Input DC voltage 18V

2 ) (Theory) 107.00 kHz
= ! Operating (Experiment of SS topology) ~ 107.00 kHz
S) : frequency :

@) (Experiment of SP topology) 107.00 kHz

results derived from the original equivalent circuit of the SP
topology shown in Fig. 3(b); solid lines denote the theoretical
analysis results derived from the equivalent circuit of Fig. 11,
in which, the equivalent ac load resistance is set as Z, f /R; and
markers denote the experimental results in Fig. 12(b). In this
study, detailed derivation processes of the theoretical analysis
of Fig. 3(b) are excluded because the processes are based on
general circuit theory.

As shown in the theoretical analysis results of Fig. 14,
Figs. 3(b) and 11 almost exhibit the same frequency dependence
between the output power and efficiency. Strictly speaking, the
calculated results of Fig. 11 slightly deviate from the calculated
results of Fig. 3(b) when the frequency splitting phenomenon
significantly occurs. However, Fig. 11 comparatively accurately
estimates the output power and efficiency in the SP topology at
frequencies corresponding to the multiple resonance modes.

Additionally, the experimental results match well with the
theoretical analysis results in the vicinity of the frequencies
corresponding to fy and multiple resonance modes. Practical
RIC-WPT systems are typically operated in the vicinity of the
frequencies corresponding to f; and multiple resonance modes.
Therefore, the results support the appropriateness and practical
use of the unified analysis model.

Furthermore, the unified analysis model does not exhibit a
limit on the output power because any approximation for the
output power was not introduced when the unified analysis
model was derived. Hence, the unified analysis model is applied
to various applications irrespective of the output power.

B. Appropriateness and Effectiveness of the Proposed
Strategy of Topology Selection (Tables I and II)

Subsequently, we demonstrate that an appropriate topol-
ogy between the SS and SP topologies is selected by only
comparing simple resistance values. Tables III and V show
the circuit parameters used in the evaluation of this sub-
section. As shown in Table V, we perform the evalua-
tions under two conditions. The first condition satisfies 7. <
Rss pmax and Rgs pmax < Z.. The second condition satisfies
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Rss pmax < Z. and Rss_pmax < Z.. In condition 1, fis set as
the frequency in which the inverter achieves the unity power
factor. Therefore, in the case of the theoretical analysis, fp is
105.00 kHz. Additionally, ffor the experiment of the SS topology
corresponds to 105.09 kHz, and f for the experiment of the SP
topology corresponds to 104.95 kHz. The characteristic of the
RIC-WPT system is sensitive relative to the slight variation
in the resonant frequencies when f is set as the frequency in
which the inverter achieves the unity power factor. Therefore, fis
accurately adjusted by considering the error of the parameters of
the resonators. Conversely, in condition 2, fis set as 107.00 kHz.
In this case, f for the theoretical analysis and experiment are
identical because fis relatively far from the frequency at which
the inverter achieves the unity power factor.

Subsequently, Fig. 15 shows the output power and efficiency
of the SS and SP topologies based on the equivalent ac load resis-
tance under the two conditions. In Fig. 15, the solid and dashed
lines denote the theoretical analysis results and markers denote
the experimental results. As shown in Fig. 15, an appropriate
topology between SS and SP topologies is interchanged with 7.
as the boundary. Furthermore, Fig. 15 shows that an appropriate
topology to achieve higher output power also depends on the
magnitude relation between Z. and Rss_pmax. The results are
consistent with those in Tables I and II. Therefore, it is confirmed
that an appropriate topology is selected by comparing only
simple resistances.

Finally, we discuss applicable ranges of the proposed strat-
egy for the topology selection. In Section II, we introduced
three approximations for the coupling coefficient, operating
frequency, and Q-factor to elucidate the quasi-duality. Therefore,
there are applicable ranges in the proposed strategy. Among the
approximations, the approximation for the Q-factor is usually
satisfied. The output power and efficiency of the RIC-WPT
are well known to be higher as the Q-factor is higher [3], [6].
Therefore, the Q-factor is typically designed as higher, and
thus, Q1 and Q- sufficiently exceed one in practical RIC-WPT
systems [2]. Therefore, when we use the proposed strategy of
topology selection, it is typically necessary to consider only
the approximations for the coupling coefficient and operating
frequency.

Fig. 16 shows the theoretical calculation results of the output
power and the efficiency of the SS and SP topologies under
various practically achievable coupling coefficients. Fig. 16(a)
shows the results at f/fy = 1.00 at Vpc = 5 V; and Fig. 16(b)
shows the results at f/fy = 1.14 at Vpo = 20 V. In each of these
operating conditions, the SS and SP topologies were calculated
and compared under the same Vp¢, although Vo was set at
different values between these two operating conditions so that
the calculated output power at Z, becomes within the range of
0.1-100 W.

As shown in Fig. 16, the proposed strategy of topology
selection in Tables I and II is approximately effective even
if the operating frequency slightly deviates from the resonant
frequency. Furthermore, the proposed strategy is also approxi-
mately effective under a wide range of coupling coefficients.
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Fig. 15.  Comparison of P, and 1 between SS and SP topology. (a) Condition 1 (Z. < Rgs_pmax and Rss_pmax < Z¢). (b) Condition 2 (Rss_pmax < Zc
and RSS_nmax < Ze).
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Fig. 16. Comparison of P, and n between SS and SP topology under various k (k = 0.1, ..., 0.3, steps of 0.05). (a) f/fp = 1.00 and Vpc =5 V. (b) f/ fp = 1.14
and Vpo =20 V.
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V. CONCLUSION

It is typically difficult to select an appropriate topology be-
tween SS and SP topologies because the topologies are usually
analyzed and designed based on a different equivalent circuit. In
order to address this issue, in this study, we first elucidated the
quasi-duality between the SS and SP topologies, which indicates
that the output power and efficiency of the SP topology were
analyzed via the equivalent circuit of the SS topology. Subse-
quently, based on this knowledge, we proposed a straightforward
strategy of topology selection. Based on the proposed strategy,
an appropriate topology can be selected by comparing only
the equivalent ac load resistance, characteristic impedance, and
ac load resistance that can achieve the maximum efficiency or
maximum output power of the SS topology. Furthermore, the
appropriateness and effectiveness of the proposed strategy were
successfully confirmed via experiments. Finally, we concluded
that the proposed strategy is promising in terms of selecting
an appropriate topology to achieve higher output power or
efficiency at the beginning of the RIC-WPT design.

The proposed strategy is limited to the topology selection
between the SS and SP topologies because only the quasi-duality
between the SS and SP topologies have been elucidated using
the Lagrangian dynamics. However, similar strategies may be
derived for other topologies, if the Lagrangian dynamics are
applied to elucidate the quasi-duality or similar relations for
these other topologies.

REFERENCES

[1] N. Liu and T. G. Habetler, “Design of a universal inductive charger for
multiple electric vehicle models,” IEEE Trans. Power Electron., vol. 30,
no. 11, pp. 6378-6390, Nov. 2015.

[2] C.-S.Wang, G. A. Covic, and O. H. Stielau, “Power transfer capability and
bifurcation phenomena of loosely coupled inductive power transfer sys-
tems,” IEEE Trans. Ind. Electron., vol. 51, no. 1, pp. 148—157, Feb. 2004.

[3] S.Liand C. C. Mi, “Wireless power transfer for electric vehicle appli-
cations,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 3, no. 1,
pp. 4-17, Mar. 2015.

[4] M. Fu, Z. Tang, and C. Ma, “Analysis and optimized design of compen-
sation capacitors for a megahertz WPT system using full-bridge rectifier,”
IEEE Trans. Ind. Inform., vol. 15, no. 1, pp. 95-104, Jan. 2019.

[5] I. Ortega-Isasa, K. P. Benli, F. Casado, J. I. Sancho, and D. Valderas,
“Topology analysis of wireless power transfer systems manufactured via
inkjet printing technology,” IEEE Trans. Ind. Electron., vol. 64, no. 10,
pp. 7749-7757, Oct. 2017.

[6] M. Schormans, V. Valente, and A. Demosthenous, “Practical induc-
tive link design for biomedical wireless power transfer: A tutorial,”
IEEE Trans. Biomed. Circuits Syst., vol. 12, no. 5, pp. 1112—1130, Jul.
2018.

[71 M. E. Halpern and D. C. Ng, “Optimal tuning of inductive wireless power
links: Limits of performance,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 62, no. 3, pp. 725-732, Mar. 2015.

[8] A.J. Moradewicz and M. P. Kazmierkowski, “Contactless energy trans-
fer system with FPGA-controlled resonant converter,” I[EEE Trans. Ind.
Electron., vol. 57, no. 9, pp. 3181-3190, Sep. 2010.

[9] M. Ishihara, K. Umetani, and E. Hiraki, “Elucidation of quasi-duality
between series-series and series-parallel topologies of resonant inductive
coupling wireless power transfer systems,” in Proc. IEEE Power Electron.
Drive Syst. Conf., Honolulu, HI, USA, 2017, pp. 674-679.

[10] K. AdityaandS. S. Williamson, “Design guidelines to avoid bifurcation in
a series-series compensated Inductive power transfer system,” IEEE Trans.
Ind. Electron., vol. 66, no. 5, pp. 3973-3982, May 2019.

[11] Y.H. Sohn, B. H. Choi, G.-H. Cho, and C. T. Rim, “Gyrator-based analysis
of resonant circuits in inductive power transfer systems,” IEEE Trans.
Power Electron., vol. 31, no. 10, pp. 6824-6843, Oct. 2016.

6797

[12] M. Kim, J.-W. Lee, and B. K. Lee, “Practical bifurcation criteria consid-
ering inductive power pad losses in wireless power transfer systems,” J.
Elect. Eng. Technol., vol. 12, no. 1, pp. 173-181, Jan. 2017.

[13] R.Jegadeesanand Y.-X. Guo, “Topology selection and efficiency improve-
ment of inductive power links,” IEEE Trans. Antennas Propag., vol. 60,
no. 10, pp. 4846-4854, Oct. 2012.

[14] H. Matsumoto, Y. Neba, and H. Asahara, “Switched compensator
for contactless power transfer systems,” IEEE Trans. Power Electron.,
vol. 30, no. 11, pp. 6120-6129, Nov. 2015.

[15] W.Zhang, S.-C. Wong, C. K. Tse, and Q. Chen, “Analysis and comparison
of secondary series- and parallel-compensated inductive power transfer
systems operating for optimal efficiency and load-independent voltage-
transfer ratio,” IEEE Trans. Power Electron., vol. 29, no. 6, pp. 2979-2990,
Jun. 2014.

[16] W. Zhang, S.-C. Wong, C. K. Tse, and Q. Chen, “Load-independent
duality of current and voltage outputs of a series- or parallel-compensated
inductive power transfer converter with optimized efficiency,” IEEE Trans.
Emerg. Sel. Topics Power Electron., vol. 3, no. 1, pp. 137-146, Mar. 2015.

[17] W.-Q.Niu, J.-X. Chu, W. Gu, and A.-D. Shen, “Exact analysis of frequency
splitting phenomena of contactless power transfer systems,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 60, no. 6, pp. 1670-1677, Jun. 2013.

[18] R.Huang, B. Zhang, D. Qiu, and Y. Zhang, “Frequency splitting phenom-
ena of magnetic resonant coupling wireless power transfer,” IEEE Trans.
Magn., vol. 50, no. 11, Nov. 2014, Art. no. 8600204.

[19] O. Knecht and J. W. Kolar, “Comparative evaluation of IPT resonant
circuit topologies for wireless power supplies of implantable mechanical
circulatory support systems,” in Proc. Appl. Power Electron. Conf. Expo.,
Tampa, FL, USA, 2017, pp. 3271-3278.

[20] S. D. Freeland, “Techniques for the practical application of duality to
power circuits,” IEEE Trans. Power Electron., vol. 7, no. 2, pp. 374-384,
Apr. 1992.

[21] K. Umetani, “Lagrangian method for deriving electrically dual power
converters applicable to nonplanar circuit topologies,” IEEJ Trans. Elect.
Electron. Eng., vol. 11, no. 4, pp. 521-530, May 2016.

[22] Z. H. Bai and Z. C. Zhang, “Conformation of multilevel current source
converter topologies using the duality principle,” IEEE Trans. Power
Electron., vol. 23, no. 5, pp. 2260-2267, Sep. 2008.

[23] J. W. Kolar, H. Ertl, and F. Zach, “Quasi-dual modulation of three-phase
PWM converters,” IEEE Trans. Ind. Appl., vol. 29, no. 2, pp. 313-319,
Mar./Apr. 1993.

[24] M. Ishihara, K. Umetani, H. Umegami, E. Hiraki, and M. Yamamoto,
“Quasi-duality between SS and SP topologies of basic electric-field cou-
pling wireless power transfer system,” IET Electron. Lett., vol. 52, no. 25,
pp. 2057-2059, Dec. 2016.

[25] W. Zhang and C. C. Mi, “Compensation topologies of high-power wire-
less power transfer systems,” IEEE Trans. Veh. Technol., vol. 65, no. 6,
pp. 4768-4778, Jun. 2016.

[26] K. Umetani, “A generalized method for Lagrangian modeling of power
conversion circuit with integrated magnetic components,” IEEJ Trans.
Elect. Electron. Eng., vol. 7, no. S1, pp. S146-S152, Dec. 2012.

[27] K. Umetani, J. Imaoka, M. Yamamoto, S. Arimura, and T. Hirano,
“Evaluation of the Lagrangian method for deriving equivalent circuits
of integrated magnetic components: A case study using the integrated
winding coupled inductor,” IEEE Trans. Ind. Appl., vol. 51, no. 1,
pp. 547-555, Jan./Feb. 2015.

[28] M. Noah, K. Umetani, J. Imaoka, and M. Yamamoto, “Lagrangian dy-
namics model and practical implementation of an integrated transformer
in multi-phase LLC resonant converter,” [ET Power Electron., vol. 11,
no. 2, pp. 339-347, Feb. 2018.

[29] T. Koyama, T. Honjo, K. Umetani, and E. Hiraki, “Lagrangian derivation
and analysis of a simple equivalent circuit model of wireless power transfer
system with dual transmitting resonators,” in Proc. Eur. Conf. Power
Electron. Appl., Karlsruhe, Germany, 2016, pp. 1-10.

[30] K. Umetani, M. Yamamoto, E. Hiraki, “Lagrangian-based derivation of a
novel sliding-mode control for synchronous buck converters,” IEEJ Trans.
Ind. Appl., vol. 4, no. 6, pp. 728-729, Nov. 2015.

[31] R.Mai, Y. Liu, Y. Li, P. Yue, G. Cao, and Z. He, “An active-rectifier-based
maximum efficiency tracking method using an additional measurement
coil for wireless power transfer,” IEEE Trans. Power Electron., vol. 33,
no. 1, pp. 716-728, Jan. 2018.

[32] W. X. Zhong and S. Y. R. Hui, “Maximum energy efficiency tracking for
wireless power transfer systems,” IEEE Trans. Power Electron., vol. 30,
no. 7, pp. 4025-4034, Jul. 2015.

[33] R.L.Steigerwald, “A comparison of half-bridge resonant converter topolo-
gies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174-182, Apr. 1988.



6798

Masataka Ishihara (S’15) received the B.S. and
M.S. degrees in electrical engineering from Shi-
mane University, Matsue, Japan, in 2015 and 2017,
respectively. He is currently working toward the Ph.D.
degree in electrical engineering with the Electric
Power Conversion System Engineering Laboratory,
Okayama University, Okayama, Japan.

His research interests include wireless power trans-
fer systems, design of integrated magnetic compo-
nents, and wide bandgap (WBG) power semiconduc-
tor device modeling and driving.

Mr. Ishihara is a Member of the Institute of Electrical Engineers of Japan and
the Japan Institute of Power Electronics.

Kazuhiro Umetani (M’12) was born in Kobe,
Japan. He received the M.S. and Ph.D. degrees
in geophysical fluid dynamics from Kyoto Univer-
sity, Kyoto, Japan, in 2004 and 2007, respectively,
and the second Ph.D. degree in electrical engineering
from Shimane University, Matsue, Japan, in 2015.
From 2007 to 2008, he was a Circuit Design
Engineer with Toshiba Corporation, Japan. From
2008 to 2014, he was with the Power Electronics
Group, DENSO Corporation, Japan. He is currently
an Assistant Professor with the Electric Power Con-

version System Engineering Laboratory, Okayama University, Okayama, Japan.
His research interests include new circuit configurations in power electronics
and power magnetics for vehicular applications.

Dr. Umetani is a Member of the Institute of Electrical Engineers of Japan and
the Japan Institute of Power Electronics.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 7, JULY 2020

Eiji Hiraki (M’03) received the M.S. and Ph.D.
degrees from Osaka University, Osaka, Japan, in
1990 and 2004, respectively.

In 1990, he joined Mazda Motor Corporation. From
1995 to 2013, he was with the Power Electron-
ics Laboratory, Yamaguchi University, Yamaguchi,
Japan. He is currently a Professor with the Elec-
tric Power Conversion System Engineering Lab-
oratory, Okayama University, Okayama, Japan.
His research interests include circuits and con-
trol systems of power electronics, particularly soft-

switching technique for high-frequency switching power conversion systems.
Prof. Hiraki is a Member of the Institute of Electrical Engineers of Japan
and the Japan Institute of Power Electronics.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


