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A Load-Independent ZVS Class-E? Wireless Power
Transfer with Receiver-side Constant-Frequency
PWM Power Control

1%* Tomokazu Mishima
Dept. Marine Engineering
Kobe University
Kobe, Japan
mishima@maritime.kobe-u.ac.jp

Abstract—A compact and low-profile high frequency (HF)
power converter is essential for a magnetically resonant wireless
power transfer (WPT) system suitable for a small-scale electric
load such as IoT equipments and medical implantable devices.
This paper presents a new prototype of a class E HF in-
verter /active rectifier-based WPT system, where the load power
control achieves only in the receiver (Rx) side while maintaining
zero voltage soft-switching (ZVS) on the transmitter (Tx) side
with the fixed frequency and duty cycle. The modeling-based
analysis and design of PWM-controlled Rx-side class-E rectifier
are originally presented in accordance with load-independent
ZVS in the Transmitter (Tx)-side class-E inverter. The effective-
ness of the modeling and design of the class-E?> WPT system are
verified by experiment of 1 MHz-8 W prototype, after whereby
the load-independent ZVS performance of class-E inverter is
demonstrated with the relevant steady-state characteristics.

Index Terms—Class-E inverter/rectifier, load independence,
magnetic resonance, wireless power transfer, zero voltage soft
switching (ZVS).

I. INTRODUCTION

Wireless power transfers have been drawing much attentions
over the last decade due to widespread of power electronics
systems in the industry, transportation, telecommunication,
home and consumer appliances, and biomedical implantable
devices. In particular, high frequency magnetic resonance
WPT is one of the key technologies for developing the phys-
ically contactless electric power supply, e.g. the Internet-of-
Things (IoT) in the next generation information technologies,
pacemakers and cardiac resynchronization therapy defibrilla-
tors in the human bodies.

The technically critical issues of WPTs include how to
maintain soft switching in the power devices regardless of
the load conditions; load independence. For achieving the
load independence, the dual LC'C' resonant tanks have been
proposed in [1]. However, the impedances of the rectifier
which operates by pulse-width-modulation (PWM) are not
considered in the previous solutions, thus it is not suitable for
active rectifiers in the class-E?> WPT with the receiver (Rx)-
side PWM control.

This paper presents a new analytical and modeling strategy
for load-independenct soft switching class-E? WPT with the
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receiver-side. The methodology for the Transmitter (Tx)-side
referred impedance of the constant frequency PWM class-E
rectifier is originally proposed in this paper. Then, the design
guideline of the class-E inverter can be established for higher
efficiency in the class-E? WPT system.

The rest of this paper is organized as follows: the circuit
topology and operation principle of the WPT system are
described together with power control scheme in section II.
Derivation of the Tx-side referred impedance of the class-
E rectifier is presented in sectionIll, then design guideline
of the circuit parameters in the resonant tanks are revealed.
The practical effectiveness of the analysis and design are
investigated by experiment of a 1 MHz-10 W prototype in
section IV, where the load-independent ZVS and steady-state
characteristics of receiver (Rx)-side PWM is also verified. The
power loss breakdown is also clarified and reduction of the
switching power losses is actually demonstrated in detail.

II. CLASS-E2 WPT SYSTEM WITH PWM RECITIFIER

The circuit diagram of the proposed class-E2 WPT system
is shown in Fig.l. The Tx and Rx sides are configured by
class-E HF inverter and class-E HF rectifier, respectively.
The compensation resonant tank of Tx and Rx sides are
comprised by the series-series resonant (SS). Note here the
SS compensation is effective for the constant output voltage
in the current-fed class-E HF inverter. The series capacitor
(1 is determined by referring to the phase angle of the load
impedance in the class-E inverter. The series capacitor Co
should be determined to make up the series resonance with
the self inductance Lo and the equivalent capacitance of the
active rectifier and dc load at the series resonant frequency
fr, which is identical with the switching frequency f, of the
class-E inverter. The shunt capacitors Cq,,Cq, assist class-E
switching and ZVS in the active switches QQ; and Q2 with the
designed parameters.

The relevant operating waveforms are depicted in Fig.2,
where d; and ds are ON-time ratios of S; and S, respectively.
The mode transitions and equivalent circuits are drawn in
Fig. 3. The symbol ¢; and ¢- denote the initial phase of iy
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Fig. 2. Key and relevant waveforms during the switching one cycle.

and i, with respect to the S; turn-off instants and So turn-on
timing, respectively. The switching one cycle can be divided
into the seven modes as depicted:Mode 1 (tg < t < ty),
Tx magnetic energy returned and fed, Mode2 (t1 < t <
to),magnetic energy returned, Mode 3 (to < t < t3),magnetic
energy stored, Mode 4 (t3 < t < t4),Rx-coil current circulates,
Mode5 (t4 < t < ts),Tx and Rx coil current circulation,
Mode6 (t5 < t < tg)Tx coil current circulation/Rx coils
current fed-to-load, Mode7 (tg < t < t7)Tx coil current
circulating in S; ON/Rx coils current fed-to-load

III. ANALYSIS AND DESIGN

A. Modeling and Equivalent Circuits

The class-E active rectifier and dc load can be modeled with
R; and C; by considering the ZVS condition vg2(27) = 0 and
the dc output voltage V;, is equal to the average value of vgo

[2]. By yielding i = Issin(wt + ¢5), the ac voltage vgs is
defined as

I
vo2(wt) = R;lysin(wt+ ¢2) + wé cos(wt + ¢2) (1)
Lo LT et e oien @)
o= Vg2 cos(w 2)d(w

where the second term of the right-hand formula is based on
the fundamental frequency component in the Fourier Expan-
sion of vgo. The voltage vgo can also be expressed by the
form of integral of the displacement current as

1 wt
WOQQ /QTrdg
1

{I5 (cos (2mda+¢2) — cos (wt+¢p2))

wCq,
—I, (wt—27ds)} 3)

UQ2 = icQz dT

The ratio between the Rx coil current /5 and dc load current /,,
are derived from the ZVS condition and (3) as
.[2 2 (1 - dg)

1, ~ cos ¢o — cos (o — 2mds)’ «@

By using the relevant equations (1)-(3), the capacitance C;
can be expressed as (6). As a result, by referring to the relevant
equations (1)-(4), the phase angle ¢, is expressed as (5).

By neglecting the power loss in the class-E active rectifier,
the power balance can be expressed as

Ru1,>=R; (12>2 (7

o ? \/i .

Accordingly, the resistance R; can be determined by

Ry, (cos ¢p — cos (¢2 — 27d3))”
212(1 — dy)?

The equivalent resistance and inductance R4, L4 in Fig. 4
are obtained as

R; =

®)

wf L22 k2 (Rz + 7’2)

Req = 5 5 ©
(R; +m2)" + (ws Loy — wslgp)
k2L1 (R1+T2)2—Q+ﬁ
Leq = { & @l } +(1-#) Iy

(Ri+712)° + (wsL2 - wslcr)

CyC (10)
L&

== 11
¢ Cy + C; an

where k denotes the coupling coefficient of Tx and Rx coils
[3]. Thus, the impedance 4Zeq can be expressed by (12).
The characteristics of phase angle AZ'eq are characterized
in Fig. 5 with a set of numerical examples by yielding the
load ratio A = R[ nominat/RL [4] . The operating conditions
at the lowest AZeq lead to the design guideline for achieving
the load independent ZVS, and it should be identical with the
minimum value as
2
¢ = m(m? —4)

= 49°.
16 )

13)
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Fig. 4. Simplified equivalent circuits: (a) class-E rectifier and dc load, (b) T-
shape transformation with M, and (c) Tx-side referred.

The shunt capacitor Cg; of the class-E inverter can be
determined from the condition of class-E (ZVS and ZVDS)
as [2]

cos (¢ + mdy)
T2 Requw (1 —d1)
- sin (wdy) {sin (7dy) + 7 cos (wdy) (1 —dy)}.

OQl = sin (¢1 + 7Td1)
(14)

Variations of the initial phase angle ¢; for LZeq and dy are

Mode 7

plotted by three-dimensional graphics in Fig. 6. The phase ¢,
increases in accordance with the increase of LZeq and dy; the
inductive load condition can maintain at any loads once the
parameters of the reactive components are determined at the
minimum load.

The design process of circuit parameters is presented in
Fig. 7. By giving the power rating and relevant parameters,
the phase angle,¢; is determined by referring to Fig. 6.

B. Efficiency Maximization

By using the current ratio as

I _ cos(2mdy + ¢1) — cos ¢y (15)
I, 27(1 — dy)

the conduction power losses in the active switch Q; is ex-
pressed by

27 27dy
rQ1 2 rQ1 2
Po1 = — dwt) = — Iin — I1)*d(wt
o= 52 [ ittt = B2 [ - 1))
_rauld
- or
12

{27r[i2n(2 —ds) + Zl [4mdy + sin2¢; — sin(4dwd; + 2¢1)]

(16)

The power losses in the Tx and Rx coils are defined as

Pry= #
2 2
- 2k2w2£11I[; sin? ¢ {(TQ + Ri)z + <wl2 B wé,) }
_ rRpIZ(R; +12) (17
Req Ry
Py = TQQI - 2;25453 N Tﬂf? - (18)

Accordingly, the theoretical efficiency of dc-dc power conver-
sion is expressed by



{1 — cos (2mdy)} (7d3 — 2mdy + 7 + wRLCq2) + {27 (1 — dg) + sin (2mdy)} (1 — da)

tan ¢2 =

cos (27da) + sin (2rdy) (nd2 — 2rds + 7 + wRLCqn) — (1 — da) )
o1 % {27 (1 — d3) sin (¢p2 — 27dy) + cos (¢p2 — 2mdy) — cos o} + 7w (1 — d2)
i o 7TCQ2
N {3 cos (g2 — 2mds) — cos da } sin (G2 — 2mds) + § sin (2¢2) ©)
7TCQ2
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By assuming the on resistances of Q; and Q2 so small and

negligible as 2 ~ 0 and 2 =~ 0, (19) is reformed as

Ry,
1
771 = T i T T T
R TR
k2w2L1L2Ri

= . 20
1+7r (Rz + ’1"2)2 =+ k2w2L1L2(Ri =+ 7"2) (20)

4sind; cos (mdy + ¢1) sin (wdy + ¢1) {(1 — dq) wcos wdy + sinwd, }
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Fig. 7. Flow chart of circuit parameter design.

Thus, one can get the maximum efficiency under the condition
dni/R; =0, and the equivalent resistance is expressed as

r1r3 + k2w2 Ly Lars

1

R; = 2y

The relationship between the phase angle of Rx coil and its
ON-duty cycle do can be expressed as

1 — cos2mds
21 (1 — dy) + sin(27wdy)

tan ¢2,pmax = (22)

In consequence, the shunt capacitor Cqo can be determined

1

Cop = ————
Q2 2nwRy,

[27m(1 — da) + sin 27dy)? }

1—27%(1 — d3) — cos2md
{ 4 2) — cos2md; + 1 — cos 2mds

(23)
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IV. EXPERIMENTAL RESULTS AND EVALUATIONS

The practical effectiveness of the proposed analysis and
design methodology is investigated by experiment.

The system configuration and the photograph of the pro-
totype are portrayed in Figs. 8 and 9. The specifications of
the prototype and Tx/Rx coils are indicated in TABLEI and
II, respectively. The active switches in Q; and Qy are im-
plemented with enhancement GaN-HEMT (GS66508T, 600 V,
30A@25C°, 63 mQ?).

The observed waveforms for the several load ratios are
displayed in Figs. 10 and 11 for the rated and light load
conditions. The load independent ZVS can be observed in
the active switch Q;: ZVS or ZVDS turn-on and ZVS turn-
off transitions). In addition, ZCS turn-on achieves with the
pseudo diode conduction mode, while ZCS (at A = 100 %) or
ZVS turn off attains in the active switch Q2. Thus, the load-
independent ZVS can be ensured in the prototype over the
wide range of load power.

The steady-state characteristics of V,—ds are drawn in
Fig. 12. The load voltage V, gradually rises in accordance
with the increase of ds increases from 0.2 to 0.5. However, it
gradually goes down in the duty cycle area over 0.5. This is

Q2 {27‘((2d2)+i [47Td2—sin2¢2fsin(4ﬂ'd2—2q52)] } +

I
{27’(; (27d2)+47 [47I'd1 +sin2¢)1 7Sin(4ﬂ‘d1 +2¢)1)] }

“(R"H’Q)+T2> (19)

Req Ri Ri

TABLE I
CIRCUIT PARAMETERS AND CONDITIONS OF PROTOTYPE

Item Symbol Value [unit]
DC input voltage Vi 12V
DC output voltage Vo 12V
Rated power P, 8W
Switching frequency range fs 1MHz
DC inductor Lg 640 pH
Shunt capacitors Cq1 /Cq2  4.5nF/ 17.5nF
Series resonant capacitors C1/Cx 15nF/ 10.3nF
Output smoothing inductor Ly 640 uH
Output smoothing capacitor Cy 3uF
Electric load resistor R1 nominal 209
TABLE II

Tx AND RX COILS

Item Symbol Value [unit]
Windings turns N1/N> 8/8
Self inductance of Tx coil Ly 3.35 uH
Self inductance of Rx coil Lo 3.32uH
Resistance of Tx/Rx coil r /e 0.24 pH/0.35 pH
Coupling coefficient of Tx-Rx coils k 0.1
VS
Vegsi
Zvs VAR
lS1&iCs1
VSo N Ves
N
// 7ZVS VA .
iSz&iCsz =

Fig. 10. Observed waveforms at the load ratio A = 100 % and da = 0.48
(vq1, vq2: 10V/div, vgs1:5V/div, ig1 & icqi:2A/div, 200 ns/div).

due to the increase of circulating current in the secondary side
rectifier, which justifies ds varies from 0.2 to 0.5. The actual
efficiency of dc-dc power conversion is revealed in Fig. 13
together with the theoretically calculated by

o kQLUngLgRi
o 1 + 1 (Rz + 7”2)2 + kzwsleLg(Ri + 7’2)

= 66.3 %.
(24)
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Fig. 11. Observed waveforms at the load ratio A = 25 % and d2 = 0.51 (vQ1,
vq2: 10V/div, vgs1:5V/div, iq1 & icqi:2A/div, 200 ns/div).
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Fig. 13. Actual efficiency under the condition of constant output volt-
age (V,=12V)

The maximum power efficiency is 60 % at A = 100 %, which
well agrees with the calculated as 66.3% from (24). The
efficiency of the class-E HF inverter is recorded as 79.2 %
due to the effects of load independent ZVS regardless of the
loosely coupled WPT system.
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Fig. 14. Power loss breakdown.

The power loss breakdown is shown in Fig. 14. It can
be known from the breakdown that the switching power
losses are minimized in Q; and Qo due to the effect of
load independent ZVS. The system efficiency is expected to
improve by reducing the power losses in the series capacitor
(' in the Tx side.

V. CONCLUSIONS

The load-independent ZVS class-E? WPT is presented in
this paper featuring an active rectifier, and the parameter de-
sign scheme is proposed. The model-based equivalent circuits
and the relevant equations are newly introduced, then the phase
angles of the class-E inverter and rectifier are theoretically
revealed, which are essential for analysis and design of the
load independent ZVS in the active switches. Feasibility of
the Rx-side PWM and load independent ZVS WPT system
are investigated by a 1 MHz-8 W prototype, and soft switching
performances, load voltage regulation and power loss analysis
are revealed in details.

REFERENCES

[1] J. Lu, G. Zhu, D. Lin, Y. Zhang, J. Jiang and C. C. Mi, Unified
load-independent ZPA analysis and design in CC and CV modes of
higher order resonant circuits for WPT systems,” IEEE Trans. Transport.
Electrif., vol. 5, no. 4, pp. 977-987, Dec. 2019.

[2] T. Nagashima, X. Wei, E. Bou, E. Alarcn, M. K. Kazimierczuk and
H. Sekiya, ” Analysis and design of loosely inductive coupled wireless
power transfer system based on class-E2 dc-dc converter for efficiency
enhancement, ” IEEE Trans. Circuits Sys I: Regular Papers, vol.62,
no.11, pp.2781-2791, Nov. 2015.

[3] G. Kkelis, D.C.Yates, and P. D.Mitcheson, ”Class-E half-wave zero dv/dt
rectifiers for inductive power transfer,” IEEE Trans. Power Electron.,
vol.32, no.11, pp.8322-8337, Nov. 2017.

[4] M. K. Kazimierczuk and D. Czarkowski, "Resonant power converters,
2nd ed. New York: Wiley, 2011.



