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Load-Independent Push–Pull Class-Φ2 Inverter With
Single Compact Three-Winding Inductor

Xiaosheng Huang , Member, IEEE, Yongshu Lin , Yi Dou , Member, IEEE, Shuyi Lin , and Jing Huang

Abstract—This article proposes a push–pull class-Φ2 inverter
with a single three-winding integrated inductor. A design method-
ology is presented to achieve load-independent operation of the
proposed class Φ2 inverter, ensuring consistent soft-switching op-
eration and constant voltage gain under varying load conditions.
A compact magnetic structure is proposed to implement the three-
winding integrated inductor, which distinctly reduces the number
and size of magnetic components compared with conventional class
Φ2 inverters. By flux cancellation and core sharing, the magnetic in-
tegration not only reduces the inductor’s overall volume and losses
but also maintains the inverter’s high efficiency. A 6.78-MHz LCC-S
resonant wireless power transfer prototype is built to validate the
proposed methodology and the magnetic structure. Furthermore,
an active push–pull class-Φ2 rectifier is implemented and demon-
strates the load-independent resistive input. The experimental re-
sults indicate that the prototype performs robust soft switching
over the entire load range, from no load to 320 W output. The
voltage gain remains nearly constant, varying within +1%/-3.5%.
Moreover, the measured dc–dc peak efficiency of the system reaches
91% at 170 W output, whereas the estimated peak efficiency of the
class-Φ2 inverter attains 96.6%. The proposed magnetic structure
offers compact dimensions and low loss characteristics for the
megahertz inverter.

Index Terms—Active rectifier, class-Φ2, class-EF, inverter, load-
independent, magnetic integration, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) based on magnetic cou-
pling has gained significant traction in diverse power-

conversion applications, including portable devices, drones, in-
dustrial automatic guided vehicles, and electric vehicles [1], [2],
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[3], [4], [5]. The prominent factors determining the overall size
and weight of WPT systems are typically around the coupling
coils. Increasing the operating frequency to multimegahertz
(MHz) shows promise in reducing the weight of the coupling
coils and improving the quality factors. The high-frequency
inverter plays a pivotal role in the WPT systems by effectively
energizing compensated coupling coils and establishing induc-
tive links to ensure high-efficiency transfer under receivers’
misalignment and varying loads. The inverter must exhibit wide-
load-range soft switching and estimable voltage/current gain.
However, when the operation reaches multiMHz range, deter-
mining the most suitable inverter topology to achieve optimal
efficiency becomes less apparent.

The active bridge-based inverters have been widely used in
WPT systems operating at several hundred kilohertz [6], [7],
[8]. These inverters require fewer magnetic components com-
pared with other topologies and can maintain soft switching
with proper driven load matching and dead-time regulation.
Consequently, they are attractive for achieving high-power den-
sity and reducing circuit complexity. Nevertheless, designing
the high-side drives up to multiMHz remains challenging. In
addition, MOSFET devices, which have relatively large parasitic
capacitance, face difficulties in attaining stable zero-voltage
switching (ZVS). Recent advancements in wide-band-gap power
devices (GaN, SiC) have made it easier to increase the operating
frequency of active bridges to several megahertz. However, the
switching voltage of high slew rate (dV/dt) causes more har-
monic contents, thereby compromising the electromagnetic in-
terference (EMI) performance. Furthermore, precise dead-time
control achieving ZVS up to multiMHz is tricky.

The class-E inverter is widely used in low- to medium-power
WPT systems operating at several MHz [9], [10], [11], [12]. The
conventional single-end class-E inverter uses a low-side driven
switch, which simplifies the driving circuit. The participation of
the semiconductor’s parasitic capacitance in the load network
facilitates reliable soft switching at several MHz operations [13].
Moreover, the class-E inverter achieves ZVS and zero-current
switching (ZCS) at a particular optimal load, reducing switching
loss and EMI noise. However, due to the load network’s strong
dependency on output current, the original class-E topology
with large dc-feed inductance fails to maintain ZVS at light
loads. To address the limitation, finite dc-feed inductance can
be implemented to inject the necessary resonant current and
achieve ZVS across the entire load range. Moreover, the in-
verter can achieve load-independent ZVS and constant voltage
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gain by parameter optimization [14]. Nevertheless, this solution
introduces another issue: the high-amplitude harmonic currents
drawn from dc side cause high-frequency losses of the input
inductor. It also results in large filter capacitance to suppress the
input voltage ripples. The push–pull class-E topology, which
comprises two interleaved switches operating with 180◦ phase
shift, can double the output power and suppress the input current
ripples simultaneously [15]. However, class-E inverters exhibit
inherent high-peak switch voltage, which can exceed four times
dc input and significantly limits the available semiconductors
and power level [16].

The class-EF2 (with large dc-feed inductance) and class-Φ2

(with finite dc-feed inductance) inverters are specific instances
within the class-EF topology family [17], [18]. They can also
be considered variations derived from class-E inverters with
additional resonant branches. These modifications significantly
reduce the switching peak voltage or enhance the power delivery
capability, while maintaining the same devices’ voltage/current
stress [19], [20], [21]. Consequently, they adhere to a similar
design concept where the resonant parameters are designed
to shape the switch voltage and realize soft switching [22].
Introducing the finite dc-feed inductance can inject harmonic
currents to effectively shape the switch voltage waveform and
achieve wide-load-range soft switching [23], [24]. Likewise,
the load-independent ZVS and constant voltage (or current)
gain can be achieved through optimized parameters [14], [24].
Furthermore, the push–pull class-EF2/Φ2 inverters using two
interleaved switches leads to reduced current ripples on the dc
side [25]. Moreover, T networks can be implemented to share
the inductors injecting even and odd harmonic currents [26],
[27], [28]. The T-network-based push–pull topology retains
large dc-feed inductance, thus providing both low-input current
ripples and wide-load-range ZVS.

Typically, the push–pull class-EF2/Φ2 inverters require four
individual inductors (two for the input and two for tuning
the second-order harmonic) in addition to the load branch to
form the resonant network that shapes the switch voltage. As
a result, the number of magnetic components in these topolo-
gies is generally twice that of class-E inverters, regardless of
whether T networks are utilized. Thus, a major drawback of
the class-EF2/Φ2 topologies is their increased requirement for
magnetic components. Furthermore, the resonant branches of the
topologies need to handle large-amplitude harmonic currents, re-
sulting in significantly increased circuit size and high-frequency
losses. Therefore, reducing the number and size of the magnetic
components becomes an attractive prospect for overcoming the
current limitations of class-EF2/Φ2 inverters.

This article proposes a push–pull class-Φ2 inverter with a
single three-winding integrated inductor, offering significant
reductions in both the number and overall volume of mag-
netic components compared with the conventional inverters.
The rest of this article is organized as follows. In Section II,
a simplified derivation is presented to parametrize the design,
enabling load-independent operation with ZVS and constant
voltage gain, regardless of load variations. In Section III, a
magnetic structure is proposed to implement the three-winding
integrated inductor, which offers a more compact solution

Fig. 1. Proposed push–pull class-Φ2 inverter with a single three-winding
inductor. (a) Inverter topology. (b) Decoupled three-winding inductor. (c) Equiv-
alent T network for odd harmonics. (d) Equivalent T network for even harmonics.
AssumingLdc � Lf , terminal c is virtually opened for high-frequency harmon-
ics. The resonant winding Lf1 and Lf2 are coupled with a coupling coefficient
of kf < 0, and have identical self-inductance ofLf . Thus,Lodd = (1− kf )Lf

and Leven = (1 + kf )Lf .

compared with conventional class-Φ2 inverters. Section IV
describes an example design and implementation of a 6.78-
MHz WPT prototype, which incorporates the class-Φ2 inverter,
LCC-S compensated coupling coils, and an active class-Φ2

rectifier. Section V presents and discusses the experimental
results obtained from the prototype. The performance of the
system is analyzed and evaluated based on these results. Finally,
Section VI concludes this article.

II. MODELING OF LOAD-INDEPENDENT OPERATION FOR

THREE-WINDING PUSH–PULL CLASS-Φ2 INVERTERS

Fig. 1(a) shows the proposed push–pull class-Φ2 inverter
with a three-winding integrated inductor. Due to the introduced
three-winding inductor with coupled windings, the circuit model
differs from conventional class-EF2/Φ2 inverters [17], [24], [26].
This section investigates the modeling and parametric design
of the proposed inverter, achieving load-independent ZVS and
constant output voltage.

A. Circuit Analysis

The introduced coupling resonant windings and output reac-
tance Lx inherently change the resonant network. Thus, the pro-
posed topology differs from the conventional T-network-based
class-Φ2 inverters [26]. To simplify the analysis, assumptions
are made as follows.
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1) The inductance of the dc-feed windingLdc is large enough
to eliminate current ripples of idc, of which dc component
is 2Idc.

2) The switches have zero ON-resistance and infinite
OFF-resistance. The passive components are lossless.

3) The interleaved S1 and S2 have an identical duty cycle D
with 180◦ phase shift. i.e., S1 is ON during 0 < ωt ≤ 2Dπ
and OFF during 2Dπ < ωt ≤ 2π, where ω is the angular
velocity. While S2 is ON during π < ωt ≤ (2D + 1)π and
OFF during the rest interval. Therefore, the switch voltages
of S1 and S2 can be defined as vS(ωt) = vS1(ωt) =
vS2(ωt+ π).

4) The characteristic impedance
√
Lo/Co of the filter is

high enough to form a sinusoidal output voltage vac of
2 · Vac is the amplitude. Thus, the output current iac can be
expressed by

iac(ωt) = Iac · sin(ωt+ ϕ) (1)

where Iac and φ are the current amplitude and phase shift,
respectively.

As in Fig. 1(b), the three-winding inductor can be decou-
pled to a four-winding network with a common point, where
terminal c is virtually opened as Ldc is large enough to block
high-frequency harmonics. This network presents different
impedance for odd and even harmonics. Since the switching
phases of S1 and S2 are interleaved, operating in differential
mode, the odd harmonic currents flow from terminal a to b
in differential mode. Therefore, the three-winding magnetic
structure prevents the odd harmonic currents from passing ter-
minal c and d. As in Fig. 1(c), the common point is equiva-
lently grounded for odd harmonic currents, since there is no
difference in voltage between the common point and ground.
On the other hand, since the dc-feed inductance Ldc is large
enough, terminal c is equivalently open for high-frequency har-
monics. Therefore, the coupled Lf1 and Lf2 can be decoupled
to a T network, as in Fig. 1(d). The even harmonic currents
passing the mutual inductance branch are 2 · ieven. Thus, the
branch inductance is twice the mutual inductance (2 · kfLf ) for
ieven. Eventually, the equivalent inductance for odd and even
harmonics are Lodd = (1− kf )Lf and Leven = (1 + kf )Lf ,
respectively.

The capacitor C2nd and Leven form a resonant branch to short
the second-order harmonic and shape the switch voltage. Using
a lower Leven reduces the second-order harmonic voltage across
the dc-feed winding Ldc, leading to lower current ripples and
losses. Therefore, the introduced coupling provides a flexible
way to optimize the integrated inductor, which differs from the
conventional class-Φ2 inverters. Assuming that the higher order
even harmonics are negligible, the current through C2nd can be
expressed by

inC2nd(ωt) =
iC2nd(ωt)

Idc
= a2 sin(2ωt) + b2 cos(2ωt). (2)

Since the two switches are interleaved, the phase shift of
the resonant winding currents is 180◦. Thus, the winding cur-
rents can be defined as iLf

(ωt) = iLf1(ωt) = iLf2(ωt+ π), of

which expression during 0 < ωt ≤ 2Dπ is

inLf _ON(ωt) =
iLf _ON(ωt)

Idc

=
p2acq

2

2pr
· ωt+ pin0 + inC2nd(ωt) (3)

where pac =
Iac
Idc

, q = 1

ω
√

LoddCf

, pr = 1
ωCfRac

, and pin0 =

iLf _ON(0)

Idc
is the normalized initial current value at ωt = 0. The

resonant winding current can be decomposed into dc bias, odd
harmonics, and second-order harmonic. In this equation, inC2nd

indicates the second-order harmonic, while the rest indicates the
superposed dc bias and odd harmonics. Similarly, the expression
of iLf

during 2Dπ < ωt ≤ 2π is given by

iLf _OFF(ωt) =
1

ωLodd

∫ ωt

2Dπ

(vC2nd(ωt1)

− vS_OFF(ωt1))dωt1 + iLf _ON(2Dπ) (4)

where vC2nd(ωt) is the voltage across C2nd given by

vC2nd(ωt) = Vdc +
1

ωC2nd

∫ ωt

0

iC2nd(ωt1)dωt1. (5)

The OFF-state switch voltage is formed by charging the par-
allel capacitor Cf1 and Cf2. The switch voltages of S1 of
S2 can be defined as vS1

(ωt) = vS2
(ωt) = vS(ωt+ π). Let

Cf1 = Cf2 = Cf , then vS during 2Dπ < ωt ≤ 2π is

vS_OFF(ωt) =
1

ωCf

∫ ωt

2Dπ

(
iLf _OFF(ωt1) + iac(ωt1)

)
dωt1.

(6)
Substituting (5) and (6) into (4) gives

d2iLf _OFF(ωt)

dωt2
= 4iC2nd(ωt)− q2(iLf _OFF(ωt) + iac(ωt)) (7)

which gives the general solution of iLf _OFF as

iLf _OFF(ωt)

Idc
= af cos(q · ωt) + bf sin(q · ωt)

− pacq
2

q2 − 1
sin(ωt+ ϕ)− 4

q2 − 4
inC2nd(ωt)

(8)

where af and bf are current amplitudes excited by the resonance
of Lodd and Cf .

When the design parameters q, D, and pr are determined,
the following constraints can be used to solve the seven state
variables (i.e., af , bf , a2, b2, pin0, pac, and ϕ) and detail the
operating waveforms of the inverter.

1) The voltage-second balance of Lf gives

1

2π

∫ 2π

2Dπ

vS_OFF(ωt)dωt = Vdc. (9)

2) The average switch current meets

1

2π

∫ 2Dπ

0

(iLf _ON(ωt) + iac(ωt))dωt = Idc. (10)
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TABLE I
PARAMETER SETS ACHIEVING LOAD-INDEPENDENT OPERATION

3) The second-order harmonic voltage is shorted by the res-
onant branch formed by C2nd and Leven. Therefore,{

1
2π

∫ 2π

2Dπ vS_OFF(ωt) · sin(2ωt)dωt = 0

1
2π

∫ 2π

2Dπ vS_OFF(ωt) · cos(2ωt)dωt = 0.
(11)

4) The current continuity of Lf gives{
iLf _OFF(2π) = iLf _ON(0)
iLf _OFF(2Dπ) = iLf _ON(2Dπ).

(12)

5) The ZVS turn-ON condition gives

vS_OFF(2π) = 0. (13)

Since it is difficult to derive the equations analytically, we
solve the variables numerically. Then, explicit expressions can
be obtained to analyze the circuit operation.

B. Parameter Sets Achieving Load-Independent Operation

Similar to the load-independent class-EF inverters with large
dc-feed inductance, there are particular sets of design parameters
for the proposed class-Φ2 inverters to achieve ZVS and constant
voltage gain regardless of load variation [24].

The circuit parameters of the inverter are calculated using
the solved state variables and the predefined design parameters.
According to the definition, the load factor pr corresponds to
load resistanceRac. The phase shiftφ can be regarded as a design
parameter [24]. If the expectedφ, which satisfies ZVS condition,
is constant as pr varies, the desired circuit parameters are also
invariant. In this case, the inverter achieves load-independent
operation. Therefore, the load-independent ZVS constraint can
be expressed by

dφ

dpr
= 0. (14)

As this equation is not explicit, the expected φ is not solved
directly. To find out the solutions, we sweep pr with a given D,
then solve the constraint equations to get the load-independent
φ along with a corresponding q.

The parameter sets are listed in Table I, where Vp is the peak
value of switch voltage. Irms is the rms value of the switch
current. Ipp and Irmstotal are the winding current’s peak-to-peak
and rms values, respectively. The normalized parameters can be

Fig. 2. Normalized parameters versus duty cycle D.

used to design practical class-Φ2 inverters based on required
specifications.

Although it is difficult to derive φ analytically, a fitting ex-
pression can be found according to the numerical solutions. The
desired φ can be calculated by

φ =

(
1

2
−D

)
· π. (15)

The voltage gain Gv is given by

Gv =
Vac

Vdc
=

1

Vdc

∣∣∣∣
∫ 2π

2Dπ

vS_OFF(ωt) · sin(ωt+ φ)dωt

∣∣∣∣ (16)

which is constant regardless of load variation. Note that the
output voltage has an amplitude of 2Vac thus the actual voltage
gain for push–pull inverters is 2Gv . An additional parameter
px = ω2LxCf is added for calculating Lx.

Generally, the optimal load factor proptm , which achieves both
ZVS and ZCS turn-ON, is used to calculate the circuit parameters
with the nominal load. The load factor pr achieving ZCS turn-ON

is solved by

dvSdelOFFOFFoff

dωt

∣∣∣∣
ωt=2π

= 0. (17)

This design criterion also results in larger Lf than using other
values of pr. The winding current reduces as Lf increases.

To visualize the normalized parameters and get the variation
trend, Table I is illustrated in Fig. 2. It can be seen that using a
higher duty cycle will increase the voltage stress and decrease
the current stress. Therefore, a proper duty cycle D should be
selected according to the voltage/current stresses. The decom-
posed second-order harmonic current (i.e., Irms2nd ) also shows a
similar trend. A duty cycle from 0.3 to 0.4 is usually preferred
to trade-off component stresses and efficiency.
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Eventually, the inverter’s circuit parameters can be designed
based on the rated power 2Pr and input dc voltage Vdc, i.e.,

Rdcr =
V 2

dc

Pr
(18)

Racr =
2Rdcr

p2ac
(19)

Cf =
1

ωproptmRacr
(20)

Lodd =
1

ω2q2Cf
(21)

C2nd =
2

(2ω)2Leven
(22)

Lx =
px

ω2Cf
(23)

where Rdcr/2 and 2Racr are the inverter’s rated input and
load resistance, respectively. The values of Lodd and Leven are
determined by Lf and kf , which are designed according to the
implemented magnetic structure of the three-winding inductor.
Thus, the normalized parameter sets provide a concise guideline
to design the load-independent push–pull class-Φ2 inverter with
the three-winding inductor.

C. Key Waveforms and Design Consideration

Fig. 3 shows the switch voltages at various duty cycles and
loads, i.e., D and Rac. The practical inverters operate at constant
duty cycles. The voltages present similar trends as analyzed pre-
viously, i.e., the peak values increase as the duty cycle increases
or the load resistance decreases. Meanwhile, using a lower duty
cycle will reduce the variation of peak voltages. The switches
maintain ZVS across various loads and achieve zero-voltage-
derivative-switching turn-ON at the rated load, which indicates
the achievement of ZCS. It is worth noting that the proposed
load-independent model achieves strict ZVS turn-ON over the
entire load range with the additional output reactance Lx, which
differs from the existing literature.

The inverter features near-constant output voltage amplitude
like a voltage source. Thus, the unloaded operation corresponds
toRac = +∞. The Vds has the lowest peak value at the unloaded
condition. In comparison, when the inverters are overloaded
(i.e., Rac < Racr ), there is a particular interval that the switches’
voltage reverses to negative before the turning-ON transient. The
peak Vds increases as Rac decreases. In this case, the practical
inverter’s switches usually conduct reversely, since most semi-
conductor switches cannot withstand reverse voltage. Consid-
ering the nonlinear parasitic capacitance of the switch devices,
the actual switches’ voltage waveforms will be different from
the theoretical results in Fig. 3. However, the load-independent
features can still be obtained by adjusting the external part of
Cf .

Fig. 4 shows a noticeable difference in the amplitude and
rms value of the switch current at various loads. Since the
average switch current equals the dc input, a lower duty cycle
leads to a higher peak current. Meanwhile, the peak-to-peak

Fig. 3. Normalized switch voltage versus load resistance Rac. (a) D = 0.3.
(b) D = 0.35. (c) D = 0.4. The nominal Racr corresponds to the optimal load
achieving both ZVS and ZCS. The ideal switches perform strict ZVS turn-ON

regardless of load variation.

value increases as load resistance decreases. When the designed
rated load resistance is higher than Racr , the switch realizes
the subnormal condition achieving only ZVS at the rated power.
Since the current will be negative at the beginning of the ON-state
interval, the peak-to-peak and rms values of the current will in-
crease. Thus, configuring the rated load at Racr , which achieves
both ZVS and ZCS, benefits lowering conduction losses.

Fig. 5 shows the resonant winding currents at various duty
cycles and loads. Likewise, the current amplitudes keep rela-
tively large at various loads. In comparison, the rms values of
the currents are distinctly reduced as Rac increases. Thus, the
inductor’s loss is expected to be lower at light loads. According
to Table I, the resonant winding currents’ peak-to-peak and
rms values decrease as the duty cycle increases. Nevertheless, a
higher duty cycle leads to higher required inductance of the res-
onant windings. Parametric design requires a tradeoff between
the current and the inductance of the resonant winding. Since
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Fig. 4. Normalized switch current versus load resistance Rac. (a) D = 0.3.
(b) D = 0.35. (c) D = 0.4.

high-frequency winding loss is a substantial part of the total loss,
choosing a proper duty cycle is crucial for improving efficiency.

III. MAGNETIC STRUCTURE OF THREE-WINDING INTEGRATED

INDUCTOR

This section proposes a magnetic structure to implement the
three-winding inductor of the push–pull class-Φ2 inverter. Gen-
erally, the existing push–pull class-Φ2 or EF2 inverters require
four inductors in addition to the load branch. The added magnetic
components increase overall size and losses of the inverters. As
aforementioned, the proposed push–pull class-Φ2 inverter has a
single three-winding integrated inductor, significantly reducing
the number and volume of magnetic components. Moreover,
the odd and even harmonics are adjustable by coupling the two
resonant windings.

As shown in Fig. 6, the three windings are arranged in two
back-to-back EI-type cores. The flux generated by winding
currents can be decomposed into dc, odd, and even compo-
nents. The flux is bilateral symmetric since the superimposed

Fig. 5. Normalized resonant winding current versus load resistance Rac.
(a) D = 0.3. (b) D = 0.35. (c) D = 0.4. The current amplitudes of iLf

are
dominated by the second-order harmonic and dc bias.

flux is identical when even components reverse. However, the
flux density is not uniform on the legs. Specifically, the outer
columns’ magnetic flux density is higher than the inner columns.
This feature results in heat generation differences. It benefits the
magnetic component’s heat dissipation since the heat convection
on the outer surface is stronger than on the inner surface. In the
proposed topology, the resonant winding Lf1 and Lf2 share one
dc input winding Ldc, which is different from the conventional
T-network-based push–pull inverters [26].

Generally, the core losses are dominated by high-frequency
fluxes. Since the common point is equivalently shorted as in
Fig. 1(c), the dc input inductor withstands no differential-mode
switch voltages, mainly comprising fundamental and third-order
harmonics. In contrast, the second-order harmonic voltage of
C2nd is applied on the dc-feed winding. With a proper kf , the
induced second-order flux in the dc-feed winding has a much
lower amplitude than the odd flux in conventional separated
dc-feed inductors. Thus, sharing one dc-feed winding helps to
reduce core losses. By sharing the cores, all three windings have
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Fig. 6. Proposed three-winding magnetic structure with back-to-back EI cores.
The Lf1 and Lf2 have a coupling coefficient of kf < 0. The I-type cores can
be optionally removed without changing the basic concept of this structure.

a larger, effective cross-sectional area (Ae) than the conventional
discrete inductors. Besides, the dc flux in the shared part of the EI
cores is partially canceled where the flux bias generated by Ldc

is opposite to that of Lf1 and Lf2. The even and odd fluxes are
also partially canceled on the inner legs. Therefore, the magnetic
integration approach can reduce the overall volume and losses
of the cores.

Normally, the winding inductance can be estimated accord-
ing to basic magnetic circuits. As in Fig. 6, assuming the
magnetic structure has side-leg gaps godd and center-leg gaps
geven, and the E cores have identical Ae on the center legs
and half of that on side legs. Hence, the coupling coefficient
kf ≈ −geven/(geven + 2godd). The actual coupling is affected by
the shape and permeability of the cores.

To implement the inverter, a particular Lodd, which is cal-
culated by q and pr, is required to meet the parameter sets in
Table I. Considering Lodd = (1− kf )Lf , using a negative kf
can lower the required Lf and reduce the winding loss. The Lf

can be roughly estimated by

Lf =
Lodd

1− kf
≈ N2μ0

Ae

2

(
1

godd
+

1

godd + geven

)
. (24)

Considering the magnetic cores working at multiMHz usually
have very low permeability, using (24) can result in larger values
than the actual inductance of Lf . Hence, (24) can only be used
for initial design. According to finite element method (FEM)
simulations, the actual coupling is significantly affected by the
shape and permeability of the cores. Moreover, when the I-type
cores are removed, (24) is no longer applicable. Therefore, FEM
simulation is preferred to estimate the inductance with higher
accuracy. The value of Leven can be rewritten as

Leven =
1 + kf
1− kf

· Lodd. (25)

The inductance Leven is compensated by C2nd to short the
second-order harmonic voltage. Thus, the value of Leven is not
restrictive as it is compensated and the required second-order
current is injected. Generally, using a smaller Leven will lower
the second-order harmonic voltage across all the three windings,
and reduces core losses. Hence, coupling the two Lf wind-
ings not only reduces the number and volume of the magnetic

TABLE II
PARAMETERS OF CLASS-Φ2 INVERTER AND ACTIVE RECTIFIER

components, but also lowers the losses. Therefore, the proposed
three-winding inverter provides a new feature that the introduced
coupling kf is able to adjust the harmonic voltages on the
windings.

Ideally, Ldc should be sufficient to eliminate the input current
ripples. Nevertheless, the actual input current contains second-
order harmonic induced by vC2nd due to the limited inductance
of Ldc. To involve this effect in an actual design, (22) can be
modified to a more accurate form given by

C2nd =
1

(2ω)2
· 2Ldc + Leven

2LdcLeven
(26)

where Ldc is in parallel with Leven. As analyzed previously, the
proposed magnetic structure prevents the odd harmonic currents
from passing the dc-feed winding, as shown in Fig. 1(c), where
the common point is equivalently grounded. Therefore, the ac-
tual dc-feed winding current comprises additional second-order
harmonic, while it has no odd-order components.

IV. EXAMPLE DESIGN AND IMPLEMENTATION OF CLASS-Φ2

INVERTER AND ACTIVE RECTIFIER FOR MHZ-WPT

This section implements a 6.78-MHz WPT prototype to val-
idate the proposed push–pull class-Φ2 topology. As in Fig. 7,
the system comprises the inverter and active rectifier, which
are connected by a resistive-input resonant tank formed by
LCC-S compensated coupling coils. The LCC-S resonant tank
and the active rectifier’s switching phase detector are based on
the previous work in [15].

A. Three-Winding Push–Pull Class-Φ2 Inverter

Fig. 8 shows the design flow of the proposed class-Φ2 inverter.
The inverter’s circuit parameters are calculated according to
(18)–(23) with specified input voltage and output power. The
values of Lodd and Leven are determined by Lf and kf . Load-
independent operation can still be affected by the unrestricted
Leven if the characteristic impedance

√
Leven/C2nd is too small

and causes additional higher order harmonic currents. According
to circuit simulations, the |kf | value should not be higher than
0.5.

As in Table II, the class-Φ2 inverter is designed to process 350
W with 48 V on the dc side. To simplify the design, the active
rectifier uses identical parameters. Considering the switch volt-
age stress as in Table I, the 150 V MOSFETs (BSC160N15NS5)
are implemented for the inverter and active rectifier operating
at a fixed duty cycle of 0.35. The peak switch voltage is about
2.157 times the dc input.
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Fig. 7. LCC-S resonant MHz-WPT topology combined with the proposed three-winding class-Φ2 inverter, along with the resistive-input resonant tank and active
class-Φ2 rectifier. The additional inductance Lx is merged with the resonant tank by using two toroids T9.5/4.8/3.2 of Fair-Rite 67 material.

Fig. 8. Design flowchart of the proposed push–pull class-Φ2 inverter.

The implemented three-winding inductor comprises two
E-type cores, while the I-type cores in Fig. 6 are removed to
simplify the magnetic structure and get the required inductance.
As analyzed previously, the design principle of the implemented
inductor is identical to the proposed magnetic structure in Fig. 6.
As the operating frequency reaches 6.78 MHz, using Litz wires
will no longer reduce the winding losses compared with solid
wires. Thus, the windings are made of solid wires. Considering
the proximity effect between winding turns, the wire diameter
should be adjusted to reduce the high-frequency eddy current
losses. The windings also left a small distance from each other
to lower the proximity effect. Eventually, the Ldc is made by
eight turns (four for each E core) solid wire of 0.9-mm diameter,
whereas Lf1 and Lf2 are made by two turns wire of 1.2-mm
diameter, as in Fig. 9.

The actual Lodd is obtained by measuring the inductance
between terminal a and b, i.e., Lab = 2Lodd. Thus, the kf can be
calculated according to (24). Then, Leven and C2nd are given by
(25) and (26). The measured Lab = 735 nH, Lad = Lbd = 275
nH,Ldc = 1.08μH, andkf ≈ 0.34. According to the decoupling
circuits, the measured Lf , Lodd, and Leven are 275, 368, and

Fig. 9. Implemented three-winding integrated inductor using two EQ20/
14/6.4 magnetic cores of Fair-Rite 67 material.

183 nH, respectively. The estimated C2nd ≈ 750 pF is imple-
mented by two ceramic capacitors of 470 and 270 pF.

Due to the nonlinear parasitic capacitance of the MOSFETs, an
equivalent drain-source capacitor Cds should be estimated and
combined with the used ceramic capacitors to construct Cf .
According to SPICE-based simulation, Cds can be approxi-
mately calculated by

Cds ≈
2 · ∫ Vds,peak

0 v · Coss(v)dv

V 2
ds,peak

(27)

where output capacitance Coss is extracted from the datasheet.
Vds,peak is the peak Vds[29]. Thus, the estimated Cds is about
550 pF, and the external capacitance is about 400 pF for each
switch device.

Fig. 10 shows the implemented printed circuit board (PCB)
for both the inverter and the active rectifier. The driving pulses
of 0.35 duty cycle are generated by retriggerable monostable
multivibrators, which are driven by the digital oscillator of
the inverter or the synchronous switching signal of the active
rectifier. The driving pulse circuit and gate drivers (1EDN7512)
are powered by an external dc source. The overall driving loss
is about 1.92 W for each PCB.

B. Resistive-Input Active Class-Φ2 Rectifier and LCC-S
Resonant Tank

As previously analyzed, the inverter maintains a constant
phase shift φ during load-independent operation. When the
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Fig. 10. PCB for the class-Φ2 inverter and active rectifier.

inverter works as an active rectifier, the switching phase remains
unchanged. The synchronous switches’ driving pulses can be
generated using a phase detector with a constant phase shift from
the rectifier’s alternating input current. Meanwhile, the rectifier
maintains resistive input irreverent to load variation.

The LCC-S compensated coupling coils are used to link
the inverter and active rectifier. Compared with the simple
series–series compensation, the LCC-S network offers a load-
independent resistive input for the proposed inverter. The trans-
mitter still works normally when the receiver is removed. Typ-
ically, coupling coils with series–series compensation cannot
function at the unloaded condition because the removal of the
receiver results in a reduction in the inverter’s output.

In the experiment setup, the LCC-S resonant tank and the
phase detector are based on our previous work [15], which
includes the detailed design process. Thus, only simplified
results are described here. The phase detector generates the
driving pulses with a constant phase shift from the alternating
input current, where the switching phase is synchronized by an
auxiliary coil integrated into the receiving coil.

As in Fig. 7, the parameters of the rectifier are identical to
the inverter, as in Table II. The rectifier has a resistive input
impedance given by 2G2

vRL. The LCC-S compensated network
has three resonant loops constructed by L1–3 and C1–3. By
resonating at 6.78 MHz, the LCC-S tank realizes a constant
voltage gain given by GLCC-S = k23

√
L2L3

L1
. Thus, the inverter’s

load can be calculated by

Rac =
2G2

vL
2
1

M2
23

·RL (28)

where M23 = k23
√
L2L3 is the mutual inductance of the cou-

pling coils. The inverter maintains a resistive load at different
loads. Furthermore, the LCC-S tank functions as a filter by
minimizing harmonic contents and offering a preferred load
resistance for the load-independent class-Φ2 inverter.

V. EXPERIMENTAL MEASUREMENT AND ANALYSIS

Fig. 11 shows the experiment setup of the MHz-WPT proto-
type, comprising the inverter, the active rectifier, and the LCC-S
resonant tank. All experimental results are measured under
open-loop operation, since feedback control is unnecessary for
load-independent operation. The coupling coils are adjusted to

Fig. 11. Experiment setup.

Fig. 12. Measured Vds and Vgs of the inverter varies with output power Pout.
(a) Pout = 0 W. (b) Pout = 150 W. (c) Pout = 320 W. The switches perform
robust ZVS turn-ON over the entire load range.

a fixed coupling coefficient to realize a conversion ratio of about
48 to 48 V. The switches operate at 6.78 MHz with a duty cycle
of 0.35. When the output power varies, the output voltage is
fixed at 48 V by slightly adjusting the input voltage.

Fig. 12 shows the measured Vds and Vgs of the class-Φ2

inverter at various loads. The switching speed of Si MOSFETs
is relatively slow at 6.78 MHz, a clear interval exists between
the Miller plateau and the fully ON-state of the switches. This
phenomenon is also observed under no-load conditions. The
measured Vgs and Vds indicate that the switches maintain ZVS
over the entire load range. When the output power reaches 320
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Fig. 13. Measured Vds and Vgs of the active push–pull class-Φ2 rectifier.
(a) Pout = 0 W. (b) Pout = 150 W. (c)Pout = 320 W. The switches maintain
ZVS over the entire load range.

W, corresponding to an input power of about 360 W, the ZVS
turn-ON is not distinctly lost. Thus, the inverter performs robust
soft switching. In addition, higher output power results in an
increase in peak switch voltage. This trend is consistent with the
theoretical results in Fig. 3. The Vds is below 120 V over the
entire load range and is close to the calculated peak voltage of
107 V. Due to the nonlinear parasitic capacitance, the measured
switch voltage differs slightly from the theoretical calculation.
As in Fig. 13, the active rectifier’s Vds is nearly symmetric to that
of the inverter. Meanwhile, the synchronous switches maintain
ZVS turn-ON over entire output power range from no load to
320 W.

Fig. 14 shows the steady-state thermal images at 360 W input
and 320 W output, respectively. Air-cooling fans are imple-
mented to limit the prototype’s temperature rise. There is no
heat sink on the MOSFETs. The overall temperature rise is mainly
influenced by the power dissipation of the switches and the
inductor. The inverter’s MOSFETs show a maximum temperature
of 42.2 ◦C, while the inductor has a higher value of 54.4 ◦C. For
the active rectifier, the maximum temperatures are 52.9 ◦C and
63.6 ◦C. The average switch temperature exhibited a difference

Fig. 14. Steady thermal images at 360 W input to 320 W output. (a) Inverter.
(b) Active rectifier. The total losses are dominated by the switches and the
inductors.

Fig. 15. Efficiencies and voltage gain.

of about 6.5 ◦C between the inverter and the rectifier, whereas the
difference in temperature between the inductors was relatively
small. The difference in loss of the MOSFETs is the primary cause
of the temperature difference. Although the design of the inverter
and rectifier is identical, their switching behavior differs in
terms of turn-ON current and driving phase shift. A SPICE-based
simulation is implemented to validate this qualitative analysis.
The SPICE models of MOSFETs (BSC160N15NS5) and driver IC
(1EDN7512) are provided by the manufacturer. The inverter’s
input voltage and power are set to 49.6 V and 360 W to repli-
cate the measured operating conditions. The output power and
voltage of the rectifier are 320 W and 48 V. Each MOSFETin
the inverter has a simulated loss of 1.205 W. The loss of each
synchronous switch for the rectifier is 1.642 W, which is about
1.4 times that of the inverter. The significant difference in loss
can be attributed to the difference in switching phase and current,
as validated by the circuit simulation.

Fig. 15 shows the prototype’s efficiencies and dc–dc voltage
gain. The output voltage is fixed at 48 V by slightly adjusting
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TABLE III
PERFORMANCE COMPARISON OF RECENT RESEARCH ON HIGH-FREQUENCY INVERTERS

class-

class-

class-

class-

class-

class-

class-

the input voltage. The maximum system efficiency of 91% is
achieved across 150–170 W output. The efficiency calculation
excludes the measured driving loss of 1.93 W per PCB. The mea-
sured dc–dc voltage gain, i.e., Vdco/Vdc, is near constant, varying
within +1%/-3.5% over the entire load range. The prototype
exhibits the predicted load-independent operation, achieving a
stable voltage gain and robust ZVS, regardless of load variation.

In order to evaluate the inverter’s performance, estimated
efficiencies are also given in Fig. 15. The transfer efficiency
of the LCC-S resonant tank can be calculated according to
the measured inductance and the equivalent series resistance
(ESR) at 6.78 MHz. The resonant tank is constructed by air-core
coupling coils and high-quality ceramic capacitors. Since the
used capacitors (ATC100B) have significantly higher quality
factors than the coupling coils, the effect of nonlinear dielectric
loss on link efficiency is negligible. The air-core coils’ losses
can be affected by temperature rise. Nonetheless, the temper-
ature rise of the coupling coils is below 10◦C because of the
ample cooling surfaces. Given that the temperature coefficient
of copper resistance is approximately 0.0039/◦C, the ESRs of
the coupling coils remain nearly constant. Therefore, the small
signal measurement is valid for efficiency estimation.

The diameters of the transmitting and receiving coils are
16 and 10 cm, respectively. The measured quality factors ofL1–3

are 300, 371, and 446 at 6.78 MHz, respectively. The coupling
coefficient k23 is fixed at about 0.26 to achieve the expected
dc–dc conversion ratio. The link efficiency is calculated accord-
ing to the LCC-S tank’s quality factors, coupling coefficient, and
load resistance [15]. The peak efficiency of the prototype is 91%,
which corresponds to the maximum link efficiency of 97.6%.

As mentioned previously, although the inverter and the active
rectifier have identical parameters, the inverter’s efficiency is
higher than that of the rectifier according to thermal measure-
ment. Thus, the achievable efficiency of the inverter can be
estimated by assuming the inverter and rectifier have the same
efficiency. The estimated value is convincing since the inverter’s
efficiency is expected to be higher. The assumption cannot
be applied to evaluate the rectifier due to its lower efficiency
compared with the inverter. The estimated drain efficiency of
the proposed class-Φ2 inverter reaches 96.6% at 170 W output,
and it stays above 95% over the power range of 70 to 320 W.

Table III compares this work and recent research on high-
frequency inverters. The proposed push–pull class-Φ2 inverter
is characterized by the magnetic integration of the inductors.
The number of inductors is even less than that of the single-
end class-EF inverter. Meanwhile, the proposed inverter retains

the advantages of the conventional class-Φ2/EF2 inverters, i.e.,
low-voltage stress and high efficiency.

VI. CONCLUSION

The proposed three-winding push–pull class-Φ2 inverter of-
fers a reduced number of magnetic components compared with
the conventional class-EF2 and class-Φ2 inverters, enabling
robust soft switching across various loads. The analytical model
presented in this study provides a concise and straightforward
approach for designing the proposed class-Φ2 inverter, ensuring
load-independent operation characterized by wide-load-range
soft switching and constant voltage gain. A magnetic structure is
introduced to implement the three-winding integrated inductor,
which effectively reduces the size of magnetic components
compared with the conventional approaches. In order to vali-
date the performance of the proposed class-Φ2 inverter and the
magnetic structure, a 6.78-MHz LCC-S resonant WPT prototype
is constructed. The experimental results demonstrate that the
prototype achieves robust soft switching across the entire load
range, from no load to 320 W output. Moreover, the voltage gain
remains nearly constant with a variation within +1%/-3.5%. The
measured dc–dc peak efficiency reaches 91% at 170 W output.
The estimated peak efficiency of the class-Φ2 inverter reaches
96.6% at 170 W output and remains above 95% over a wide
power range spanning from 70 to 320 W.
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