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Abstract—This article presents a design methodology
for achieving load-insensitive operation in MHz inductive
power transfer (IPT) systems based on bridge inverters.
While MHz operation enables reduced coil size and im-
proved efficiency compared with conventional kHz IPT,
it also introduces challenges such as severe switching
losses, junction capacitances, and harmonic distortion. To
address these issues, a wide-band impedance model is
established that incorporates device capacitances and tran-
sition times, from which a load-insensitive ZVS condition
is analytically derived and used to guide the impedance
matching network (IMN) design. A 1-kW, 6.78-MHz prototype
is constructed to validate the proposed method, demon-
strating nearly load-independent ZVS, stable output regula-
tion across a tenfold load variation, and high efficiency with
a peak system efficiency of 94.9% and a peak inverter effi-
ciency of 98.8%. The results highlight the effectiveness of
the proposed approach in bridging theoretical analysis and
practical implementation, offering a systematic pathway
toward high-power and high-efficiency MHz IPT systems.

Index Terms—GaN devices, impedance matching net-
work (IMN), inductive power transfer (IPT), MHz bridge in-
verter, load-insensitive zero-voltage switching (ZVS), wide
load range.

|. INTRODUCTION

NDUCTIVE power transfer (IPT) has attracted extensive

attention in recent decades owing to its contactless power de-
livery capability, high safety, and user convenience. It has been
widely adopted in consumer electronics, biomedical implants,
mobile robotics, and electric vehicle (EV) charging systems
[1], [2]. Most commercial IPT products still operate in the kHz
frequency range, benefiting from mature semiconductor devices
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and well-established control strategies [3], [4], [S]. However,
kHz IPT is inherently constrained by bulky passive compo-
nents, limited power density, and poor scalability, making it
unsuitable for emerging high-frequency and high-performance
applications [6].

Recent advances in ultra—high-@Q self-resonant coils [7] and
wide-bandgap (WBG) semiconductor devices [8] have enabled
IPT systems to operate in the MHz frequency range. Higher op-
erating frequencies reduce resonant component size and copper
loss, thereby increasing efficiency and power density. Several
MHz IPT prototypes have achieved power transfer from tens
of watts up to the kilowatt level [9], extending applicability
from portable devices to industrial and transportation systems
[10]. Nevertheless, MHz operation introduces new challenges:
device parasitics and finite transition times generate consider-
able switching losses, while harmonic distortion complicates
impedance modeling and soft-switching design [11], rendering
conventional kHz design methodologies inadequate.

In terms of circuit topology, single-switch inverters such as
Class E and its derivatives have been widely investigated for
MHz IPT owing to their intrinsic soft-switching capability and
structural simplicity [12], [13], [14]. However, their perfor-
mance deteriorates rapidly under load variations, and the high
voltage/current stresses limit scalability toward higher power
levels [15]. Load-tolerant topologies, including Class ® in-
verters [16] and impedance matching network (IMN)-based
approaches [17], have been proposed to improve adaptability,
but they often increase circuit complexity and voltage stress.

With the emergence of GaN and SiC devices, bridge inverters
have become a promising alternative due to their superior power
capability, reduced stress, and better scalability [18]. A 1-kW,
6.78-MHz prototype has achieved over 95% efficiency under a
50 ©2 load [9], demonstrating the potential of bridge-based MHz
IPT systems. Nevertheless, maintaining zero-voltage switching
(ZNVS) over a wide load range remains a major challenge. Auxil-
iary ZVS branches [19] and modulation-based techniques [20]
can extend the ZVS range but inevitably introduce additional
losses and reduce power density, while methods such as fre-
quency modulation and dynamic dead-time control [21] require
complex sensing and control loops, increasing system cost and
design difficulty.
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Fig. 1. Typical IPT system.

To overcome these limitations, this work develops an
impedance-based modeling framework for bridge-type MHz
IPT systems that explicitly incorporates device parasitics and
switching transition effects. Based on this model, the wideband
impedance characteristics of the inverter, resonant tank, and rec-
tifier are analyzed, and a load-insensitive ZVS condition is de-
rived through current decomposition. The resulting impedance-
guided design methodology enables high-efficiency, wide-load-
range operation, as validated by a 6.78-MHz, kilowatt-level IPT
prototype.

[I. CHALLENGES OF MHz IPT
A. System Configuration and Classical Design

Fig. | illustrates a typical IPT system based on full-bridge
converters, which are widely employed in high-power applica-
tions. The system consists of an input voltage source V;,,, an
output voltage V,,, and two full-bridge converters. The inductive
coupler is formed by a pair of coils, L;, and L,,, with mutual
inductance M. To establish the resonant tank, an LCC-S com-
pensation network is adopted: the transmitter side comprises
Ly, C;, and Cy,, while the receiver side includes L,., C,., and
C'. In a kilohertz-level IPT system, the classical resonance
condition under angular frequency wy is expressed as

1

L —_—_— =

wo Lt ol

woLiy — =woLy, (D
04/t W()Ctgc 04t
Ly, — ——=0.

o UJOCT';L'

These resonance conditions are derived under two fundamen-
tal assumptions: 1) the switching transition time is negligible
compared with the entire resonant period; and 2) the switching
device parameters are insignificant and do not affect the reso-
nant behavior.

Based on the perfect resonance defined in (1) and the above
assumptions, a kilohertz IPT system can minimize the reac-
tive power in the resonant tank and align the inverter volt-
age and current, thereby providing a theoretical basis for ef-
ficient power transfer. Meanwhile, such resonance inherently
ensures a load-independent output voltage. To achieve ZVS, the

resonant tank can be designed to exhibit slightly inductive char-
acteristics at the fundamental frequency, so that the additional
circulating energy supports soft switching. This classical design
method has been widely adopted in conventional IPT systems.
However, this approach becomes ineffective when the operat-
ing frequency increases to the megahertz range—particularly
around 6.78 MHz, as specified by the AirFuel standard. At
such high frequencies, device parasitic capacitances and con-
siderable switching transition durations inevitably distort the
resonant behavior, invalidating the assumptions that hold true
for kilohertz-level systems.

B. Impact of Parasitic Effects

At megahertz frequencies, the influence of device parasitic
capacitances and switching transitions becomes pronounced.
These parasitics introduce additional reactive power and hinder
the complete settling of the switch-node voltage during the
dead time, making ZVS difficult to sustain and significantly
increasing switching losses. Using classical design, Fig. 2 il-
lustrates typical inverter waveforms under different transistor
junction capacitances, i.e., C; in Fig. 1. Two major issues
can be observed: (1) the transition interval occupies a sub-
stantial portion of the dead time, reducing ZVS robustness;
and (2) the ZVS condition becomes highly sensitive to para-
sitic capacitance variations, resulting in efficiency fluctuation
across operating points. These phenomena highlight the inher-
ent tradeoff between ZVS robustness and system simplicity in
MHz bridge inverters, revealing the necessity of reexamining
impedance characteristics and design principles beyond con-
ventional resonance-based approaches.

Building upon this motivation, this work proposes a
nonperfect-resonance design framework in which parasitic
effects and switching transitions are explicitly incorporated
into impedance modeling and resonance design. This approach
enables low-complexity, high-efficiency, and load-insensitive
ZVS without auxiliary branches or dynamic dead-time tuning,
thereby providing a practical pathway for MHz IPT systems.

C. Impact of Load Variation

In MHz-range inverter circuits, load variation plays a critical
role in determining whether soft switching can be effectively
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Fig. 2. Waveforms of MHz inverter output for different C;.
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maintained. Although parasitic capacitances of active devices
can be included in circuit modeling to achieve ZVS under a
specific load, such designs are typically optimized for a single
operating point. Techniques such as series inductive compen-
sation or auxiliary soft-switching branches can achieve ZVS
under nominal load conditions, yet they fail to ensure robust-
ness when the load deviates from its rated value. As the load
changes, the imaginary part of the inverter load impedance
varies accordingly, leading to the lost of soft switching. This
not only increases switching losses but may even cause inverter
malfunction at high frequencies.

In classical kilohertz-range systems, designers often enlarge
design margins to guarantee soft switching under worst-case
(light-load) conditions, as shown in Fig. 3. However, this ap-
proach results in over-ZVS behavior under light loads, where
prolonged diode conduction during the dead time and excessive
inductive current both deteriorate efficiency. For MHz opera-
tions, there remains a lack of systematic theoretical guidance for
designing bridge inverters capable of maintaining ZVS across
a wide load range. Simply introducing additional inductance
to preserve soft switching is neither efficient nor practical.
Therefore, it is essential to establish an accurate high-frequency
system model and develop a dedicated wide-load-range soft-
switching design methodology to meet the stringent require-
ments of MHz IPT systems.

[ll. IMPEDANCE MODEL OF MHz IPT

A Input Impedance Model of Bridge Rectifier

In Fig. 1, parasitic effects such as the device junction
capacitance C'y and C'; not only distort the resonant behavior

Fig. 4. Input voltage and current of rectifier.

but also modify the overall impedance characteristics, thereby
introducing additional switching losses. From the transmitter
(TX) perspective, the LCC compensation network can be equiv-
alently represented as a T-type impedance matching network
(IMN). To enable systematic parameter design, this article es-
tablishes an impedance model that incorporates both fundamen-
tal and harmonic components, allowing megahertz IPT systems
to preserve performance characteristics comparable to their
kilohertz-level counterparts.

The rectifier input impedance is derived from its input wave-
forms, as illustrated in Fig. 4. Owing to the junction capacitance
Cy, the rectifier input voltage v,... exhibits a quasi-trapezoidal
shape rather than a pure sinusoid. As a result, the corresponding
current ;.. contains residual harmonic components in addition
to the fundamental. However, the RX resonant tank and the
loosely coupled coils present a rapidly increasing impedance at
higher harmonic orders, effectively filtering out most of these
components. Consequently, the observed 7,,. appears nearly
sinusoidal across different load conditions, even though it is
not strictly so in practice. This filtering effect justifies model-
ing the rectifier input impedance primarily at the fundamental
frequency, while recognizing that the residual harmonics still
contribute to switching transitions and are therefore explicitly
incorporated in the proposed wideband impedance framework.

Based on the charging behavior of Cy, the rise time ¢, 4 is
obtained as

trd 1
2C,V, = / irecdlt = — e (1 — coswotyq)
0 w

1 2woCyV,
tra=—cos' <1 e AL ) . 2)
: wo Irec

At the fundamental frequency, the phasor form of the input
voltage is expressed as

8V, . [wot, woly.,
Viee = TWotr.d s ( 02 ’d> s Grec = 02 'd- 3)
Applying the power conservation principle yields the following:
v: o1 % , 2 4
E = i</0 Urec(t)lrec(t) dt = ;Vrolrec - iCdVoz 4)
which leads to
(1 4
Irec =5\ 5 - o-
2 (Rz T Cd) K ©
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Finally, the rectifier input impedance is given by

. woty
Viec 16 sin =574

Zrec = I =
rec szot,«,d (R%z + TiCd)

Lrec.  (6)

In a kHz system, it is able to ignore ¢, 4 and Cy. The corre-
sponding Z,.. becomes

. wot
16 sin 2222

. lim 2
Jtr.a—0 1 4
drtr,d 7T2(U(]t,«7d (FL + icd

lim  Zyec =
Cd7tr,d‘>0

Lrec
)

16sin 224 8R

tr,a—0 szotr’d R%,

2 (7
which is the well-known rectifier model at low-frequency sys-
tem, it shows the model mathematically degenerates to the clas-
sical formulation when ¢, 4 and Cy approach zero, MHz design
fundamentally differs. At 6.78 MHz, parasitic reactive energy
dictates the ZVS boundary, requiring a strict shift from classical
perfect-resonance assumptions to parasitic-aware impedance
shaping.

B. Load Impedance Model of Bridge Inverter

Similar to a bridge rectifier, when operating in the megahertz
range, the load impedance of the bridge inverter must be ac-
curately modeled to guide the design of the IMN. When C,,,
resonates with L., the rectifier impedance is reflected to the
TX side as

2772
w%M . @)
rec

The IMN of Fig. | has three reactances X7, X7, and
X3 as the design variables, and Z,., is transformed into the
fundamental input impedance

Zin, g =3X71+ (1 X712 + Ziy) || X713 )
XT2 = 1/(jw00t), and XT3 =

Zra: = ijtl‘ +

where X7 = jwolLy,
1/(jwoCls)-

It should be emphasized that the modeling framework ex-
plicitly distinguishes between the fundamental and harmonic
contributions. The rectifier input impedance is sufficiently rep-
resented at the fundamental frequency, whereas the IMN input
requires both the fundamental term Z;,, ¢ and the harmonic term
Z;y, 1, to capture waveform distortion. Throughout the analysis,
the subscripts f and h are consistently used to denote the
fundamental and harmonic components, respectively, ensuring
that the role of higher-order harmonics in ZVS evaluation is
explicitly incorporated rather than neglected.

At MHz frequencies, the inverter output voltage v, contains
substantial higher-order harmonic components. Due to the lim-
ited filtering capability of the IMN, these harmonics are not
entirely suppressed, resulting in load-dependent distortion in
the current waveform. Consequently, a design approach based
solely on Z;, ¢ is insufficient to guarantee ZVS. To capture
this effect, a wideband impedance model is introduced for the
IMN input port. Since the RX tank and coupler effectively filter
harmonics, the TX-side induced voltage can be approximated as

a short circuit at harmonic frequencies, and the input impedance
at harmonic order % is shown as follows:

1
Zinh = jwnly + ( (10)

jwp L
jwhotx +]wh t.t)

wpCy

where wy, denotes the harmonic frequency. Unlike Z;,, 7, Ziy 1
is independent of load and coupling, providing a stable contri-
bution that is essential for wideband ZVS analysis.

C. Influence of Harmonics and Assumptions of
Proposed Model

In practical MHz IPT systems, the passive RX network, con-
sisting of the resonant tank and loosely coupled coils, exhibits a
strong low-pass characteristic. The impedance of the RX path
increases approximately in proportion to the harmonic order,
i.e., |Z,4(hwo)| o h, since both the inductive reactance and the
resonant capacitive branch deviate sharply from resonance at
higher frequencies. Consequently, the higher-order harmonic
currents are effectively suppressed and do not significantly
propagate back to the TX side. This filtering mechanism ensures
that the rectifier input current ¢,.. remains quasi-sinusoidal and
that the harmonic impedance terms beyond several times the
fundamental contribute negligibly to power transfer and ZVS
conditions. Therefore, the harmonic impedance of the passive
RX network can be safely neglected in the analytical derivation,
without loss of generality in predicting steady-state or switching
behavior.

Because the harmonic components are strongly attenuated
by the RX network, their influence on the TX-side voltage and
current phasing is minimal. As a result, the IMN design and
ZVS boundary can be primarily determined by the wideband
input impedance at the TX port, where only the inverter-side
harmonic impedance Z;, ;, needs to be considered. This as-
sumption not only simplifies the analytical framework but also
aligns with experimental observations that show negligible load
dependence in harmonic distortion once the RX resonant tank
is tuned to the operating frequency. Hence, the overall modeling
accuracy and ZVS prediction remain valid even when higher-
order harmonics of the RX path are omitted.

IV. LOAD-INSENSITIVE DESIGN
A. Design Constrains Using Impedance Model

The design objectives of a megahertz IPT system remain
consistent with those of its kilohertz counterpart—reducing
circulating energy, maintaining load-insensitive ZVS, and en-
suring stable output current. However, unlike classical designs,
these objectives become closely interdependent once harmonic
effects are considered.

The desired ZVS waveforms are depicted in Fig. 5, where
both the inverter output voltage vy, (including a zoomed-in
subfigure) and the corresponding current 74, are illustrated
under various load resistances R;. Five representative load
conditions are considered, ranging from 50 () to open-circuit
(infinity). The lower bound of 50 €2 is selected because high-
impedance operation at 6.78 MHz represents the most stringent
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Fig. 5. Waveforms of input of IMN.

condition for achieving ZVS: the reduced current makes it more
difficult to fully charge and discharge the device output ca-
pacitances within the available dead time. This range therefore
provides a more rigorous validation of the proposed method. To
ensure that ZVS can always be satisfied under different R;, the
following constraint must hold:

tq
st - / st(t) dt Z Qj (11)

to
where (); represents the required charge to completely dis-
charge the switch junction capacitance. Here, t; denotes the
instant when the switch enters the dead-time interval, and ¢4
denotes the end of the dead time, i.e., the latest possible turn-
ON instant of the complementary device. Physically, the integral
of i, over this interval represents the charge available to dis-
charge the device output capacitance. As long as (g, remains
insensitive to R;, ZVS operation can be guaranteed across the
entire load range.
To evaluate (),,, the impedance model is employed to derive
the expression for ¢4,. For each frequency component, the
current can be expressed as

Isw == sz/zin == (Gln + ]Bln) sz - Yinvsw (12)

where V,, is obtained through the Fourier decomposition of
the trapezoidal v, (t). Here, Gy, Bin, and Y, denote the
input conductance, susceptance, and admittance, respectively.
The inverter output current i, (¢) can then be decomposed into
three components

isw (t) = if,sin(t) + if,cos(t) + ih(t) (13)

where i gin(t), if.cos(t), and iy (t) represent the resistive and
inductive components of the fundamental current, and the over-
all harmonic current, respectively. Based on (12), these current
components can be further expressed as

Z’f.,sin(t) = Gzn,f |sz,f| Sin(wot),
if,c0(t) = Bin,f [Vsw, | cos(wot),
N
i/L(t) = Z ‘Isw,n| sin (nwot + ZIsw,n) (14)
n=2

where Gy, ¢, Bin ¢, and Vg, ; denote the fundamental com-
ponents of the input conductance, susceptance, and voltage
spectrum, respectively. The notation I, ,, refers to the nth-
order harmonic component of the inverter current.

By substituting (13) into (11), the ZVS condition becomes

S sin(8) + i c0s(8) + in (2)]d
= Qfsin T Qfcos + Qn = Q;

where @ f sin, @ f,cos» and @, represent the integral of corre-
sponding currents. Since is gn(t) is in phase with vy, (%), it
does not contribute to reactive power, leading to Q fsin = 0.
This indicates that only @ s cos and @, determine whether ZVS
can be sustained.

It is worth noting that i (¢) is inherently load-insensitive
because Z;,, j, is independent of load and coupling [refer to
(10)]. Hence, @y, is a constant determined solely by the circuit
parameters. In contrast, the load-dependent component ¢ ¢ ¢os (%)
directly influences ZVS, and its integral Qs cos must remain
approximately constant for different R;. This requirement can
be summarized as

15)

Bin,f(R;) = B* (16)

where B* is the designed constant susceptance target. In sum-
mary, the IMN is designed in this article to simultaneously
guarantee the load-insensitive contribution of ()5, and to sta-
bilize Qs cos, by satisfying the constraints defined in (15) and
(16). While an LCC-S network is used herein as a representa-
tive T-type IMN, the constant-susceptance constraint in (16) is
inherently topology-agnostic. This load-insensitive framework
can be directly extended to other classical networks (e.g., S-S,
LCC-LCC) provided they offer sufficient independent tuning
reactances.

Although the primary design objective is to guarantee ZVS
under load variations, output stability can still be maintained
through the redundant degrees of design freedom in the IMN.
The system gain, mainly governed by G, r, provides flexibility
to balance ZVS and voltage regulation. The transmitted power
is related to the input conductance as P;, = |V, f|2 Gin, -
To ensure a load-insensitive V,, the input power should scale
proportionally with the load resistance. For instance, across a
10x load range (e.g., 50-500 £2), constraining G, to vary
over the same 10 range enables the system to maintain a load-
insensitive V.

B. Understanding the IMN Framework: A Case Study

In a practical MHz IPT design, ensuring robust power de-
livery and stable voltage gain takes precedence. Therefore, the
overall parameter synthesis follows a sequential procedure: the
base components, such as the transmitter-side series inductor
and the coupling coils, are first determined to satisfy the maxi-
mum power capacity and desired voltage gain. Subsequently,
the redundant degrees of freedom in the T-type IMN (i.e.,
X711, X, and Xp3) are fine-tuned to achieve ZVS without
compromising the primary power delivery objectives.

The system parameters listed in Table [ illustrate a specific
study case and its corresponding design results. The fine-tuning
process for achieving load-insensitive ZVS and V/, is visualized
in Fig. 6. Based on the variation of R;, the trajectories of
Z,.. and Z,, are determined using (7) and (8), respectively.
The next step is to determine a target trajectory for Z,, to
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TABLE |
PARAMETERS OF THE VALIDATION SYSTEM

Symbol Value Symbol Value Symbol Value
Prorm 1000 W Vin 225V R, 50 ~ 500 ©
fo 6.78 MHz C 150 pF Cq 50 pF
Lia 3.40 pH Lya 3.48 pH k 0.287
X 46.0 Q X -1440Q X1y 427 Q
Lo 1.08 uH Cr 163 pF Crs 550 pF
O' 1 })HOI'IH
Pnorm
/,’
A 7 Tatget ray
WV B = -0.0178
N B T i I oof)
HDAN AN,
,’, Zrec /I
//
7
e
Fig. 6. Impedance matching for load-insensitivity ZVS and V.

match. Specifically, @y, is first calculated based on the base-
line parameters, which then defines the required Q)¢ cos and
subsequently the constant target B*. It should be emphasized
that the inequality constraint in (15) can in practice be treated
as an equality, which not only simplifies the design but also
minimizes redundant circulating energy. The resulting constant
B* defines the desired trajectory, as plotted in Fig. 6.

Two constant power contours, Pporm and 0.1Fom, are in-
cluded in Fig. 6 to illustrate the 10x power variation. As a
result, the variation in R; should correspond to a change in
Z;,,y that lies between these two contours. The objective of
impedance matching, achieved by tuning X7 to X3, is there-
fore to fulfill the following criteria: 1) Z;, s lies on the Puom
contour for the minimum R;; 2) Z;, s remains close to the
constant-B* curve; 3) Z;, r lies on the 0.1, contour for the
maximum [?;. The resulting matched Z;,, ; is shown in Fig. 6.
It should be noted that satisfying all three objectives perfectly is
generally not feasible in practice. Therefore, small deviations
from the second and third criteria are acceptable, which may
slightly introduce load sensitivity into the ZVS condition and
output voltage but remain within tolerable limits.

In summary, the design of a MHz-range system should first
determine the expected load range, which serves as the basis for
parameter optimization. This process helps define two constant-
power contours, represented by the red circles in Fig. 6. Based
on the proposed impedance model, and by accounting for

0.1P,

N norm

Fig. 7. Trajectory of Z;,, under coupling variation.

both junction capacitance and dead time, the target suscep-
tance B* can be derived to guide the tuning of IMN for load-
insensitive ZVS. Finally, the IMN can be tuned such that the
input impedance Z;, s aligns with the pink trajectory within
the region bounded by the red circles.

C. Impact of Coupling Coefficient Variation

The classical design in (1) is inherently independent of the
coupling coefficient. In contrast, the proposed model and design
method are coupling-dependent; however, achieving the design
objectives does not require satisfying strict equality constraints.
This provides greater design flexibility to accommodate cou-
pling variations. Similar to the kHz LCC-S topology, the output
voltage of a MHz system is also proportional to the coupling
coefficient. Since Q) 7 cos varies with coupling, maintaining ZVS
over a wide coupling range requires that (15) be satisfied within
the desired coupling interval. This requirement can be fulfilled
by selecting a more conservative value of B* during the IMN
design stage.

To ensure reliable ZVS across the entire coupling range, the
design of the target susceptance B* [i.e., meeting (16)] must
include sufficient margin. Specifically, rather than selecting B*
solely based on the nominal coupling coefficient &, a conserva-
tive value is chosen such that condition (11) remains satisfied
even under the weakest coupling condition (i.e., 0.8knopm)-
In Fig. 6, although the trajectory of Z;, is plotted under the
maximum coupling condition, the IMN design summarized in
Table [ has already accounted for the potential reduction in
coupling. When k decreases by 20%, another trajectory can
be obtained, as illustrated in Fig. 7. The new trajectory still
satisfies the design constraints on the Smith chart, remaining
aligned with the target pink curve and confined within the two
constant-power contours.

While the conservative margin safeguards against weak cou-
pling, it is equally critical to define the upper operational bound-
aries. Analytically, the load-insensitive ZVS breaks down if
the system is severely over-coupled or if R; drops excessively
(thereby crossing the P, 1, contour). Under these extreme con-
ditions, the fundamental current amplitude rises sharply, forcing
a premature polarity reversal before the complementary switch
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Fig. 8. Impedance trajectory of classical design using different design.

turns ON (prior to t4). This triggers body diode conduction
and violates the required charge constraints. Ultimately, ZVS is
reliably maintained as long as the concurrent variations of load
and coupling confine the fundamental input impedance Z;,,, ¢
within the designed constant-power contours.

D. Comparison With Classical Design

These results confirm that the proposed impedance-based
design framework not only achieves load-insensitive behavior
but also demonstrates robustness against practical coupling co-
efficient variations, which is essential for high-frequency IPT
systems.

The proposed impedance model can be significantly simpli-
fied at the kHz range, where the resulting IMN design achieves
similar objectives to the classical approach. However, due to
modeling inaccuracies, the classical design fails to maintain
performance at the MHz range. Specifically, Fig. 8 compares
the impedance trajectories of a MHz system designed using the
proposed method and the classical method. First of all, both
design cases operate under the same load range, leading to
identical R; and Z,.. trajectories. Since both employ the same
RX design, the trajectories of Z,, are also identical. The key
difference lies in the IMN design, which results in a pronounced
discrepancy in the Z;,, trajectories. The classical design notably
deviates from the target pink ray, which is essential for ensuring
load-insensitive ZVS.

V. EXPERIMENT VERIFICATION

Fig. 9 illustrates the constructed 1-kW 6.78-MHz IPT proto-
type, which consists of a full-bridge GaN inverter, an LCC-S
compensation network, and a diode bridge rectifier. The system
is powered by a regulated DC source and loaded by a pro-
grammable electronic load. All key signals are monitored us-
ing a high-bandwidth oscilloscope equipped with a differential
voltage probe and a wide-band current probe, while input and
output powers are measured with a precision power analyzer to
guarantee accurate efficiency evaluation under MHz operation.

GaNs in
bottom side [

Inverter

Fig. 9. Experiment setup of the 6.78-MHz 1-kW IPT prototype.

The transmitter and receiver coils are wound with litz wire
(0.03mm x 1000 strands), and the coil quality factor is mea-
sured to be close to 300 at 6.78 MHz using an impedance
analyzer. The physical dimensions of the coils are 160 mm x
30 mm, corresponding to a consistent coupling coefficient of
0.287. Due to the limited core volume and winding turns, the
compensation inductor exhibits a relatively lower quality factor
of approximately 130, which reflects a common limitation in
compact MHz IPT hardware. The inverter stage employs GaN
HEMTSs (GS66508T), chosen for their low output capacitance
and fast switching speed, which are essential for minimizing
transition loss at MHz operation, Although the GaN output
capacitance (C,s,) is inherently nonlinear, the switching tran-
sition predominantly occurs above 200 V, where capacitance
variation is well bounded (+10%). Since (11) evaluates the
total required charge, utilizing a linear equivalent capacitance
introduces negligible error to the ZVS boundary. The rectifier
is realized with SiC diodes (C3D04065A), which provide low
junction capacitance and acceptable reverse recovery charge.
The circuit parameters used in the prototype are consistent with
those listed in Table I.

Fig. 10(a)—(c) display the measured steady-state waveforms
under 500 €2, 100 €2, and 50 €2 loads, corresponding to light,
half, and full load conditions, respectively. In each case, the gate
drive signal vy, the drain-source voltage v4,, and the inverter
current 7, are recorded. The results verify that the proposed
IMN design successfully enables ZVS across a wide load range.
To further examine the switching behavior, Fig. 11 enlarges
the device transition interval. It is evident that vy, falls to
zero before turn-ON, confirming nearly ideal ZVS operation. In
addition, the negligible reverse conduction of the GaN devices,
compared with conventional Si MOSFETs, ensures that redun-
dant circulating energy is minimized, effectively validating that
(15) can be treated as an equality constraint in practice.

To further assess the resilience of the proposed design under
dynamic operating conditions, Fig. 12 shows the measured
switching behavior during a rapid load step from 500 €2 to 50 €2.
Despite the abrupt change in resonant current, the drain—source
voltage vy is still observed to fall to zero prior to device turn-
ON, indicating that ZVS is continuously preserved throughout
the transient interval. Although the transient waveform does
not allow clear observation of cycle-by-cycle switching details,
the steady-state results in Fig. 8(a)—(c) demonstrate the same
consistent soft-switching behavior across light, medium, and
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Fig. 11. Measured vy during switching transition under different load
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Fig. 12. Dynamic waveform under a load step from light load (500 €2)
to heavy load (50 ).

heavy load conditions. Together, these measurements confirm
that the proposed impedance matching and control method
maintains robust soft-switching performance under both steady-
state and dynamic load variations.

The measured DC output voltage V,, and delivered power P,
under different loads are summarized in Fig. 13. It is observed
that V,, remains nearly constant across a tenfold load varia-
tion (50-500 €2), demonstrating the load-insensitive regulation
capability of the proposed design. A concise loss analysis is
performed for the inverter, resonant tank, and rectifier, loss
breakdown of the system under full-load condition is shown
in Fig. 14. Tank losses are estimated from the measured coil
Q-factor and current waveforms, while rectifier losses are ob-
tained from conduction-current evaluation. The overall DC-DC
efficiency is derived from the measured input—output power.

The inverter loss, as the main focus of this work, is de-
composed into conduction, turn-ON, turn-OFF, and body-diode
components. A representative full-load pie chart is provided.

Fig. 13. Measured DC output voltage and power versus load.

19%

I Conduction Loss

ITum-on Loss

I Tum-off Loss

IBody diode Loss

[Resonant Tank Loss
4% [Rectifier Diode Loss

Total Loss : 58.8W

Fig. 14. Loss breakdown of the system under full-load condition.
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Fig. 15. Measured system efficiency versus output power.

Conduction loss accounts for only about 5% of the total system
loss (= 15% of inverter loss), and the achieved ZVS renders
turn-ON loss negligible. Turn-OFF loss remains the major con-
tributor at 6.78 MHz. Furthermore, the 137-ns switching period
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TABLE Il
COMPARISON WITH REPRESENTATIVE MHZ IPT SYSTEMS

Ref. fs Topology Vin Comp. Type ZVS Method P, DC-DC Effi. Load Range
[13] 27.12 MHz Class E 65V S/S transformed ®2 25 W [56.0%, 90.0%] 25~250 ©2
[16] 10 MHz Class E 200 V S/S NA 150 W [83.5%, 90.0%]  50~150 2
[14] 6.78 MHz Class $2 110 vV LCC/S NA 320W  [72.1%, 91.0%] 7.2~72 Q
[20] 1 MHz Full-bridge 40 V S/S aux. ZVS Branch 10 W [73.0%, 93.0%]  25~100 2
[19] 6.78 MHz  Full-bridge =~ 200 V LCC/S aux. ZVS branch 100 W [-, 92.8%] 400 Q
[9] 6.78 MHz  Full-bridge 525 V  Self-resonant NA 1000 W [80.0%, 95.3%] 50 ©2
This work ~ 6.78 MHz  Full-bridge 225 V LCC/S proposed 1000 W [84.5%, 94.9%]  50~500 Q2

makes the body-diode loss highly sensitive to dead time: adding
only 5 ns increases its share from 4% to 9%. This highlights the
importance of achieving load-insensitive ZVS to avoid frequent
dead-time retuning and unnecessary diode conduction.

The resulting efficiency is shown in Fig. 15. The prototype
achieves a peak DC-DC efficiency of 94.9% at around 700
W, while inverter efficiency reaches 98.8% and remains above
95.5% across the operating range, confirming the effectiveness
of the proposed impedance-matching method.

Finally, Table IT benchmarks the proposed prototype against
representative MHz IPT systems from recent literature. It can
be observed that the proposed design simultaneously achieves
kilowatt-level power transfer, a wide load range (50-500 (),
and excellent soft-switching capability. This combination of
high efficiency, scalability, and robustness distinguishes the pro-
posed system from existing state-of-the-art MHz IPT solutions
and highlights its potential for practical deployment.

VI. CONCLUSION

This article has proposed a systematic design methodology
for impedance matching networks to enable load-insensitive
operation in MHz IPT systems using a bridge topology. By
establishing a wide-band impedance model that incorporates
junction capacitances and switching transition times, the con-
ditions for maintaining ZVS were analytically derived. This
model provides a clear guideline for parameter selection, ensur-
ing that both ZVS and output voltage regulation can be achieved
over a wide load range. A 1-kW, 6.78-MHz prototype was
built to validate the proposed method. The experimental results
confirmed nearly ideal ZVS transitions, stable output voltage
across a tenfold load variation, and high efficiency with a peak
system efficiency of 94.9% and a peak inverter efficiency of
98.8%. Compared with existing MHz IPT designs, the proposed
approach demonstrates the capability to simultaneously achieve
kilowatt-level power transfer, wide load adaptability, and excel-
lent efficiency, highlighting its significance for practical high-
frequency wireless power applications.
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