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Improved Capacitive Power Transfer With
Non-Resonant Power Transfer Link Using
Radio Frequency Push-Pull Inverter

Adrian Amler

Abstract—In recent years, research on wireless power transfer
and switched-mode power supplies with a capacitive coupling
link has been on the rise. While many researchers investigate
resonant coupling links, often resulting in tough requirements
for the involved inductors, this article focuses on the elimination
of all inductive components in the coupling link and the rectifier
through the use of a non-resonant capacitive link. We propose a
converter with a resonant single-ended push-pull inverter oper-
ating at radio frequencies of, e.g., 13.56 MHz to directly drive the
non-resonant capacitive power transfer (CPT) link. The ability
of the converter to operate at a high frequency and facilitate
a significant voltage change across the link capacitors improves
the power transfer characteristics of the system compared to
previously published systems with a non-resonant capacitive link.
Said combination is also beneficial for the transient behavior,
parameter variation robustness, an easy design process, simplified
drive requirements, and a predictable and limited capacitor
voltage stress. The presented converter transmits 122.9 W across
an effective link capacitance of 120 pF, leading to the highest
input voltage-normalized power transfer to link capacitance value
of 13.7 W/(nF-V) among previously published CPT systems with
a non-resonant link.

Index Terms— Capacitive coupling, high-frequency power con-
verters, resonant inverters, wireless power transfer (WPT).

NOMENCLATURE

Symbols for dc signals.

Symbols for time-varying signals.
Maximum value for time-varying signals.
Average value for time-varying signals.
Xac ac component of time-varying signals.

IR R IS

Xmin  Minimum permissible design/operating point value.
Xopt  Optimum design/operating point value.

Xmax Maximum permissible design/operating point value.
Uy Voltage across component X [V].

ix Current through component X [A].

Wy Operating frequency (wsw = 27 fsw = 27/ T) [Hz].

Ui dc input voltage [V].
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Uout dc output voltage [V].

I dc input current [A].

Tout dc output current [A].

P dc input power [W].

Pout dc output power [W].

n dc—dc efficiency.

finvres  Inverter resonant frequency [Hz].

Ucpl,in Link input voltage (at primary sides
of Cepii2) [V

Uinv,out  Inverter output voltage (tiny,out = Ucplin) [V].

Ueploww Link output voltage (at secondary sides
of Cepii2) [V].

Urec,in Rectifier input voltage (urec,in = Ucpl,oun) [V].

Urecin,o  Initial condition for ue in at the beginning 7' [V].

D Duty cycle for ON-/OFF-control operation.

R, Load resistance [Q].

Ceprij2  Link capacitances [pF].

Cepl,x Effective total link capacitance (Cepr,x = %)
[PFI.

L Inverter input choke [nH].

Lsip2 Inverter resonant inductors (Lg12 = L) [nH].

Cswi2  Switch capacitances (Cgwi2 = Csw) [PFI.

Ciny Effective inverter switch capacitance [pF].

Crec Effective rectifier input capacitance [pF].

I. INTRODUCTION

IRELESS power transfer (WPT) and isolating
Wswitched—mode power supplies (SMPSs) both require
a power transfer link across galvanic isolation. In the past,
most such systems relied on a magnetic field instead of an
electric field, namely inductive power transfer (IPT), as the
power density in capacitive power transfer (CPT) systems
was insufficient [1]. With progress on fast switching wide
bandgap semiconductors enabling efficient power converters
at increased switching frequencies while maintaining high
power levels, applications based on CPT have become more
attractive.

For WPT, CPT shows some advantages over IPT in a broad
range of applications. In biomedical implants, the use of CPT
can result in a lower absorption rate in tissues [2]. Cost, losses,
and alignment behavior of distributed sensor networks can
be improved [3]. In wireless charging applications [4], [5],
when transferring energy through a track [6], [7], [8], and in
fixed [9] and rotating assemblies [10], [11], [12], [13], CPT
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provides the implementation of a lightweight, cost-effective,
and alignment-insensitive solution compared to IPT. Thus,
CPT has found its way into various energy transfer systems,
for example, for drones [14], [15], robots [16], EVs [17], [18],
[19], [20], railway, maritime, and aviation applications [21],
[22], [23], [24].

For SMPS, high switching frequencies are desirable as they
offer improved dynamic behavior and allow for miniatur-
ization following the reduction of stored energy in passive
components. At high operating frequencies in the MHz range,
problems related to the design, materials, and losses of induc-
tive couplers can be avoided by switching to capacitors as
the main element of the power transfer link [25]. A power
transfer across galvanic isolation can be realized and can
be safety certified using discrete Class Y capacitors [26],
[27], [28], [29], [30]. The coupling capacitor values are
only limited by normative restrictions for the common mode
currents (e.g., [27]).

In this article, we investigate CPT with a non-resonant link.
While most previously published CPT circuits integrate the
coupling capacitances into their own resonant network (e.g.,
[10], [12], [13], [15], [16], [17], [18], and [20]), there are
some downsides to the use of such a resonant link. A resonant
circuit needs time to settle and may require precise tuning or an
extensive number of inductive elements to achieve insensitive
behavior. An unintentional excitation of a resonant coupling
link may violate the link capacitor voltage limit, which, in
WPT systems, is set by the permissible field strength between
the link plates and, in SMPS applications, is defined by the
breakdown voltage of the used capacitors [31]. A non-resonant
coupling link avoids these issues. It is advantageous as the
link capacitor voltage stress is limited by the breakdown
voltage of the directly connected inverter and the rectifier
semiconductors. It will be shown later that it provides a rapid
settling time and tolerance against link and load variations.
In the topology presented in this article, no further inductors
are required beyond the inductors needed for the inverter
operation. This enables the elimination of all inductors in
the link and the rectifier, and compact designs are achievable,
especially on the secondary side.

Despite the mentioned advantages, non-resonant CPT links,
as considered in this article, have up to now not seen
widespread use because of their major drawback, which is
the low power to capacitor value ratio. It results from the
missing compensation compared to a resonant link [32] and
from restrictions of the implemented topologies, which are,
for example, low operating frequencies (e.g., [19] and [33])
or the implementation of the link capacitors as dc blocking
capacitors with large capacitor values needed to minimize their
influence on the converter behavior (e.g., [34]). This article
looks at the theoretical limits of a non-resonant capacitive link.
At radio frequency (RF) switching frequencies in the HF-band
(3-30 MHz), a significant amount of power in the watt-to-
kilowatt range can be transmitted across directly driven non-
resonant capacitive link elements. We address the challenge
of finding a suitable topology and present a CPT system
with a non-resonant link based on a current-mode Class D
(CMCD)-like resonant push-pull inverter with inherent soft
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Fig. 1. (a) Abstract model of a series resonant, and (b) directly driven

(¢) CPT link.

switching to mitigate the beforementioned topology issues.
The inverter used in this article can directly drive the non-
resonant capacitive link at RF frequencies and can tolerate load
and link capacitance variations while maintaining efficiency.
We improve the power-to-link capacitance ratio for non-
resonant links by directly charging and discharging the link
capacitors by the inverter instead of implementing them as dc
blocking capacitors.

In this article, Section II investigates the properties of
non-resonant CPT. The operation of the mentioned topology
is analyzed and modeled in Section III and experimentally
verified in Section IV. An SMPS and a WPT implementation
are shown, and the transmission of 122.9 W across an effective
coupling capacitance of 120 pF is demonstrated. Section V
discusses the presented ideas and results, and compares them
to other proposals of non-resonant CPT in the literature.
Section VI concludes this article.

II. NON-RESONANT CPT

To estimate the power transfer of a capacitive system, the
abstract model shown in Fig. 1 can be used. The transferred
power is identical, whether the transfer link [see Fig. 1(c)]
is driven by a square voltage source (e.g., bridge inverter)
combined with a resonant inductive tank [see Fig. 1(a)] or
by a sine voltage source [see Fig. 1(b)], as long as the input
voltage of the transfer link ucpi i, is identical. The resonant
tank of the bridge inverter requires a sufficiently high quality
factor so that the link current is approximately a sine wave.
For a given operating frequency wgy, the capacitor values
Cepl1/2, and a peak link input voltage #icpiin, the maximum
transmittable power is calculated by
wswccpllccpu A2 1

A2
_wswccpl,Eucpl,im (1)

Py = —ZepllZepl2_po
™ 4(Cepit + Cepi2) PLIn T g

It is reached when the effective load resistance
Ceptt + Cop2 1
Wsw Ccpll CcplZ Wsw Ccpl, z

RL,eff,opl = 2)
matches the coupling capacitor reactance. The resulting divi-
sion of fi¢pin among Cep sz and Ry efrope contributes to the
factor of 1/4 in (1).

Cepi and Cepp can be summarized as an effective link
capacitance Cep) 5, Which equals the series connection of both
capacitors. While ucpin and Cep s are usually limited by
the application and the component properties, an increased
frequency wgy = 27 fiy allows for a higher output power at
a given ucpin and Cepp x. Fig. 2 shows an evaluation of (1)
for a coupling capacitor range that is typically achievable in
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Fig. 2. Theoretical limit of CPT at a given effective capacitance and a given
capacitor voltage strain.

applications such as consumer devices or vehicle charging
(single to triple digit pF for WPT and high pF to low nF for
SMPS). At lower MHz switching frequencies, sufficient power
levels are reached for these applications. For example, at a
switching frequency of 13.56 MHz within the ISM frequency
band of raised EMI limits, at a 650 V peak inverter output
voltage (i.e., a voltage, where the stress of two series connected
capacitors does not exceed the typical stress of Class Y
capacitors under their intended operation as filter capacitors),
and with a 100 pF effective total capacitance, about 900 W
can be transmitted.

To implement a CPT system with a non-resonant link and
a sufficiently high power level, a topology that is capable of
high switching frequencies and generates a high coupling link
input voltage is needed. It should only produce soft voltage
transients, as the capacitive link current is directly proportional
to the voltage gradient at the capacitors. Topologies found in
the literature can be divided along the type of inverter into
bridge converters, PWM-based quasi-resonant converters, and
resonant inverter-based converters [31]. Of the three, resonant
inverters are the best choice for the following reasons.

Bridge converters have high power transfer abilities while
keeping the semiconductor stress low but require either a
dc choke [35] or matching networks in the coupling link,
of which the simplest L-compensation is susceptible to para-
meter variations, and others, such as LLC or double-LC,
become increasingly complex because of the increased number
of components [31]. Driving high side switches at high
frequencies is critical due to timing, level shifting, and gate
waveform quality [25], making bridge inverters not preferred
for the intentions pursued in this article and are, therefore, not
further considered.

PWM-based converters can also demonstrate low semicon-
ductor stress, are insensitive to parameter variations, offer var-
ious control mechanisms, and usually realize a non-resonant
CPT but are problematic at high frequencies as soft switching
is not inherent [36]. Normally, the power-to-link capacitance
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Fig. 3. Proposed converter topology.

ratio is very low [37], [38], rendering them impractical for
driving a non-resonant CPT link.

Converters based on single-ended resonant power amplifiers
as inverters, i.e., resonant topologies with a common ground
referred control of all active switches, avoid driving high
side switches, most parasitics are integrated into the circuit,
and soft switching is intrinsic, but efficiency over a wide
output voltage range is usually low and sensitivity toward
component value variations, and semiconductor strain is high
[25], [36]. Resonant inverters for CPT have been enhanced
toward better parameter variation tolerance and lower device
stress through the development of autonomous [39], [40]
or Class ¢, push-pull topologies [34], but, in the case of
the mentioned autonomous push-pull inverters, the coupling
capacitors are still integrated into a resonant link, and in the
case of [34], where the coupling capacitors are dc blocking
capacitors and, thereby, in accordance with the definition of
non-resonant coupling capacitors, there is still a resonant tank
within the coupling link and the load. The CMCD [41], [42],
[43], [44], [45], [46] inverter has up to now not been used
for CPT. While its efficiency is lower when compared to the
Class E or Class ¢, inverters, it is easy to design and tune, and
offers smaller inductor values and a higher resilience toward
load variation while maintaining ZVS [45], [46].

III. INVESTIGATED CONVERTER TOPOLOGY

The topology considered is shown in Fig. 3. We propose to
drive a non-resonant capacitive interface directly by a resonant
push-pull inverter. The inverter structure is similar to that of a
CMCD with a center-tapped inductor, but its behavior differs,
as it is adapted to driving a non-resonant capacitive load.
In particular, the switch currents do not resemble the character-
istic block currents, and the link behavior is not resistive. The
rectifier is a bridge rectifier. Due to the non-resonant link, its
conduction states are time-dependent, and the link input volt-
age depends on the inverter and link capacitor voltages. This
causality influences the inverter behavior. In Section III-A,
we discuss the qualitative behavior of the inverter and intro-
duce necessary simplifications. In Section III-B, the power
transmission is described in the time domain. A method for
calculating the waveforms in the time domain is presented in
Section III-C. In Section III-D, properties of the preliminary
design criteria, as assumed in Section III-A, are looked at, and
conclusions to their improvement are drawn. The influence of
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applicational requirements and parasitic effects are described
in Section III-E.

A. Inverter Behavior

To simplify the description and the modeling of the con-
verter, the following assumptions are made.
1) The semiconductors show ideal behavior, the forward

voltages are zero, MOSFETSs contain antiparallel diodes,
their parasitic capacitances are assumed linear, and the
rectifier diodes are free of parasitic capacitances. The
output capacitor is large enough so that its impedance
compared to the impedance of the coupling capacitors
is negligible for high-frequency currents.

2) Passive reactive components are assumed loss-free. Prac-
tically, the quality factor of the inverter is sufficiently
high so that semiconductor losses can be neglected for
modeling purposes.

3) The push-pull branches are symmetrical; the values of
L, and L;3, Cgy1 and Cyyo, and Ceppp and Ceppp, respec-
tively, are identical. The values of the components are
preliminarily chosen in a way that the inverter maintains
ZVS at the secondary idle (SI) and the secondary side
short (SS) circuit states. It is shown later that, ideally,
the inverter resonant frequency finv.res,ss at SS matches
the switching frequency fiy.

4) The switches of the inverter are driven complementary
with a duty cycle of 0.5. f, is constant and preferably
within the ISM frequency bands. The current and voltage
waveforms of both branches are set off by half a period
but identical otherwise.

5) The main inductance L4 is large compared to the reso-
nant inductances L, and L,, so that the input current
ripple is low, and its influence on the inverter behavior
is negligible. As Lg4. is comparatively large, the current
sum lgc = iy + i,2 1S approximately constant. Any
high-frequency ac current component in either branch
will be visible in an inverted manner in the other branch,
iclac = —lg2.ac- At SI and SS states, the assumption
of ideal components results in Iy = 0, and there-
fore, i,; = —i 2. Furthermore, as the average voltage
across inductors is zero, the average switch voltages are
lswl = isw2 = Ujp.

First, we assume a secondary open loop, idle condition (SI),
where no current flows into a load. Therefore, there is never
a current flow across the link and into the rectifier. In the
steady state, following the previous assumptions, only the
switches S| and S, with their capacitances Cyy,; and Cgy, and
the inductances L, and L,, are involved in the behavior of
the inverter. At the beginning of a new period, S; switches
OFF, and S, switches ON. The effective equivalent circuits
for the following half of a switching period are displayed in
Fig. 4. L,; and L,, are magnetized in the direction of i, as
marked in Fig. 3. As soon as S switches OFF and S, switches
ON, the current i,; commutates to the switch capacitance in a
ZNS switch-OFF. The equivalent circuit of Fig. 4(b) is valid.
The current driven by L,; charges the switch capacitance
Csw1 until the inductor is demagnetized. As there is now a
voltage across L,; and L,, (in positive u;,; and negative
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TABLE I
CHARACTERISTIC PROPERTIES OF THE INVERTER

Parameter Secondary idle Secondary short Relation
state (SI) circuit state (SS)
Ch_argc- 2L, 2L, Zos1
teristic - >
impedance Csw Cow + Copix Zoss
Zy
Inverter 1 1 finv,res,SI
resonant 2n /2L C >
frequency \/ o ZHJZLU (CSW * Ccpl,E) finvres,ss
finv res
Switch fim;_rgg_sl . T[Uin finv,res,ss . nUin ﬁsw,Sl
voltage Fow fow >
strain g, sw,ss
Inductor Uin ( fres) Uin lost
peak 4fswL17 ZO 4fswL¢7 =
current I, Us,ss

urqo directions), L, and L,, are magnetized in the opposite
direction of the marked i,; until ugy; at Cgy; is completely
drained. As soon as ugy, reaches zero, the antiparallel diode
of S; begins to conduct. In consequence of all switch voltages
being at zero, the stray inductances of the inverter are in a
free-wheeling state. The equivalent circuit in Fig. 4(c) is valid.
Now, the formerly switched-OFF S; can perform a ZVS switch-
ON. The described sequence of states and the corresponding
waveforms are depicted in Fig. 4(a). The behavior and the
waveforms of the other branch during the second half of
a switching period are identical to the previously described
waveforms at the first branch during the first half of the
switching period. The presented waveforms compose the push-
pull behavior of the inverter. The characteristic properties of
the inverter at SI are shown in Table I.

The inverter can be operated in an SI state, as shown, but
also in an SS condition. The equivalent circuit of a secondary
shorted coupling link and rectifier is the series connection
of both link capacitances with an effective capacitance of
Ccpl,Z = 1/2 . Ccpl with Ccpl = Ccpll = Ccp12~ Because
always one switch is ON and the effective link capacitance
Cepl,x acts as positioned laterally between the drains of both
switches, the link acts always as in parallel to the switched-
OFF switch. Therefore, during every conduction state of the
rectifier, the switch capacitance and the effective link capaci-
tance can be summarized into one effective total capacitance
Cs = Cswi2 + Cepr,x. Thus, the SS behavior is identical to
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the SI behavior with a difference only in the characteristic
properties, as seen in Table I. Table I also shows the ratio of the
values of the characteristic properties compared for both states.
They are marked with the corresponding suffix in the index.
AS finv.res 1s minimal at SS, fiy is chosen to match finy res ss-
On the one side, this keeps the duration of interval 3 to a
minimum and eliminates it completely while in SS, which
is favorable as, during interval 3, no power transmission takes
place, and the circulating inverter currents cause losses. On the
other side, ZVS is maintained for the complete load range, thus
allowing operation in the complete output voltage range from
SS to SI. The influence of the ratio of Csy, Cepl, and L, will
be discussed later in Section III-D because an understanding
of the power transfer and its consequences on the load range,
established in Sections III-B and III-C, is necessary.

As S; and S, are connected to the input voltage Uj, only
by inductors, their average voltage must be iiswi2 = Upn.
If the time interval in which the voltage is sinusoidal becomes
shorter because of a higher finy res, and the voltage is zero for a
longer duration, the voltage stress of the switches increases to
keep the condition for iisy1,2. The switch voltage stress during
SI is higher than during SS because the maximum finy res iS
reached during SI. The minimum finy res 1S present in the SS
state. In all other operating points, the relevant characteristic
properties finy.res and isy, are in between their extremes in the
SI and SS states. The different waveforms in the SS and SI
states are displayed in Fig. 5.

B. Coupling Link and Rectifier Behavior

The behavior and description of the coupling link and the
calculation of the power transmission are based upon the
following general statements.

1) Under the assumption of an ideal bridge rectifier, the cur-
rent only flows to the secondary side when the rectifier is
in a conducting state. If the rectifier is not in conducting
state, no current flows through the coupling capacitors,
and therefore, their voltage does not change. If the link
input voltage changes as a result of a voltage change
at the switches Uiny out = Usw1 — Uswz, the rectifier input
voltage urec in has to follow uiny,oue. Thus, for the duration
of the nonconducting states, the waveforms of urec in and
Uiny,out are identical but are set off by an individual initial
value urec in,0, Which allows for the residing charge of
the link capacitors from the previous conduction state.
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Fig. 6. High-frequency equivalent circuit of the coupling link and the rectifier
in (a) nonconducting state, and (b) and (c) conducting state with (b) positive
and (c) negative currents directed toward the inverter in the upper link.

It differs depending on U,, but remains constant for
each switching cycle during the steady-state operation.
In the nonconducting state of the rectifier, the link
behaves like in SI and during the conducting state like in
SS. Therefore, power transmission can be described by
a succession of both states while adhering to the varying
boundary conditions.

2) The load current equals the average rectified link current
charging and discharging the coupling capacitors.

3) In Fig. 6, the high-frequency equivalent circuit of the
rectifier during nonconducting and conducting states is
shown. Both states are equivalent to either the SI or the
SS states during their valid time periods.

4) The sum of the average voltages across the coupling
capacitors fcepl, s = lceplt + dcepl2 18 zero as the mean
of Uiny,out 18 zero. The difference in potential between the
primary side and the secondary side does not influence
the operation of the converter and is automatically
eliminated during the summation. The individual link
capacitor voltages uccpii/2 Split the sum uccpl,z along the
values of the link capacitors like in a series connection.

As before, only the first half of a switching period is dis-
cussed. Two cases need to be set apart as different conduction
phases arise depending on the output voltage. The difference
in behavior is caused by urec in following uiny oue- If the output
voltage Uy is lower than half the peak inverter voltage @iny, out
not only one but two conduction phases occur each half period.

The relevant waveforms, the switch voltages w12, the
inverter output voltage Uiny,out, the link capacitor voltage sum
UCepl, T = UcCepll + Ucepl2, the rectifier input voltage Urec,in, and
the currents at the inverter inductor isy, at the link icp, at the
switch channel iy, at the switch capacitance icgyi, and at the
switch reverse diode i4; are depicted in Fig. 7 for both cases.
The gate signal ugsy is also included to hint at the ON- and
OFF-states of S| and the complementary ;.

At a high output voltage, if Uy > 1/2 - fliny out, there is
only one conduction phase of the rectifier during each half
period [see Fig. 7(a)]. At the beginning of the examined half
period starting with an interval 1g1, S; switches OFF, and ugy
rises. The rectifier is in a nonconducting state. The inverter
voltages and currents have been previously discussed. urec,in
follows, only set off by the charge left in the link capacitors
from the previous conduction phase. The initial value of
Urecin at the beginning of the interval under consideration is
Urec.in,0- As soon as the conduction condition of the rectifier
is reached (urecin = Uow, beginning of interval lgs), iy
charges not only Cgy but also Cep s until Ly and Lgo are
demagnetized. i, is divided along the Cgy,-Ccpi-ratio, as both
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Fig. 7. Theoretical waveforms for the switch voltages ugy1,2, the inverter output voltage uiny,out, the link capacitor voltage uccpl, s, the rectifier input voltage
Urec,in and the currents in the switch iz, the switch diode iy1, the switch capacitance icswi. the inverter inductor i,1, and the link capacitors icp for one
switching cycle in the case of (a) Ugy > 1/2 - fljny,out and (b) Uoue < 1/2 - fljny out-

capacitances act as in parallel. The rectifier stops conducting
at the beginning of interval 2gj, as i, becomes zero, and
the maximum charge of Ccp x is reached with fiiny out — Uout-
During interval 2g;, Cgy is discharged in the same way as
previously discussed for the inverter at SI. As no further
conduction state occurs for the rest of the discussed half
period, and uiny oue drops from finy out t0 0, Upecin fOllows
from Ugy to Ugyt — iny out- This voltage difference equals the
(negative) dc offset of uccpo at the beginning of the next
half period. The initial state of urcin at the beginning of a
half period is, therefore, trec in,0 = finv.out — Uour. Interval 3 is
identical to the free-wheeling state described before.

If Uowt < 1/2-fliny.out» @ second conduction phase additional
to lgs arises during interval 2 in Fig. 7(b). The rectifier
input voltage e in, Which tracks the changes of uiny out
while the rectifier is nonconducting, reaches the opposite
conduction boundary —U,,. The rectifier becomes conducting
for a second time within the same half period. Therefore,
interval 2 needs to be divided into a nonconducting (2sy) and a
conducting phase (2ss). The coupling capacitors are depleted
from @iy, out — Uout to Ugye at the end of interval 2gs. Because of
this discharging, the conduction condition is already reached

With Urec ino = Uow at the beginning of the next half period,
and interval 1g is eliminated.

As, with a rising Uy, the conduction durations become
shorter and the SI state dominates, the duration of the free-
wheeling state increases, and with that, the peak inverter
voltage finy,oue t0 Maintain ifgy; = fsw2 = Uin. finy,out (Uout)
can be approximated through linear interpolation between
Qiny.out,min and finy out,max OF calculated through an iterative
waveform evaluation, as described in Section III-C. This
concludes the theoretical behavior of the converter and is the
basis for the following calculation model.

C. Calculation Model

Although a design estimation based on (1) and the character-
istic properties of Table I would be sufficient to build a func-
tioning converter, a detailed calculation model is beneficial
to gain insights into the load, power, and loss characteristics,
as well as into optimization strategies of the converter and its
design. The switch voltages w12 and the inductor currents
is12 can be calculated in the time domain as a sequence
of the previously described time intervals. The differential



7814

equation valid for the respective equivalent network of Cgy1)2,
Cepl,x, and L, 2 is solved under consideration of the specific
characteristic properties of each interval and the boundary
conditions of each transition within one-half of a switching
period. Again, assuming symmetry, calculating only one half
of a switching period is sufficient, as the same waveforms arise
in the other branch during the other half period. The following
description applies to the half in which §; is switched OFF.
An iterative solver is necessary to reach the condition for iy
and, therefore, the correct value of i,1(0) at the beginning of
a switching period. As seen in Fig. 4, the equivalent networks
are passive, nondampened networks and can all be represented
by the same differential equation for i,

52ial 2.
—5p =@l (3)

The effective resonant frequency w for the nonconducting
state (intervals 1, and 2,), the conducting state (intervals 1,
and 2,), and the freewheeling state (interval 3) is

27Tfinv,res,SI 14,24
@ =1 27 finvres,ss 10 intervals  1p, 2, 4)
0 3.

In the case of interval 3, w is zero because both switches
are conducting, thus shorting the inductors. In all cases, the
equation is solved by

igi(t)=1- cos(a)(t — t*)) 5)

with / and r* needing to fulfill the boundary conditions
regarding the continuity of i,; and ug,; at the transitions
between the intervals of each half period. Based on i,i, the
switch current

. 1(,15 2(,19 3
. lal(t) ..
iswi(t) = Con - in intervals (6)
Cow1 +Cepl.x lal(t) 1,2
bs 2b
and the link current
icpl(t) = ial (t) — 5wl (t) (7)
can be derived, and the switch voltage
Ugwl (t) = /iswl (t/)dt/+uswl,0 (8)
swl

can be calculated. A given output voltage U,y is needed to
define the boundary conditions. The output power then is

Pou = Uoul ' |ic_p1|~ (9)

If the output voltage for a given load resistance Rj, is to be
calculated, an additional iteration for the output voltage Ugy
is necessary, until Uy, and the calculated output current fit the
given R; .
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Fig. 8. Output voltage and power transfer characteristics calculated by the

model for the designs of the demonstrators, including the influence of the
rectifier capacitance.

D. Operating Behavior and Strategies

To find a suitable operating point, the output voltage, power,
and load characteristics need to be considered. Fig. 8 shows
the output power to output voltage curves exemplarily for the
two designs later presented in the experimental verification
section. The maximum power output is reached in a matched
state between the reactance of the coupling capacitance and
the resistance of the load in the same way as described
for the general model in Section II. The general model predicts
the shape of the characteristic curve and the magnitude of
the transmitted power compared to the exact modeling of the
converter waveforms quite well. As previously mentioned,
operation in the SI and SS states is possible. Starting from
the maximum power point, the output voltage sinks with a
reduced load resistance, thus reducing the output power. For
SS, a maximum output current limit exists. The behavior of
the converter is similar to a current source. When increasing
the load resistance, again starting from the maximum power
point, the output power decreases as well. At SI, the output
voltage reaches its maximum. The converter approximates
voltage source behavior near SI.

A further evaluation of the characteristic properties of the
inverter is of interest. The peak semiconductor voltage stress,
which is present at idle, is calculated by

A inv,res,SI
Usw,max = 77:l]in'f;nv$qs (10)
fsw
and the maximum free-wheeling duration by
1
FW,max: 1_ fSw (11)
T ﬁnv,res,SI
with
" 3 C s
flnv,res,SI _ ﬁnv,res,SI _ 1 cpl, ) (12)
fsw ﬁnv,res,SS Csw

Fig. 9 shows the dependencies of the maximum free-
wheeling time and the peak switch voltage to input voltage
ratio relative to the ratio of the switch capacitance Cyy1/2 and
the link capacitance Ccpii/2. The listed parameters are a mea-
sure of how the waveforms for SI and SS states, as presented
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Fig. 9. (a) Maximum free-wheeling duration and (b) peak semiconductor
steady-state voltage stress at the SI state when designed for the SS condition.

in Fig. 5, differ from each other. The graphics are valid for a
converter that is designed for the complete load range. While,
following (1), a rise in Cc; may increase the output power,
the maximum peak switch voltage at SI also climbs. To not
exceed the voltage limitations of the semiconductor, either the
Cep1-Csy-tatio or the output voltage range should be limited,
and therefore, the maximum semiconductor stress can be
reduced. It is advisable to also reduce the free-wheeling
duration fpw (previously time interval 3) to avoid reverse
conduction losses of the switches. A design with a limited
output voltage range and an increased efficiency can either be
reached through tuning of a design approximation based on (1)
and (2) and Table I or through precise time-domain modeling,
as described in Section III-C.

An increase in efficiency can be achieved by limiting the
output voltage range by Usy > Uout,min, thus deviating from
the initial design criterion finy.res,ss = fsw Of the inverter of
Section III-A. To avoid redesigning the converter, going for-
ward, the switching frequency is altered. In all following cases,
the converter is always operated in a fixed frequency and fixed
duty cycle mode. Improvements to the converter efficiency
through dynamic adjustment of the switching frequency or the
duty cycle seem possible but require a different, more complex
driving circuitry. The goal might be achieved using resonant
inverters with autonomous control of the switches. Such
circuits have been discussed elsewhere [39], [40] and shall,
therefore, not be within the scope of this article. The inverter
waveforms and characteristics for a full operating range design
and a limited operating range design are presented in Fig. 10.
They differ from each other only by the switching frequency.
In Fig. 10(a), a design following the criteria of Section III-A
is shown, while, for Fig. 10(b), the same component values are
used, and the switching frequency is increased by 25%. The
different intervals, as introduced in Sections III-A and III-B,
are labeled and marked by color. If operated as in Fig. 10(a),
the complete output voltage range is permissible. In the case
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Fig. 10. Inverter voltage waveforms for (a) design for the complete load
range and (b) limited output voltage range. (c) Peak switch voltages and
(d) free-wheeling duration for both designs across the output voltage range.

of Fig. 10(b), for low Uyy/ Ui, values, ZVS 1is not achieved.
Therefore, Usyt < Uoput.min should be avoided (in the case of
Fig. 10(b), Uoutmin = 1.5 - Uin). While this is unproblematic
for transient events, continuous operation is inefficient in these
operating points.

The semiconductor voltage stress, the free-wheeling time
[see Fig. 10(c) and (d)], and the semiconductor reverse
conduction losses increase with the output voltage but are
reduced for the limited output voltage design. In the case
of the original design criterion, in a fixed output voltage
application, the efficiency is not as high as it could be because
of the reverse conduction losses. If the switching frequency
is raised (or the resonant frequency of the inverter lowered),
the free-wheeling time for an intended output voltage can
theoretically be reduced to zero, yielding the elimination of
reverse conduction of the switches and the corresponding
losses, higher efficiency, and lower semiconductor voltage
stress at the cost of lost ZVS operation at output voltages
lower than a minimum voltage and lower power output as
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losses.

a direct result of the lower inverter peak voltage at the
same load.

The mechanism between f;, and the load range,
as described in Fig. 10, is used to optimize the system design.
Fig. 11 evaluates the system behavior for an operation of the
same design at different f;’s. Fig. 11(a) shows the minimum
permissible output voltage Ugy,min below which the converter
loses the ZVS operation. The maximum output voltage Uqyt,max
is the output voltage at idle. The optimal output voltage
Uoui,opt 18 the voltage at which the converter reaches its
maximum output power within the permissible range of Ugyy.
The converter is designed for fiqy res = 13.56 MHz. Fig. 11(b)
depicts the related output power at Uy ope and a loss metric
that is based on the data sheet of a GaN Systems GS-065-
011-1-L GaN enhancement mode HEMT and represents the
trend of the conduction losses. With a rising fsy, fsw decreases
at the same load resistance, leading to a lower Ugyope and
a reduced Poy,opt- Losses are reduced disproportionally so
that the inverter operation becomes more efficient. If Ugy,opt
and Uoye,min meet, and fiy is increased further, Usygope €Xits
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Fig. 12. (a) Parasitic elements of the coupling link. (b) Equivalent circuit.

the point of peak power in the transfer characteristics curve
(see Fig. 8) because it is not within the permissible load
range. The output power is greatly reduced while losses
stay approximately constant for the permissible optimum at
the given fg,. Therefore, the most efficient operating point
is reached when Uguopt and Ugymin first join with each
other. The greater the Cp-Cyy-ratio, the more the inverter
waveforms vary, and the larger is the increase in f, before
the most efficient point is reached.

E. Practical Operation Considerations

Practical applications usually require some kind of voltage
or current control. An ON/OFF control (OOC), as used for
a similar topology in [47], is proposed to realize a controlled
operation of the discussed system. It is suitable and applicable
because, at a sufficiently constant output voltage, only Ly can
cause transient oscillations. These settle quickly, and only the
first pulse misses the soft switching condition. An OOC with
a duty cycle D reduces the effective load resistance to

Rief = D - Ry (13)

which can now be entered into the model presented in
Section III-C. An applied OOC will be presented later in
Section IV.

Among the parasitic effects, which are the losses and
nonlinearity of the switches, the resistance of the inductors, the
inductance of the coupling link, and all parasitic capacitances,
the critical parasitics of the proposed topology are the capaci-
tive properties of the rectifier input and any cross capacitances.
The inverter switch capacitance, any cross-coupling between
the two links, and the parasitic rectifier capacitance can all
be integrated into the parasitic circuit, which can be further
simplified to a z-equivalent circuit as a general model for the
parasitic behavior of the coupling link, as shown in Fig. 12 and
described in [48]. The main component of Cj,, is per design
Cy of the currently turned-OFF switch. Any deviations and
parasitics (C,) may alter the design of the inverter, which, to a
moderate degree, can be tolerated because of the free-wheeling
state or incorporated into the converter design. A parasitic
increase of Cpz has no negative consequences. The com-
ponents of Cy.. are the parasitic secondary capacitance C; of
the coupling link and the rectifier and diode capacitance Cy.

Cinv and Ceps are integral parts of the operation of the
converter and can be directly entered into the quantitative
model from Section III-C. Lost power caused by Ci. can be



AMLER et al.: IMPROVED CPT WITH NON-RESONANT POWER TRANSFER LINK USING RF PUSH-PULL INVERTER

covered by a minor model extension. A part of the link current
icpl charges and discharges Crec to the amount of

Grec = 2Uoul Crec ( 14)

during each switching period. It is, therefore, not available for
the output current and reduces the effective output current at
a given output voltage to

lT(/)ul = IiC-p1| — Grec * 2 fsw (15)

which can then be entered into (9).

Other parasitic effects with only a minor influence are the
stray inductances in the coupling link, parameter variations
in the inverter inductors, switches, and coupling capacitors,
as well as operating point variations of the load and during
transient processes. The stray inductances in the coupling link
cause a high-frequency ripple on the coupling link current, but
their influence on the power transfer is limited as long as their
resonant frequency with Ceps is large compared to fy. The
parameter variations are of no concern as they are adjusted
for during the free-wheeling state. Especially variations in the
coupling capacitor do not lead to a grave power loss, as the
transmitted power is in good approximation proportional to
the coupling capacitance and does not depend on the correct
excitation of a resonance.

IV. EXPERIMENTAL VERIFICATION

The proposed topology is implemented as an SMPS using
ceramic capacitors as the capacitive coupling interface and
as a WPT system. The systems are based around the link
capacitance values, which are chosen after (1) and (2) so that
output power of more than 100 W can be reached at input
voltages of up to 80 V. The effective total link capacitances
Cepl,z are 265 pF (SMPS) and 110 pF (WPT). For the SMPS,
a larger capacitance is chosen to investigate the influence of
the Cqy-Cepi-ratio. The WPT system uses a custom-designed
capacitive coupler built from 10 x 10 cm? copper plates with
about 1 mm of paper as an isolation barrier in between. The
capacitance of the WPT coupler can be varied by adding
or removing layers of paper. The inverter inductances are
calculated following the presented models in [49] and verified
through measurement. The SMPS converter board, as depicted
in Fig. 13(a), is sized 10 x 8 cm?, including the logic circuitry,
TI’s LM5114 drivers, the inverter, the link, and the rectifier
with the power section occupying about half of the board.
The inverter board of the WPT demonstrator, as shown in
Fig. 13(c), is sized 11 x 9.5 cm? with all power components
placed on a quarter of the board. The dimensions of the
rectifier board are 5 x 2.5 cm? and include the footprint of a
common mode choke. The driving signal is created externally.
Table II gives an overview of the used power components, and
Table III presents the design parameters.

Among the differences between the two demonstrators are
the GaN HEMTs, the coupling interfaces, and the layout.
Different switches were used to reduce their ON-resistance and
with that permit higher inverter currents at the same amount
of inverter losses. A WPT coupler connected by braided
wires replaces the ceramic link capacitors and the inductance-
optimized layout of the SMPS demonstrator. The coupling
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Fig. 13.  (a) SMPS and (c) WPT demonstrators. (b) FLIR imaging for OP1.

capacitance is reduced, as well as parasitic rectifier capaci-
tances resulting from the layout, whereas the link inductances
are increased because of the increased length of the connecting
wires to the coupler.

A. Waveforms

Fig. 14 shows the characteristic waveforms of the SMPS
demonstrator at operating point OP3. The rectifier input
voltage is obtained by calculating the difference between the
two rectifier inputs in reference to the primary side ground.
The inverter and link currents are estimated by integrating
the inductor voltage and differentiating the coupling capacitor
voltage.

The measured switch voltages match the waveforms pre-
dicted by the theoretical analysis and obtained from the
calculation model well, albeit with a minor ripple during the
rising edge. Similar observations can be made for the rectifier
input voltage and the link capacitor voltages. The inverter
currents, which are calculated from the inductor voltages, are
similar to the expected waveforms, and only a small deviation
is visible in the inverter currents due to an oscillation between
the input choke and the resonant inductors. The vertical
current edge predicted for the coupling link is distorted and
excites parasitic oscillations together with the parasitic link
inductance. Although these are mainly visible in icp, which
is obtained by mathematically differentiating the capacitor
voltages, thus possibly amplifying the current distortion, they
also spread to the inverter and rectifier voltage waveforms,
where a voltage ripple can be observed. The oscillations are of
no harm to the power transfer ability of the system. The routing
on the PCB of the SMPS demonstrator board is intended to
achieve a lower parasitic link inductance compared to the WPT
demonstrator. The resulting proximity of the conductors leads
to an increased parasitic capacitance between them, which,
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TABLE 11
MAIN POWER COMPONENTS

Component SMPS demonstrator WPT demonstrator
Switch GaN Systems GS-065-011-1-L 650 V GaN HEMT Infineon IGLD60R190D1AUMA 650 V GaN HEMT
Coupling link Yageo COG multi-layer ceramic capacitors Structure with copper plates (10 X 10 cm?) and paper as spacer

(1 mm)
GeneSiC GBO1SLT06-214 650 V SiC Schottky Diode

Antiparallel diodes GeneSiC GBO1SLT06-214 650 V SiC Schottky Diode

Rectifier diodes GeneSiC GBO1SLT06-214 650 V SiC Schottky Diode GeneSiC GBO1SLT06-214 650 V SiC Schottky Diode
TABLE III 300 T T T T T T
DEVICE VALUES Z 200} = o e s
;m; / \ / \ T T Tsw2 /
0 100 / \ / \ 1
Component SMSP WPT 8 ) W \ o/
demonstrator | demonstrator Y S A SR/ DU S S S A
Total Switch Capacitance Cgyq, Coya 85 pF 70 pF o 20 20 0 a0 To0 120 )
L Switch effective output capacitance* 60 pF 50 pF time t in ns
L Antiparallel Diodes* 10 pF 10 pF
L Parasitic capacitance® 15 pF 10 pF Fig. 15. Switch voltages for the WPT demonstrator at OPS5.
Switch on-resistance 150 mQ / 140 mQ /
Rasonys Rascomyz* (@25°C; 150°C) 380 mQ 260 mQ
Inverter input choke Lp-° 712 nH 602 nH 150 [ [ [ [
Inverter resonant inductors Ly, Lg,° 326/309nH | 320/300 nH >
Coupling capacitors Cep; 5° 265 pF 110 pF =
Parasitic link inductances* L, 5 20 nH 180 nH 5 100 | J
Total rectifier capacitance C.. 160 pF 12 pF E
L Diode capacitance* 10 pF 10 pF H
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* = estimated / from datasheet; © = measured / modelled 5 50r 9 1
=) it N &
200 3 e Sy : Y
Z 100 0 @ | | S | A
gn 0 0 50 100 150 200 250
§ -100 output voltage U, nVv @
200 | } | | | | |
20 40 60 80 100 120 140 160
time t in ns (@) 100 T T T T
— —— :
< 5[ N / N "l,{rl \: 80 - ]
_; \ // — — =i, C\D
g of 7 ¥ 1 =
E /N < 60 F .
g // \ N
-5 >~ — R 2 ;
0 80 100 120 140 160 L 40+ é{/ E
time t in ns () é ¢ | o —SMPSU, =40V WPT U, =55V
200 o~ | _= —~ ‘ o & SMPSU_=50V —.&-—WPTU_=40V,f_=165MHz
> 150} 7 N\ , Uy 4 r - in in sw
£ - PN ’ L & SMPSU, =60V — & —WPTU, =60V,f, =165MHz
$1r / N e | 0 WPT U, =40V —O—WPT U, =80V,f =165MHz
£ 5 \ |y A =
N WP S W e e P recinz 0 50 100 150 200 250
SO A U T b
N ‘ | " ‘ | L output voltage U inV ®
0 20 40 60 80 100 120 140 160 ou
time tinns (©)
X . Fig. 16. Measured (a) output power and (b) efficiency across the load range
= // | for both demonstrators.
=] -~ __ 1
% TS R
3 / 1 in its turn, enlarges the effective rectifier capacitance. The
: \ ] increase in the value of the rectifier capacitance is estimated to
80 100 120 140 160 . .
time ¢ in ns @ amount to 150 pF, thus reducing the maximum output power
- | I \ —] by as much as 49% at the given design parameters, according
< \ 1eg .
E R o to the calculation model.
= il “‘JA‘!“ IR ‘ AL The inverter voltage waveforms of the WPT demonstrator
= MYy . . . .
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new positive development can be observed. The switch voltage
waveforms are deformed in a manner similar to that known
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TABLE IV
OPERATING POINTS

Operating points fsw Uin Rout Uout Pout n

OP1 (SMPS) 13.56 MHz 75V 1390 1271V 1159 W 82.1%

OP2 (WPT) 16.5 MHz 80V 118 Q 1206V 1229W 73.6 %

OP3 (SMPS) 13.56 MHz 60V 139 Q 99.7V 71.6 W 814 %

OP4 (SMPS) 13.56 MHz 60V 1390/3300 99.1V /129.5V 70.7W / 50.8W 824 % /748%
OP5 (WPT) 16.5 MHz 65V 1390/3300 95.7V /142.2V 65.87W /61.2W 72.2% /69.7 %

from Class ¢, inverters [34], thus reducing the peak inverter
voltage. This property depends on the converter load and
output voltage and is, therefore, specific to certain operating
points. If operation in such points can be ensured, a reduced
semiconductor voltage stress compared to other resonant
inverters, e.g., Class E-inverters, can be realized.

B. Power, Voltage, and Load Characteristics and Losses

Fig. 16 shows the output power to voltage transfer curves
of both demonstrators for the same designs from Table III
but at different operating points. The curves match the expec-
tations from the theoretical analysis well. The characteristic
parabolic curve is visible. Maximum power is reached near
the theoretical optimal load resistance calculated by (2) at
R; = 44 Q (SMPS) and R; = 106 Q (WPT). Power only
varies by 15% in the load ranges of R; ~ 40,...,150 Q
(SMPS) and R, =~ 70,...,400 Q (WPT). The lost power
is approximately constant across the complete load range,
as losses are mainly caused by circulating currents in the
inverter. Losses increase in operating points with a longer free-
wheeling duration or, especially, when ZVS is lost. As the con-
verters are designed to achieve a low free-wheeling duration
while maintaining ZVS near the optimum load condition, the
efficiency of the converters peaks at or near the maximum
power point. The efficiency of the SMPS demonstrator is
higher because of the more favorable Cgy,-Cepi-ratio. The max-
imum achieved powers for the SMPS and WPT demonstrators
are displayed in OP1 and OP2 in Table IV.

The dependence of parameter variations, especially in the
link capacitance, is examined by adding or removing layers
of paper in the WPT coupler. A variation in Ccp,z within
the range of 67,...,188 pF is investigated. Considering
the results from Section II, it is expected that the output
power varies linearly with the effective link capacitance.
As previously discussed, the inverter losses stay approximately
constant. The measurements in Fig. 17 validate the expected
behavior.

The thermal imaging of the SMPS demonstrator, as pre-
sented in Fig. 13(b), identifies the inverter switches as hot
spots. A rise in temperature is also observed for the inverter
inductors and the rectifier diodes. The loss distribution is
estimated by recreating the thermal footprints for central
components in Fig. 13(b). The power, which is needed for the
components to reach the respective temperatures observed at
OPI, serves as an approximation for the losses during normal
operation. The dc currents are induced into the switches, the
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Fig. 17.  (a) Power and (b) efficiency for a variation in the total link
capacitance Cepl,s.

inductors, and the diodes. Due to the distance of the com-
ponents and forced ventilation, the impact of heat spreading
and, therefore, interdependence between the temperatures of
the switches, the inductors, and the rectifier diodes can be
neglected. The results, as shown in Table V, confirm the
prediction that the inverter switches are a major source of
losses. They are the consequence of the relatively high ON-
state resistance Rgson) Of the used switches. At 150 °C,
the Rgson) value rises to more than twice the data sheet
value at room temperature, further increasing the losses. The
circulating currents, needed to achieve ZVS and reduce the
link and load dependence of the inverter, cause significant
parts of the conduction losses in the inverter. The resistance of
the inverter inductors and the forward voltage of the rectifier
diodes add additional losses. Together, they comprise the
majority of the losses. The losses caused in connectors, power
supply cables, capacitors, traces, and the input choke sum up
to the losses unaccounted for in Table V. No significant lost
power is expected and can be identified in the link capacitors.

C. Control

To reduce the dependence of Uyye and Poy, in Section III-E,
an OOC has been introduced. Fig. 18 presents the switch
voltage waveforms and their transient variations, while the
system is switched ON and OFF at fooc = 500 kHz.
Fig. 18 includes the OOC input signal. When inactive, both
switches are turned OFF. Otherwise, both alternate in the
respective f, identical to the uncontrolled steady-state oper-
ation. Fig. 18(a) illustrates a more detailed view, whereas
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TABLE V
LoSs DISTRIBUTION

Absolute [W] Percentage [%]
Both inverter switches 11.6 49%
Both inverter inductors 4.0 17%
All four rectifier diodes 5.5 23%
Unaccounted for 2.6 11%
Total losses 23.7 100%
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Fig. 18. Measured waveforms and control input for the WPT demonstrator
during the OOC operation based on OP5: (a) D = 55% and (b) D = 30%.

Fig. 18(b) shows a complete OOC cycle at a larger time
base and for a different duty cycle. While turned ON, the
system behaves similar to the continuous operation of the
same system, and while turned OFF, no power is transmitted.
The following observations are distinct for the OOC-operated
system: The input choke causes minor transient oscillations
directly after turning ON. Though the peak switch voltage
may be higher directly after the switch-ON compared to the
steady-state operation, only the first pulse misses the ZVS
criterion. Oscillations between the switch capacitors and the
inverter inductors after turn-OFF fade quickly. Compared to a
continuous operation, no drop in efficiency can be observed,
thus allowing an efficient controlled operation. The output
voltage and efficiency in reference to the duty cycle of an
OOC of both demonstrators during controlled operation are
shown in Fig. 19. The parameters of the operating points OP4
and OP5 at D = 100% are listed in Table IV.

V. DISCUSSION

In CPT systems with non-resonant links, the transferrable
power mainly depends on the absolute link capacitances,
the input voltage, and the operating frequency. Therefore,
to achieve high power, the system should be designed to
operate at high link voltages and frequencies. Within the ISM
bands, a base operating frequency of 13.56 MHz is chosen for
the experiments performed within this article.

The power transfer and characteristic properties of the
discussed topology depend on the switch capacitance and
its relation to the link capacitance value. It is shown that
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Fig. 19. Measured (a) output voltage, (b) power, and (c) efficiency under
controlled operation for both demonstrators and different values for the load
resistance Rj.

choosing Cyy smaller than C,, reduces the dependence of the
inverter operation on the output voltage and link capacitance.
The reduced load dependence comes at the cost of increased
reactive power circulating in the inverter, which is a major
contribution to the total losses of the system. As discussed
in the theoretical analysis, if the output voltage range can
be restricted, the inverter can be designed with Cyy, greater
than Ccpi, and fow > finv.res,ss. Which improves efficiency.
The same can be achieved by dynamically adjusting the
operating frequency, if permissible. A main advantage of
the system is that the same inductors of the inverter realize
both the soft switching for the inverter switches and the
current source behavior needed for directly driving the non-
resonant CPT link. As a result, all inductive components in
the coupling link and the rectifier are eliminated. Another
consequence of the direct connection of the link capacitances
to the semiconductor switches is that the operation of the
converter cannot result in a link capacitor voltage greater than
the switch breakdown voltage, thus defining a peak voltage
stress of the link capacitors, which is practical for safety-
critical applications. The free-wheeling state of the push-pull
inverter makes the converter tolerant to parameter and output
voltage variations though the voltage stress of the transistors
rises for increasing free-wheeling durations.

The observed efficiency loss is mainly caused by the con-
duction losses of the inverter switches. For higher efficiency
and reduced losses, semiconductor switches with low Rgscon)
are of great importance, but the parasitic switch capacitances
increase with decreasing ON-resistance. An increase in the
total switch capacitance solicits a redesign of the inverter
inductors for the inverter to maintain fiyy res. This yields a
lower Z; and, therefore, increasing inverter currents. The
same current increase can be observed when the system is
designed for a higher operating frequency at a given switch
capacitance. Therefore, the operating frequency is limited
by the switch properties, namely, their capacitance and their
current capability. The design in the experiments comes close
to this limit. Significant losses arise during the free-wheeling
state because of the poor reverse conduction characteristics
of GaN HEMTs with a high forward voltage. For a better
loss distribution, the presented demonstrators use antiparallel
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TABLE VI
COMPARISON

Publication | Link Type Inverter Type Uin Pyt n fsw Ceprz (L) Component Pout/Uin [
VI | W] | [%] | [MHz] | [pF] [nH] count Copiz WV -0F

[34] Non-resonant* HF-SEPIC 3.6 3 81 20 1270 63 8 0.656

[51] Non-resonant* HF-SEPIC 162.5 140 90 10 340 1160 7 2.54

[52] DC block* Class &, 50 277 80 6.78 4620 2000 19 1.19

This work Non-resonant™* Series-resonant 75 1229 | 73.6 16.5 120 1200 11 13.7

push-pull

[50] Resonant (LC + LCL Full bridge 100 774 81 13.56 1.35 11310 15 5733
matching network)

[53] Resonant (2x LC Full bridge 60 150 66.7 1.5 2.8 173600 14 892
matching network)

*non-resonant meaning the link does not obtain a distinct resonant network. The link capacitors may implement a DC decoupling or the realization of the power
transfer may depend on the interaction between the non-resonant link and a resonant inverter topology.

© bridge inverter, resonant interface ¢ bridge inverter, non-resonant interface
M PWM-based inverter, resonant interface @ PWM-based inverter, non-resonant interface

A resonant inverter, resonant interface A resonant inverter, non-resonant interface
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Fig. 20.  This work and previously published converters compared for

normalized power transfer ability.

Schottky diodes, which need to take over the current only for a
few nanoseconds. As they are not connected sufficiently close
to the switch, the very fast succession of commutations of the
current from the switch capacitance to the diode and back to
the switch channel is not handled as efficiently as possible.
Better reverse conduction properties or an improved control,
which activates the switches while reverse conducting, would
be beneficial.

Further advantages of the proposed topology are the avoid-
ance of high side switches, a fast transient response, and main-
tained ZVS under the OOC operation. Parasitic inductances in
the coupling link have no significant influence on the power
transfer if their resonant frequency with the link capacitors is
sufficiently larger than the switching frequency.

Table VI and Fig. 20 are presented to compare the topology
proposed in this article against previously published systems.
CPT systems are usually compared for their ability to transfer
power across a certain capacitance [34], [54]. To achieve
comparability, we normalize the transferred output power not
only to the link capacitance but also to the input voltage,
as more power can be transferred at a higher input voltage.
Fig. 20 arranges multiple previously published systems with
a resonant and a non-resonant capacitive link for comparative
purposes. Competitive systems with a non-resonant link are
marked and entered in Table VI for a more detailed overview.

The most advanced systems with a resonant link are also
marked and included in Table VI for reference purposes.
Though the normalized power transfer to link capacitance may
be higher for topologies incorporating a resonant coupling
link, most require an extensive amount of additional inductive
components. Among CPT topologies with a non-resonant link,
the work presented in this article reaches the highest input
voltage-normalized power transfer to link capacitance value
of 13.7 W/(nF-V).

VI. CONCLUSION

In this article, we deployed a push-pull resonant inverter to
directly drive a non-resonant CPT interface. By driving such a
capacitive link directly from an HF inverter and by integrating
the capacitors into the core operation of the converter, the issue
of only a low power transfer ability of a non-resonant CPT
system as a result of either a low operating frequency ability
or unnecessarily large coupling capacitor values is mitigated.
The inverter is easy to design and tolerant of parameter and
operating point variations. A further benefit comes from the
total elimination of all inductive components in the coupling
link and the rectifier, especially in comparison with resonant
CPT links. We achieve the highest normalized power transfer
ability compared to previously published circuits with a non-
resonant CPT link. In this article, the behavior of the proposed
system is described, mathematically modeled, evaluated, and
experimentally verified. Using the presented converters, the
transfer of 122.9 W across an effective link capacitance
of 120 pF can be achieved. With the proposed topology,
we enhance the applicability of non-resonant CPT.

Future work may include the characterization of a modified
topology with, e.g., an eliminated input choke or the integra-
tion of the inverter inductors into a transformer. Another inter-
esting prospect is the optimization of the link inductance to
reduce the switch voltage stress based on the observed effects
in this article. We will also gain insights into applications, e.g.,
the charging of UAVs.
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