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Abstract — This study introduces a power regulation
design methodology for power receiving units (PRUs) in
capacitively-coupled resonant wireless power transfer
(RWPT) systems by using hybrid multi-level (HML) post-
regulators. A generic design framework for capacitive
RWPT systems with post-regulation stages is developed,
followed by a simplified behavioral model for the PRU
including the additional regulation stage. It has been
demonstrated that by using HML stages for power-
regulation, significantly wider impedance matching range
can be achieved, which results in better spatial freedom of
wireless power systems. This study also covers design
tradeoffs between several post-regulators in terms of
efficiency, coupling range and conversion range. A 40 W
experimental resonant capacitively-coupled WPT system
with HML buck (HMLB) post-regulator has been designed
and examined up to 150 mm misalignment, at a resonant
operation of 3 MHz. A very good agreement is obtained
between the theoretical predictions and experimental
results.

Keywords — closed-loop wireless system, impedance
matching, resonant power transfer, post-regulation.

I. INTRODUCTION

As the field of wireless power technology advances and adds
more innovative uses, the need for both extended power periods
and spatial freedom is rapidly increasing in many applications
such as portable electronics, virtual and augmented reality,
autonomous robots, drones etc. [1]-[9]. Although wireless
power transfer (WPT) technology enables to extend the power
periods and reduce the use of bulky batteries (in some cases
even eliminate), truly spatial freedom, i.e., 3-Dimenssional
movement is highly dependent on the coupling method and on
the system’s power-regulation capabilities [1]-[3].

In the context of dynamic WPT applications consuming low
to high power (several watts up to kilo-watts), resonant-based
WPT methods are in favor, since in overall, they enable better
power transfer characteristics such as: spatial freedom, distance
and power levels [4]-[10]. However, from practical point-of-
view the latter is not sufficient, since for most applications the
output power (voltage, current or both) should be well
regulated, regardless of the medium variations. State-of-the-art

power-regulation methods for wireless power receiving units
(PRUs) are classified into three types: 1) passive regulation, 2)
active rectification, 3) post-regulation stage [11].

Passive regulation which is based on the resonant network
configuration is a simple straightforward approach, such that by
proper resonant network design, constant voltage or current can
be obtained at the output [12]-[14]. However, for industrial and
commercial applications that require some spatial freedom this
method is very limited, since in practice wireless power transfer
systems suffer from variations of the wireless medium,
electrical circuits and the resonators. In addition, passive
power-regulation is not suitable for applications with load
transitions such as: smart phones, laptops, tablets, etc.

The next regulation method which is based on active
rectification of the AC-DC rectifier, i.e., controlling the
conduction time of the power switches. As a result, the amount
of current delivered to the load is controlled, thus, regulation at
the output is obtained. Although, this approach enables single
stage regulation without compromising too much the overall
efficiency [15]-[18], since resonant-based WPT systems
typically operate at the multi-MHz range within the industrial-
scientific-medical (ISM) band: 6.78 MHz, 13.56 MHz, 27.12
MHz [19], the design efforts on the sensing circuitries and
controller can be quite complex and tedious. Moreover, the
requires that the rectifier’s power switches are high-
performance wide band-gap (WBG) devices such as silicon
carbide (SiC) and gallium nitride (GaN), which results in higher
costs and for some cases in labor intensive design efforts,
particularly if the end-use application consumes medium to
high power levels.

The final approach for regulating power in wireless
applications is post-regulation stage, in which, the rectifier
stage is cascaded by a low dropout (LDO) regulator or DC-DC
converter [11], [20]-[22]. LDO regulator is a simple both cost
and area effective approach that can provide precise voltage
regulation, while maintaining relatively small voltage ripple at
the output. Another advantage of LDO approach is that it can
integrated with the PRU’s controller into a single power
system-on-chip (PSoC). However, for significant voltage (and
power) levels, LDO regulator is limited by its voltage-current
ratings, power conversion efficiency, and its overall dynamics.
This can be improved by using a DC-DC post-regulation stage
(e.g. buck, boost, buck-boost). Post-regulator is the closest to
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point-of-load (PoL), with significantly better dynamics
compared to other methods. For battery-based and current-
controlled commercial applications, DC-DC post-regulators are
the only candidates that can satisfy the strict demands for
precise load current regulation [11], [15]. Aside from
impedance matching for regulating the target power to the load,
post-regulators can be also used for maximum efficiency
tracking in the PRU [22], [23], where specific equivalent
impedance is required. Although DC-DC post-regulators are
one of the main enablers for improving the spatial freedom in
WPT applications, at extreme misalignments and medium
variations (coupling coefficient variations), in which wider
compensation range is required, which translates to higher
conversion ratios, conventional post-regulators introduce
significant losses, reducing the overall end-to-end efficiency of
the WPT system.

Hybrid multi-level (HML) topologies provide large step-
down/up conversions ratios, while maintaining higher
efficiency and power density compared to conventional DC-DC
converters [24]-[28]. This comes at the cost of additional
switches and passive components, however, in the context of
very-high conversion ratios the overall volume is not
compromised too much compared to conventional converters
(assuming same operating conditions are employed). To-date,
framework for analysis and design of post-regulation stages
have not been addressed in the context of wireless power
systems. It would be extremely beneficial if such design
framework for WPT is utilized, since both the steady-state and
the dynamic characteristics of the post-regulation stage are
tightly coupled with the WPT stage.

The objective of this study is, therefore, to introduce detailed
analysis of resonant-based capacitive WPT systems with post-
regulation stages with emphasis on HML topologies, as shown
in Fig. 1. The analysis followed by simplified behavioral
models of the system, further simplifying the design of an end-
to-end capacitive WPT system. The analysis methodology is to
explore the affecting factors on the power-regulation
conditions, and consequently, outline the design guidelines on
the post-regulation stage for wireless power systems. Based on
the design framework, this study also covers comprehensive
comparison between conventional and HML post-regulators in
capacitive RWPT. It is a further objective of this study to design
and investigate the performance and characteristics of a
capacitively-coupled RWPT system with HML buck (HMLB)
post-regulator under various operating conditions.

ILoad
% Controller [¢---- Vioad
out

Comms.

Simplified block diagram of a controlled RWPT system with hybrid multi-level post-regulator at the PRU.

The rest of the paper is organized as follows: Following a
brief survey of capacitive RWPT system with LC resonator,
Section II describes the equivalent impedances reflection in the
PRU. Section III presents a case-study of a capacitive system
with HMLB post-regulation stage, followed by comparison
between several post-regulation stages. Section IV provides an
experimental validation of the theoretical analysis through a
capacitive RWPT prototype. Section V concludes the paper.

II. CHARACTERISTICS OF RESONANT-BASED CAPACITIVE
WPT SYSTEMS

To facilitate the framework for the analysis of a capacitive
wireless power system with post-regulation stage, first, this
section briefly describes and reviews capacitive RWPT systems
with double-sided LC resonant converter
configuration [6], [29]. Only the essential in-context details
have been brought up here in order to establish the for an end-
to-end system analysis. Then, the relationships between the
receiver’s output stages are covered through equivalent
reflected impendence per stage.

A. Review of LC-Based Capacitive RWPT Systems

A capacitively-coupled WPT system with LC resonators in
both the transmitter and receiver, where, the wireless medium
is formed by two pairs of conductive coupling plates, such as
copper foils or aluminum [6], [30], [31] is anlayzed. The
capacitive medium can be modeled as n-type network [6], [32].
Assuming loosely-coupled operation, i.e., the coupling
capacitances Cy;, Cun, Cap, are relatively low compared to Cp
and Cs [6], [12], [32] , the drive frequency, fivr, is near the
resonators natural frequency (i.e., fawv = fo =1/2n/LpCp), =
1/(2m,/ LsCs), then the currents as well as voltages of the passive
components are virtually sinusoidal [33]. This is since high-Q
operation is naturally facilitated as the effective output
impedance of the resonator in the transmitter is relatively high.
Typical waveforms of the system are shown in Fig. 2a. As can
be seen, while the transmitter and receiver voltages Vp and Vg
are square waves, the currents are sinusoidal due to high-Q
operation of the circuit. Since a full-bridge inverter is used at
the front-end, the transmitter voltage Vp toggles between £V,
while the receiver voltage, Vs, toggles between +V,,,. It can be
also seen, that for both the transmitter and receiver sides the
current is in phase with the voltage, whereas the receiver current
Is lags the transmitter current /p by 90° (same applies for the
voltages Vs and Vp). By employing first harmonic
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Fig. 2. Double-sided LC RWPT system (a) Typical currents and voltages

waveforms of the capacitive RWPT system: upper signals - transmitter, bottom
signals — receiver; (b) PRU currents waveforms; (¢) Overall system model by
employing first harmonic approximation.

approximation (FHA), and by utilizing the capacitive medium
model, where Vpi and Vs represent the first harmonics of the
square waves Vp and Vs, and the magnitudes of the first
harmonic are 4V;,/m and 4V,./=, respectively; Zois the reflected

impedance with respect to the load such that Zp= % Rioaa- Fig.

2b shows the PRUs currents before and after the rectifier stage,
where Is; is the current of the first harmonic. Assuming o is
filtered by an output capacitor, the average output current and
voltage are

2
Lout, ave = —Isipx

7

- , (D
Vout, 4AvG :ZVSLPK

Based on the above relationships, the overall system can be
modeled as shown in Fig. 2c. It should be noted that the above
outcomes, are obtained under the assumption that the
transmitter and receiver are resonating at the same frequency.

B. Equivalent Impedance Reflection

Fig. 3 shows a simplified schematic diagram of the PRU
output stages. Assuming steady-state conditions, the post-
regulation can be considered as a three-port stage comprising:

>

T 3 gd

Crogd Post-

VS P |9 — P Reg Viead

— | x % H
- Control

Zo = Req
Fig. 3. Schematic diagram of the PRU output stages with notation of the

reflected impedances.

input power, output power, control signal, such that the output
voltage can be represented in a generic form as follows [34]

Vioaa =M(D)- Vo , @)
where V. is the voltage after the rectifier stage, and M(D) is
the conversion ratio of the post-regulator at steady-state, and it
is a function of the duty-cycle, d(¢). Therefore, by taking into

consideration the efficiency factor in such regulators, it can be
assumed that the generic form of the output current is

Iout

, 3
(D) A3)
where I, is the current after the rectifier stage and 7 is the
efficiency of the regulator. By applying (2) into (3), the
equivalent input resistance of the pos-regulator can be
expressed as

ILoad =

— Vour _ V1oad — Ry oad n (4)

R
“ 1014[ ILoasz (D) M2 (D)

and by using the FHA relationships discussed in the previous
section, the reflected impendence seen from the input of the
rectifier stage, Zop, can be expressed with respect to the load and
the conversion ratio as follows

i :i RLaad
g M?(D)

Zocan be also expressed in a straightforward manner as

Zp= n. (%)

2
=% = Vs =2ZpFy, (6)
where Po=Ppr..q/n and it is the equivalent power of Zo.

From (5) and (6) it can be seen that for given target output
power and finite efficiency of the post-regulation, wider range
of M(d) enables wider range of Zy, i.e., better compensation for
Vs variations, which are primarily due to medium variations and
the cross-coupling relationships between the transmitter and
receiver, as will be discussed in detail in the following section.

II.  CAPACITIVE RWPT wiTH HYBRID MULTI-LEVEL BUCK
POST-REGULATOR

Following the observations and derivations made in the
previous section, a capacitively-coupled double-sided LC
RWPT system with a wide-input step-down HMLB post-
regulation stage is analyzed (Fig. 4). The HMLB converter has
several distinguishing advantages over the conventional buck
converter [26]. First, assuming charge balance across the flying
capacitor, Cy, is maintained, the voltage swing at the switching
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node is half of the input voltage, which in the context of the
WTP system, is half of the rectified voltage of Vs. Next, the
effective switching frequency (1/Tsw,) at the switching node,
Vsw, is twice the switching frequency fsw =1/Tsw. These
translates to better power density and less efforts on the overall
heat dissipation of the converter. In addition, in a conventional
buck converter, due to the blocking voltage, Vg, requirement of
the switches [26], [34], both of the switches need to be rated for
maximum input voltage of Vs. Although in the multi-level buck
there are four switches, these switches can be rated for Vy/2,
since silicon area for switch realization is approximately
proportional to V42, the overall semiconductor areas of multi-
level and conventional buck converters can be
equivalent [26], [35]. Furthermore, typically the volume of the
output filter is significantly larger than that of the
semiconductor components, which in the case of the HMLB
due to the combined reduction of the voltage swing at the
switching node, and two times higher effective switching
frequency, the output filter is further reduced, thus, the
additional switches virtually does not introduce volumetric
penalty [36]. From control perspective, the multi-level buck
does not require any additional peripherals, and the core control
is the same as for the conventional buck, with potentially
improved dynamics.

Typical waveforms of the multi-level buck at steady-state are
depicted in Fig. 5, there, the operation of the converter is
divided into four switching phases, in which, O, and Q4 are
complementary, 0> and Q3 are also complementary, and Q» is
delayed from Q; in Tsp7/2. It can be seen that for a case that Vs
< Vs/2 (Fig. 5a), the switching node toggles between 0 to Vs/2;
for Vieaa = Vs/2 (Fig. 5b), neglecting the flying capacitor charge
balance mismatches, the switching node is virtually constant
and equals to Vs/2 = Ve, and the inductor current is also
virtually constant /;=I1oa; for Vs/2 < Vieaa < Vs (Fig. 5c) the
switching node toggles between Vs/2 to Vs. As discussed above,
it can be observed that for the entire operation region, the
maximum voltage drop over the inductor (and the switches) is
Vs/2.

The conversion ratio function, M (D), of the HMLB
converter is identical to the conventional buck and it equals to
d(¢). Thus, by using (5), the equivalent reflected impudence of
the multi-level buck, Zo mi-guck, 1S

FHA schematic diagram of a capacitive RWPT system with hybrid multi-level buck post-regulation stage.
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One of the methods to control transmitters in RWPT systems,
and in particular in multi-receiver RWPT systems, is by
constant current regulation [11], [19], [37]. By employing such
control approach on the analyzed capacitive system, the voltage
Vep can be treated constant, therefore, the circuit in Fig. 4 can
be simplified to the circuit shown in Fig. 6. By applying
Kirchhoff's voltage law on the circuit of Fig. 6, the voltage Vs
can be expressed as

Z(),ML—BW'/(

®)

z
Ves =Vep——3—
CcS CcpP Zg+Zoys

©

Zg=Zcs | (ZLS + ZO,ML—Buck) :

8 R -1
Z 0, ML-Buck =?%ﬂ . 7 Zew Aa’CM
From (7), the duty ratio can be calculated The voltage Vsi can be expressed as
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(10)

Vsi=Vcs .
20 ML-Buck T J@Lg

By substituting (9) into (10), and rearranging the expression,
Vsi is expressed as

20, ML-Buck

(1)

Vs1=Vcp > :
1-a"LgCg + jOCSZ0 ML—Buck

JaCyy

20, ML~Buck + J@OLg +

and if operation in resonance is assumed, Vs can be simplified
to

Z0,ML-Buck

C . '
ZO,ML—Buck [ 1+ %MJ + ]a)LS

By substituting the expression in (6) into (12), and after some
manipulations, Vs can be further expressed as

2
VerCy | || VerCu | 4oL
L Cu+Cs \lCyres)

5 (13)

As mentioned in the previous sections, RWPT systems operate
in the MHz range, thus, typically the resonators’ capacitance
values are in the range of hundreds of pF, inductances are tens
to hundreds pH, and the mutual coupling capacitance, Cy, is in
the order of a few pF. As a result, the expression in (13) can be
simplified to generic expressions as follows

Vs1=Vcp (12)

VerCu
Cy +Cy

VerCu

>>40L¢ = Vg =
Cy +Cs § 81

(14)
Having the relationships given in (6), (8) and (14), the duty ratio
can be calculated for any operating point as a function of the
operating conditions of the transmitter, medium variations

(translates to changes in Cy), and the PRU’s resonator.

Using the above analysis and observations, generalized
design guidelines to examine and design an end-to-end
capacitive RWPT system with post-regulation stage are
summarized as follows:

1) Given target/predicted values for transmitter’s voltages
and currents, medium characteristics, resonators values
and resonant frequency.

2) Assume operation in resonance and extract the overall
system model by employing FHA.

3) Given the target output power, substitute (6) into (12), and
calculate V.

4) Use Vs to calculate Zp from (6).

5) Given nominal operating point, based on the chosen post-
regulator, insert the predicted efficiency #, M(d), and Zo
to (5), and calculate the duty-cycle d.

6) Examine the duty-cycle ranges and post-regulator
performance for corner operating points of the RWPT
system.

To further highlight the advantages of the HMLB as a post-
regulation stage, given the operating conditions summarized in
Table I, a more thorough comparison between buck and multi-
level buck over wide range of the coupling capacitance has
been carried out, as shown in Fig. 7. First, for various duty-
cycles, rigors loss estimation has been done for both
topologies. It can be seen that for the given RWPT system, at

TABLE I — SIMULATION TEST-BENCH VALUES AND PARAMETERS
| AT NOMINAL OPERATION

Parameter Value/Type
Input voltage ¥ 205V
Transmitter resonator 20.8 puH, 120 pF

Receiver resonator 21.6 uH, 130 pF

Resonant frequency fo 3 MHz
Coupling capacitance Cjs 14 pF
T oad resistance Rrgas 100
Output capacitor Croas 90 uF
Output inductor L 10 uH
Flying capacitor Ci 10 uF
Post-regulator switching frequency fsw 250 kHz (500 kHz effective)
Load voltage Vipas 20V
Load power Proaq 40 W
. Duty-Cycle Vsi[V]
Y ‘ ' |
| Dama983% — Buk
09 A Hybrid ML Buck |2
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Fig. 7. Conversion ratio ranges of different post-regulators for the analyzed
RWPT system.

extremely weak coupling (Cy <6 pF), in terms of efficiency,
conventional buck converter has reasonable efficiency over
91%. However, as the operating points move toward the
strongly-coupled region (Cy >14 pF), where high-conversion
ratios are required, the efficiency of the buck converter drops
below 80%, whereas the HMLB remains above 80% efficiency
up to Ciyr =40 pF. It should be noted that the blocking voltage
of the chosen switches for both converters is Vds=100 V, thus,
in practice for the given RWPT system regardless the
efficiency criteria, the conversion range of the buck converter
is limited to d=0.2, while the HMLB can be potentially pushed
to 0.1 duty-cycle. It should be further emphasized that by
compromising on the operation range such that 0.35< d <0.9,
the switches of the buck converter can be optimized with lower
blocking voltage Vds=60, resulting in better efficiencies
(similar to the HMLB) as illustrated by the dashed line in Fig.
7.

To exemplify more design considerations of post-regulators
in WPT, Fig. 7 also depicts the conversion range of a series-
capacitor (SC) buck converter [28]. For sake of simplicity, the
parameters of the SC buck are same as for the previous
converters, and by using the expression in (5), the duty ratio for
the SC buck can be expressed as follows

32 R
dsc_puck = |57 .
uc ) Zo

(15)
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Although SC buck is limited to maximum 50% duty-cycle, it
can be seen that if the system is operated at Ciyy>15 pF while
maintaining significantly wider operating range, SC buck
would be the better candidate to perform such post-regulation
task.

IV. EXPERIMENTAL VERIFICATION

Based on the above analysis an experimental capacitively-
coupled double-sided LC RWPT system (Fig. 8a) with HMLB
post-regulator has been designed and examined. The capacitive
coupler has been designed to be symmetrical, where each
coupling plate is made of copper stripe with overall dimensions
of 300x30 mm. In addition, the capacitive coupler has been
constructed to be dynamic, such that the wireless medium can
be simply varied to different misalignments. Zoom-in view on
the capacitive coupler for fully-aligned system and 150 mm
misalignment are shown in Fig. 8 b and c, respectively. The
RWTP system has been designed such that, L/=21 pH, Cp=120
pF and Ls=22 pH, Cs=130 pF, at a resonance frequency fo~ 3
MHz. The full-bridge inverter has been realized with EPC’s
200-V enhancement mode GaN devices for multi-MHz
operation [38]. The controller for the transmitter has been
implemented on DEO-Nano Cyclone IV FPGA [39]. The PRU
was digitally controlled using a MAX-10 FPGA [40] using fully

TABLE II — CAPACITIVE RWPT EXPERIMENTAL SETUP VALUES AND PARAMETERS

Parameter Value/Type
Nominal input voltage ¥in 5V
Transmitter regulated current ~2.5-A peak

Transmitter resonator
Receiver resonator
Resonant frequency fo

21 pH, 120 pF, AVX MLLC 3 kV
22 pH, 130 pF, AVX MLLC 3 kV
3 MHz

Nominal Coupling capacitance Cas 14 pF
Capacitive medium 300x30 mm, copper stripes
Medium misalignment Up to 150 mm

Full-bridge inverter 200 V, EPC 2034

Rectifier diodes 200 V, CDBZ320200-HF

Load voltage Vioad 20V

Load power Proad 40W

Load resistance Rioad 10 Q, BK Precision electronic load
Output capacitor Crsad 68 pF, 80 V, 28 mQ ESR, FPCRIK680MCL1GS
Output inductor L 12 pH, 3 mQ DCR, SER2211-123MED
Flying capacitor Cygy 8.8 uF, 100 V, 2 mQ ESR, 12101C335K4T2A
Post-regulator switching frequency f5n~ ~250 kHz (500 kHz effective)

HML buck MOSFETs 100 V, 9.6 mQ, BSZ096N10LSS

digital high-performance control peripherals as detailed in [41].
Table I summarizes the components values and parameters of
the experimental setup.

The resonant WPT system has been examined for 40 W load
output power, at 75 mm misalignment, which translates to ~14
pF (Fig. 9a), such that the transmitter’s resonant current, /p, is
regulated to 2.5 A peak, and the voltage Vp toggles between -35
and 35 V. The rectifier voltage at the receiver side, Vs, toggles
between -90 and 90 V, while the current, Is, peaks at 1 A. Fig.
9b shows the main waveforms of the HMLB at steady-state
operation. It can be observed that load voltage is 20 V, the
effective switching frequency is ~500 kHz, and the effective
duty-cycle is 22.4% (half of the duty ratio of the switching
node).

To further validate the design methodology, the system has
been examined for medium variations on-the-fly. Figs. 10a and
10b shows experimental measurements for step-up in the
medium, i.e., from 75 mm misalignment to fully aligned
coupler, which translates to coupling variation of 14 pF to 20
pF. Fig. 10a depicts PRU’s main waveforms without post-
regulator, it can be seen that after variation of the coupler both
the Vs and Is increase to peak values of 115 V and 1.5 A,
respectively. This results in load output power ~85 W,
approximately twice than the target load power. On the other
hand, Fig. 10b shows the PRU’s main waveforms with post-
regulations stage. Although Vshas not change much, it can be
seen the /s drops by 20%, and the load power is well regulated
to 40 (resulting in effective duty-cycle ~ 16.66%). The system
has been also examined for step-down variation from 75 mm to
150 mm (14 pF to 8 pF). It can be seen in Fig. 10c that without
post-regulation the load power drops by a factor of two to the
range of 20 W, while for the regulated system (Fig. 10d) the
target load power is preserved (resulting in effective the duty-
cycle ~ 37%), which is in good agreement with the theoretical
predictions.

V. CONCLUSIONS

A power regulation methodology for PRUs in capacitive
RWPT systems by means of HML post-regulation stages with
wide impedance matching range has been presented.
Comprehensive design framework for capacitive RWPT
systems with post-regulation stages has been introduced,
followed by simplified models of the overall system with
emphasis on the PRU. Based on the design guidelines, an LC-
based capacitive wireless power system with HMLB converter
has been analyzed and examined. It has been shown that
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compared to the conventional buck converter, the HML stage is
superior in terms of overall efficiency and compensation range,
which translates to improved spatial freedom of wireless power
systems. In addition, for the analyzed capacitively-coupled
system a comparison between an HMLB and SC buck has been
carried out. It has been shown that for the weak coupling
regions HMLB is the better candidate, while for the strong
coupling regions the SC buck converter provide significantly
wider range.

To further validate the design methodology, an experimental
capacitive RWPT prototype operating at 3 MHz has been
constructed. The prototype has been evaluated at various
operating points up to 150 mm misalignment and 40 W output
power delivery. The experimental case study confirmed the
theoretical predictions of the design and modeling approach
with an excellent agreement between the analytical derivations
and experimental results.
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