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GaN-Based Wireless Power Enables Efficient, Seamless Multi-Device Charging

by Daniel Costinett, Jie Li, Jingjing Sun and Peter Pham, The University of Tennessee, Knoxville, Tenn.

For consumer mobile electronics, wireless power transfer (WPT) promises to revolutionize the way users
interact with their devices. Ubiquitous, seamless charging is expected to reduce onboard battery storage
requirements and untether mobile devices from periodic wired charging requirements.

At present, commercial implementations of wireless power transfer are largely limited to low power, low
efficiency, and a charging paradigm where each device must be well aligned with a dedicated charger. Though
the technology continues to progress, this approach fails to capitalize on the promise of spatial freedom and
effortless, pervasive charging which make wireless power transfer attractive.

Fig. 1 shows the target application and experimental demonstration loads used in this work. The goal is to
design a workstation in which a single transmitter seamlessly charges electronic devices of varying power
levels, simultaneously, when placed in arbitrary coplanar positions above a 0.5-m x 0.5-m charging area.

This work, in collaboration with Power America, leverages the capabilities of wide-bandgap semiconductors,
particularly gallium nitride (GaN) transistors, to enable new design paradigms for WPT systems. In particular,
the focus here is on achieving comparable power levels and efficiency to traditional wired charging, while
allowing unobtrusive charging of many devices simultaneously.

This article begins by explaining the principles of operation behind popular WPT systems that use inductive
power transfer. A simple model is presented and used to explain the constraints on power transfer efficiency,
and the techniques that can be used to optimize efficiency in the case where a single load is being powered and
where there are multiple loads. This leads to the proposal of an alternative approach, which achieves uniform
coupling to multiple devices over a larger charging area for spatial freedom, while obtaining very high quality
factor coils to allow high efficiency power transfer.

The article then delves into the details of designing such a single-transmitter, multi-receiver system for wireless
charging. First, it describes the constraints on coil desigh and how these influence efficiency. The choice of
operating frequency figures prominently here, and sets the stage for selection of a higher operating frequency
(6.78 MHz).

Then a conventional end-to-end WPT system is presented to explain the impact of the various power stages on
overall system efficiency. Because the conventional system only achieves about 65% overall efficiency, an
alternative system structure is proposed that eliminates some of the cascaded stages, boosting efficiency to
85% or higher. This system structure is made feasible by the use of GaN transistors which excel at high
frequency switching with large voltage bias. Requirements for implementing this alternative WPT system design
are then described, followed by detailed discussion of the prototype design and presentation of experimental
results.

The prototype system is designed to supply 100 W to five loads, while targeting 90% full load efficiency from ac
line to dc output and a transmitter power density greater than 25 W/in3. Two different receiver designs are
presented. A high-power receiver meant to be integrated into the application is offered for loads >1 W, while a
<1-W receiver is given as a retrofit solution for low-power applications. Finally, some ongoing research is
discussed relating to transmission of wireless power to metal-body receivers as would be required in laptops.

© 2020 How2Power. All rights reserved. Page 1 of 20


http://www.how2power.com/newsletters/2002/index.html

HOW=POWEIR®

Your Power Design Newsletter

Exclusive Technology Feature

(a)

Fig. 1. The multi-device charging scenario which is the focus of this work (a) and an experimental
platform with test loads (b).

Fundamentals Of WPT
Inductive Power Transfer

Though multiple approaches to WPT are being pursued in research, inductive power transfer (IPT) has emerged
as the most popular approach to WPT over relatively short distances, such as through a table. IPT uses a pair of
magnetically coupled coils to wirelessly transfer power through a nonconductive medium.

The approach is modeled through the simplified circuit of Fig. 2 wherein a transmitter vx provides an ac current
ip in the primary coil Lp. This current induces a voltage on the secondary coil Ls of a single receiver which is
transferred to the ac load, R.. The resistances Rp and Rs model any parasitic resistance in the primary and
secondary loop, predominately the resistance of the two coils. Impedances Z, and Zs model any additional
reactive components inserted into each loop.

R £Z
P 2

Fig. 2. Simplified fundamental model of a magnetically coupled WPT circuit.

For a single-frequency, sinusoidal ac source vix operating at frequency w, the efficiency of the circuit in Fig. 2 is

maximized!!! when Zs = jwLs and
R, =R_I1+k? Lp LS——R 1+ k%2Q,0Q
L # Rp R, # Q0
(1)

At this load resistance, the maximum efficiency is
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Examining this expression, achieving high efficiency requires that the WPT coils be designed in such a way as to
maximize the term k2QpQs i.e. both coils must exhibit high quality factor and should be tightly coupled. As an
example, achieving 98% efficiency through the coils requires k?QpQs = 10,000.

Given this simplified analysis of the system, two pathways to high efficiency are possible: increasing the
coupling factor k through the geometric design of the system, and increasing coil quality factor through both
the coil geometry and electrical design of the system. Unfortunately, the former often runs counter to the goal
of seamless multi-device charging. Fig. 3 gives approximate ranges for k for both a one-to-one, tightly coupled
WPT link and a loosely coupled system where one transmitter charges multiple receivers.

(a) (b)

Fig. 3. Example coupling coefficients for one-to-one charging (a) and multi-receiver WPT (b).

Various techniques can be used to increase coupling within either paradigm, including the use of high-
permeability magnetic material or other field-shaping techniques. However, in the multi-receiver case, where
each receiver is physically separate and coplanar, a lower coupling coefficient between the transmitter and any
one receiver will be incurred. Parasitic cross-coupling between receivers exists in Fig. 3b, but is mitigated in-
application by requirements for shielding the internal electronics of the receiver and the practical mechanical
limits on the proximity of individual receivers.

An alternative approach, shown in Fig. 4, seeks to recapture the high coupling coefficient of the one-to-one case
while allowing multiple receivers and a larger charging area by segmenting the transmitter into smaller,
individually driven coils. Though superior coupling is achievable, this approach may complicate sensing, control,
and thermal designs due to parasitic coupling between adjacent transmitter coils. As such, this work retains the
paradigm of Fig. 3b, instead designing towards higher frequencies where an increase in coil quality factors Q,
and Qs can offset the reduced coupling coefficient to maintain high efficiency.

<2

Fig. 4. Example multi-transmitter, multi-receiver WPT system.
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WPT Coil Design

To achieve the target system of Fig. 1 with high efficiency, every effort must be made to increase the quality
factor of transmitter and receiver coils. To examine the design implications, simple models of inductance!?! and
resistancel3] are used to approximate a multi-turn circular spiral transmitter coil with a 500-mm diameter using
16 AWG copper wire. The results are shown in Fig. 5a for varying numbers of turns and WPT frequency.

L>7/6
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Fig. 5. Approximate coil quality factors with solid-core wire (a) and 48-AWG strand Litz wire (b).

The quality factor Q = wL/Racincreases with frequency over a limited range. The reactance in the numerator
increases in proportion to frequency; the resistance in the denominator is constant at low frequency where skin
effect is negligible, then increases proportionally to yw at intermediate frequencies where skin effect
dominates.

As the frequency continues to increase, the design eventually reaches the point where the overall coil length
approaches A/4 and the resistance increases in proportion to w* due to radiation effects. The designs in Fig. 5b
are conservatively limited to A/6 to prevent excessive radiation and associated safety concerns. For N > 1 turns,
this limits the radiated power to less than 5% of the total coil loss.

Though Litz wire can assist in reducing the skin-depth-related losses at low frequency, it becomes prohibitively
expensive at high frequencies. Using the model detailed in reference [4] Fig. 5b shows the approximate
resistance of the same coils for 48-AWG strand Litz wire and the same total wire area. At higher strand gauge,
Litz wire becomes competitive over a wider frequency range, but may become prohibitively expensive.

Using the same parameters, the efficiency, optimal load resistance, transmitter voltage amplitude, and primary-
side current amplitude are shown in Fig. 6 for varying k and frequency. Voltage and current amplitude are
evaluated for a design with N = 3 operating at a power level of 100 W. For each coupling factor, maximum
efficiency occurs in the high-frequency range where solid-core wire outperforms equivalent-AWG Litz.

This highly simplified analysis favors system operation in the multi-megahertz frequency range when pursuing
high efficiency through high quality factor coils. Again referring to Fig. 6, note that in this frequency range the
optimal load resistance is large, resulting in high-voltage and low-current operation at the transmitter for the
same power level. Operation in this range is enabled by high-voltage, fast-switching GaN devices, as discussed
further in the following section.
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Fig. 6. Comparison of various parameters for a 100-W, N = 3 transmitter coil.

While pursuit of high-efficiency power transfer heavily influences the choice of operating frequency, human
safety and electromagnetic compliance also constrain the WPT frequency selection. A summary of some
relevant standards is given in Fig. 7. Compliance standards do not regulate within the ISM band at

6.78 MHz + 15 kHz. However, ICNIRP 2010 still imposes constraints on field generation in this range with a
maximum magnetic flux density of 27 uT, though additional considerations may be needed.[?!
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Fig. 7. EMI and human safety field limits.

The combination of electrical performance and compliance standards motivates the use of 6.78 MHz as a
candidate frequency for this application.
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WPT Standards

Much of the discussion in the previous section mirrors the current contrast between the two commercial WPT
standards. The Qi standard!®! developed by the Wireless Power Consortium focuses on low-frequency 87- to
205-kHz operation. The Airfuel Resonant standard!”! developed by the Airfuel Alliance instead focuses on
operation at 6.78 MHz, advocating benefits in the ability to accommodate greater spatial freedom. Beyond
operating frequency, each standard includes many additional regulations targeting compliance, interoperability,
regulation and communication.

Power Stage Design

Though the coil-to-coil efficiency, as modeled by the circuit of Fig. 2, is often one of the limiting factors, the
overall efficiency can be much lower due to the additional conversion stages required to implement a complete
WPT system.

An example implementation of the complete charger, from ac line to battery, is shown in Fig. 8. Assuming an
output power greater than 75 W, a PFC rectifier is used, with an additional dc-dc converter used to generate a
low-voltage output. In the transmitter, a soft-switching class E inverter is used, with switching frequency equal
to the WPT frequency. An additional dc-dc converter provides regulation capability and design freedom in the
use of low-voltage fast-switching silicon transistors in the class E inverter.

After the coils and impedance matching networks, the receiver is comprised of a diode rectifier followed by a
dc-dc converter. This dc-dc converter’s conversion ratio allows the battery charger load to be transformed, over
a limited range, to match the optimal load resistance of the WPT coils as given in equation (1).

i i i i,

H T H LK
N PFC J_ , | peme J_ ;' DC/DC Class E 3
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end-to-end = 65%
Fig. 8. Example end-to-end WPT system.
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Fig. 8 additionally shows approximate efficiencies of each stage. Though each individual stage exhibits over
90% efficiency, the overall end-to-end efficiency is slightly above 65%. A survey of commercial products
completed at the beginning of this project confirms the paradigm, as shown in Fig. 9. At the time, no end-to-
end 100-W WPT system was widely available, so systems of varying power level are included. Due to the
number of cascaded conversion stages, significant room for improvement is available through end-to-end
system design.

s ] Commercial Product Average
90% ;‘#— [ Commercial Product Range
2z 80% _ Proposed Improvement
g 70% © Target System
E 60% @ 5W Commercial System
= 50% @ 50W Commercial System
40% @ 100W Commercial Sysicm
AC/DC Tx Rx Total

Conversion Stage

Fig. 9. A commercial product survey of WPT stages.
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One feasible alternative structure is shown in Fig. 10, wherein all dc-dc converters have been eliminated save
for the battery charger. Additionally, projected design improvements in the coils and power stages lead to a
possible end-to-end efficiency of 85%, or nearly 90% from ac line to the battery charger input. There is further
potential for consolidation, e.g. through a single-stage ac-to-RF converter on the primary!8l or an active rectifier
with both output regulation and impedance matching capabilities (e.g. reference [9]).

i

o | | | | j,» K jr | |
. (\5 PFC _I_V' Class D :% "é Active J_; ;;c:;); 1;‘|
Rectifier T | Inverter Rectifier -l- ot = hau
_|_ Charger J -

i 1T

end-to-end » = 85%
Fig. 10. WPT system with fewer conversion stages.

To make this design feasible, the transmitter and receiver design must change substantially. Without
complication of the PFC rectifier design, the elimination of a dc-dc stage before the inverter indicates that the
inverter will need to operate at a megahertz switching frequency, with a 200-V+ bus voltage. While this is well-
matched to the optimal loading in the multi-megahertz range as shown in Fig. 6, the feasibility of this solution is
predicated on the use of high-voltage, fast-switching transistors in the inverter stage.

Similarly, eliminating the dc-dc converter after the rectifier indicates that the previous diode rectifier may need
to be replaced with a controllable active rectifier to retain the ability to present optimal loading as in equation

1).

To examine the implications of this design on power transistor selection, a baseline design of the class D
inverter using a half-bridge inverter operating at 50% duty cycle at full load is considered in Fig. 11. At a 200-
V+ bus voltage and a 6.78-MHz switching frequency, soft switching is required to prevent excessive switching
loss, and possible failure. In this idealized examination, zero voltage switching of both transistors is assumed to
occur at all operating points without any penalty in the conduction loss of the devices. Remaining loss
mechanisms are modeled as only conduction loss and gate driver loss, per the following equations.

2

. 2., Pout 2 n
Pcond =lprms Ton = \-"E : mi

(3)

Fy = 2QgVgsfs (4)

For a Pout = 100-W design with Vxvy = 200 V and fs = 6.78 MHz, these two losses are calculated for a variety of
commercial discrete transistors in Fig. 11. For devices with a rated Vgs below 300 V, a minimum number of
series devices are assumed in a multilevel topology. For a maximum allowable loss of 2 W, as required to meet
the 98% efficiency target in Fig. 10, only GaN FET devices are capable of meeting the performance
requirements in a two-level topology. In contrast, only with considerable additional effort, through use of a
multilevel topology or resonant/undervoltaged gate-driving design, can silicon MOSFETs meet the required
efficiency in this application.

Regardless of design effort, GaN FET devices have the potential to significantly outperform silicon in this

application. Within reasonable bounds on complexity, the specifications detailed in Fig. 10 may be possible only
with the use of GaN FET devices.
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Fig. 11. Simplified loss analysis of silicon and GaN devices in a 6.78-MHz, 100-W half-bridge
configuration.

Multi-Receiver GaN-Based WPT System Prototype Design

The prototype system in Fig. 1 is designed to supply 100 W to five loads with an approximate power budget
shown in Table 1. The system is designed with a 6.78-MHz WPT frequency, and targets 90% full load efficiency
from viine to Vout and a transmitter power density greater than 25 W/in3. Two different receiver designs are
included: a high-power design for loads >1 W which would require integration into the body of the devices and
a low-power <1-W retrofit solution, which can adapt battery-powered receivers to WPT operation without
modification.

Table 1. Power budget for example loads.

Design Class Load Power
Laptop 50 W
High power
Monitor 50 w
Keyboard <1WwW
Low power
Mouse < 1W

Multi-Receiver Decoupling

To achieve the desired charging flexibility, the system must be designed to supply power with limited impact
from the spatial positioning of the receivers and exhibit limited cross-channel disturbance. For the latter,
dynamic changes in the impedance presented to the transmitter by one load should not affect adjacent loads.
Conceptually, these application requirements can be met when

1. The transmitter design achieves a constant coil-current amplitude independent of load impedance.
2. The coil design results in a constant flux coupled to the receiver independent of spatial positioning.
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Combined, these two characteristics will yield seamless multi-device charging if negligible cross-coupling exists
between the receivers. Though cross-coupling can be significant between coplanar coils, it is limited in
applications where receivers are adequately shielded and placed sufficiently far apart, as is likely mandated by
the physical constraints of the devices they are embedded within.

For example, a receiver embedded within a phone may be inset from the phone edges by 1 to 2 cm, and
requires shielding on the back side to prevent generating eddy currents in the on-board electronics. The
combination of shielding to constrain the field and a physical buffer limiting the minimum coil-to-coil distance
will limit the cross-coupling field in most situations.

Therefore, the two requirements listed above are achieved, respectively, by using an immittance network[10l in
the transmitter, and through the design of the transmitter coil geometry to achieve uniform flux density.

Transmitter Coil Design

The transmitter coil is designed to cover a 0.5-m x 0.5-m area to power all electronics from Table 1, as shown
in Fig. 1b. The winding geometry is designed to achieve uniform coupling, independent of spatial positioning of
the receiver.[11]

Fig. 12a shows an initial design of a 7-turn circular spiral coil with a 250-mm radius. The flux density of the coil
is simulated using 2D axisymmetric FEA analysis in FEMM,[12] as shown in Fig. 13, and the resulting flux density
(normalized by coil current) at a receiver surface 2 cm above the coil is shown in Fig. 12b. For the same
current, a receiver placed near the inner edge of the windings will receive about double the induced voltage
compared to one at the center of the coil, as shown by |B;|.

An alternative coil design is shown in Fig. 14a, and its flux density in Fig. 14b. By varying the interwinding pitch
between each turn, this coil has a more uniform flux density |Bz| over the majority of the coil area. Therefore,
this design exhibits more consistent coupling to a reference receiver coil placed at an arbitrary position over the
coil. Additionally, the peak |B| has been significantly reduced and now falls below the ICNIRP 2010 field
exposure constraints.
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Fig. 12. Example spiral coil showing axes for field measurements (a) and FEA-simulated flux
density (b) on the z = 2-cm plane.
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Fig. 13. FEA-simulated flux density for the coil design in Fig. 12.
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Fig. 14. A non-uniform pitch coil (a) and its resulting fields (b).

In Fig. 15, the coil is further modified to allow turns to be placed in parallel. For this example coil, the
paralleling arrangement is detailed in Table 2, assuming a source current Ip driving the coil. This design
achieves greater |Bz| uniformity, and lower peak |B]; in this case the maximum |B| is below the 27-uT ICNIRP
2010 exposure limit with a source current of 1 A. The average value of |Bz| has decreased relative to the two
previous designs, as the paralleling of turns causes the effective number of turns to reduce to just four.

To maintain current sharing near the ideal case in Table 2, each of the paralleled turns are made identical in
Fig. 15a. This is done by inserting twists of paralleled turns such that each has the same total length, and
uniform coupling to adjacent turns, creating balanced current in the paralleled windings. Though the current in
each turn varies due to the paralleled windings, the entire coil is still driven from a single transmitter providing
current Ip.

In addition to a uniform magnetic field at the receiver surface, it is desirable to have minimal electric field
generation in the coil. Electric field causes safety and EMI concerns, and may generate additional losses in the
dielectric medium in which the coil is mounted.

The electric filed generated due to the longitudinal voltage drop across the coil can be significantly reduced by
distributing the series compensation capacitor into multiple discrete parts over the length of the coil [13:.14] as
shown in Fig. 16a. FEA simulations of the transmitter coil in a lossy (tan(d) = 0.02) medium are shown in

Fig. 16b, where simulations from the coil with a lumped series capacitor at the terminals, and three distributed
capacitors are overlaid. The distributed compensation reduces total loss in the coil by about 1 W.
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Fig. 15. Coil with nonuniform pitch and parallel windings (a) and resulting fields (b).

Table 2. Paralleling arrangement for the coil of Fig. 15.

Turn | 1 (outer) 2 3 4 5 6 7 (inner)

Current Ip Ip Ip/2 Ip/2 Ip/2 Ip/4 In/4

w
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o
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—— With compensation
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Fig. 16. Longitudinal electric potential versus equivalent turn number Neq with and without
distributed capacitance (a) and simulated dielectric loss density for both cases (b).
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A smaller prototype r = 120-mm transmitter coil is shown in Fig. 17a. The coil is fabricated with 14-AWG solid-
core copper wire and designed to generate a uniform, 20-uT flux density at a height of 2 cmm above the coil.

Fig. 17b shows the result of a parameter sweep of the radius and parallel winding structure of the coil, where
the selected prototype is circled. The design seeks to achieve good field uniformity over the inner 80% of the
coil area with minimal power loss. The resulting prototype has Q = 721 with less than 5% measured field
variation within the specified area. A larger, r = 250-mm rectangular coil is designed using the same approach
and used in the final system implementation.

1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4
Biax /Bumin

Fig. 17. A prototype transmitter coil (a) and modeled coil performance for a varying number of
turns and winding geometry showing the pareto front between field uniformity and efficiency (b).

Transmitter Power Stage Design

The 6.78-MHz transmitter is implemented using a GaN-based half bridge with a ZVS tank, as shown in Fig. 18.
The transmitter drives the coil (with integrated, distributed series-compensation capacitors) through an
impedance matching network (IMN). In this work, the IMN consists of a T-LCL immittance network!8: 101 with
Lmni = Lmn2 = Lmn and Lmn-Cmn = (27fs)=2. The series-resonant characteristic of the coil filters all harmonics in
vix except the fundamental, and the immittance network results in a coil current with a fundamental component
amplitude of

|£ |_ Vixa
pal ZH};Lmn

independent of loading impedance coupled onto the transmitter coil. Given the near-ideal voltage source
behavior of the half-bridge inverter, this configuration produces a constant-amplitude coil current independent
of receiver loading.

e 1
ac ‘ (T
PFC B
V.
fine Rectifier | Vi %
.

‘DCT —I _ ,,,,,,

Fig. 18. Circuit schematic of 6.78-MHz transmitter.
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The inverter and IMN are designed for high efficiency and power density. The inverter uses GaN Systems’
GS-065-011 650-V GaN FETs and Micrometals’ powder core magnetics in the IMN and ZVS tank. Using
analytical loss models for the inverter operating at 6.78 MHz, with an input voltage Vxnv = 200 V, the modeled
loss of the inverter is shown for varying designs in Fig. 19.

I

651 — = 14 0T
e [3 = 20) T

6 B =26 uT

0.6 0.8 1 12 14 1.6 1.8

[
(&)

L,, [WH]

Fig. 19. Modeled loss of the transmitter for varying Lms and flux density |B| at the receiver
surface.

At each point, the Lzvs is designed to ensure ZVS of both GaN FETs for all loading conditions. Losses in the
transmitter (excluding coil loss) are shown for varying Lmn and flux density at the receiver surface. Although the
final design point is indicated by the dashed circle, note that the model up to this point is insufficient to select
an optimal system design. Selecting a flux density will impact the receiver loss. As such, the flux density is used
as an intermediate variable to couple independent design sweeps of the transmitter and receiver, but the final
selection requires consideration of both.

Waveforms of the 6.78-MHz transmitter are shown in Fig. 20. Accurate power measurements of the 6.78-MHz

inverter output are difficult to obtain with standard lab equipment, due to the minor delays and attenuations of
current probes. With two 50-W receiver coils, each loaded by a diode rectifier, the dc-dc efficiency from Vuv to
Vout (Fig. 10) is 93% at 100-W output power.

Tk Previe I Tek Stop [ T E T
» VA4 - \ / -\_ / 4
| I— ‘v-—-w-——-/ t PR i
PaaW y N
e 4 o .
it A1 ., & e a
o lzrs N \
A M \ #
ol v ot
,,,,, A
?-' -
” P
LouA [ 200 .00 A T 00w o)
il | Fie e J W7 Y Valwe  Mean Min Wi stdDev
@D Peak-Poak  1.60 A 1.68 1.60 1.84 61,5m - -
@ Peak-Peak 102 A | 5.0005/ | I 0oV
L nok poins ||

B sy 2018 L1 1.04 1.20 a7.0m |il‘l.0n>
.6 02:29: 3 J

Fig. 20. Operating waveforms for the 6.78-MHz transmitter circuit at Pout = 0 W (@) and Pout = 100
W (b).

© 2020 How2Power. All rights reserved. Page 13 of 20



HOW=POWEIR®

Your Power Design Newsletter

Exclusive Technology Feature

PFC Rectifier

The PFC rectifier which supplies Vnv is designed using a CRM totem-pole boost PFC rectifier with variable
switching frequency. Design and control techniques follow those detailed in reference [15]. The PFC is
implemented using 650-V GS66508B GaN FETs from GaN Systems and the same inductor core materials as the
inverter. The switching frequency ranges from 300 kHz to 1.1 MHz within one line cycle of a 60-Hz, 120-Vac
input.

Measured waveforms at 100-W output power are shown in Fig. 21. The rectifier has a measured efficiency of
98.3% with a power factor of 0.994 and an input current THD of 6.56%.
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Fig. 21. Full power waveforms for the PFC rectifier over multiple 60-Hz line cycles (a) and over
multiple switching periods (b).

A photo of the combined PFC rectifier and 6.78-MHz inverter hardware prototype is shown in Fig. 22. The
indicated dimensions include control power, but not the controller itself; a single TMS320F2837 microcontroller
provides control for both power stages. The total volume of the transmitter-side power electronics is 3.96 in3
with a power density of 25.2 W/in3 at the designed output power.

UL 2.9in

2.07 in

Fig. 22. Prototype of combined two-stage ac-to-RF converter.

Low-Power Receiver

A low-power receiver is designed around the LTC4120 WPT receiver IC, as shown in Fig. 23. This receiver is
designed to be a seamless retrofit replacement for AA battery-powered electronics with less than 1 W of power
consumption. The entire receiver, along with a Li-ion pouch cell rechargeable battery, as shown in Fig. 23a, fits
within the volume of an AA battery cell.
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In this design, two orthogonal receiver coils with independent diode rectifiers are used to allow sufficient
coupling independent of the rotation of the module. A flexible ferrite shield surrounds the internal electronics,
and a 3D-printed shell protects the coil. Contacts on either end of the module are supplied from an internal 1.5-
V output dc-dc converter.

The wireless mouse in Fig. 23c has been tested and functions correctly in the WPT field generated by the
transmitter. To validate power transfer, the Li-ion battery cell is removed and replaced with only a capacitor to
ensure that the battery is not being powered from residual battery charge. When the mouse is placed in the
transmitter coil charging area, it is able to power up and function correctly.

(a) (b) (c)

Fig. 23. Low-power receiver power stage (a); coil, shielding and mechanical support (b); and
receiver installed in a wireless mouse.

High-Power Receiver

A separate design is used for the high-power loads. The topology, shown in Fig. 24, is based on the modeling in
reference [16]. The receiver consists of a full-bridge active rectifier and a ZVS tank consisting of Lm and Cm. The
ZVS tank capacitance allows the dv/dt of vs to be controlled to reduce harmonic content generated by the
receiver, and the inductor provides additional current to facilitate ZVS at a range of reactive loading conditions.
Though not emphasized in this work, the ability to dynamically alter the reactive load presented by the rectifier,
i.e Zs, is a control freedom that can be variably used to improve system efficiency or regulate output voltage
Vout.

oul

Fig. 24. High-power receiver schematic.

To employ an active rectifier as a WPT receiver, the receiver-side controller must be able to synchronize its
switching frequency and phase to the transmitter without additional wired communication. The prototype high-
power receiver uses techniques developed in reference [17] to synchronize the full bridge switching to the
transmitter frequency, and allow a controllable phase shift between is and vs.
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The prototype employs an ADF4002 phase detector, an MSP430F5172 microcontroller, and an LTC6903
programmable oscillator to form a phase-locked loop between the rectifier switching actions and the sensed
voltage on GCs. By injecting an offset into the output of the loop filter, the phase between these two signals is

regulated by the MSP430. The power stage and control hardware for a 40-W prototype design are shown in
Fig. 25.

Fig. 25. High-power receiver prototype circuit board.
The rectifier is designed using Efficient Power Conversion’s EPC2007C 100-V eGaN FETs. Measured waveforms

of the transmitter operation, self-synchronized to the transmitter as described previously, are shown in Fig. 26.
In this experiment, the receiver output is Vour = 15 V and Poutr = 27 W.

Tek Stop M 80.0ps
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0

Zoom Factor: 2kX Zoom Position: ~0.00 s

......

7 40.0ns 1.2565/5
| 1M points
Min Max

6 Jan 2020
18:57:54

Fig. 26. Operating waveforms of the high-power receiver with self-synchronizing control.

In Fig. 26, the transmitter is switched at 6.78 MHz, with the TMS320F2837 transmitter controller deriving its
clock from an external 27.12-MHz crystal oscillator. The receiver frequency is dictated by the LTC6903
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oscillator, which is controlled by the MSP430. Because these two clock sources are not ideally matched, the PLL
onboard the receiver continually adjusts the setpoint of the LTC6903 to maintain synchronization.

Some deviation in phase is expected due to the finite oscillator resolution and limited update rate dictated by
the sampling delay of the onboard MSP430 ADC. The loop maintains locked frequency, with an average phase of
-4° between vs and is and an rms deviation from this average of 3°.

Experimental Testing Of Prototype System

The complete prototype WPT system, with two passive 50-W diode rectifiers, is shown in Fig. 27. For all testing,
control power for the TMS320F2837 microcontroller and gate-driver-supply power are supplied separately and
not included in the measurements.

A loss breakdown and comparison between modeled and measured power loss is given in Fig. 28, for operation
at an output power of 100 W. Because of the difficulty in measuring the power of 6.78-MHz ac waveforms,
measured efficiency is reported only for powers measured at the dc and line-frequency ac connections of the
system, as shown in Fig. 29. Output power is taken as the sum of the output powers of the two receivers. The
end-to-end system efficiency is 91.3%, well over the targeted goal of 90%.

Fig. 27. Complete system with two 50-W receivers with passive diode rectifiers.

PFC Rectifier | - . :
B GaN Cond R {|  6.78 MHz Transmitter 6.78 MHz Receiver (x2) | !
B GaNSw C,ESR i| Ganc,, Il TxCoilESR| |M Diode Cond |
I Lwinding [ C»ESR i M GaNCond Il IMN + | Rx Coil ESR i
I LCore W EMIFilt |1 PCBC,, M ZVSTank :
’ :
1 1

1

Model

Experiment

0 2 4 6 8 10
Power Loss [W]
Fig. 28. Loss breakdown and comparison to experimental results for a complete system at a 100-
W power level.
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Fig. 29. Target and experimentally measured efficiencies of the prototype WPT system.

Beyond these results, ongoing work includes testing of approaches to transferring power to metal-body
receivers such as laptops. Fig. 30 shows a test setup employing the active rectifier to transfer 35 W of power to
a receiver with an emulated metal-body casing. Ferrite and metal shielding covering the receiver coil have been
removed for this image. This configuration has been tested up to 35-W output power from the metal-body-
embedded receiver.

Fig. 30. Testing an active rectifier with a metal-body receiver.

Conclusion

The emergence of wide-bandgap power devices, particularly GaN transistors, has enabled new design
approaches for wireless power transfer. Combined with detailed modeling and design techniques, this
technology is capable of capitalizing on the promise of wireless power transfer to deliver high-efficiency,
unobtrusive charging of multiple devices without constrained positioning. When incorporated into future
consumer electronics, this technology could create a market for high-frequency, high-voltage, fast-switching
power devices which can only be served through WBG power devices.

Future work will continue to develop comprehensive, system-level design optimization approaches, and

leverage additional control freedoms in the inverter and receiver to further improve efficiency under varying
operating conditions.
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