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Abstract—The GaN-based active rectifiers have the potential to
improve the efficiency of the several megahertz wireless power
transfer system (WPTS). The full-bridge active rectifier can elim-
inate extra dc—dc converters for output regulation with less volt-
age stress than resonant rectifiers, such as Class E, ® rectifiers.
However, the lack of the synchronous phase control method is the
core challenge for full-bridge active rectifier in 6.78-MHz WPTSs.
Meanwhile, the increasing switching losses and reverse conduction
losses of the gallium nitride high electron mobility transistors are
the main constraints on the efficiency of the system. This article
proposes an adaptive synchronous driving phase control (ASDPC)
method of the GaN-based full-bridge rectifiers in 6.78-MHz WPTS.
With the proposed method, the full-bridge rectifier can obtain
the maximum output power in the critical zero voltage switching
operation over a wide load range. A 50-W 6.78-MHz WPTS is built
to verify the effectiveness and stability of the proposed ASDPC
method. The dc—dc efficiency is improved in the wide load range
of 8-50 € (11.8-54.57 W) and reaches 87.18% at P, — 44.9 W.
Compared to the system without ASDPC, the efficiency can be
improved by 5.2% at light load and 3.1% at heavy load.

Index Terms—6.78-MHz wireless power transfer system
(WPTS), dynamic dead time control (DDTC), full-bridge rectifier,
synchronous phase control, zero voltage switching (ZVS).

1. INTRODUCTION

HE megahertz (MHz) wireless power transfer system

(WPTYS) is considered to be a promising technology in ap-
plications such as consumer electronics, drones, and unmanned
vehicles [1], [2], [3], [4]. The increasing operating frequency
brings lightweight coils and compact converters to the WPTS
[5], [6]. The emerging wide bandgap devices provide the possi-
bility for WPTSs to operate at 6.78 MHz or higher frequencies in
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the Industrial Scientific Medical band. The operating frequency
is determined to be 6.78 MHz conventionally, considering the
performance of the power electronic device, the complexity of
coils, and the difficulty of control. In several MHz scenarios, the
gallium nitride high electron mobility transistors (GaN HEMTs)
stand out for their compact size and fast switching speed. How-
ever, the inherent parasitic capacitance of the GaN HEMTs and
the parasitic parameters of the printed circuit board (PCB) still
result in considerable switching loss and hard-switching ringing
[7]1, [81, [9]. Thus, the significance of the soft switching and the
reliability are highlighted in MHz WPTS.

It is known that, in the 6.78-MHz WPTS, zero voltage
switching (ZVS) operations of switches over a wide load range
are absolutely necessary. The resonant rectifiers have attracted
widespread attention because of their excellent performances in
soft switching [10], [11], [12], [13]. The impedance matching
networks cascaded have been thoroughly investigated to main-
tain the ZVS operation in a wide load range [14], [15],[16]. In the
low-voltage situations, resonant rectifiers are prominent thanks
to their high efficiency and convenience in control. However, the
large voltage/current stress forces users to choose GaN HEMTs
with higher withstand voltage, which limits the improvement
of the power density. The bridge topology stands out for the
low voltage/current stress and simplicity. The passive rectifier is
widely applied in the 6.78-MHz WPTS. However, the parasitic
capacitance of diodes not only results in considerable switching
loss but also affects the frequency characteristics of the resonant
network [17]. The active bridge rectifier is essential on account
of the high efficiency and the power angle regulation.

The synchronization method is the primary challenge in the
bridge rectifier. The methods in [18], [19], and [20] are ap-
plicable to full-bridge rectifiers fabricated in 0.35 pm CMOS
while the output power and overall efficiency are very limited.
A zero-crossing current sensing scheme is proposed in [21] for
synchronous phase control of the 6.78-MHz full-bridge rectifier.
With a delicate design, the current sensing signal and the current
phase are 180° out of phase. However, the method poses the
risk of synchronization failure with frequency and phase oscil-
lation. A synchronization with higher robustness is proposed
in [22], with an improved current sampling method. However,
the dynamic performance of the method is restricted by AD
sampling and serial peripheral interface (SPI) communication
speed between the controller and the digital control oscillator.
Wu et al. [23] propose an accurate synchronization method
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without zero crossing detection at 85 kHz. The power factor
of the rectifier is calculated with the fundamental component
of the resonant current and the driving signals. Unfortunately,
the method is not suitable at MHz because of the inevitable
propagation delay. Accurate propagation delay compensation is
the necessary component of synchronization [24].

ZVS operation over a wide load range is another issue. An ad-
ditional LC branch is introduced to the bridge rectifier connected
at the midpoints [21], [22], [25], [26]. The additional LC branch
provides the current for charging and discharging the parasitic
capacitance of the switches during the dead time. Nevertheless,
the ZVS operation depends on the dead time and dc voltage of
the rectifier. The LC parameters are usually calculated under the
worst operating conditions to ensure the ZVS operation over
the whole load range. Even if the ZVS operation is achieved,
there is still a negligible reverse conduction loss. Tebianian
et al. [26] proposed a dynamic dead time control (DDTC)
method for the inverter with additional LC branches. Although
the reverse conduction loss is reduced, the additional LC branch
will introduce extra losses and potential high-frequency resonant
point. Therefore, it is meaningful and beneficial to ensure the
critical ZVS operation over a wide load range without additional
LC branches. To avoid sensitivity to the system parameters, the
reverse conduction should be detected quickly and reliably. In
high-frequency dc—dc converters, the reverse conduction detec-
tion by sampling the drain—source voltage is widely adopted
[27], [28], [29], [30]. However, the dead time regulation of the
rectifier has not been investigated.

Aiming at the above problems, an adaptive synchronous driv-
ing phase control (ASDPC) method is proposed in this article.
The hardware implementations are validated with low-cost com-
mercial devices. Compared to conventional synchronous phase
control methods, the full-bridge rectifier achieves critical ZVS
operation without additional LC branches. With the proposed
method, the output power of the system can be increased reliably
in the low-voltage/current stress scenarios.

The rest of this article is organized as follows. Section II
derives the condition of ZVS operation and the optimal op-
erating curve (OOC) from fundamental harmonic equivalent
(FHA) and the time domain model. Section III illustrates the
structure of the proposed ASDPC method. The serial control
with the DDTC outer loop—synchronous driving phase control
(SDPC) inner loop is thoroughly analyzed. Section IV presents
the experimental results to prove the validity of the proposed
control method. Finally, Section V concludes the article.

II. ZVS OPERATION CONDITION AND THE OOC
A. Basic Analysis From FHA and Time Domain Model

The schematic and the FHA model of an S-S type WPTS are
shown in Fig. 1, where L1, Lo, Ry, R2, and M are self-inductance,
equivalent series resistance, and mutual inductance of the coils,
respectively. C; and Cy are the capacitors of the series—series
type compensation topology. 01—Q4 and S1—S4 are GaN HEMTs
in the inverter and the rectifier. Ry, is the load resistance and Z.q
is the input impedance of the rectifier. V; is the input dc voltage
of source and V, is the output dc voltage of the WPTS. ir; is
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Fig. 1. (a) Schematic and (b) equivalent circuit of an S-S type WPTS.

the current in the primary coil, whereas iy, is the current in the
secondary coil. vg1—Vges are the gate—source voltages of §1-S4.
a, b, ¢, and d are midpoints of bridges in the inverter and the
rectifier. T and w are the operating frequency and the operating
angular frequency, respectively
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Vab1 and veq; are the fundamental harmonic component of
Vab and v.q. When the operating frequency meets (1) with Ry
and Rs are neglected, the rms value of ir,; and ir,3, I1,; and [0,
can be obtained as
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In (2), the constant current characteristic of the SS topology
is verified that i is load independent. Hence, when w, M, V1,
and the duty cycle of the inverter are constant, the secondary
resonant network can be considered as a constant current source.
Both primary and secondary networks are in resonance at the
operating frequency when Z. is purely resistive. However, it is
necessary to introduce a certain power angle to achieve the ZVS
operation of the inverter and rectifier where typical waveforms
are shown in Fig. 2. ¢; and 9 are the power angles of the
inverter and the rectifier, respectively. DT and DT are the dead
times of the inverter and the rectifier, respectively. ¢y and ¢, are
the starting time and the ending time of the dead time interval,
respectively. The power angle ¢ is inductively reflected by the
reactive secondary power angle ¢». With Ry and R» neglected,
(p1 = o establishes.

On one hand, the power angle of the rectifier should be
minimized for the maximum output power. To make it more
intuitive, the power in each area is marked by the blocks in
different colors. Payea1 and P,peaq are the power during the dead
time. Parea2 and Pareas are the power during the on time. It is
obvious that Pyyea1 and Pjreao are positive, whereas Pareas and
Pareas are negative. Pyroa1 and Pyeaq are the necessary reactive
power to achieve the ZVS operation where P,ca1 + Pareas = 0.
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Fig. 2. Typical waveforms of (a) the inverter and (b) the rectifier.

The output power depends on P,ea2 and Pareas, Where Pareas
is the additional reactive power. Hence, fy should be decreased
to reduce Pareas-

On the other hand, the critical ZVS operation should be real-
ized to reduce the switching losses. The losses of GaN HEMT's
consist of the on-time loss, overlapped loss, and the reverse
conduction loss. The on-time loss depends on the current and
the drain—source on resistance of the device. The overlapped loss
depends on the ZVS operation, which can be categorized into
three types: the partial ZVS operation, the post ZVS operation,
and the critical ZVS operation. The vqg is higher than 0 when
Vgs = 1 in the partial ZVS operation. The vy is lower than 0 when
Vgs = 1 in the post ZVS operation. The vqs is 0 when vy = 1
in the critical ZVS operation. The overlapped loss exists only in
the partial ZVS operation, whereas the reverse conduction loss
exists only in the post ZVS operation. Thus, DT is supposed to
be controlled to the optimal value over the wide load range. The
condition of the ZVS operation of the rectifier is

to+DT>
QZVS = / iL2 sin (Wt)dt 2 Qoss = Z Qossn (3)
t

[¢]

where the dead time starting time 7 can be obtained by
g2 _ DTo
w 2

“

to =

Qyzvs is the charge quantity of it,, within the dead time.
Qossn 18 the output charge of the switch n. Qggsp 1S a positively
correlated nonlinear function of vgs, which can be obtained
by integrating over vgqs and Cossn, as shown in Fig. 3. In the
full-bridge rectifier, vqs is equal to the output voltage V,,, which
can be calculated by

IS
Vo, = T/ Ry, - ipo sin (wt)dt 5)
o Jto+DT>
where the dead time ending time #; can be obtained by
T
t=to+ 3 (6)

According to Fig. 3 and (3)—(6), the changes in 2 and DT>
result in the variations of Q,s and Q.gs, as shown in Fig. 4.

3789

14
12
g e
( 4
! 2
0 1 J 1 L -
0 20 40 60 80 100  0G=35—20 60 80 100
vas(V) vas(V)
(@) (b)
Fig. 3. (a) Coss and (b) Qossn of EPC2007C versus vqs [32].
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Fig. 4. Operating curve in the critical ZVS operation.

It is noted that ir,» is normalized to 1 A and Ry, is 30 Q.
The intersection of Qs and Qs surfaces is the critical ZVS
operating curve at a certain Ry,. Due to deviation in parasitic
parameters and the propagation delay, the driving phase angle ¢
is considered as the control target, rather than the power angle
2. The driving phase angle § can be obtained by

DT,

d=at = 7

On the critical ZVS operating curve, d of various loads versus
DT, is shown in Fig. 5. As the load gradually increases, its
post ZVS region shrinks and the partial ZVS region grows. In
order to obtain the maximum output power under the critical
ZVS operation, the rectifier is supposed to run at the optimal
operating point where ¢ is the minimum. Thus, the OOC under
various loads can be obtained, as shown by the red dashed line
in Fig. 5. From the OOC, the reference of § can be set as

Oref = w - DTy +w - Tyys = w - DT 4 Ozys. (8)

0,5 is the margin reserved to stabilize the system from three
disturbances, which are the edge jitter, the quantization error
from the digital PI controller, and the frequency difference from
system clocks in both sides, respectively. T, is determined to
be one system clock cycle (2.5 ns).
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Fig. 5. Driving phase of the critical ZVS operating curve at various load.
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Fig. 6. Control block diagram of the proposed ASDPC method.

III. PROPOSED ASDPC METHOD

An ASDPC method is proposed in this section. The control
block diagram is depicted in Fig. 6. The main hardware imple-
mentation circuit and related control strategy are shown in the
green block. The secondary resonant network and the full-bridge
rectifier are shown in the purple block. The positive zero crossing
point of ito is obtained by the current sampling circuit in the
yellow block. The reverse conduction detecting (RCD) circuit
is shown in the blue block.

A. Current Sampling Circuit

The coupled inductor (L3) is connected in parallel with the
resonant capacitor (Cz) through two current-limiting resistors
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(R3 and Ry). A shunt resistor (Ry) is located in the secondary
side of the coupled inductor. The coupling coefficient of L3 is
more than 0.99. The resistance of R3 and R are large enough that
the influence of the current sampling circuit on the secondary
compensation network is suppressed. In this way, iro is indi-
rectly sampled via the voltage of the resonant capacitor (vc2),
which lags behind it2 by 90°. Meanwhile, the voltage of the
shunt resistor (vg) is 90° ahead of voo under conditions where
the input impedance is much larger than the 1/wCs. Therefore,
Vs remains in phase with i15. vg; is obtained by adding a dc
bias (Vhias) to vs in the signal processing circuit where Rs, Rg,
R7, Rg are equal. Finally, vy is compared with Vy,s by the
comparator. The rising edge of the comparator output signal
(Vemp1) Tepresents the zero crossing point of iyo.

B. Structure of the Proposed ASDPC Control

The system clock (Clockl) counts at 400 MHz. Clock?2 is
the carrier clock, obtained from Clock! through 59 frequency
division. The phase angle calculation takes Clock]1 as its clock,
and calculates the driving phase angle (dgam,) to update driving
pulses (g1—g4). When the secondary controller starts operating,
the phase of Clock? is taken as the reference. The counter cntl
counts from 1 to 59. Once the secondary current positively
crosses zero, the output of the comparator (Vemp1) will change
from low to high. The rising edge of vempr is detected as
the trigger signal for the phase angle calculation. If v,.q = 1,
the instantaneous value of the system clock counter (cnt;) will
be recorded, which represents the phase of the it . The voltage
phase (vpna) is provided by the output of the unit delay. Thus,
dsam can be calculated as

Oret = Upha — enty + Ldelay &)

where t4c1ay s the whole propagation delay. The calculated
driving phase angle (sam) is compared with the reference
(dvef), which is calculated by DT> from the dead time con-
troller. Next, the driving phase angle error is sent to the digital
PI controller. The output of the digital PI controller (J) is
used for pulse generation and recorded for the phase angle
calculation in the next cycle. The 6.78-MHz digital sawtooth
carrier wave is generated by Clock2. With the §, DT>, and
the carrier after the delay compensation, four drive signals are
obtained.

It is worth noting that the frequency deviation effect is promi-
nent in 6.78-MHz WPTS. There are two reasons: one is that the
system frequency of the primary controller and the secondary
controller are not large enough; the other is the parameter
deviation of components at 6.78 MHz. Thus, the rising edge of
the Vemp1 and vemp2 may occur at any time, missing the rising
edge of Clockl. To suppress the frequency deviation effect, the
rising edge detection module composed of a D trigger aligns the
rising edges uniformly. The edge jitter can be controlled within
2.5 ns.
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C. Delay Compensation

The whole propagation delay is the sum of input delay and
output delay, which needs to be accurately calculated and com-
pensated. The input delay is

tdelayfin =t + tpro + tcmp- (10)

t.s 1s the delay caused by the phase shift of the current sam-
pling circuit. Wang et al. [31] illustrate the amplitude-frequency
and phase-frequency characteristics of vs with simplified circuit.
To obtain the more accurate propagation delay, the leakage
inductance of the coupled inductor and the shunt resistor are
considered here. The function of vy to iy,2 is derived as

Ry - sLy,
“1L2
ey [ (i ) ]
(11)

w2 (RGLS + RLm + RsLm) C’2 - Rs z
w(RRsCoy + Ly,) — w3Ly LCy 2
(12)

Vg =

tes = arctan {

where R is the sum of R3 and R4, and L, and L, are the
magnetizing inductance and leakage inductance of the coupled
inductor, respectively.

The phase delay at 6.78 MHz can be calculated by substituting
the circuit parameters into (11). 7, is the propagation delay
of the operational amplifier and the comparator, found in the
datasheets. fc;,p is the delay from the hysteresis voltage of
comparator, calculated by

arcsin (%)

w

tcmp - (13)
where Vi, is the hysteresis voltage and Vj; is the amplitude
of Vg1.

The increase in R3 and R, will reduce 7., but the attenuated
gain of vg will increase fcp,p. Therefore, the gain, the overall
input delay, and input impedance are taken into account to
set a proper value of the current-limiting resistor, which is
100 k€2 here.

The driving signals of the top GaN HEMTsS are based on the
midpoint voltage, which is floating to the ground. Generally, the
driver ICs are divided into the half-bridge driver, the low-side
drivers, and the isolated gate drivers. The isolated drivers are not
suitable for MHz scenarios due to the low switching frequency.
The half-bridge driver has the advantage of high integration.
However, the driving signal of the top GaN HEMT has an
additional level shift module compared to that of the low GaN
HEMT. This results in a larger propagation delay of the top
driving signal than the low driving signal. The low-side driver
has the advantage of a high peak current and a stable propagation
delay. Therefore, the low-side driver is adopted in the proposed
system. Both the top driving signal and low driving signal are
obtained from field-programmable gate array (FPGA) through
digital isolation ICs. The bootstrap circuit is used to achieve
isolated power supply.
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Therefore, the output delay is

tde]ay_out = trpGA t tiso + Tdrv- (14)

trpca 18 the delay due to the logical operation in FPGA. There
exists a delay of two system clock in the rising edge detection.
tiso and t4, are the propagation delay of the digital isolator and
the low-side driver, respectively. The delay compensation can
be realized by shifting the resulting carrier an interval obtained
by (10)—(14).

D. Dynamic Dead Time Control

Generally, vy is the only variable to turn ON or OFF the GaN
HEMTs. However, when the GaN HEMTs is charged to the
source-drain voltage exceeding reverse conduction threshold
(Vgd_tn) within the dead time (vgs = 0), the GaN HEMTs will
conduct reversely. Owing to the symmetry of the device, Vgq_tn
is approximately the same as the gate threshold (V4 ¢1,). Even
with the ZV S operation, such a large source-drain forward volt-
age still leads to significant reverse conduction loss at 6.78 MHz,
deteriorating the system efficiency.

To reduce the reverse conduction loss, the DDTC is realized in
the proposed method to achieve the critical ZVS operation. The
RCD circuit is composed of a diode, pull-up resistors, a filter
capacitor, a voltage reference, and a comparator, as depicted in
Fig. 6.

The cathode of the diode is connected to the midpoint d, and
the anode is connected to V.. through pull-up resistors, Rg and
R10. The reverse conduction is detected by comparing the RCD
voltage (vqet) and the preset threshold (V;y,). When the midpoint
voltage (vq) is higher than V. minus the diode forward voltage
drop (Vgiode), the diode D; turns OFF, that is, v4ey equals V.
When vy is lower than the V.. — Vgiode, the diode D turns ON.
The vqet can be represented as

Rio Ry
— Vet ———
Rg + Rqg e Ry + Ryo

A low-pass filter composed of the filter capacitor and volt-
age divider resistors can avoid interference from hard-switch
ringing. The value of the capacitor and Vyy, is a tradeoff of the
dynamic of RCD and filter bandwidth. The cutoff frequency is
determined to be 31 MHz to suppress the effect on the RCD
circuit.

The output of the comparator (vemp2) is fed into the DDTC
module through the rising edge detection module. The DDTC
module is triggered by Clock3. If v,.q = 1, the DT, will be
decreased; If v,.q = 0, the DTy will be increased. The Clock3
is obtained by Clock1 through 3 frequency division, weighing
the stability and response speed of DDTC. The conventional
DDTC has been widely applied in GaN-based converters [27],
[28], [29], [30]. However, the key problem of the DDTC in the
6.78-MHz WPTS is the relationship between the synchronous
phase control and DDTC. It is difficult to ensure the stability
and effectiveness of the system if the two control loops operate
in parallel. A serial control structure with the DDTC outer loop—
SDPC inner loop is adopted in the ASDPC method. The logic
diagram is depicted in Fig. 7.

: ('Ud + V;iiode) . (19)

Vdet =
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Fig. 7. Logic diagram of the proposed serial control structure.

The optimal driving phase and dead time at rated operating
conditions are first calculated by substituting the parameters and
rated output power into the OOC. Then, the DDTC outer loop
regulates the dead time once v,q is captured. The driving phase
reference is calculated and fed to the SDPC inner loop. The
driving phase is adjusted at the operating frequency of Clock2.
Finally, the driving pulses are generated with the controlled
driving phase and dead time.

Compared to the serial control structure, there are also two
cases: the parallel control structure and the single-stage control
with RCD. Case I is that the DDTC loop operates in parallel
with the SDPC loop, as shown in Fig. 8. In Fig. 8(a), the
rectifier is in the post ZVS operation at the cycle [m] with
vied = 1. The SDPC loop controls the driving phase to the
reference, whereas the DDTC loop decreases the DT5. Although
the rectifier achieves the critical ZVS operation in the cycle
[m + 1], the excessive driving phase introduces the extra reactive
power component, sacrificing the maximum output power of
the rectifier. In Fig. 8(b), the rectifier is in the partial ZVS at
cycle [m] with v;cq = 0. The dead time will be increased while
the driving pulse is stabilized at the fixed reference. In cycle
[m + 1], the reduced on-time causes the reverse conduction to
occur in the positive power part. Thus, the dead time is controlled
to decrease with v..q = 1. The DDTC loop is in the contradiction
where the hard switching is still not eliminated.

Case II is that of a single-stage control with the critical ZVS
operation as the target where v,q is detected as the reference of
the driving phase control loop, as shown in Fig. 9. In Fig. 9(a),
the rectifier runs in post ZVS operation under the light load.
Since the dead time remains constant, the reverse conduction
still occurs even if the driving phase decreases until equal to
the dead time in cycle [m + 1]. This situation indicates that
fixed dead time is not suitable to the wide load range. If the
driving phase continues to decrease at the light load or the phase
disturbance is disturbed due to the frequency jitter during the
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by the decreasing driving phase and the fixed dead time.

critical ZVS operation, the reverse conduction will occur since
Vgs1 OF Vggo Sets to zero in advance, as shown in Fig. 9(b).
The phase control loop will further decrease the driving phase
with v,.cq = 1, forming positive feedback of the driving phase
wrongly. The bug deteriorates the stability of the system and
even leads to the phase control failure.

The proposed serial control of DDTC outer loop—SDPC inner
loop can achieve the critical ZVS operation with the minimum
reactive component. On one hand, the rectifier is in the partial
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Fig. 10.  Proposed serial control structure of DDTC outer loop—SDPC inner
loop. (a) Partial ZVS operation. (b) Post ZVS operation.

ZVS operation at cycle [m] with v,.q = 0, as shown in Fig. 10(a).
DDTC and SDPC will increase the dead time and driving phase,
respectively. The rectifier achieves the critical ZVS operation
in the cycle [m + 1], introducing an additional power angle of
0,vs. On the other hand, the rectifier is in post ZVS operation at
cycle m with v,.q = 1, as shown in Fig. 10(b). Correspondingly,
DDTC and SDPC will decrease the dead time and driving phase,
respectively. With the constant 6,.s, the rectifier achieves the
critical ZVS operation similarly.

E. Timing Sequence Diagram of the ASDPC Method

The proposed synchronization control method will be illus-
trated in detail with the timing diagram shown in Fig. 11. In
the proposed method, in order to maintain the symmetry of
the two bridges, s; and s4 are the same, and so are sy and s3.
Thus, the logic of s3 and s4 is no longer described here. The
rising and falling edges of the driving pulses are defined A and
B, respectively, where subscripts represent the corresponding
driving pulses.

In the cycle [n], when the rising edge of the v.y,p1 occurs
(Vzeca = 1), the instantaneous value of the system clock (Clock1)
is recorded as cnty[n]. With cnt1[n] and the §[n—1] from the unit
delay module, dgap,[12] can be calculated. Then, the §[n] can be
obtained based on d,¢¢[n]. After delay compensation, By[n] is
updated by d[n]. As[n] and By[n] are then calculated through a
dead time DT>[n] and a half operating cycle 7/2. Finally, A1[n]
is obtained by DTs[n] and Bs[n].

Since the vqe; keeps higher than Vi, vipmp2 remains low.
Therefore, both d,. and DTy are increased in the cycle [m +
1]. It can be seen that d,of and DT, are updated in the negative
half wave of i1, between #[n] and t[n + 1], which guarantees
that the two control loops do not interfere with each other. In the
cycle [n + 1], the cnt1[n 4 1] is updated at tf[n + 1]. With the new
refln + 1] (= drelm + 1]) and DTa[n + 1] (= DT2[m + 1]),
the Bi[n + 1], Az[n + 1], Bo[n + 1] and A [n + 1] are updated
in the same way. Whenever a synchronous signal is generated,
the system always controls B; of the current cycle to slightly
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TABLE I
CIRCUIT PARAMETERS OF THE PROPOSED WPTS
Symbol Description Value
L, Primary resonant inductor 3.05 pH
C Primary resonant capacitor 178 pF
R, Primary ESR of resonant network 04Q
L, Secondary resonant inductor 3.06 pH
C, Secondary resonant capacitor 176 pF
R, Secondary ESR of resonant network 04 Q
M Mutual inductance of L; and L, 0.32 uH
f Operating frequency 6.78 MHz
Ragon Drain"source on resistance of GaN HEMTs 0.024 Q
Va Reverse conduction voltage of GaN HEMTs 21V
R Load resistor 8—-50 Q
d Face to face distance of coils 4.5 cm
k Coupling coefficient 0.105

lag the i1,2 by T,5 in the negative zero crossing point. By using
the half beat control, the propagation delay can be accurately
compensated. The system is highly robust.

IV. EXPERIMENTAL VERIFICATION

A. Experimental Platform Setup

To verify the proposed ASDPC method, a 50-W GaN-based
full-bridge 6.78-MHz WPTS is built as shown in Fig. 12. The
specific circuit parameters and key devices used are listed in
Tables I and II.
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Fig. 12.  Prototype of the 50-W GaN-based full-bridge 6.78-MHz WPTS.
(a) Overview of the prototype. (b) Detailed view of the rectifier.

TABLE I
KEY COMPONENTS PARAMETERS OF THE PROPOSED WPTS

Component Parameters
GaN HEMT EPC2007C
Driver LM5114
Comparator ADCMP602
Controller EP4CE10F17C8
Operational amplifier ADS8055
Isolator ADuMI2IN
Coupled inductor LPD5030-103
Diode for RCD RF01vm2sth
/ : O‘
y I Critical ZVS
y L Operation
D | PP PP PEPTSN——. AN
|
l > §=48.8°
] » =
]
o - A
{ ‘
4 1 <€
0> =34.6°
Tps=2.5ns
ve 20V/div vg 20V/div veq SOV/div i, 1A/div 40ns/div
Fig. 13.  Steady waveforms at the rate operating condition.

The circuit boards of the inverters and rectifiers are well-
designed to optimize the parasitic parameters. The coils are
single-sided PCB coils with same dimensions of 10 cm x 8 cm.
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Fig. 14.  Steady waveforms at the limit operating condition.

B. Steady-State Verification

Fig. 13 illustrates the steady-state waveforms at the rated
operating condition where V. is40 V, Ry, is 40 ). P, is 44.9 W,
P, 1s51.5 W, and dc—dc efficiency is 87.18%. The green curve is
the voltage at the midpoint ¢ (v.), the yellow curve is the voltage
at the midpoint d (vq), the pink curve is the input voltage of the
rectifier (vq), and the blue curve is the secondary current (i1,2).
As can be seen, the rectifier achieves the critical ZVS operation
without reverse conduction and hard-switching ringing. The
power angle o is 34.6°, § is 48.8° and 7,5 is 2.5 ns. Hence,
the effectiveness of the method is proved by the waveform in the
rated operation case.

Fig. 14 shows the steady-state waveforms at the limit oper-
ating condition with low output power where V4. is 5 V, Ry,
is 40 Q. P, is 0.63 W, Py, is 0.79 W, and dc—dc efficiency is
79.7%. The yellow curve is the voltage at the midpoint ¢ (v.),
the green curve is the voltage at the midpoint d (vq), the pink
curve is the input voltage of the rectifier (v.q), and the blue curve
is the secondary current (i,2). The power angle o is 14.6°, J is
31.5° and T,ys remains 2.5 ns. As the output power decreases,
the driving phase and dead time decrease adaptively. Since the
current is captured through the voltage of the resonant capacitor,
the SDPC loop can still be triggered stably at a limit operation.
The serial control structure also helps to improve the stability of
the system. With the proposed ASDPC method, the system can
operate in the critical ZVS operation stably even at low output
power.

As can be seen, both post ZVS operation and partial ZVS
operation are present in the rectifier. The reason is the asymmetry
of the bridges caused by the difference in parasitic inductance of
the power and drive loops of the two bridges. The difference in
the driving loop parasitic inductances and the input capacitance
of the GaN HEMTs can lead to variability in the switch turn-ON
speed. Therefore, the turn-ON process of the top switch is slower
than that of the low switch. The discharging process is also
faster than the charging process. Although the low switch has
experienced some of the hard-switch ringing, v,cq is triggered
to 1 due to the slower turn-ON process of the top switch. Thus,
the dead time will not be increased. The hysteresis time between
the two switches turn ON is measured to 3.9 ns.

Under this limit operating condition, the output voltage is
smaller. Hence, the required Qg is smaller. The effect of the
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Fig. 15. Dynamic waveforms of the system without ASDPC method. Fig. 16. Dynamic waveforms of the system with ASDPC method.
hysteresis time is more obvious consequently. As the output 60 The rated operation
power increases, its effect on the critical ZVS operation dimin- 50 b with optimal  and Diz
ishes. The reverse conduction interval (t..) is 2 ns, which is s < i >
. . . < R, decrease R, increase
lower than the T¢j; (= 2.5 ns). The minor impact on efficiency 5 40
. . =
and output power is acceptable. In summary, the stability and £ 3
effectiveness of the proposed method are demonstrated. ]
3 ® P, with ASDPC
S 20 |
C. Dynamic Verification 10 k B P, without ASDP(
A dynamic experiment was set up to verify the dynamic
characteristic of the proposed ASDPC. The system was running 0 . . 2'0 3'0 . '0
. .. 10 : 40 5 60
stably at the rated operating condition (ch =40V, Ry, =40 Q. Il Reesistance (G5
P, =449 W) before the load changed. Itis noted that the system @
without ASDPC operates in the fixed dead time and driving 38
phase reference.
The dynamic waveforms without DDTC are shown in Fig. 15 1
when the load is changed from 40 to 8 (). The waveforms at 10, s
530, and 880 s after load change are shown in detail. The yellow S o
curve is the voltage at the midpoint d (v4), the green curve is the ) %
. . i - : DPC
voltage at the “+” terminal of the comparator (vqet), the light 2 ® n with ASDPX
. . —
blue curve is the rectifier output voltage (V,,), and the blue curve = 78
is the resonant current (ir). The comparator is at TTL level 76 k m_7 without ASDP(
where the threshold is 2.5 V. The post ZVS operation occurs in - . . . . .
the system without DDTC when the load is changed to the light 0 10 20 30 40 50 60
load. The time when vq.; is high is increased from 4.0 to 12.1 ns. Load Resistance ()
This indicates a significant increase of the reverse conduction (b)
time. When the system resumes stable at 8 2, P, is 10.6 W, Py, )
Fig. 17. (a) Output power and (b) DC-DC efficiency of the WPTS

is 13.94 W, and dc—dc efficiency is 76.2%.

The dynamic waveforms with ASDPC are shown in Fig. 16
when the load is changed from 40 to 8 ). The waveforms at
10, 480, and 885 us after load change are shown in detail. With
the ASDPC, the time when vqet is high is almost constant (=
4 ns). The critical ZVS operation is maintained during the load
change. The results verify the stability and the fast response
speed of the proposed method when the load changes. When the
system resumes stable at 8 €2, P, is 11.8 W, Py, is 14.5W, and
dc—dc efficiency is 81.4%. The output power and the efficiency
are increased by reducing the excess reverse conduction and the
additional reactive power components.

Fig. 17 illustrates the output power and the dc—dc efficiency
of the system with/without ASDPC over a wide load range.
To avoid unfair comparisons, both systems have been stable at
the rated operating condition with the critical ZVS operation.

with/without proposed ASDPC method over the wide load range.

After varying the load resistance, their output power and dc—dc
efficiency are collected for comparison. In this way, the system
is in post ZVS operation when Ry, < 40 €2, whereas in partial
ZVS operation when Ry, > 40 (). From the results, it is clear
that even though the system achieves ZVS operation, the re-
verse conduction loss due to the post ZVS operation and the
excessive reactive power angle do reduce the output power and
efficiency. Although the partial ZVS operation reduced some
of the hard-switching loss, it is still significant in 6.78 MHz at
heavy load. The system with the proposed ASDPC obtains a
maximum efficiency of 87.18% at P, = 44.9 W when Ry, =
40 Q. Compared to the system without ASDPC, the efficiency
can be improved by 5.2% at light load and 3.1% at heavy load.
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V. CONCLUSION

This article proposed an ASDPC for the full-bridge 6.78-MHz
WPTS. First, the conditions to achieve the critical ZVS operation
in full-bridge rectifier are derived from the FHA model and
the time domain model. The OOC with the maximum output
power and the critical ZVS operation can be obtained. Second,
an ASDPC method is illustrated to keep the rectifier operating
on the OOC. The positive zero crossing point of the secondary
resonant current is detected as the synchronous signal to control
the driving phase angle, where the delay is precisely calculated
and compensated. Then, the structure of the DDTC outer loop—
SDPC inner loop serial control strategy is analyzed in detail.
Finally, a 50-W GaN-based full-bridge 6.78-MHz WPTS is built.
The steady-state and dynamic experimental results verify the
effectiveness and stability of the proposed method. The proposed
ASDPC method enables full-bridge active rectifier to achieve
the critical ZVS operation and the maximum output power over
the wide load range. The system obtains a maximum efficiency
of 87.18% at P, = 44.9 W. Compared to the system without
ASDPC, the efficiency can be improved by 5.2% at light load
and 3.1% at heavy load.
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